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To my dear family
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flower shape-like nanostructure, quartz glass lid under concentrated sunlight irradiation
performing water purification, SEM image of green-synthesized ZnO in nanorod shape,

parabolic dish solar concentrator apparatus (lab. IdEA, physics dept., UNITN).



Abstract

This thesis presents the achievements pursued during the doctoral course. The work was
carried out in the context of the project ERICSol (Energia RInnovabile e Combustili SOLari), as
part of the University of Trento strategic plan for the years 2017-2021. The project was conceived
to establish an interdepartmental area to promote the challenge of developing scientific research
and technological innovation to increase the competitiveness of Trento at national and
international level in the areas of energy and environment. Among all the goals of the project, this
work dedicates special attention to 1) development of novel materials for solar photocatalytic
reactions and 2) use of renewable energy to push forward applications in water remediation.

To accomplish these goals, the research brings a full collection of experimental activities
regarding the employment of solar concentration for the environment industry and therefore this
document is organized in 9 chapters.

In chapter 1, it is presented the introduction outlining the overview of the environment
industry, the employment of solar light as energy source and the general and specific objectives.

Chapter 2 presents a literature review regarding the last 30 years of applications correlating
the use of solar light towards wastewater purification. The chapter reviews the engineering features
of solar collectors, photocatalyst materials employed and the panorama of the pollutants
investigated up to the present date in solar photocatalysis, presenting comparisons between models
and real wastewater approaches.

Chapter 3 details the experimental techniques and characterizations employed to sustain
the investigation proposed in the thesis. The first part of the chapter explains the features of
parabolic dish solar concentrator designed and manufactured by the IdEA group at the physics
department of the university of Trento. After, it is presented the pulsed laser deposition, a thin
films fabrication technique employed to produce the photocatalysts used on water purification
experiments. The second part of the chapter presents the description of the characterization
techniques used to reveal the fabricated photocatalyst materials properties.

Based on the review on the fundamentals of solar photocatalysis and the experimental
techniques, chapters 4 and 5 present a discussion in the field of novel photocatalytic materials
capable to operate under concentrated sunlight irradiation. Chapter 4 in special presents the

investigation regarding the fabrication of tungsten trioxide (WQO3) thin film coatings, bringing the
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novelty of using pulsed laser deposition as the fabrication method and the evaluation of this
material in photocatalysis for the degradation of methylene blue dye model pollutant. Chapter 5
instead, presents the development on Zinc Oxide (ZnO) nanoparticles, bringing an innovative point
of view on a “green-synthesis” approach and the material immobilization in film for heterogeneous
photocatalysis routes.

Chapters 6 and 7 discuss solar photocatalysis aiming to shift applications from model
pollutants to real wastewater remediation conditions. Important comparisons are performed and
discussed regarding the advantages and existing drawbacks. To fulfill this purpose, chapter 6
presents an application case of solar photocatalysis to the degradation of a surfactant-rich industrial
wastewater whereas chapter 7 presents the approach focused on the remediation of organic lead
contaminants present on a local water well site in the city of Trento.

The last experimental approach of concentrated solar light is presented on chapter 8,
dedicated to the application of concentrated sunlight towards waste biomass valorization.
Conversely to the application on water previously described, this chapter presents the activity on
designing, fabricating and coupling a hydrothermal reactor with concentrated sunlight using it as
the driving force to promote degradation of grape seeds evolving into hydrochars with possible
valorization of the carbonized material.

Lastly, chapter 9 presents the conclusions and suggestions, this item expresses the final
considerations on the results of the experimental investigations, advantages and limitations

observed, and suggests possible actions for future works.
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Chapter 1 - Introduction

Environmental activities such as cleanup and reuse are probably as old as the advent of the
first human settlements. However, the habits of managing these activities truly began with the
second industrial revolution, at the end of the nineteenth century in response to dreadful living
conditions and recurrent epidemics in overcrowded growing cities. In the last decades, connected
to the context of globalization, technological change, and new political priorities, policy makers
have expressed a strong interest in a so-called environmental goods and services industry. This has
been a new growth sector, generating wealth and creating jobs as well as playing a major role in
the transition of economies towards sustainable development [1].

In order to formalize the economical operations of the waste resources, the Organization
for Economic Cooperation and Development (OECD) introduced the definition of the
environmental goods and services industry hereinafter referred as the Environment Industry, as the
“activities which produce goods and services to measure, prevent, limit, minimize or correct
environmental damage to water, air and soil, as well as problems related to waste, noise and
ecosystems”. This industry includes cleaner technologies, products and services that reduce
environmental risk and minimize pollution and resource use in addition to activities related to
resource management, resource exploitation and natural hazards. Hence, the activities covered by
the environment industry are defined and classified into three main groups, being: 1) pollution
management, 2) cleaner technologies and products, and 3) resource management. In particular,
item 2) details: “Production of equipment, technology, specific materials or services for cleaner
or resource-efficient technologies and processes” [2,3].

Considering the OECD details for the environment industry, and the last few decades
efforts to improve the industrial applications that propose increased performance with decreased
environmental damage allied to cleaner and sustainable use of natural resources, one of the key
strategies are the applications benefiting from the energy provided by sunlight. Focus to energy
conversion for generating electricity and thermal processes have been under increased attention
and investments [4].

Regarding the possibilities of using the sunlight to drive industrial processes and the broad
knowledge in the development of engineering configurations for solar energy devices, interesting

purposes have gained attention to couple solar collectors to promote water purification.
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Approaches of solar disinfection towards direct photolysis to reduce bacterial levels on drinking
water were the first published in the solar wastewater remediation field [5]. Years after, the use of
metal ions and semiconductors such as TiO2 gained strong attention on promoting the development
of photocatalysis having the sunlight as the irradiation source for degrading complex molecules
observed in industrial and urban areas wastewaters. Therefore, as the effectiveness of conventional
wastewater treatment processes has been increasingly challenged by the growth of industrial
activities, the demand for low-cost and low-impact treatments emerged. Important observations
that also contribute for the concern about water are the increase in the chemical complexity of the
pollutants and the insufficient efforts on life cycle assessments in some situations neglect sub
byproducts that should be taken into consideration ending up on water wells. In the other hand,
limitations appear when the majority of semiconductor materials employed are capable to operate
only in the UV range and thus increasing the complexity needed in solar systems to benefit of only
this range of solar irradiation, reducing then the economic interest for such applications [6].

To become the employment of wastewater treatments cost-effective, the development of
semiconductor materials, capable to operate under the near UV-Visible irradiation, and produced
from abundant raw materials sources, could overcome the limitations on applications of solar
wastewater remediation. Designing as integral or modular part for industrial purposes could
improve the quality of treated waters in companies or urban areas. Possible solutions are
represented by systems coupling solar concentration technology with advanced oxidation
processes with catalysts in homogenous or heterogeneous mechanisms. A solar system, employed
as a preliminary stage in wastewater treatment plants or as a small-scale stand-alone operated by
small-medium enterprises, could reduce the environmental and economic impact of wastewaters.

Lastly, apart from solar water purification systems, the use of the concentrated sunlight
acting as the free-energy source for thermochemical process also takes an important place for
biomasses valorization. The conversion of organic waste materials by means of hydrothermal

carbonization can add value and retake wastes back to contribute on a circular economy.



1.2 Objectives

1.1.1 General objective

The present work has the general objective to develop novel photocatalytic materials for
applications on solar wastewater remediation and the approach for solar hydrothermal

carbonization as a contribution for the advancement of environment industry.

1.1.2 Specific objectives

To accomplish the general objective, the following specific objectives are proposed:

- An up-to-date literature review on the use of solar concentration for wastewater
remediation, identifying the state-of-the art in terms of engineering configurations of solar
systems, photocatalyst materials, mechanisms employed, and the pollutants investigated;

- Production of tungsten trioxide (WOs3) photocatalyst thin film coatings by pulsed laser
deposition, characterization of the properties and study of the heterogeneous photocatalytic
activity under concentrated sunlight;

- Production of zinc oxide (ZnO) photocatalyst particles by a green-synthesis method and
additionally study the immobilization on fixed films, characterization of the properties and study
of the heterogeneous photocatalytic activity under concentrated sunlight comparing with
alternative synthesis methods;

- Application of the produced materials for solar photocatalysis towards the degradation
of surfactant-rich industrial wastewater;

- Application of the produced materials for solar photocatalysis towards the degradation
of organolead compounds contaminated wastewater;

- Design and production of a hydrothermal carbonization reactor thermodynamically

activated by concentrated sunlight for waste biomass valorization.



Chapter 2 — Solar concentration for wastewaters remediation: A

review of materials and technologies

Preview: this chapter brings to light an up-to-date literature review of the solar collector systems
and catalysts applied to wastewater purification, promoting a position of the field to
applications, its limitations and future perspectives. As the first activity of the PhD
career, it was a fruitful starting point allowing the possibility to develop a deep collection
of literature works about engineering configurations, advanced oxidation processes,
process comparisons between homogeneous and heterogeneous photocatalysis routes as
well as information about the water contaminant substances investigated. The chapter
resulted in an extensive comprehension about the broad possibilities for the employment
of sunlight for wastewaters remediation and face the existing limitations.

The content of this chapter was adapted from:
Fendrich, M.A.; Quaranta, A.; Orlandi, M.; Bettonte, M.; Miotello, A. Appl. Sci. 2019, 9(1), 118;
https://doi.org/10.3390/app9010118

2.1 Introduction

The demand for clean water sources has been rapidly increasing in recent decades, led by
industrialization, the expansion of agriculture and, especially, population growth. Access to safe
water supplies has thus become an issue of global significance [7]. Moreover, the health risk
associated with polluted water resources is projected to become a major global issue within the
next few decades [8]. Among the various practical strategies and solutions proposed for more
sustainable water management, wastewater reuse and recycling stands out as the most economically-
viable and environmentally-friendly [9].

Presently, the most common wastewater treatments are based upon a combination of
mechanical, biological, physical and chemical processes such as filtration, flocculation, chemical
or biological oxidation of organic pollutants.

A common problem for current technologies is the poorly biodegradable organic
pollutants, the so-called bio-recalcitrant organic compounds (BROCs). A class of treatments
capable of tackling BROCs is known as advanced oxidation processes (AOPs), relying on the
formation of highly-reactive transient (e.g., superoxide, peroxide, hydroxyl radical) chemical
species that can convert BROCs into more biodegradable compounds or, ideally, into inorganic

carbon [10]. Among the most efficient AOPs are those based on hydroxyl radicals OH", a powerful
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oxidant. These methods are generally based on the dissociation of hydrogen peroxide in water,
either by direct absorption of ultraviolet (UV) photons or by mediation with metal ions (Fe and Co
are among the most studied) through Fenton and photo-Fenton reactions [11-13]. In addition, and
equally or even more important, is the possibility of generating OH" radicals by the interaction, in
water, of artificial or natural light with semi-conductors. This process is commonly described as
photocatalysis [14].

In recent decades, the photocatalytic degradation of several organic compounds has
received growing attention as a water purification process. Irradiating semi-conductors, for
example TiO2, in the form of micro- or nano-sized particles, on fixed supports or in aqueous
suspensions, creates a redox environment that is reactive towards most organic species [15]. A
number of reports have shown that surfactants, pesticides and dyes can be effectively converted
into less dangerous products like carbon dioxide and hydrochloric acid. In 1998, the United States
Environmental Protecting Agency (EPA) published a detailed list of molecules capable of being
degraded by AOPs [16].

In photocatalysis, photons can be seen as reactants and/or co-catalysts, hence playing a
critical role in the process. On this basis, considerable research effort has been made since the 90s
to employ solar radiation as an abundant, renewable and potentially zero-cost light source. In this
approach, solar photons are collected and directed into a photoreactor where they power catalytic
reactions. Traditionally, solar collector systems are broadly classified as concentrating or non-
concentrating, according to their concentration factor or to the temperature which can be reached
by the system [17].

Combining wide versatility, potentially low cost and the capability of total conversion to
non-toxic products, the use of solar-powered AOPs for the treatment of urban and industrial
wastewaters is likely the most promising application of AOP technology [18,19].

The application of solar disinfection (SODIS) has also been recently demonstrated on real
wastewater samples with the possibility of integrating SODIS technology to an urban wastewater
treatment plant (WWTP) [20,21]. Nanofiltration in combination with tertiary processes, including
solar photocatalysis, is also the object of considerable research interest; however, it has presented
uncertain results [22,23]. Another material-oriented approach that is still at an early stage in terms

of literature reports, suggests the use of a combination between a photocatalyst and adsorbents. It



is termed integrated photocatalyst adsorbent (IPCA), and is based on an adsorbent which has the
ability to degrade organic matter in the presence of sunlight [24].

The investigation of different catalyst materials and the comparison of homogeneous
versus heterogeneous catalysis routes are also crucial points and are hence the object of intense
discussion. In this chapter it is brought together the collector designs which have been employed
for solar photocatalysis to date. In addition, the reviewed literature is organized according to the
pollutant or pollutants investigated, and to whether the application is to model or real wastewaters.
This angle of analysis seeks to highlight the importance of moving towards the investigation of
real wastewaters.

Specifically, the first part details solar collector designs and their components. The second
part focuses on the catalyst materials employed for solar AOPs. As the development of
photocatalysts is a vast field, it is considered only the materials which have already been
investigated in combination with a solar collector. Finally, the last section reports case studies on

both model solutions and on real wastewater samples.

2.2 Solar Collector Systems Employed for Wastewater Treatment

The starting point for the use of solar collectors in wastewater remediation can be traced
back to parabolic systems, originally developed for thermal energy applications, and then adapted
in 1989 in Albuquerque, New Mexico—USA for water purification. Immediately afterwards, in
1990, a dedicated facility started operations at the Plataforma Solar de Almeria — Spain. Ten
years later, dedicated research on wastewater treatments started to be effectively performed [25].
Solar collectors can be concentrating or non-concentrating systems. The former can be classified
depending on the principle adopted for focusing sunlight and based on whether they use a fixed or
moving receiver [26], while the latter generally consists of flat panels which can be fixed or
movable, i.e., following the sun. While in thermal solar applications all wavelengths of the sunlight
spectrum are concentrated onto an absorber to produce an increase in temperature, for a solar AOP,
the most effective photons are those on the high-energy side of the spectrum, in the UV or near
UV range (300-400 nm wavelength), due to the prevalent use of wide band-gap semiconductors
as catalyst materials. Wavelengths up to 600 nm are, to date, effectively exploited only by photo-
Fenton reactions or by emerging catalyst materials designed ad-hoc for visible light absorption [6].



This is therefore an opportunity and a challenge for the materials science field. The use of light at
wavelengths higher than 400 nm would also allow the use of silvered mirrors, which are simple
and robust, but which present poor UV reflectance.

In fact, given that, to date, the range between 300 and 400 nm has been considered to be of
exceptional importance, conventional silver mirrors have not been considered suitable as
reflectors. This is mainly due to their low average reflectance in this wavelength interval, with a
minimum at around 320 nm related to an interband transition [27]. Furthermore, the glass covering
commonly present on silver mirrors contains iron impurities, which further contribute to reductions
in UV radiation.

Mirrors based on aluminum are generally considered a better option when working with
processes requiring UV photons [28]. In fact, their reflectance is high (around 93%) and almost
constant in the 300-400 nm range. As proposed in previous works [29,30], the best reflective
surface for solar AOPs should be: (i) efficient in the UV range, (ii) weather resistant and (iii)
reasonably cheap. At present, the benchmark solution is based on anodized and electro-polished
aluminum surfaces. An available alternative is using aluminum mirrors protected with acrylic resin
coating [31].

The design of a solar AOP system requires consideration of a number of factors: the mirror
materials and shaping, the catalyst, wastewater loading method (batch or once-through), flow type
and rates, pressure drops, eventual pretreatment, eventual oxidant loading method, pH control and
the use of a tracking system to enhance the direct solar radiation [6]. These criteria are presented
in Table 2.1.

Table 2.1: Design factors for a solar wastewater remediation AOP.

Component Feature
Mirror design Parabolic/Dish/Plane/Fresnel
Tracking system Automatic/Manual/Fixed
Catalyst Dissolved/Suspended/Supported
Reactor configuration Single/Parallel/Series
Wastewater loading Once-through/Batch
Flow rate Volume per time/On-Off
System pressure Pumping employed
Pretreatment Present/Absent
Oxidant loading method Once/Periodically dosed
pH control Acidic/Neutral/Basic




Most existing literature reports are based on different combinations of these factors, giving
rise to a variety of configurations. Some of the main design choices for both concentrating and

non-concentrating systems are reviewed in the following sections.

2.3 Concentrating Solar Systems

Concentrating solar collector systems are those which focus incident sunlight through a
reflective surface—generally a polished metal, metalized glass or plastic. Solar concentrators can
also present tracking systems with one or more axis to follow the position of the sun during the
day [32-34].

The advantages of concentrating systems are: (1) potentially small reactor tube area, thus
allowing for easier handling of the wastewater; (2) a limited reactor area is also more compatible
with supported catalysts and turbulent flows, thus avoiding the issue of catalyst sedimentation; and
(3) the evaporation of volatile compounds can be controlled.

Furthermore, it has been shown that degradation rates are generally improved by an
increase of radiation intensity within given limits. This was clearly established for both photo-
Fenton reactions and direct photocatalysis for SODIS applications [35-37], where a range of linear
dependency between rates and irradiance was found and a minimum solar dose identified.

On the other hand, they present disadvantages such as the use of only (or primarily) direct
solar radiation, possible high cost, and water overheating [25].

Among the concentrating systems, 5 are of particular interest in the context of wastewater
remediation: (1) the parabolic through collectors (PTCs), which concentrate sunlight in a line; (2)
compound parabolic collectors (CPCs), a design variant of PTCs; (3) the parabolic dish, designed
to focus on a specific spot; (4) Fresnel concentrators, that can be designed to both single spot or
line systems; and (5) optical fiber photoreactors, which are presented as a possible solution for

reaching remote and difficult-access contaminated water sources.



2.3.1 Parabolic Trough Collectors (PTC)

Early solar photoreactor designs for photochemical applications were mounted on
parabolic trough concentrators (PTCs), which were adapted from installations employed for
thermal energy generation. PTCs can be defined as parabolic reflective surfaces that concentrate
the radiation of the sun on a focal line, where the wastewater flows in a tubular reactor [38]. PTCs
are constructed by bending a sheet of reflective or highly polished material, generally reflective
silver or polished aluminum, into a parabolic shape. Figure 2.1 shows the schematic drawing of a
PTC and an image of a constructed collector [39]. To increase the efficiency of direct solar
radiation collection, the platform can work with one or two motor tracking systems, thereby
keeping the aperture plane perpendicular to the incident radiation [19]. PTC applications are
different depending on aperture areas, and can be divided in two fields according to temperature
range [40]: the first for temperatures in the range between 100 and 250 °C and the second between
300 and 400 °C [41-43]. Examples include solar water heating [44], desalination [45,46], and

water disinfection [47].
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Figure 2.1: Schematic drawing of a parabolic trough collector [48].

Considering the applications of PTC to wastewater purification, early examples consisted
of solar thermal parabolic-trough collectors where wastewaters flowed in a borosilicate glass tube
placed on the focal line [6,49]. Pyrex® or Duran® borosilicate glass was chosen because of the
necessity to have low levels of iron impurities. A tubular shape for the photoreactor configuration
is considered optimal for sustaining the pressure and flow levels required by circulation systems
[25].



2.3.2 Compound Parabolic Collectors (CPC)

A variant of the PTC concentrator described in the previous section is the CPC. With respect
to PTCs, they offer the advantage of concentrating on the receiver all the radiation that arrives at the
collector within a determined angle of acceptance, thus exploiting also part of the diffuse radiation.
The concentration factor (Ccec) of a two dimensions CPC is related to the angle of acceptance, as per
Equation (1):

Ccre = — = — (1)

where fa is the angle of acceptance, a is the mirror aperture and r is the reactor tube radius.
Previous investigations point that a reactor diameter between 25 and 50 mm is optimal [25] and

the design of a CPC-based system and an example picture are shown in Figure 2.2.
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Figure 2.2: Schematic drawing and picture of a compound parabolic collector [32,50].

Several CPC type configurations have been realized and tested by companies and have
been central to recent research projects [51]. Finally, it is worth mentioning an extremely
simplified version of the CPC, the compound triangular collector, consisting of two reflective
surfaces forming a V-shape. This configuration is of very simple construction and easy
maintenance, but it nonetheless recently demonstrated good performance in the treatment of

bacterial contaminants in municipal wastewaters [52].
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2.3.3 Parabolic Dish Concentrators (PDC)

PDCs are widely studied and applied for converting solar energy into electrical or chemical
energy and are accepted as those of highest efficiency in terms of concentration factors. The work
of John Ericsson, dating back to the 1880s [53], is recognized as being among first examples of
solar energy conversion and the coupling of a PDC to a Stirling engine. A PDC is a type of
concentrator which reflects the solar rays onto an absorber installed on its spot-like focus. It
consists primarily of a support frame equipped with a sun-tracking system, a reflective concave
parabolic dish, and an absorber [54]. In this case, tracking the sun is a necessity, since PDCs only
work with direct radiation, and a two-axis tracker is commonly employed.

PDCs offer the possibility of being installed in hybrid operation plants in combination with
distinct types of solar concentrators [55]. The solar dish system can achieve, if temperature is of
interest, high values due to high concentration factors. Figure 2.3 presents a schematic drawing
and an image of a parabolic module in use at the laboratories of the physics department from the
University of Trento - Italy. This collector is based on an innovative process to manufacture

parabolic mirrors, resulting in potentially very low production costs [56,57].

Figure 2.3: Schematic drawing and picture of a parabolic dish [56,57].

In solar wastewater purification, the selection of a PDC is motivated by specific needs.
Being the most effective concentrators reaching concentration ratios that can be higher than 2000
suns they can provide an advantage in cases where a very high photon density and/or thermal
processes enhance pollutant degradation, for example, when the rapid abatement of a high content

of pollutant is needed.
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2.3.4 Fresnel Solar Concentrators

Fresnel solar collectors have been developed and applied for solar energy production, and
can be found in both a line or point-focus design. They can work in two basic configurations
exploiting either mirrors or lenses to produce the concentration effect. Usually they are ground-
mounted with flat or nearly flat surfaces tracking the sun and concentrating onto a focal receiver
which, for wastewater treatment, is usually of tubular design and is equipped with secondary
reflectors [58].

Compared to PTCs, Fresnel configurations offer two distinct advantages: (1) the receiver
is fixed and usually with a larger collection area, which can lead to a simpler photoreactor design;
(2) mirrors can be smaller and flat or nearly flat and are thus of simpler and cheaper fabrication.
However, due to a greater distance between the receiver and the mirror array, they suffer from
lower optical efficiency and are particularly prone to tracking errors [59].

Figure 2.4 presents the schematic drawing and an actual installation of Fresnel reflectors.
This example shows the most common configuration, with evenly-placed, identical mirrors, a

convenient design in terms of simplicity, but not necessarily the most efficient [60].

Receiver

Figure 2.4: Schematic drawing of a Fresnel lens receiver [59].

A few applications to wastewater purification can be found in the literature. For example,
Fresnel transmitting concentrators, which employ lenses instead of mirrors, were recently
investigated. The lenses were made of an acrylic material with a transmittance of 0.92 in the range
400-1100 nm [61,62]. Despite the drawback of difficulties of concentrating UV light (<400 nm),
results evidenced a possible reasonable option if used with low costs catalysts to accelerate the
degradation of organic molecules in water models as a comparison of solely using direct solar

radiation. A scheme of Fresnel lens transmitter concentrator is presented in Figure 2.5.
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Figure 2.5: Fresnel lens transmitter concentrator scheme [63].

2.3.5 Optical Fiber Photoreactors

Optical fiber photoreactors have recently been studied for water remediation. The basic
principle is based on the use of optical waveguides, usually in the form of optical fibers, to convey
photons into the bulk of a wastewater. An interesting possibility is that of using a photocatalyst
directly supported on the waveguides to achieve very high surface area to volume ratios. Some
reports show values even higher than for a conventional photoreactor with suspended
photocatalysts [64]. The use of optical fibers as waveguides has been investigated mostly with
artificial light [65,66]. Extending the concept for use with sunlight would be much more
complicated, with the need for a very accurate reflectors/tracking system to compensate for the
movement of the sun.

The main advantage of this design is that the distance between the light collection system
and the photoreactor can be great and non-linear, thanks to the properties of optical fibers. This
would make it possible to reach otherwise inaccessible wastewater reservoirs, for example within
buildings or subterranean reservoirs [67]. To date however, its complexity and low efficiency
makes this design still impractical [38].
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2.4 Non-Concentrating Solar Systems

Non-concentrating collectors usually consist of flat mirrors oriented to the equator line with
a predetermined inclination angle depending on the installation place latitude. They can be static
or movable systems and are generally on a single axis.

Their main advantages are: (1) simple design and low fabrication cost when compared to
curved mirrors [68], and (2) they work with both direct and diffuse radiation. Also, they present
high optical and quantum efficiency but usually do not heat water efficiently, which can be an
advantage depending on the application. The main drawback is that they are generally designed
for laminar flows, for which mass transfer rates are known to be suboptimal [25]. Among the non-
concentrating systems, two deserve particular attention: (1) inclined plate collectors (IPC) and (2)

water-bell photoreactors.

2.4.1 Inclined Plate Collectors (IPC)

Inclined plate collectors (IPC) are flat or corrugated panels over which a thin (typically <1
mm) laminar flow (usually 0.15-1.0 L/min) of wastewater is sustained. It is probably the simplest
available design and offers the advantage of a large surface to support the photocatalyst material,
in a configuration known as thin film fixed bed reactor (TFFBR). It is to be noted that water heating
is not an issue with this design, with temperature typically between 70 and 95 °C [69]. IPCs are
considered to be particularly suitable for small-scale applications [70]. Figure 2.6 presents an

image and a scheme of an IPC.
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Figure 2.6: Examples of inclined plate collectors [71].

2.4.2 \Water-Bell Photoreactors

This type of photoreactor, as shown in Figure 2.7, is similar in general design to the IPC
reactor. The main differences are as follows: (1) the water film is generated by ejecting the fluid
through nozzles with the shape of a water-bell, and (2) the photocatalyst is dispersed in powder
form in the liquid phase. As positive points, it permits a turbulent flow [72,73] and avoids
sedimentation of the catalyst due the constant pumping of liquid through the nozzles [74]. High
flow rates can provide intense mixing and avoid dead zones in the system. On the other hand, the

advantages provided by supported photocatalysts, as in the IPC design are lost.

wastewater &
| e photocatalyst
- 5 [ e | Vo iV} e
E—— Wastewater
Clear treated .
effiuent < Clarifying Zone < infiluent

E ol wastewater &
photocatalyst
Recirculating

pump
Figure 2.7: Schematic drawing of a water-bell photoreactor [75].
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2.5 Advanced Oxidation Processes and Photocatalysis

AOPs are commonly defined by the chemistry and chemical engineering community as
water treatments aimed at the removal of pollutants via oxidation by highly reactive radicals, such
as the hydroxyl (OH") or others (e.g., superoxide, peroxide, sulphate). In wastewater remediation,
the most common process employs hydrogen peroxide (H202) as the hydroxyl radical source,
activated by UV light. Although oxidation reactions by OH" have been known for more than a
century, with the use of Fenton’s reagent in analytical chemistry, the application to wastewater
remediation was only considered when evidence of OH" generation in “sufficient quantity to carry
out water purification” was given in the late 1980s [76]. Even though AOPs are of special interest
for several applications, among which aromatics and pesticides degradation in water purification
processes [77], oil derivatives, and volatile compounds [78], they have not yet been employed for
large-scale commercial use. AOPs offer important advantages in water remediation, such as the
possibility to effectively eliminate organic compounds in the aqueous phase, rather than collecting
or transferring pollutants into another phase. Indeed, the contaminants can, in principle, be
converted by complete oxidation into inorganic compounds, such as carbon dioxide and this
process is called mineralization. Also, OH" can, in principle, react with almost every organic
aqueous pollutant without discriminating, potentially targeting a wide variety of compounds. A
notable exception is that of Perfluorinated compounds, which are not attacked by OH" radicals due
to the stability of the C-F bond [79]. Some heavy metals can also be precipitated as M(OH)x [80].
AOPs currently have a number of serious drawbacks, affecting cost and limiting their large-scale
application. For example, a constant input of reagents is usually necessary to keep an AOP
operational, because the quantity of hydroxyl radicals in solution needs to be high enough to react
with all the target pollutants at useful rates. Scavenging processes can occur in the presence of
species which react with OH radicals without leading to degradation, for example, bicarbonate
ions (HCO3") [81] and chlorides [82] should be removed by a pre-treatment or the AOPs are
compromised. In particular, the interference role of bicarbonate, chloride and dissolved silica
anions has been recently studied in depth [83-85]. Finally, most existing processes rely on TiO>
as the catalyst material. Although it offers important advantages in terms of stability, robustness

and catalytic activity, it also has the serious limitation of requiring activation by UV light [86]. As
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such, it is mostly employed with artificial UV-sources, which are expensive, have short operational
lifetimes, and require a high energy input.

For these reasons, it is not economically reasonable to use only AOPs to treat large amounts
of wastewater, but AOPs can be conveniently integrated with conventional treatments as a final or
intermediate step [87]. In this context, the use of solar radiation to promote AOPs could contribute
to greatly reduce costs by relying on a free and renewable source of photons, even if the cost
problems mentioned above must be mitigated in order to have an efficient and competitive water
purification technology. This possibility, along with increasing efforts towards the implementation
of water reuse worldwide, are currently accelerating research towards the implementation of large-
scale AOPs [88].

2.5.1 Principles of Solar Photocatalysis

Solar photocatalysis currently plays a minor role, since the growth of research focusing on
solar systems applied therein has shown a smaller increase compared to overall photocatalysis
research, as demonstrated on Figure 2.8. This information points to the opportunity to dedicate
efforts to this clean technology connected to the abundant solar energy source.

Major types of photocatalysis include heterogeneous photocatalysis, where the catalyst and
substrates are in different phases, and homogeneous photocatalysis, where they are in the same

phase and this classification is adopted for the following sections.
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Figure 2.8: Publications on photocatalysis compared to those on solar photocatalysis. Data from Scopus in
December 2020 comparing “photocatalysis” with “solar AND photocatalysis” as search terms within the “article
title, abstract, keywords” search document field.

2.5.2. Heterogeneous Photocatalysis

In heterogeneous photocatalysis processes, the catalyst is generally a semiconductor
material activated by absorption of UV or UV-Visible photons. Several semiconductors have been
investigated as catalysts, such as TiO2, Fe;O3, CdS, GaP, Co304, ZnS. Among these, TiO2 has
received the most investigation efforts since its good photocatalytic properties under UV
irradiation were already known in the early 1970s. However, novel types of catalysts focused to
solar applications are rapidly emerging, especially those which are able to efficiently absorb visible
light.

Heterogeneous photocatalysis by semiconductors can be explained in the framework of the
band theory for the electronic structure of solids. In Figure 2.9 the first step is shown, where an
electron (e") in the valence band (VB) is excited to the vacant conduction band (CB) by absorption
of a photon of energy hv equal to or greater than its optical band gap, leaving a positive hole (h*)
in the VB. The excited electrons can reduce available acceptor species, such as oxygen in
proximity of the surface, while holes are often powerful oxidants. The photo-generated electrons
and holes can thus drive redox reactions with species for which the involved redox potentials are
an appropriate match. However, the electrons and holes can also recombine without participating

in any redox process, in a competing deactivation event. This is a major issue in the design of
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materials and is the reason why the time scale of the recombination process_ must be kept as large
as possible.

In the case of TiO, photocatalysis in water with UV photons of energy >3.2 eV for anatase
and 3.0 eV for rutile (corresponding to about 387 and 413 nm wavelength respectively), photo-
generated electron-hole pairs at the solid-liquid interface can promote redox reactions with
adsorbed water and dissolved oxygen. This process results in the formation of OH" and O, ™ radicals
respectively, which are powerful oxidant species capable of reacting with most organic substances.
The two most common configurations for heterogeneous photocatalytic reactors are: (1) reactors
where the photocatalyst is in powder form suspended in water - colloid, and (2) reactors where the
photocatalyst is immobilized on a surface — thin film coating. The first configuration is more
explored, due to the simplicity of synthesis methods for powders; however, it needs an additional
separation step, generally sedimentation and/or filtration, to recover the catalyst material. In the
case of TiO2, commercial products such as Evonik P25 and P100 are the most commonly employed
in the literature. Catalyst separation and recovery is a major drawback for large-scale applications
[1]; thus, it is possible to identify an open space on the research field aimed at the immobilization
of the photocatalyst. This is highlighted by emerging manufacturing technologies, as exemplified
by the use of pulsed laser deposition (PLD) for the production of thin film nanocatalysts with
controlled properties [89,90]. Discussions highlighting the use of TiO> catalysts with sunlight on
PTR and IPC reactors can be found in the literature [91,92]. Also, advances in photocatalyst
immobilization for TiO-, to be used with concentrated sunlight, present alternatives as mesoporous
clays, nanofibers, nanowires, nanorods, membranes and surface doping modifications [7]. The
possibility to produce glasses or polypropylene tubes with supported TiO2 has also been reported
[50]. In practice, however, novel applications of TiO2 have been hindered due to their wide optical
band gaps allowing only little or no absorption of visible-light [93,94]. The use of doping has been
extensively investigated with the goal of increasing the catalyst absorption in the visible range,
among which modifications of TiO2 by W [95], Pt [96], N, V and V-N [97], Cu and N [98], Co
and B [99], and Ag [100] showed promising results for the photocatalytic degradation of organic
compounds. Many studies have also been devoted to the design of other metal oxide photocatalyst
materials, such as perovskite-type oxides, which can work under visible light illumination
[24,101,102]. Other catalysts investigated for wastewater purification with sunlight are Bi2WOs
and Ag-BiVOq, for their absorption closer to the visible range (420 nm) [103]. In a theoretical
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work, density functional theory (DFT) calculations explored the modification of a B-Bi.O3
photocatalyst with 32 elements to design visible-light-responsive photocatalysts. Based on this, a
series of photocatalysts were identified as good candidates for the reduction of chlorinated organic
compounds in water [104]. Recently, CosO4 hierarchical urchin-like structures were produced by
PLD and tested on model dyes, raising great interest in the synthesis of hierarchical 3D
nanostructures for applications in water purification [89]. Iron oxide-based nanostructures have
also been fabricated by PLD and studied for photocatalytic water purification [105]. Other
catalysts such as SnO, and ZnS have also been reported which can operate either via the reductive
pathway (ZnS) or the oxidative one (SnO.) [106,107].

(A <380 nm)
OH* ——p» OH®+ Pollutant

Valence band

TiO:

OXIDATION ¢

H,0 CO, + H,0

Figure 2.9: General mechanism of the heterogeneous photocatalysis [14].

An interesting study employed volcanic ashes in a solar photocatalytic reactor. The
volcanic ashes are rich in titanomagnetite, labradorite, augite and ferrous magnesium hornblende
capable of performing photocatalysis in the visible-NIR ranges [108]. Reports of novel materials
focusing on visible light response catalysts are rapidly emerging and are increasingly successful.
Their application to solar concentration for wastewater purification appears to represent an
interesting opportunity to advance the field. Table 2.2 below shows a selection of references

implementing the design strategies discussed above.
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Table 2.2: Selected references for catalyst materials. Selection is based on two criteria: materials developed for visible
light absorption and materials introducing an advancement over benchmark TiO..

#  Reference Catalyst Characteristics Major Results Solar
Material
Sacco et N-doped TiO. particles I .
1 al. 2018 N-d_oped immobilized on Inactl_v:_:ltlon of E. coli in Yes
TiO2 municipal wastewaters
[52] polystyrene spheres
Wang €l Tio, with fly  Sol-Gel coating of TiO; ~ MB dye degradation
2 al., 2015 SO No
[84] ashes on ashes xenospheres under visible light
PLD synthesized Co Enhancemer_lt of MB
i o dye degradation under
3 Edlaet al. C0:0 oxide urchin-like visible liaht b No
2015 [89] 34 particle-assembled . ght by
. hierarchical
coating .
nanostructuring
Mecha et . ..
4 al. 2018 doped TiO: Calcinated poyvders and SODIS of municipal Yes
[92] ozonation wastewater
V-N- . : Enhanced MB dye
5 Z{’gize[tgﬂ]" codoped RF- sput;iel::]r;g of thin degradation under No
TiO2 visible light
Jaiswal et Cu-N Degrade MB dye and p-
6 al., 2015 codoped Sol-gel thin films Nitrophenol solution No
[98] TiO2 under UV-VIS light
Degradation of organic
Jaiswal et Co-B- pollutants (p-
7 al., 2016 codoped Sol-gel thin films nitrophenol and No
[99] TiO2 rhodamine B dye) under
visible light
\Varma et Degradation of p-
Ag-doped  TiO decorated with Ag  nitrophenol (PNP) and
8 al., 2016 ; . . No
TiO2 nanocomposites MB dye under visible
[100] i
ight
Maximum adsorption
Jing et al Nanocrystals integrated  capacity evaluation to
9 201% [101"] Cu20 photocatalyst adsorbent ~ examine the removal of No
(IPCA) organic pollutants (HA,
CR and MO).
Malato et Strategies to improve
10 al, 2016 TiO> Particles in suspension g np Yes
guantum yield
[103]
. Pentachlorophenol
11 Niu et al., Bi,O Nanoﬁj;gfézi (c;[?ns 0 (PCP), trichloroethylene No
2016 [104] 23 (TCE), and

nanometers)

hexachlorocyclohexane
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Edlaet. al.,

PLD synthesized Fe
oxide urchin-like

Enhancement of MB
dye degradation under

12 2017 [105] Fez0s particle-assembled V'S!ble “g.ht by No
. hierarchical
coating .
nanostructuring
Fenoll et Zn0O, TiOy, Micrometric scale Photodegradation of
13 al, 2012 : . : : -~ Yes
[106] W03, SnO2  particles in suspension  fenamiphos (pesticide)
Borges et Volcanic Grinded and sieved in
14 al., 2017 ashes the range 1.40-1.80 mm  MB dye degradation Yes
[108] and 500-850 um
. Photocatalytic
Sanoetal., Pt doped Pt I.O aded TiO degradation of volatile
15 . synthetized at elevated . Yes
2004 [109] TiO2 temperatures organic compounds
P (VOCs)
Degradation of
Commercial . bisphenols,
Velaetal. TiO2 and nanopowders with an diamylphthalate, butyl
16 . benzylphthalate, Yes
2018 [110] Na2S20s electron acceptor in
. methylparaben and
solution .
ethylparaben in
wastewater model
Rodriguez TiOzand Ferricarboxilates and Degradation of
17 etal., 2010 Ferri- commercial TiO2in Bisphenol A in model Yes
[111] carboxilate combination wastewater
Muradov Pt doned Construction of a plate Nitroglycerine and
18 1994 [112’] TiOp type photoreactor with  Rhodamine dye models  Yes
2 immobilized TiO> degradation
Villén et Ru(IN) Ruthenium trischelate Inactivation of
19 al., 2006 complex complex immobilized Escherichia Yes
[113] P onto porous silicone coli/faecalis
Bansal et Composite Spherical beads with Pharmaceutical
20 al., 2018 P average diameter of 1.5 wastewaters Yes
Fe-TiO2 -
[114] cm decontamination

* research performed with a solar collector as the light source.

2.5.3 Homogeneous Photocatalysis

In the homogeneous photocatalysis process, important efforts were devoted to the
investigation of the Fenton reaction in an aqueous solution containing metal ions and hydrogen
peroxide, capable of providing hydroxyl radicals. When UV/visible radiation (wavelength < 600

nm) is introduced in the process, it becomes catalytic; this is known as “photo-Fenton”
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[13,115,116]. In the photo-Fenton reaction, the metal ion initially reacts with the H.O> added to

the contaminated water, producing OH" radicals (Equation (2)):

Metal?* + H,0, — Metal®* + OH™ + OH' (2)

Metal®* + OH™ + hv — Metal?* + OH" (3)

The absorption of a photon (Equation (3)) then not only restores the initial Metal?*, the
crucial catalytic species for the Fenton reaction, but also produces additional radicals that can
contribute to the oxidation of organic pollutants [117].

Though less interesting from an industrial point of view due to the difficulty of separating
and recovering the catalyst, a photo-Fenton process in the homogeneous route has been recently
demonstrated for SODIS technology, using ethylendiamine-N’,N’-disuccinic acid as a complexing

agent to prevent iron precipitation as ferric hydroxide [118].

2.5.4 Homogeneous Versus Heterogeneous Photocatalysis

Among the major solar photoreactor system design issues are whether to use a
homogeneous route with a dissolved catalyst or a heterogeneous one with a suspended or supported
catalyst. This decision is greatly affected by the availability of facile and cost-effective fabrication
methods. A large part of the investigations performed so far have used suspended particles in the
contaminated water, which, as with the case of a dissolved catalyst, demands a final extra step to
separate and recover the catalyst. A solution to this problem is the use of supported catalyst
configurations, but this has, to date, been hindered by higher costs due to more complex synthesis
procedures. Thus, research efforts on improved manufacturing techniques, such as the use of PLD,
will likely offer possible solutions to this issue [89,105,119-122].

A supported-catalyst design also needs to take into account several additional problems. As
the catalyst dispersion is not optimal, the greatest possible surface area is needed to ensure a good
contact between active sites and target substrates, and an effective irradiation geometry must be
identified. A good adhesion with the supporting material is also critical, as it dictates the capability of

withstanding the mechanical wear from the water flow, and thus, the durability and operational
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lifetime of the catalyst coating. All these issues can, however, be addressed by careful design and
improvements in coating technology.

Overall, the heterogeneous route to photocatalytic water treatments with supported
semiconductors is a more promising technology when compared to its suspended catalyst
counterpart or to the homogeneous route, mainly due to the necessity of easy industrial handling

and replacement of the materials.

2.6 Wastewaters

Since investigations dedicated to water purification with the use of sunlight began, several
types of pollutants have been investigated. These have generally been model compounds, while
real wastewaters, due to their greater complexity, are still less explored. In the following sections,
research papers investigating important model and real wastewaters are presented in tables
organized by the main class of pollutant considered.

2.6.1 Model Pollutants

In the initial studies of the solar concentration for wastewaters research field, several types
of model pollutants were investigated using concentrated sunlight and AOPs [123]. The United
States Environmental Protecting Agency (EPA) made an inventory of more than 800 molecules
that can be degraded by advanced oxidation processes [16]. In Table 2.3, works that investigated
BROCs from the industrial general chemical products sector are presented. The investigations
collected were performed from 1999 until today are representative of the importance of solar
collectors to the wastewater purification field. Among the pollutants tested on the water models,
substances such as phenols, amines, gaseous toluene and acetaldehyde, detergents,
trichloroethylene, phenolate, diverse acids and phosphates deserve attention. In terms of the solar
collector employed, special emphasis was devoted to the PTC and CPC configurations (12 reports),
IPC (5 reports), optical fiber (2 reports), and PDC (1 report). In terms of catalysts, all the
investigations primarily reported on the use of TiO: as a catalyst material, with variations in terms
of the supporting system, doping element and particle structure. As a solid catalyst, TiO2 was

consequently employed in the heterogeneous route for catalysis.
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Table 2.3: BROCs model wastewaters (Industrial general chemical products).

Solar Catalyst Catalysis
# Reference Pollutant Tested Collector Material Type
Fernandez-
Ibanez et ) TiO2 supported
1 al.. 1999 4-chlorophenol PTC/CPC and suspended Heterogeneous
[124]
Sano et al., Gaseous toluene and Pt-TiO2
2 2004 [109] acetaldehyde PTC supported Heterogeneous
TiO2 (P-25)
Klare et al T10: (AK1)
3 2000 [125']’ Amines PTC TiO2 (UV 100)  Heterogeneous
Pt-TiO2 (synth)
suspended
Oyama et .
4 al., 2004 Commercial Detergents PDC Ti0:z (P-25) Heterogeneous
suspended
[126]
Mehos et ;
5 al., 1992 Trichloroethylene PTC Tz (P-25) Heterogeneous
[81] suspended
Minero et Sodium TiO2 (P-25)
6 al, 1996 PTC 2 Heterogeneous
[127] pentachlorophenolate suspended
Bandala et
7 al., 2004 Oxalic acid PTC/CPC TiOsuspended Heterogeneous
[128]
Malato et .
8 al., 1997 2,4-dichlorophenol PTC/CPC Ti0: (P-25) Heterogeneous
suspended
[129]
Noorjahan
9 etal., 2003 H-acid IPC TiO2 supported  Heterogeneous
[130]
Feitz et al., Phenol .
10 2000 [131] dichloroacetic acid IPC TiO2 supported  Heterogeneous
Chanetal., L TiO, (P-25)
11 2003 [132] Benzoic acid IPC supported Heterogeneous
van Well et .
12 al., 1997 Dichloroacetic acid IPC Ti0: (UV 100) Heterogeneous
suspended
[133]
Dillert et TiO2 (P-25)
13 al., 1999 Dichloroacetic acid IPC/CPC  TiO2 (UV 100)  Heterogeneous
[68] suspended
Peill and .
15 Hoffmann, 4-chlorophenol Opt. fiber Tsll?z (()F;;gg) Heterogeneous
1997 [67] PP
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Xu et al.,

TiO2 (synth.)

16 2008 [134] 4-chlorophenol Opt. fiber supported Heterogeneous
Tanveer TiO2 (P-25/PC
17 Tezcanli DOXy ’ CPC 100/TTP/PC Heterogeneous
G aromatics, polymers and
uyer, surfactants 10/pC
2013 [32] 50/Rhodia)
Urea, ammonium
chloride, sodium acetate,
peptone, magnesium
Barwal and hydrogen ortho-
18 Chaudhary, phosphate trihydrate, PTC TiO: Heterogeneous
2016 [9] potassium dihydrogen
orthophosphate, ferrous
sulphate, starch, glucose,
yeast and trace nutrients
Bisphenol A, bisphenol . .
B, diamylphthalate, butyl Ti0 alongside
Velaetal., an electron
19 benzylphthalate, CPC . Heterogeneous
2018 [110] acceptor like
methylparaben and NS,O
ethylparaben 2928
: Ferricarboxilate,
Rodriguez TiO, (P25) Heterogeneous
20 etal, 2010 Bisphenol A CPC 2\"E9), and
[111] combinations homogeneous
thereof
TiO2 (P-25)
Kositzi et Fifggnli’ h/l F?gt eﬁ;eg:lt ’ suspended Heterogeneous
21  al., 2004 2 N ' CPC Fe(111)/H202 and
CaCl2.2H20, M@2S04
[135] 7,0 photo-Fenton homogeneous
2 process

Table 2.4 presents the published papers dedicated to the investigation of model waters

containing dyes as the main pollutant. The first studies were reported in 1994 and continue to

receive interest to the present day. Dyes such as methyl-orange, Remazol red B, rhodamine, indigo

carmine, methylene blue, and reactive black 5, among others, were studied by employing either

CPC or IPC solar collectors. Also, 3 investigations were performed using the homogeneous route

with ferrous salts solutions, and the majority with the heterogenous one.
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Table 2.4: BROCs model wastewaters (Dyes).

Solar Catalyst Catalysis
# Reference Pollutant Tested Collector Material Type
. Methyl-orange (azo- .
Augugliaro et i TiO2 (P-25)
1 al., 2002 [136] dye) Or%r;ge(; Il (azo CPC suspended Heterogeneous
Selva Roselin Remazol red B (azo-
2 etal., 2002 IPC ZnO supported  Heterogeneous
dye)
[137]
. . TiO2 (P-25)
3 Muradov, 1994 Nltrogly_cerlne IPC PL-TIO, Heterogeneous
[112] Rhodamine dye
supported
Formetanate TiO2 (PC 500)
4 Thueetal., 2005 Indigo carmine IPC/CPC  supportedand  Heterogeneous
[138] s
(indicator dye) suspended
Rodriguez- Synthetic wool dying
6 Chuecaetal., in different colors CPC TiO2 Heterogeneous
2014 [8] (yellow, blue and red)
Sutisna et al., .
7 2017 [71] Methylene blue dye IPC TiO2 Heterogeneous
CabreraReina Q7 oacive
8 etal., 2019 ; . CPC/IPC Fe (11) Homogeneous
Black 5 and Reactive
[139]
Orange 1
Monteagudo et Ferrioxalate in
9 al., 2009 [140] Orange 1l dye CPC solution Homogeneous
Garcia- Procion aRne(? H-E/B Fe(11)/H20;
10 Montafio et al., . CPC photo-Fenton ~ Homogeneous
Cibacron Red FN-R
2008 [141] processs
(azo-dyes)

Table 2.5 instead presents the use of solar photocatalysis, mostly under the heterogenous
route with IPC and CPC solar collectors, to investigate the degradation of pesticides as model
pollutants. In this segment of pollutants, investigations have gained attention since the year 2000.
Eight miscellaneous pesticides (ethoprophos, isoxaben, metalaxyl, metribuzin, pencycuron,
pendimethalin, propanil and tolclofos-methyl) were studied. Initial investigations on this sector

have paved the way for further research on real water sources from extensive agriculture areas.
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Table 2.5: BROCs model wastewaters (Pesticides).

Solar Catalyst .
# Reference Pollutant Tested Collector Material Catalysis Type
Fenoll et al., Fenamiphos .
1 2012 [106] oesticide CPC TiO2, ZnO Heterogeneous
. Lontrel 100AS
2 Berberidou et commercial IPC Ferrioxalate/TiO> Heterogeneous and
al., 2017 [142] herbicide homogeneous

A last BROC contaminant reported in the literature was a pharmaceutical product, as
reported in Table 2.6. In 2005, a CPC solar collector using commercial P-25 TiO; as the catalyst
and heterogeneous photocatalysis was utilized to investigate the degradation of the antibiotic

Lincomycin.

Table 2.6: BROCs model wastewaters (Pharmaceuticals).

Solar Catalyst Catalysis
# Reference Pollutant Tested Collector Material Type
Augugliaro et al., Lincomycin TiO, (P-25)
! 2005 [143] (antibiotic) CPC suspended Heterogeneous

In another field of application of solar collectors applied for wastewater purification, solar
disinfection (SODIS) was employed to study the removal of bacteria as E. Coli, faecalis and
Salmonella and fungi, such as fusarium spores as shown in Table 2.7. Investigations were mostly
developed with CPC solar collectors. Both—heterogeneous and homogeneous routes are

represented, with a prevalence of TiO; catalyst for the former and of ferrous solutions for the latter.

Table 2.7: SODIS model wastewaters (Bacteria and Fungi).

Solar Catalyst Catalysis
# Reference Pollutant Tested Collector Material Type
. TiO2 (P-25)
1 Sichel et al., 2007 Escherichia coli CPC supported from  Heterogeneous
[36] :
colloid
. TiO2 (P-25)
2 Fernandez et al, Escherichia coli CPC suspended and Heterogeneous
2005 [50]
support
Villén et al., 2006 Escherichia RDP2+ (dye)
3 [113] coli/faecalis CPC supported Heterogeneous
McLoughlin et al., _ . TiO2 (P-25)
4 2004 [144] Escherichiacoli  PTC/CPC supported Heterogeneous
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Simulated

5 Freudenhammer et bacterial IPC TiO, (P-25) Heterodeneous
al., 1997 [145] municipal supported g
wastewater
Polo-Lopez et al., . Ferrous sulfate
6 2012 [146] Fusarium spores CPC heptahydrate Homogeneous
Nahim-Granados =0l O157:H7 Ferrous sulphate
7 and Salmonella IPC heptahydrate and  Homogeneous
et al. 2018 [147] o I
enteritidis ferric nitrate
agricultural
8 Aguas et al. 2017 pathogenic fungi CPC Ferrous sulfate Homogeneous
[148] ; heptahydrate
(Curvularia sp.)
. E.coli, coliform .
9 Rodriguez-Chueca ENterococeus cPC ferrous sulfate in Homogeneous
etal., 2014 [8] faccalis slurry

2.6.2 Real Pollutants

The investigation of real wastewaters samples has taken place mainly in the last decade.

Anyhow, the increasing importance of this approach demonstrates a constant switch from model

investigations to real wastewater sources with the aim of solving the critical situation of pollution

worldwide. Table 2.8 shows real industrial effluents already investigated such as olive mill

wastewater, effluents from the beverage industry, micropollutants in municipal effluents and

metallic wastes, mostly with CPC solar collectors. Both heterogeneous and homogeneous routes

were used.

Table 2.8: Real wastewaters (Industrial general chemical products).

Solar Catalyst

# Reference Pollutant Tested Collector Material Catalysis Type
Ruzmanova et , . TiO:
1 al., 2013 [149] Olive mill wastewater CPC suspended Heterogeneous
Duran et al., Beverage industry Ferrioxalate,
2 2015 [150] effluents CPC oxalic acid Homogeneous
Municipal effluents
3 Brienza et al., with 53 IPC HSO™ Heterogeneous
2016 [151] micropollutants /Fe*?and TiO., and homogeneous
detection
Onotrietal.,  copper, iron, zinc and TiO2
4 017 [152] EDDS CPC suspended  |ieterogeneous
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Residual dyes from the textile industry were studied in 2015 as shown in Table 2.9 under

homogeneous route using CPC solar collectors and ferrous solutions as catalyst.

Table 2.9: Real wastewaters (Dyes).

Pollutant Solar . Catalysis
# Reference Tested Collector Catalyst Material Type
ferric—organic ligand
1 Manenti et al., Textile CPC complexes such as oxalic Homogeneous
2015 [153] dyes acid, citric acid and EDDS,

ferrioxalate

Table 2.10 shows investigation of real wastewater sources contaminated with pesticides
containing Chlorpyrifos, lambda-cyhalothrin and diazinon using CPC or IPC solar collectors,
employing homogeneous and heterogeneous photocatalysis routes.

Table 2.10: Real wastewaters (Pesticides).

Solar Catalyst .
# Reference Pollutant Tested Collector Material Catalysis Type
Gar Alalm et Chlorpy_rlfos, Iamea— Ferrous Homogeneous
cyhalothrin, and diazinon sulfate
1 al., 2015 : . CPC and
[154] as major contaminants on hydra_lte and heterogeneous
pesticides TiO2
. TiO2 (PC
2 Pichat et al., Pesticides IPC 500) Heterogeneous
2004 [155]
supported

Municipal wastewaters contaminated with pharmaceuticals were treated and results are
reported on the publications in Table 2.11. Among the contaminants, presences of acetaminophen,
antipyrine, atrazine, carbamazepine, diclofenac, flumequine, hydroxy biphenyl, ibuprofen,
isoproturon, ketorolac, ofloxacin, progesterone, sulfamethoxazole and triclosan were investigated.
Novel Fe-TiO. composite catalysts with the objective of performing both photocatalysis and
photo-Fenton have been studied for the treatment. Their degradation performances were evaluated

in a CPC reactor under the homogeneous and heterogeneous route.
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Table 2.11: BROCs real wastewaters (Pharmaceuticals).

Solar Catalyst .
#  Reference Pollutant Tested Collector Material Catalysis Type
Méndez- pharmaceuticals
1 Arriagaetal.,, present in real CPC TiOzsuspended  Heterogeneous
2009 [156] wastewater sources
5 Bansal et al., Pharmaceutical IPC Composite Fe- Heterogeneous
2018 [114] wastewaters TiO2 g
- Pharmaceutical
3 Foteinis et al., wastewaters, i.e CPC Ferrous sulfate, Homogeneous
2018 [157] L oxalic acid
antipyrine
multidrug (namely
AN Homogeneous
4 Ferro et al., ampicillin, cPC Ferrous sulfate and
2015 [158] ciprofloxacin and and TiO2 h
. eterogeneous
tetracycline)
Almomani et Ierr()cﬂl(c::ge Homogeneous
5 al., 2018 antibiotics, estrogens CPC P and
hydrate and
[159] TiOs heterogeneous

In terms of SODIS, as shown in Table 2.12, application to real wastewater sources,
municipal effluents were mostly used to investigate the inactivation of bacteria and fungi using the
homogeneous and heterogeneous routes. CPC solar collectors were used and ferrous salts and TiO-

were used as catalysts.

Table 2.12: SODIS real wastewaters (Bacteria and Fungi).

#  Reference Pollutant Tested CoSIcI)(ii':or Catalyst Material  Catalysis Type
Miralles- Municipal
1 Cuevasetal., offluents CPC Fe2(S0a4)3 Homogeneous
2017 [160]
Ortega- E. coli and total Ferrous sulfate
2 GoOmezetal., coliforms CPC heptahvdrate Homogeneous
2014 [161] inactivation ptany
Polo-Lopez et ohytopathogen Ferrous sulphate Homogeneous
3 al., 2014 funai CPC heptahydrate, ferric and
[162] tngl spores nitrate and TiO; heterogeneous
4 Szagig (Eg;i Escherichia coli CPC Nltrogreiré-;:loped Heterogeneous

All the analyzed studies present relevant information about degradation rates and the

processes involved in the use of solar light for the degradation of pollutants in wastewaters. In
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particular, a relevant quantity of pollutants was tested, and the development of low-cost solar
systems evolved. Also, it is observed that TiO> is a very well-established catalyst for use in solar
wastewater degradation, but new catalysts and possible cost reductions offer interesting

opportunities for research.

2.7 Conclusions and Perspectives

Although solar water treatments have produced significant interest in research, they have
not yet reached commercialization; there are only a few examples of medium to large-scale solar
wastewater processing plants in industry. However, recent literature results demonstrate that solar
wastewater treatment has the potential to be successfully employed both as a cheaper and more
environmentally friendly alternative to conventional processes, or integrated in existing plants,
thereby increasing efficiency and reducing operating costs. However, further research towards
industrialization is needed. Two directions emerge as particularly promising: advances in materials
science towards immobilized photocatalysts, which can effectively use sunlight, and switching to
the investigation of real, rather than model, wastewaters.

Regarding the former, photocatalysts working with UV-visible light would make it possible
to better harness sunlight and ease the design requirements for solar collectors and photoreactors.
For example, by eliminating the need for UV radiation, it would be possible to use conventional
mirrors, which are significantly less expensive and more durable than UV-reflecting mirrors.

Regarding wastewaters, investigations which initially began with water models have turned
to real wastewater sources in recent years. These are much more complicated samples, generally
containing a variety of species which can interfere with the treatment. This complexity needs to
be tackled by directed research efforts, particularly by the chemistry and chemical engineering

community, in order to progress towards industrial application.
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Chapter 3: Experimental techniques and characterizations

3.1 Experimental techniques

This section presents the experimental techniques employed in the development of the
work. It is presented the details of the solar concentrator used for the practical experiments of
wastewater treatment and the pulsed laser deposition (PLD), a thin film fabrication technique that
was extensively used for obtaining the novel catalyst materials proposed for application on

wastewater treatment.
3.1.1 Solar concentrator — Parabolic Dish Collector (PDC) apparatus

The experiments were performed using the solar concentrator available at the physics
department of the University of Trento. The solar concentrator employed is an apparatus designed,
built and patented by the IdEA group [56]. It consists of a PDC with 5 m diameter, with the focus
located at 2.5 m distant from the mirrors. It was designed to assemble a maximum of 24 coated
silver glass mirrors in individual segments (each of 0.76 m? area comprising in a complete
assemble a total area of 18.24 m?). The setup has reduced fabrication, maintenance and operation
costs (Appendix A). Figure 3.1 presents the schematic drawing and a picture example of the device
configured with 3 mirrors.

The system is equipped with a polar-equatorial axis solar tracker, capable to ensure a
constant alignment with the sun throughout the daylight. The mirrors are mounted in a metal
support driven by a stepper motor coupled with a gearmotor resulting in an angular speed of
0.004167°/s [163]. The rotation main axis is parallel to the axis of Earth. The solar declination
angle is compensated via manual adjustments. Depending of the configuration of the experiment,

either one single or a joint of three sections of mirrors can be mounted.
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Figure 3.1: Schematic drawing
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used in this work.

Each mirror module has a 0.8 mm thick silver coated glass (FAST GLASS®). They are

mechanically reinforced with a fiberglass layer, a P\VC panel and a second fiberglass layer in order

to improve stiffness to the whole structure and to sustain the curvature over time.

The mirrors optical reflectance property feature reflectivity higher than 90% on the

measured range between 450 and 1200 nm and a strong decrease for wavelengths lower than 400
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nm, evidencing a strong decrease in the reflection properties for the near-UV light range. The
reflectance curve is shown on figure 3.2 and the measurements were done with an UV-Visible-

NIR spectrophotometer (Varian Cary 5000).
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Figure 3.2: Reflectance as function of wavelength of the silver coated mirror employed on this work [57].

Simulation and measurement studies evaluated the power profile of the concentrated solar
spot promoted by the apparatus. Figure 3.3 presents the spot characterization from a single mirror
module, the shape of the spot is close to a Gaussian distribution with a peak flux of 70 W/cm?,
taking into account the central area of the peak, it corresponds to concentration factor of nearly
870x in a circular spot with a diameter of approximately 5.8 cm.
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Figure 3.3: simulated (up) and measured (down) solar spots of the solar concentrator used in this work [57].

The solar direct and reflected spectra on the PDC solar apparatus was acquired in a sunny
clear day condition for the near UV-Visible range. The spectra presented in figure 3.4 are related
to the direct pointing of a portable spectrophotometer (Ocean Optics USB4000, software Spectra
Suite) towards the sun and pointing against one module of the mirror reflecting the solar light. The
spectra were not corrected for the detection system spectra responsivity. As can be observed the

mirror reproduces very well the solar spectrum without any distortion.
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Figure 3.4: Solar spectra measured on the PDC solar concentrator: direct sun light incidence and radiation reflected
by the mirror.

For the photocatalysis experiments in the solar concentrator, the volume of the circulated
water was 2 L, the liquid was circulated from a reservoir in the ground to the solar spot, where was
positioned a quartz glass tube of approximately 150 ml volume used as the reactor for the solar
concentrator. The quartz tube was sealed at one end and closed by a three-port lid on the other end.
One port hosted a thermocouple for temperature monitoring, and the other two ports are the inlet
and outlet for the liquid circulation. A pumping system was used to promote the circulation of the
solution provided by a diaphragm dosing pump (Hanna instruments, model BL5 with volume flow
rate of 5 L/h at 7 bar of pressure), the tubing circuit was assembled with polyamide pipes with 8
mm external and 6 mm internal diameters. For cooling purposes, the piping system was passed
thru a water chiller reservoir with a volume of 20 L that kept the temperatures constant during all
the experiments. Figure 3.5 shows the schematic drawings of the quartz glass system, inlet, outlet
and thermocouple for temperature monitoring and an image of the assembled glass quartz tube that

receive the reflected concentrated solar light.

37



Test tube cap o © o

END OF THE ARM Test tube support ﬁl

/ Unmovable I
shield

/ Movable

shield

a) Closed

b) Retumn

¢) Thermocouple |

' \
) Batch
Test tube

Retum

,‘"‘
q \ /
Thermocouple
Batch

Figure 3.5: schematic drawings of the quartz glass for the concentrated solar light receiver (left and center) [164]
and a picture of the quartz glass lid use to expose the wastewaters to the concentrated sunlight (right).

During all the experimental procedures presented in the following chapters the solar
intensity was constantly measured using a pyrheliometer (Kipp & Zonnen CHP1) with an aperture
angle of 5° mounted on the axis rod positioned towards the parallel direction of the sunlight. The
solar concentration scheme is represented by figure 3.6. The mirror pointed towards the sun
reflects the light to a spot where the quartz lid is installed. The glass lid can have inside a catalyst

and is under constant circulation of the liquid object of study.
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Figure 3.6: Concentration scheme
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3.1.2 Thin film coatings fabrication - Pulsed laser deposition (PLD)

Pulsed laser deposition (PLD) is a thin film fabrication technique belonging to the physical
vapor deposition field, in a close observation reveals a complex nature that results in coating
materials with particular properties. The process comprising PLD is based on focusing a laser
beam towards an evacuated chamber with a target inside. Under the emission of a high energy
density, the material from the target hit by the laser beam is ablated, evolving into a plasma plume,
which expands along the normal direction of the target surface. Figure 3.7 presents the PLD
working scheme, as a general rule, the laser beam is delivered inside the chamber in an angle of
45° and thus the substrate is placed in a position in front of the target. Other important
characteristics of the PLD process are the possibility to control the temperature of the substrate as
well as the condition to apply movement to the target, in order to avoid being hit repeatedly in the

same position.

- Laser Beam
Deposition

Chamber

I

Plume

Substrate

Target Heater

Pulsed Laser Deposition
Figure 3.7: PLD working scheme

The PLD technique is reported employing different types of lasers such as Nd:YAG,
excimer and Ti:Sapphire for instance, emitting particular wavelengths and under distinct
conditions for pulse time duration (from nano to femtoseconds), revealing then diverse phenomena
[165-167].
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Regarding the phenomena involving the PLD process, the energy hitting the target material
on the deposition increases the electron energy and as consequence the energy is transferred to the
target lattice through electron-phonon interaction [168].

The energy provided by the laser is high enough to submit the outer layers of the target
material to reach temperatures above the melting point with heating rates that can reach values of
102 K/s [169]. In this condition of heating above the melting point of the material, can be
evidenced the emergence of a metastable liquid [170]. If the temperature of the metastable liquid
reaches value close to the thermodynamic critical point (Tc), thermal density fluctuations promote
homogeneous nucleation in a remarkably fast kinetics. Being the energy fluence high enough, the
surface of the target breaks into a condition with the combined presence of liquid droplets and
vapor phase and this is named as phase explosion, also predicted in target temperatures in the range
of 0.9 Tc [171].

Sequent to the phase explosion, the liquid droplets and the vapor phase of the material are
ejected from the target surface and adiabatically expand forming a plasma plume due to the
ionization by the high temperature and the laser irradiation. Given the conditions, if in vacuum,
the plume takes a free shape from the adiabatic expansion and alternatively, if the expansion is
under a specific chosen gas and pressure, the plume expansion can be slowed depending on the
possible collisions, braking into components or scattering orders [172].

The gas and pressures employed on the deposition chamber play a relevant role on the final
film material properties. They perform the activities of cooling and condensing as well as the gas
can act as a compressive strain to the deposited film. Also, influencing on the chemistry of the film
depends on the reactive condition of the gas, such as metallic film being ablated in a rich oxygen
atmosphere, resulting in a metal oxide over the substrate surface. All the materials synthesized by
PLD presented in the next chapters had a metal target, either in powder or solid forms and were
ablated in oxygen (O2) atmosphere with the aim to generate the according metal oxides to be
employed as photocatalysts materials.

From the flight regarding the laser heating the target and the plume formation, the next step
is regarding the film formation. The growth of the film depends on the parameters adjusted to
promote the process, normally the adjustments are substrate temperature, background gas type,
and pressure. A strong advantage is that the phase explosion can generate directly nanoclusters

from the target surface to be direct to the substrate. Also, the flexibility to propose mixtures of
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materials in terms of composites in the target can lead to novelties and advances in technological
materials with specific tuned properties. Moreover, the geometrical film condition in terms of
porous and compact can be chosen by determining the pressure in the chamber. In the other hand,
thickness is dependable on the number of pulses emitted by laser, distance from target to substrate,
gas pressure, laser energy fluence and spot area. Normally, the growth rate has the range between
0.001 to 1 A per pulse. Under these controlled conditions, uniform films can be produced adding
movements of the target for a uniform erosion.

In this work, a KrF nanosecond pulsed laser (lambda Physik, model LPX 220i) was used
as the tool for the fabrication of photocatalysts from chapters 4 to 7, the main parameters of the

laser are presented on table 3.1.

Table 3.1: Main parameters of the laser lambda Physik (LPX 220i) employed in this work.

Parameter Value
Wavelength 248 nm
CDRH Class v
Pulse Energy (at low repetition rate of 5 Hz) 450 mJ
Max Repetition Rate 200 Hz
Average Power (at max repetition rate) 80 W
Nominal Pulse Duration (FWHM) 20 ns
Pulse-to-Pulse Stability (based on 90 % of all pulses) + 3%
Beam Dimension (FWHM) 5—12 x 23 mm?
Beam Divergence (FWHM) 1 x 3 mrad

The energy density or laser fluence is measured in terms of J/cm? and can be modulated by
means of varying the voltage provided by the laser power supply resulting in the emitted energy
and the distance of the focal length to the target.

Figure 3.8 presents the schematic 3D view of the system, comprising the beam delivery
system inside the chamber, the movement apparatus and the fixing both of the target and the

substrate.
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Figure 3.8: schematic 3D view of the laser deposition appaatus employed in this work [173].

Figure 3.9 presents the scheme for the vacuum system of the chamber. It is composed by a
mechanic diaphragm pump as auxiliary to a turbomolecular pump, with the capacity to achieve
values of vacuum up to 10® mbar. The apparatus is provided by a safety system using a by-pass

valve, pressure sensors and a gate valve.

Gate valve

. ﬂu ‘"e\ouphrm

Main power

Figure 3.9: schematic view of the evacuation system (left) and the schematic 3D view of the existing vacuum
mechanism (right) [173].
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A key challenge to PLD is to scale in industrial process and commercial exploitation of the
technique. Installations available already can produce films in a substrate with up to 300 mm
diameter or run a continuous cover up to 10 m? tape [174]. Designing innovative larger areas of
thin film coatings by PLD seems to be a matter of time, running in parallel the comprehension of
the physics of film formation and the scaling-up of mechanical systems and vacuum technology

for the laser fabrication.

3.2 Characterization techniques

This section presents the characterization techniques used to reveal the properties of the
developed materials, the characterizations were performed in terms of scanning electron
microscopy, X-Ray diffraction, Micro-Raman spectrometry and UV-Vis-NIR spectrophotometry,
they are detailed in the next items.

3.2.1 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is an instrument that aims to investigate the
microstructural characteristics of solid specimens like morphology, surface topography and
composition in the micrometer and sub micrometer range. It can reach a resolution of about 5-10
A under optimal conditions, higher than that achievable with an optical microscope, which is
limited by the wavelength of visible light at 0.1 - 0.2 mm.

The SEM technique is based on the emission of an electron beam by thermoionic effect
(Tungsten cathode and Lanthanum Hexaboride) or by field emission, which is accelerated through
a series of focusing lenses and apertures arrangement and impinges the sample. This arrangement
has the purpose of decreasing the beam spot diameter to the range of 30 A and the current to a few
picoamperes. The final lens assembly allows the deflection movement of the beam in the directions
X and Y in order to allow the rastering over a rectangular surface of the sample. The interaction
between the constituent atoms and incident electrons produces a variety of signals related to

reflected electrons, secondary electrons, Auger electrons, transmitted electrons,
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cathodoluminescence and X-Rays. Essentially, three signals are acquired: secondary electrons
(SE), back-scattered electrons (BSE) and X-Rays for the cases a detector is available.

The SE electrons are generated from inelastic collision between the electrons in the beam
and the atomic electrons of the sample. The beam can transfer to the atomic electrons an amount
of energy sufficient to be ejected from the atoms. The energy is between 5 and 10 eV and for this
reason only the electrons produced near the surface can escape from the samples. The SE provides
information on the material topography and the main cause of the image contrast observed is the
existing angle between the incident beam and the surface [175].

Back-scattered electrons (BSEs) are produced by the collision of the electrons from the
beam with the atom nucleus of the specimen. The scattering phenomena is an elastic collision and
the electrons exit from the surface with a high energy. BSE contains information on chemical
composition of the elements in the specimen. The number of BSEs increase with the atomic
number Z of the atoms, so a material with a high Z appears brighter on the image than a material
having a lower Z [175].

On SEMs with X-Rays detection devices installed, they arise from two different
mechanisms: Bremsstrahlung and fluorescence. In the first case the incident electrons are
deaccelerated by the electric field of the atoms emitting X-rays. This signal features a continuous
spectrum and therefore are not useful for the analysis purpose. In the other hand, in the
fluorescence mechanism an electron of the beam is inelastically scattered by an inner-shell electron
in the specimen. The latter acquires a sufficient energy to escape from the atom leaving a vacancy
in its inner shell. The electrons than fill that vacancy emit an X-ray and the energy is characteristic
for each element and each atomic transition of the element. Hence, an energy-dispersive
spectrometer (EDS) in the SEM chamber measures the number and the energy of the emitted X-
rays. The EDS spectrum contains information on the elemental composition of the sample and on
the concentration of each element in the specimen. The schematic diagram of a SEM is showed in
figure 3.10.
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Figure 3.10: Schematic diagram of a SEM [176].

In this work a scanning electron microscope (SEM-FEG, JSM 7001F, JEOL) with 20 keV
electron beam energy equipped with energy dispersive spectroscopy analysis (EDS, INCA
PentaFET-x3) was used for examining the particles sizes and surface morphologies of all the

samples prepared. They were deposited over silicon and placed in a support fixed with carbon tape.

3.2.2 X-Ray diffraction (XRD)

The X-ray diffraction (XRD) is a bulk characterization technique used to measure the
average spacing between different crystalline planes, determine the orientation of a single crystal
or grain, study the crystal structure of an unknown material and measure the size, shape and
internal stress of small crystalline regions. Since the wavelength of X-Rays is in the range of the
distance between the atoms in a crystal lattice, a special interference phenomenon of diffraction
can provide information about the distance between the atoms. X-Ray wavelengths vary from
about 10 nm to 0.001 nm.

The X-Ray process consists in a beam hitting an atom, the electrons absorb the energy and
oscillate around their mean positions. Since the energy is not enough for the electrons to be ejected
from the atom, the electrons emit the energy in the form of X-Rays. This process is called as elastic

scattering. A generic crystal is composed by several ordered planes of atoms, and for this reason
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huge number of X-Rays are emitted due to the interaction of each atom with the incoming X-Ray
beam. An interference pattern can be produced by the superposition of the emitted waves. This
pattern depends on the wavelength and on the incident angle of the incoming beam. A positive or
constructive interference occurs when the path difference between the two incident rays is equal
to an integer multiple of the wavelength. This relation is called Bragg’s law and is represented on
figure 3.11.
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Figure 3.11: schematic diagram of Bragg’s law [177].

A typical XRD pattern is obtained by varying the angle of incidence of the X-Ray beam
and measuring the intensity of the emitted radiation. A number of peaks are observed in the pattern
corresponding to diffraction from different atomic planes of the material. By identifying the peaks
in the diffraction pattern and comparing with the standard peaks for different crystalline materials
it is possible to identify the phase of the material under study. A typical X-Ray diffractometer has
three basic components: X-Rays source, a sample stage and a detector as shown in figure 3.12.
The angle between the plane of the sample and the incident X-Ray beam is the Bragg angle and
identified as 8. On the other hand, the angle between the detector and the projection of the source
beam is identified as 20. The diffractometer geometry is therefore called as 0-26, or Bragg-
Brentano geometry. The X-Ray source is usually fixed, and the specimen is moved by means of

0°/min while the detector measures the output radiation at 26°/min with respect to the source path.
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Figure 3.12: Block diagram of a typical X-Ray diffractometer [178].

Structural characterization in small angle and wide-angle was performed using a XRD
equipment (model X Pert PRO, Panalytical) with Cu Ka radiation (A = 1.5414 A) in Bragg-
Brentano (6-20) configuration with a step size of 0.05 ° and a scan rate of 1 °/min to evaluate the
crystallinity of the bulk materials.

3.2.3 Micro-Raman spectrometry

This spectroscopy technique deals with elastic and inelastic interaction. The first indicates
that an incident photon is absorbed and emitted without any loss of kinetics energy. This process
is nominated as Rayleigh scattering. The second means that the incident absorbed photon and the
one emitted by the atom/molecule after the transition present different frequencies. This is due to
the atom/molecule does not return in the same stable state after the emission. If the final vibrational
state of the molecule is more energetic than the initial state, the inelastically scattered photon will
possess a lower frequency for the total energy of the system to remain balanced. This shift in
frequency is designated as a Stokes shift. On the contrary, if the final vibrational state is less
energetic than the initial state, then the inelastically scattered photon will possess a higher
frequency, which is designated as an anti-Stokes shift. A schematic diagram presenting the features

of Rayleigh and Stokes scattering is present on figure 3.13.
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Figure 3.13: A schematic diagram explaining the Rayleigh and Raman (Stokes) scattering [179].

The Raman technique is used to identify the chemical bonding of materials and provides
information about the vibrational structures of the specimen, the crystallographic orientation of a
sample along with other applications in solid state physics.

A typical Raman spectroscopy apparatus consists of a monochromatic light (laser)
illumination system, focusing lenses, optical filter, detectors and computer control software. The
laser beam is irradiated on the sample and the scattered photons are filtered by a notch filter which
blocks the elastically scattered photons and transmit the low intensity Raman scattered photons
(around 0.001% of total intensity). The Raman scattered photons are dispersed by the grating
followed by amplification and then detected by a CCD detector. To acquire a large spectrum of
the scattered light the grating alignment is varied. The output signal is processed using a specific
software to display the Raman spectra for the given specimen. Figure 3.14 shows a schematic

representation of Raman spectroscopy apparatus.
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Figure 3.14: Raman spectroscopy apparatus schematic diagram [180].

In this work, Micro-Raman spectroscopy was performed using a LabRAM Aramis Jobin-
Yvon Horiba p-Raman system equipped with a He-Ne laser source (632 nm) for the analysis of

the phases of surface or just below via inelastic scattering of surface radiation.

3.2.4 UV-Vis-NIR spectrophotometry

The Ultraviolet-Visible-Near Infrared spectroscopy is a non-destructive analysis technique
employed to study the optical properties of materials based on the electronic transitions induced
by the absorption of incident photons. The absorption spectroscopy is normally acquired in the
ranges of UV (10 - 200 nm), near UV (200 - 380 nm), visible light (380 - 780 nm) and eventually
in near the IR spectrum (780 - 3300 nm).

The absorption is possible only if the photons have the required energy for electrons to
have transition from a lower energy level to a higher energy level. The absorption bands are very

narrow and characteristic for each molecule. However, a real absorption spectrum shows
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broadened peaks, because of the superposition of vibrational and rotational energy levels of the
molecule on the electronic energy level.

In case of molecules, the total energy is given by the sum of three contributions:

Etotal = Eelectronic + Evibrational + Erotational

The transition between electronic states is caused by the absorption of visible-UV light (10
- 700 nm). The transition between the vibrational states is due to the absorption of infrared
radiation (700 nm - 1 mm) and the rotational states are typically promoted by microwave radiation
(Imm-1m).

When light passes through a sample, the amount of light absorbed is the difference between
the incident radiation (lo) and the transmitted radiation (I). The amount of light absorbed is
expressed as either transmittance or absorbance. Transmittance usually is given in terms of a

fraction of 1 or as percentage and is defined as follows:

T=1lo
Or
%T = I/lp * 100 1)

Absorbance is defined as the negative of log T and is written as,
A=-logT
Or
A =log[lo/1] (2
The Beer-Lambert law states that the amount of light absorbed by the solution is directly
proportional to the molar concentration of the absorbing species in the solution and the optical

length of the solution:

| = 1peIC 3)
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where ¢ is the molar absorption coefficient, | the optical length of the sample and C the
concentration. Substituting equation (3) in the definition of the absorbance on equation (2), the

Beer-Lambert law becomes,

A =¢lC (4)

Knowing the thickness and the molar absorption coefficient of the sample under study, it
is possible to obtain the concentration of the solute in the solution.

A typical UV-VIS-NIR spectrophotometer consists of a light source, a monochromator, a
beam splitter, two holders (one for the sample and one for the reference), and two photodiode
detectors as shown on figure 3.15. Light from a source is focused onto a monochromator which
separates the light emitted by the source into its component wavelengths. To achieve a constant
light intensity over a wide spectrum, two sources are used: a deuterium arc lamp (for the UV
region) and a tungsten-halogen lamp (for the visible range). The obtained monochromatic beam is
then split into two beams by a beam splitter: this way the light from the source reaches both the
sample and the reference. The light at the end of the two paths is collected by the two photodiode

detectors and the ratio of the two beams is displayed.

Monochromator
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@ device
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Figure 3.15: schematic representation of a UV-VIS-NIR spectrophotometer [181].

Spectra were obtained with a Varian Cary 5000 UV-VIS-NIR absorption
spectrophotometer with readings between 200 and 800 nm, which is the wavelength range where

electronic transitions due to absorption occur.
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In the photocatalytic studies presented in chapters 4 and 5 where methylene blue (MB) dye
was employed as the model pollutant, the UV-Vis spectra was analyzed considering the absorption
on the characteristic peak of this dye at 664 nm at different experiment times as it is exemplified

in the graphic from figure 3.16.
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Figure 3.16: UV-Vis absorption example graphic for methylene blue dye.

The relative degradation values were calculated based on the quotient relation from
equation (5), between the absorption of the sample at a determined time and the reference initial
model solution, where CO and C are the initial and final concentrations of the dye solution

respectively:

. . c
Relative degradation = p (5)

The relative degradation values were then plotted as a function of time. The kinetic rate
constant (K) for each experimental condition was calculated by plotting an interpolation curve

using a pseudo-first order kinetic model proposed by Langmuir—Hinshelwood [182]. The choice
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of using this model was due to one of the reactants is a catalyst and therefore its concentration is
in theory considered constant, being the concentration of MB in the solution the single variable for
the experiments. The model is described by equation (6), where K corresponds to the slope of the
interpolation curve. The K value results in a time related information (min™) and thus the error

bars are based on the R? value resulting from the fitting of the curve.

C = COekt (6)

Figure 3.17 presents an example of the relative degradation values calculated from the
observed absorption data from figure 3.16. The curve fitting equation is described, being the K

constant the value of 0.018 min and the R? value of 0.9838.
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Figure 3.17: Relative degradation of MB dye example showing the pseudo-first order fitting curve.
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Chapter 4: Pulsed laser deposition of nanostructured tungsten oxide

films: A catalyst for water remediation with concentrated sunlight

Preview: The increasing interest for addressing photocatalyst materials towards an effective
application with sunlight is an important topic in materials science. This chapter presents
a novel investigation of tungsten trioxide (WQO3) coatings fabricated by pulsed laser
deposition (PLD) with the aim of providing a nanostructured photocatalyst capable to
operate with concentrated sunlight and exhibiting good stability in mild acidic
environment. As the main author of this investigation, my contribution includes the
synthesis of the WOs films, performing the solar photocatalytic measurements along
with all the material characterizations, analyzing the data of the results obtained. Finally,
the drafting of the manuscript and submission for publication.

The content of this chapter was adapted from:
Fendrich, M.; Popat, Y.; Orlandi, M.; Quaranta, A.; Miotello, A.. Mater. Sci. Semicond. Process.
2020, 119, 105237; https://doi.org/10.1016/j.mssp.2020.105237

4.1 Introduction

The population growth and the consequent increase of industrial activities have been
directly affecting the environmental behavior [70,118]. Water quality is a matter of important
concern due to the decrease in the number of available potable water sources [162]. Precautions
and strong environmental actions such as forests restructuring, and conservation have been
attempting to sustain weather equilibrium and water quality [23,183,184]. On the other hand,
contaminated water residuals from industrial activities require constant development of
remediation methods as far as new chemical processes are employed [185,186]. The most common
wastewater treatments are based upon a combination of mechanical, biological, physical and
chemical processes such as filtration and flocculation.

In terms of contaminated water remediation, during the last years, an industrial research
field was based on the development of advanced oxidation processes (AOP) for the removal of
organic recalcitrant contaminants and hence persistent agents present in water [187]. Solutions in
terms of AOPs have received special attention to applications using heterogeneous photocatalysis
which are capable of generating oxidizing radicals by light exposure [10,86]. Heterogeneous routes

are interesting solutions due to the enhanced possibility of controlling reaction rates using a
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supported catalyst, which can be inserted or removed immediately during a reaction, thereby
demonstrating advantages when compared to homogeneous routes, which require post processing
treatments for the catalyst removal [7].

The possibility to use semiconductor materials as catalysts has been investigated with
special attention. For example, TiO> as a catalyst material [93,94] in anatase form, presents high
photoactivity in presence of UV light in the wavelength range between 300 to 388 nm [103].
Nevertheless, the requirement regarding the use of UV light, such as the employment of UV lamps
as artificial light sources to activate the photocatalytic effect is reported as a disadvantage, turning
the decontamination process economically inefficient [84]. In this framework engineering
configurations for solar mirrors were also developed in terms of concentrating and non-
concentrating solar systems [25]. Also, remarkable efforts to explore different photocatalysts apart
from TiO; using solar light as the activation source have been reported with other materials such
as Fe203, CdS, GaP, Co30a, ZnS [24,101,104,106].

Semiconductors with promising possibilities to be employed as photocatalysts capable of
being activated by sunlight and explored in a variety of applications in the literature are tungsten
oxide-based materials [188-192]. They are activated in the visible and near-UV light range, since
the reported bandgap of tungsten oxide (WOs3) is 2.6 eV, meaning photoactivation at 472 nm
wavelength. Other important properties are the isoelectric point (IEP) between 0.4 and 1 and point
of the zero charge (pHrzc) of 0.43. Pourbaix diagrams presented for tungsten oxides demonstrate
a stable catalytic activity under acidic pH conditions, which is a general rule in industrial processes
[193].

Important investigations published on WO3 based structures as photocatalysts for water
remediation are reported in literature [107,194-199]. Among the different fabrication methods,
pulsed laser deposition (PLD) can lead to novelties, with respect to chemical synthesis procedures
[200], in terms of material crystallinity, larger film area, thickness control and morphology along
with the possibility of obtaining 3D hierarchical nanostructures [201-206] by varying the
parameters such as the laser fluence and ambient gas in deposition chambers. The combined
innovation of producing photocatalysts in the form of coatings with controlled properties and its
use with a natural visible free source of photons provides an opportunity to explore the scalability
of AOPs in water remediation with solar irradiation, under a reasonable economic investment.

Moreover, the wastewater purification technologies that can avoid the increasing use of chemical
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supplies is advantageous to address water purification of emerging contaminants in an eco-friendly
direction.

This chapter proposes the fabrication by PLD of a monoclinic nanostructured “flower-
shape like” tungsten oxide (WQ3) coating operating under near UV-visible light, stable in acidic
environments and capable of working with solar concentration. The film deposition was performed
in oxygen atmosphere from a compressed powder target. The deposited samples were thermally
annealed to induce the growth of the monoclinic WOz phase. The m-WOgz coatings were
characterized and tested as photocatalysts for degradation of the Methylene Blue (MB) dye as a
model pollutant under photo-Fenton-like conditions. The experiments were divided in 2 steps, first
in labscale (30 ml of MB solution volume) with artificial visible light lamps to understand the
effectiveness of the produced coating and, in the second step, the MB solution volume was scaled
up to 2 L and the photocatalytic performance under concentrated sunlight evaluated.

4.2 Materials and methods

4.2.1 Synthesis

A powder mixture of 1.5 grams of metallic tungsten (W, Alfa Aesar average particle size,
1-5 micron, 99.9% purity) and 2.5 grams of boric acid (HsBO3 Sigma Aldrich, >99.5%) was
prepared and compressed in the form of a disc to be used as a target for the PLD fabrication of the
tungsten oxide coatings. Boric acid was used as a dispersing agent to obtain mechanically stable
compressed powders targets. The PLD deposition was performed by the apparatus described
previously in chapter 3. Pulse duration of 25 ns and repetition rate of 20 Hz was chosen for
deposition. The fluence of the laser was always maintained at 4.5 J/cm? for the target ablation. The
PLD chamber was evacuated up to a base pressure of 1 x 10® mbar prior to all the depositions.
The fabrication of the coatings was carried out in an oxygen (O2) atmosphere at pressure of 1.5 x
102 mbar. The target to substrate distance was fixed at 4.5cm with the substrate positioned parallel
to the target and the number of pulses used were 10.000. The coatings were deposited at room
temperature on glass slides measuring 2.5 x 7.5 cm? and on Si plates, the weight of the catalyst
reached 4 mg on each as deposited glass slide (AD) measured in a precision scale with resolution
of 10 mg. Thermal annealing of the deposited coating was carried out in air at the temperatures
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of 200, 400 and 600°C for 8 h with a heating rate of 5 °C/min (AN200, AN400 and ANG600,

respectively) to investigate the growth mechanism of m-WOQs.

4.2.2 Characterization

Based on the characterization techniques described in chapter 3, SEM was used for
examining the surface morphologies and the cross section of all the samples prepared by PLD.
Structural characterization was performed using X-Ray Diffractometry to evaluate the crystallinity
of the bulk material. Micro-Raman spectroscopy was performed for the analysis of the surface or
just below via inelastic scattering of surface radiation. Lastly, absorption spectra were obtained
with UV-VIS-NIR absorption spectrophotometry.

4.3 Labscale photocatalytic measurements

The photocatalytic activity of the synthesized samples was evaluated in labscale by
studying the degradation of 30 ml (10 ppm) model MB dye solutions in neutral condition (pH 7)
at: (1) in presence of light only, (2) with added H>O> and light, (3) with WOz catalyst and light,
and (4) combination of all three (H203, light and WOs catalyst). When employed, 1ml of H20;
(1M), as an oxidizing agent, in an agqueous solution, was used for degradation by photo-Fenton-
like reaction. The catalyst coatings prepared on glass slides were dipped in the above prepared MB
dye solution and kept in the dark for 30 mins at constant stirring with Reynolds number (Re) of
2000 and 400 rpm rotation to establish equilibrium between the solution and the catalyst surface.
Adsorption is the major prerequisite condition for any heterogeneous catalytic reaction. After dark
reading, 3 bulbs of halogen lamps (Osram HALOPAR 30, 75 Watts each, and aperture angle of
30°), comprising a total of 225 W total irradiated non-concentrated power emitting mostly visible
light were used as the light source. They were placed on top of the magnetic stirrer at a height of
40 cm above the MB solution. 1 ml of MB dye solution was collected after fixed intervals of 30
mins during the reaction to study the amount of degradation by measuring the UV-Vis absorption
spectra and analyzing the characteristic peak of MB at 664 nm. The degradation rate and the K

constants were plotted and calculated using the relations expressed on chapter 3.
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All the photocatalytic experiments were performed in a controlled temperature range
between 20 and 30 °C using a water circulation cooling serpentine around the reactor vessel. CO>
evolution was followed in selected experiments by an IR sensor (COZIR GSS 5% model and data
acquisition by Gaslab software) placed at 3 cm proximity of the solution surface. Since the reactor
is open, the measurement is not quantitative, but can only qualitatively evidence a variation in the
atmospheric level of CO> on the reservoir experiment surrounding. Lastly, a set of experiments
was performed varying pH. The WO3 catalyst and 1M of H202 were added to the MB solution
under neutral (pH 7), mildly acidic (pH 4) and strongly acidic (pH 1) conditions obtained by adding
sulfuric acid (H2SO4, 1M stock). The use of acidic conditions aimed to investigate the catalyst

performance and stability in these frequently occurring industrial wastewaters [107].

4.4 Solar Concentrator photocatalytic measurements

The solar scaling-up experiment was performed by studying the degradation of MB dye as
model pollutant in the same concentration, measurement spectra and time as the labscale
experiments. At this stage, instead of a 30 ml volume, degradation of 2 L of 10 ppm MB dye
solution was tested for each of the four different solar experimental conditions: (1) concentrated
sunlight exposure only, (2) concentrated sunlight and 0.6 ml of H203, (3) concentrated sunlight
and WOz catalyst, and (4) combination of concentrated sunlight, WO3 catalyst and 0.6 ml of H20-
(corresponding to a concentration of 0.1M) as the oxidizing agent for photo-Fenton-like reaction.
Regarding the use of H>O3, the concentration used in solar concentrator experiments was 1 order
of magnitude lower (0.1M) than in the labscale experiments, because of the observed direct
photocatalysis of H2O2 by solar photons otherwise masking all other reactions. The WOs3 catalyst
material was deposited on glass slides at the same conditions as that employed for labscale
experiments. The glass slides were inserted inside the quartz glass tube that was used as the reactor
for the solar concentrator with the features described in chapter 3.

Figure 4.1 presents the working setup used in the work. The solar intensity was constantly
measured with value readings between 650 and 750 W/m? during all the experiments time. The
experiments were performed in the months of March and April in Trento — Italy, hours of the day
between 10:00 and 15:00.
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Figure 4.1: PDC solar apparatus for solar water purification used in this work.

In this study, due the high energy provided by the concentration of sunlight over the focus,
only one mirror module was mounted on the system. As the volume in the solar concentrator
experiment was increased, the circulating pipes passed inside an engineered cooling vessel to keep
the temperature range controlled in the same condition as in the labscale experiments, the solution

temperature was always between 20 and 30 °C as well.

4.5 Results and Discussions

Surface SEM pictures of the sample AD are shown in figure 4.2 (a and b) show a particle-
like morphology with particle size ranging from tens of nanometer to few micrometers. This kind
of morphology is expected owing to the phase explosion process occurring close to the
thermodynamic critical temperature upon irradiating with high laser fluence [207]. AN200
samples are shown in figure 4.2 (¢ and d) show similar morphology as the AD samples,
highlighting that this annealing temperature threshold is insufficient to promote a relevant
oxidation and morphology change on the deposited samples [208]. Differently, the AN400 samples
on figure 4.2 (e and f) show a cracking of the deposited particles, which indicates a possible phase
change due to the oxidation process. After further increase in the annealing temperature, the
ANG600 sample from figure 4.2 (g and h) shows the particle like morphology evolved into flower-

like structures depicting completely different morphology from the initial AD sample [209].
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.0kV SEI sEM WD 9.3mm 16:33:53

Figure 4.2: Surface SEM |mages of (a & b) as- deposﬂed [AD] samples, (c & d) AN200 (e & f) AN400 and (g & h)
of AN600 samples. Magnifications of 2000x (left column) and 15000x (right column).

Cross-section SEM images are shown in figure 4.3. Following the above observations
regarding the morphology changes, it can be also inferred the thickness of the fabricated samples,
which showed small variations at the different annealing temperatures, the thickness in all samples
is on the range of 10 um. In the AN600 some vertical individual growths of the flower-shape like
morphology in figure 4.3 (g) overpassing the value of 10 um can be also seen, but these are not

representative of the overall thickness.
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Figure 4.3: Cross-section SEM images of (a & b) as-deposited [AD] samples, (¢ & d) AN200, (e & f) AN400 and (g
& h) of AN600 samples. Magnifications of 2000x (left column) and 15000x (right column).
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XRD spectra on samples AD, AN200, AN400 and AN600 are shown in figure 4.4. The
XRD pattern from AD coating shows the prevalence of metallic tungsten (W), with peaks at 26 =
40, 44 and 58° corresponding to the tungsten planes (110), (211) and (200) respectively and a
cluster of convoluted peaks centered at roughly 15° assigned to the tungsten boride (WB) alloy,
referred to the boride planes (101), (103), (105), (112) and (008) [210,211]. The peak at 28° refers
to the silicon substrate plane (111). On the AN200 sample the boride cluster around the region of
15° disappeared, suggesting a decomposition of the boride phase, the permanence of the peaks at
40, 44 and 58° confirm the remaining presence of metallic tungsten phase. A cluster peak region
at 24 and a new peak at 33° suggests the development of oxidation [212]. At the annealing
temperature of 400 °C (AN400), a combined presence of metallic tungsten (peaks at 40 and 58°)
and an increase in tungsten oxide (peaks at 24 and 33°) can be observed. Finally, the XRD pattern
for the AN600 sample, which presents sharp diffraction peaks at 20 = 23.1, 23.6, 24.2, 26.6, 28.8,
33.4, 33.8, and 34° is associated to the monoclinic phase of WOs3, with lattice parameters of a =
7297 A, b =7.5439 A, ¢ = 7.688 A and a,y = 90°, B = 90.91° (JCPDS Card No. 43-1035)
[213,214].
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Figure 4.4: XRD spectra as-deposited [AD], AN200, AN400 and AN600 samples.
Micro-Raman spectra for AD, AN200, AN400 and AN600 samples are shown in figure
4.5 in the range of 100 to 1000 cm™. The broad shape of the peaks with low intensities between

the range of 130 and 400 cm™, and a minor signal on 806 cm?, indicate a small partial surface

oxidation for the AD sample. Upon annealing at 200, 400 and 600°C, the peaks become gradually
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sharper and well resolved as the values of temperature increase, until they are well matched with
the monoclinic phase of WOs. In particular, the peak at 134 cm™ is the lattice mode, 271 and 327
cm™ are due to bending vibration §(O-W-0) and 711 and 806 cm™ correspond to the v(O-W-O)
mode of WOs [215-217].
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Figure 4.5: Raman spectra for the as-deposited [AD], AN200, AN400 and AN600 samples.
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Optical absorption spectra were acquired for AD and AN600 (WQO3) samples in the range
of 350-600 nm (Figure 4.6). AN600 (WO3) sample confirms a clear absorption edge around 472
nm, which corresponds to the absorption of WOz samples reported in literature [200,218,219].
While AD sample, due to the mostly metallic nature of the film, only shows an unstructured

absorption increasing in the UV part of the spectrum (<400 nm).
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Figure 4.6: Absorption spectra for as-deposited (AD) and AN600 samples.

The energy of the optical band gaps can be determined by applying the Tauc model in the
high absorption region. The direct and indirect bandgap energies were estimated as shown in figure
4.7. The linear region of the plot is extrapolated to intersect the x-axis, thus giving Eg.
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Figure 4.7: Plots of indirect (left) and direct (right) bandgaps of the investigated WO3 photocatalyst.

Because AD coating presents only the features of a metallic tungsten film and borides with
no formation of WOg3, and samples AN200 and AN400 did not exhibit a complete oxidation from
metallic tungsten, hence, only AN600 coatings were selected for evaluation of photocatalytic
activity in labscale and solar experiments. Additionally, the AD, AN200 and AN400 film samples
were not mechanically stable under stirring and/or water flow conditions: after a few minutes the
film was lost due to detachment, flaking and poor adhesion. The effectiveness of the AN600 film
as a photocatalyst was studied by using it for degradation of model MB dye through a photo-
Fenton-like reaction involving H.Ox.

The photocatalytic degradation performed on MB dye, (1) in presence of light only, (2)
with added H202 and light, (3) with coating annealed at 600°C (AN600) and light, and (4)
combination of all three (H20., light and ANG600 catalyst) are presented in figure 4.8. A
photochemical reaction pathway is known to be accessible for MB under visible light, leading to
products which are still toxic but not absorbing in the visible spectrum anymore [220]. This effect
was evaluated by experiment, in blank conditions (no catalyst and no radical source). In 120 mins,
the degradation of MB dye under visible light illumination is only 34% (1) and increases to 51%
(2) after addition of H20.. In agreement with previous reports, the decomposition of MB is
observed to be a markedly faster process than without H.O> added [221]. The catalyst coating
ANG600 under light illumination in absence of H>O, can degrade 74% (3) of the dye, with
interesting performance comparing to powder disperse solutions reported in other works [218].
Finally, in presence of the AN600 coating along with H.O> and light illumination the degradation

reaction is almost completed at 96% (4). In principle, any metal oxide semiconductor for which
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the conduction band is reducing enough to transfer an electron to H20. can be used to initiate a

Fenton-like process:
M" + H,0; -> M™ + HO® + HO (1)

Since the number of conduction band electrons is restored by photon absorption, the
process is also catalytic under light and can be defined as a photo-Fenton-like process [6]. These
conditions are satisfied by the electronic structure of WO3[222], thus a photo Fenton like behavior
can be expected in presence of H>O». This indicates that the catalyst coating likely improves the
degradation process through the photo-Fenton-like reaction by generation of OH" radicals by
dissociation of H20. [223]. Importantly, the result also evidences that the tungsten oxide film
(ANG600) alone works as a pure photocatalyst which might be able to generate hydroxide radicals
from adsorbed H20 on the surface. Although the involvement of H20: is very useful, the catalyst
coating can be however also utilized without H20.. The results explained previously are expressed
in figure 4.9 that presents the kinetic constants for the reactions. In accordance to the degradation
rates exposed, the values obtained are 0.003, 0.005, 0.012 and 0.024 min respectively. To
summarize:

a) a partial (34%) photochemical reaction of MB under light only occurs;
b) introducing H20O, its dissociation promotes the availability of OH" radicals determining

and increase of the degradation (51%);

c) applying the AN60O catalyst itself with artificial visible illumination, it works also purely

as a photocatalyst, with even higher degradation than only H>O> (74%);

d) a photo-Fenton-like reaction occurs by adding AN600 catalyst + H>O> under light, as

indicated by the increment in degradation (96%).
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Figure 4.8: Relative concentration of MB dye after 120mins in presence of AN600 coating, H20, (1M) and visible
light, labscale experiment, neutral condition during the experiment (pH 7).
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Figure 4.9: Kinetic constants (K) for the experiments performed in labscale, neutral condition during the experiment
(pH 7).
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CO. emission measurements were also done for the experiments involving the catalyst
(with and without H20>) and the graphs are reported in figure 4.10 (a and b). The confirmation of
the activation of the photo-Fenton-like reaction and photocatalysis processes without H>O- are
clearly given by the evolution of CO; as soon as light is irradiated on the catalyst coating. The OH"
radicals generated in both the cases possibly mineralize the MB dye giving rise to the formation

of COz as by-product.
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Figure 4.10: CO; evolution during MB degradation by AN600 sample (a) in presence of visible light without H,0;
(b) in presence of H,O; and visible light, labscale experiment.

The photocatalytic degradation promoted by the AN600 coating of MB dye in different pH
was also tested and the results are shown in figure 4.11. The best activity was observed at pH 4.
The experiments were done at either neutral, mildly acidic (pH 4) or highly acidic (pH 1) pH. The
results are in accordance with Pourbaix diagram for tungsten oxide, which presents this material
stable in slightly acidic conditions, comparable to neutral [193,224]. On the other hand, the highly
acidic condition (pH 1) did not promote enhanced photoactivity, as the increased acidity led to
mechanical instability of the catalyst over the glass slide surface and removal of the coating. Figure
4.12 presents the kinetics constants for the performed pH experiments, resulting in 0.022, 0.024
and 0.01 min for the pH 7, 4 and 1 respectively.
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Figure 4.11: Effect of pH on photocatalytic degradation of MB by AN600 sample in presence of H,O, (1M) and
visible light, labscale experiment. Obs: the referred pH values were kept along the experiment.

K constants ad different pH conditions

0.025 - ' ' '

pH7 pH 4 pH1

Figure 4.12: Kinetic constants (K) for the experiments performed in labscale in different pH conditions at labscale,
ANG600 sample in presence of H,O, (1M) and visible light.
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In the solar concentrator experiment setup, the role of light, H.O2 and catalyst, on catalytic
degradation was evaluated in the same time frame as in the lab scale by performing the
degradation of MB dye, (1) in presence of concentrated light only (blank), (2) with combination
of H20, and concentrated light, (3) with coating annealed at 600°C (AN600) and concentrated
light, and (4) combination of all three (H2O., concentrated light and AN600 coating). Figure 4.13
presents the results and in 120 mins, the degradation of MB dye in light is about 54% (1) which
increases to 63% (2) after inclusion of H20. confirming the direct photolysis promoted by the
high concentration factor of the solar spot. Adding AN600 without the presence of H>O»,
degradation observed in 120 mins is 59% (3), which does not allow to imply significant changes
in results from the effects of only direct photolysis. Finally, with AN600 along with H2O; and
light, the degradation occurs significantly higher with about 85% (4) degradation in 120 mins.
Figure 4.14 presents the kinetic constants for the solar concentration experiments, corroborating
the reported degradation results and having values of: 0.006, 0.008, 0.007 and 0.015 min*

respectively.
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Figure 4.13: Relative concentration of MB dye after 120mins under concentrated sunlight in presence of AN600
coating and H,0, (0.1M), solar concentrator experiment, neutral condition during the experiment (pH 7).
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K constants solar concentrator experiments
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Figure 4.14: Kinetic constants (K) for the experiments performed in the solar concentrator, neutral condition during
the experiment (pH 7).

It is worth to point out that experiments performed in labscale and in the solar concentrator
apparatus are not directly comparable. The reasons rely on the fact that the labscale experiments
were performed with the total volume of 30 ml MB dye solution being exposed to the artificial
light source during all the 120 mins experiment. In the other hand, in the solar apparatus the
volume of the solution was scaled up for 2 L circulated volume and only 150 ml of the total was
exposed directly to the concentrated sunlight during circulation using a 5 L/h pumping system.
These parameters affect the result due to a decrease of the residence time of the solution exposed
to the combination of photocatalyst and sunlight. Also, strong photolysis effect can be observed
by the exposition to sunlight solely, capable of degrading nearly 54% of the 2 liters solution,
whilst the lamp in labscale can degrade only 34% of the 30 ml solution. Another important
difference is the decrease by one order of magnitude on the H2O2 concentration, resulting in minor
availability of OH radicals in the solution (Appendix B). This is reflected by the only modest
increase in degradation between the light-only condition and the light+H.O, condition
(experiments 1 and 2). An overview of this section is presented on table 4.1 collecting all the

results obtained on this work.
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Table 4.1: summary of the conditions tested and of results for the WO3; PLD produced AND600 catalyst film.

Photocatalyst Source of pH | Solution | MB degradation | Kinetic constant
condition irradiation volume (%) in 120 min. (K, min?)
No catalyst Halogen lamps | 7 30 ml 34 0.003
H20. (1M) Halogen lamps | 7 30 ml 51 0.005

ANG600 Halogen lamps | 7 30 ml 74 0.012

ANG600 + H.O, | Halogen lamps | 7 30 ml 96 0.024

(IM)
ANG600 + H.O, | Halogen lamps | 7 30 ml 82 0.022
(IM)
ANG600 + H.O, | Halogen lamps | 4 30 ml 90 0.024
(IM)
ANG600 + H.O> | Halogen lamps | 1 30 ml 62 0.01
(IM)
No catalyst Conc. Sunlight | 7 2L 54 0.006
H20, (0.1M) Conc. Sunlight | 7 2L 63 0.008
ANG00 Conc. Sunlight | 7 2L 59 0.007
ANG600 + H20, | Conc. Sunlight | 7 2L 85 0.015
(0.1M)
*H20; (1M) Conc. Sunlight | 7 2L 88 0.016
*AN600 + H202 | Conc. Sunlight | 7 2L 83 0.015
(IM)

* Data presented on appendix B

4.6 Conclusions

m-WO3 nanostructured films were prepared by the PLD fabrication technique for

application on solar photocatalytic wastewater remediation for the first time. PLD targets were

prepared by a mixture of metallic W and H3BOs. The as-deposited (AD) samples were thermally

annealed at 200, 400 and 600 °C for the comprehension on the formation of monoclinic phase

“flower-shape like” nanostructured WO3 coating. The film showed complete formation of the

oxide after annealing at 600 °C (AN600) and for this reason it was chosen to be tested for

heterogeneous photocatalysis on MB dye degradation. The coatings showed enhanced

photocatalytic degradation of MB dye under photo-Fenton-like conditions. The enhanced

photoactivity can be attributed to the surface morphology that provides high surface area thereby

acting as an efficient adsorber that allows enhanced interaction between the dye molecules and
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the active sites for photocatalytic reactions as well as the confirmation of appropriate performance
in acidic pH.

Solar scaling-up experiments were employed to eliminate the use of an artificial source of
light thereby making the whole process economically efficient for low-cost industrial
applications. Even though some parameters adjustments in terms of the need for circulation
system and consequent decrease in the residence time between the catalyst and the solution were
necessary, the m-WO3 coatings showed positive results in the solar PDC setup under both direct
photocatalysis and photo-Fenton-like conditions thus expanding the outreach of the synthesized

coatings.
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Chapter 5 — Colloidal and immobilized ZnO nanostructures
synthesized by a green method for water remediation via

concentrated sunlight photocatalysis

Preview: The possibility of using an eco-friendly combination of green-synthesized material and
solar concentration technology for advanced oxidation processes (AOPS) presents
important potential applications in water remediation. Zinc Oxide (ZnO) nanostructures
(NSs) were prepared via a green synthesis method using plant extract of garlic bulbs
(Allium Sativum) (ZnO-Green), resulting in crystalline (wurtzite) nanorods (NRS).
Comparisons were made using chemical and PLD synthesis of ZnO. The fabricated
materials were compared in solar photocatalytic experiments. As the second author of
this work, this investigation was developed in a collaboration with the University of
Sousse in Tunisia, enabling possibilities to introduce a low-cost solar concentrator in
favorable sunny areas as well as developing photocatalysts from natural biological
sources.

The content of this chapter was submitted to the Journal of Environmental Management on
November 18™, 2020.

5.1 Introduction

In the past centuries, water has often been used in a careful and sustainable way. However,
now, freshwater resources are more and more dwindling due to a significant increase in
consumption as a result of technological progress and in particular the population growth [225].
The problem is intensified by significant pollution related to agricultural, domestic and industrial
discharges [226]. Wastewater contains microorganisms (viruses, helminths, and bacteria),
inorganic pollutants (Mercury, Chromium, Arsenic, Titanium, Copper, Cobalt, Nickel, Lead, and
Zinc), and organic pollutants (polychlorinated biphenyls, hydrocarbons, polycyclic aromatic
compounds, dyes, phenolic compounds, and pesticides). In many cases, the poor biodegradability
and high toxicity lead to serious hazards to human health, as well as to the natural environment
[227]. Conventional methods for water remediation (e.g. adsorption, filtration, and ozonation)
present economic constraints due to the requirement of strong investments and often still yield
toxic by-products, requiring additional treatment [228]. In the last 20 years, photocatalysis has

shown to be an important strategy for wastewater remediation [89,229]. Photocatalysis is classified
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as an advanced oxidation process (AOP) that uses light for the partial or total mineralization of
harmful organic pollutants and its performance is measured by means of photocatalytic
degradation activity (PCA) [230]. Recent research focus on the production of materials which are
capable to efficiently harvest solar irradiations and use it in favor of green wastewater purification
processes. [231]. Currently, several types of semiconductor-based photocatalysts, like metal
oxides in nanoscale forms, (i.e. TiO2, Fe2Os, and ZnO) have been applied in water treatment
[88,232,233]. Zinc oxide (ZnO) which is a direct band gap (BG)(I1-V1), n-type semiconductor, has
emerged as a promising candidate for environmental applications thanks to some important
properties: 1) it is capable of generating powerful oxidants such as the hydroxyl and superoxide
radicals [234-236], 2) it has low toxicity and high chemical and thermal stability, thus exhibiting
an optimal environmental compatibility [237] and 3) it is a potentially cheaper alternative to the
benchmark TiO> [238].

In order to enhance the performance in photocatalysis, efficient transport of the generated
charge carriers to the surface is highly required. Notwithstanding this aspect, high surface area
with a large number of active sites giving favorable catalytic kinetics is also important. Different
morphological nanostructures (NSs) such as porous nanowires, nanosheets, nanorods (NRs) and
3D-urchin like solid zinc oxides were already reported to enhance the surface reactivity
[233,239,240]. The different methods investigated for the preparation of ZnO NSs include physical
and chemical techniques, but both requiring multistep procedures, long-lasting synthesis processes
, high vacuum conditions as well as costly precursors. Nowadays, research efforts to develop clean,
non-toxic and eco-friendly methods for nanostructures synthesis are ongoing. In this regard, green
methods have recently been investigated to produce nanoparticles (NPs) using biological sources,
that act as stabilizers and reducing agents, favoring the development of specific NSs [241,242].

This chapter reports on a new strategy to produce ZnO NRs using garlic extract (Allium
Sativum) as a reagent. Comparatively, the green synthesis used in this work provides an
advancement over other methods as it is simple, cost-effective, eco-friendly and relatively
reproducible [243]. Moreover, this approach is advantageous considering the potential for large-
scale production.

For water remediation purposes, suspended nanoparticle powders are remarkably effective
considering that they have a high surface area and can be easily dispersed in the contaminated

solution. However, the post-processing removal of the NPs from the liquid solution can be an
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inefficient additional process step [244]. From an industrial perspective working with
photocatalysts immobilized as coatings is thus an improvement. For this reason, immobilization
of the ZnO NRs by spin coating was performed, to be employed in heterogeneous solar
photocatalysis processes. The comparisons were made against ZnO coatings produced by pulsed
laser deposition (PLD). Several techniques are available for ZnO thin films production, like
chemical vapor deposition [245], sputtering [246], and the sol-gel method [247]. The PLD method
was chosen for its versatility, allowing to control structure and morphology parameters and,
accordingly, influence electrical, physico-chemical, mechanical, and optical properties of films
[105,248]. It is proposed the investigation of the photocatalytic activity (PCA) of ZnO in form of
colloidal suspension and thin films. Finally, an economic analysis (appendix C) aimed at providing
cost estimates for the remediation experiments was produced, taking into account installation costs
and operation costs for a process using either ZnO-Green or ZnO-Chem.

5.2 Synthesis of ZnO NSs

5.2.1 Green-synthesis of ZnO NRs using an aqueous extract of Allium Sativum

(garlic) bulbs

The green-synthesis used Allium Sativum (garlic) bulbs as the precursor. The method
comprised 2 steps: preparation of vegetable extract and synthesis of ZnO NRs. The procedure was
carried out using a modified version of synthesis published in previous report [249]. In particular,
20 grams of thinly sliced bulbs of Allium Sativum were boiled in 100 ml of deionized water at 75—
80 °C under magnetic stirring at 900 rpm for 20 minutes resulting in a plant extract. The obtained
plant extract was then cool ed down in air to room temperature (RT) and filtered with filter paper
(Whatman n° 1) for the NPs synthesis. For the synthesis, 60 ml of the garlic extract was heated at
60 °C under magnetic stirring at 400 rpm, followed by adding 6 grams of zinc nitrate
(Zn(NO3)2.6H20) and the mixture was kept Stirring for 20 minutes. The obtained mixture was
dried in air atmosphere oven at 110 °C for 6 hours. The product was an intermediate, which was
further washed with deionized water and isopropanol, then calcinated at 500 °C for 4 hours to

reach the final product containing the ZnO NSs (hereinafter referred as ZnO-Green).
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5.2.2 Chemical Synthesis of ZnO NPs using coprecipitation process

For a comparative evaluation with the green method presented above, ZnO NPs were also
chemically prepared by coprecipitation process [227]. Zn(NOs)..6H.O and oxalic acid
(H2C204.2H20) were firstly dissolved in deionized water forming a solution with 0.4 mol/L
concentration. Zn(NOz3)..6H20 solution was dropped (in a flow rate of approximately 0.1ml/sec)
into H2C204.2H,0 solution under stirring at 300rpm. Then, the mixture was kept for 19 h at RT to
develop the precipitates and cooled in an ice bath for 45 minutes. The precipitates were filtered
with Whatman filter paper n° 1 and rinsed with deionized water and isopropanol. The obtained
product was subsequently dried at RT and calcinated at 425°C for 90 min, resulting in a powder

featuring a white color (hereinafter referred as ZnO-Chem).

5.3 Immobilization of green-synthetized ZnO NRs by spin coating

The second part of the investigation focused on the immobilization of the green-
synthesized ZnO NRs in the form of coating. To achieve this goal, polyethylene glycol (0.27 g)
was dissolved in deionized water (5 ml) and sonicated until the formation of a clear solution. ZnO-
Green NPs (~20mg/2ml) were added and the suspension obtained was stirred for 45 minutes and
sonicated for a further 15 minutes in order to obtain a homogenous dispersion, which was then
spin-coated with a KVV-4A Spin Coater over a glass slide substrate measuring 75 mm x 26 mm
under rotation of 600 rpm for 3 minutes. After every spin coating cycle the glass slide was
preheated at 80 °C for 1 hour, then annealed at 500 °C for 2 hours. The spin coating cycles were
repeated (1 and 5 cycles) in order to obtain 2 samples of immobilized ZnO-Green on the surface

of the glass substrate with measured material masses of 0.6 mg, and 1.9 mg respectively.

5.4 PLD synthesis of ZnO coatings

For the comparative evaluation on photocatalysis with the spin coated films present in the
item 5.3, ZnO thin films were fabricated by the PLD technique both on glass slides and silicon (Si)
substrate using a solid metallic zinc (Zn) target in a reactive oxygen (O2) atmosphere at RT. The

PLD system used in the fabrication consisted of a KrF excimer laser detailed on chapter 3, using
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a repetition rate of 10 Hz, and a pulse duration of 20 ns. The deposition chamber was initially
evacuated through a turbo molecular pump to a base pressure of 1 x 10 mbar before all the
depositions. During the deposition process, the O pressure was maintained at 1.5 x 102 mbar. The
laser beam was focused on the target to ablate it at a constant energy density of 3 J/cm?. The
substrate to target distance was set to 4.5 cm, with the substrate position parallel to the target, and
the number of pulses was fixed to 4000. The deposited coatings were then submitted to annealing
in oven under air atmosphere at 600 °C during 6 hours with a heating rate of 5 °C/min in order to
evolve the ZnO nanostructure (hereinafter referred as ZnO-PLD). The weight of the coating
resulted from PLD deposition process (0.7 mg) is comparable to that used for the spin coated ZnO

film.

5.5 Characterization methods of ZnO particles and films

All ZnO samples were characterized by UV-VIS optical absorbance, and X-Ray
Diffraction measuring the diffracted intensity in the 26 range between 30 and 100. The particle
morphologies and thicknesses were investigated using the SEM technique described on chapter 3,
item 3.2.

5.6 Solar photocatalytic (PC) experiments

The ZnO samples prepared as reported in the previous items were investigated in solar
photocatalysis experiments. Two groups of tests have been carried out by using: 1) a colloidal
solution prepared by dispersing the green-synthesized powders (ZnO-Green) in different
concentrations; the pertinent PC results were compared with that of the chemically synthesized
ones (ZnO-Chem), and 2) ZnO-Green immobilized by spin coating and ZnO film deposited by
PLD were compared in the heterogeneous photocatalysis route. Absorbance spectrum regarding
the discoloration of MB dye as model pollutant was the method chosen to evaluate the performance
of the catalysts.

Regarding the first set of experiments, the PC activity of ZnO NSs generally depends on

the load of the catalyst under investigation. Thus, to determine the optimal concentration of the
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green-synthesized ZnO catalyst towards the efficient oxidation, the experiments were conducted
by varying the concentration of the catalyst under concentrated solar light.

The volume of the circulated model solution was 2L with a MB concentration of 10 ppm
under the following conditions: 1) Concentrated sunlight + ZnO-Green powder catalyst, in
concentrations of 0.1, 0.3, 0.6 g/L and 0.6 g/L of ZnO-Chem which can be considered the
optimized concentration under the evaluated concentrations; 2) Concentrated sunlight exposure
only as a blank. The concentrated solar light was directed into a quartz glass tube of approximately
150 ml volume that was used as the reactor. The quartz tube was sealed at one end and closed by
a three-port lid on the other end. One port hosts a thermocouple for temperature monitoring, and
the other two ports are the inlet and outlet for the MB solution circulation. A pumping system was
used to promote the circulation of the solution provided by a diaphragm pumping system with a
volume flow rate of 5 L/h. The tubing circuit was made of polyamide pipes connected to a cooler
with monitored temperature.

In the second step of MB degradation experiments, the green-synthesized NSs,
immobilized over the glass slides, were compared with the ZnO coating fabricated by PLD, in two
conditions: 1) Concentrated sunlight + immobilized green-synthetized NSs with 0.6 and 1.9 mg in
weight and PLD coating with 0.7 mg in weight, and 2) Concentrated sunlight exposure only as a
blank.

The solar concentrator apparatus setup employed was the one described on chapter 3, and
an image of the configuration with 1 mirror module is presented on figure 5.1. The solar radiance
readings for the experiments were always between 600 and 700 W/m? during the months of
November and December. In this study only one module of mirror was used. 1 ml of MB dye in
circulation solution was collected every 30 minutes, and in the case of the colloidal solutions, the
sample was centrifuged to prevent the catalyst scattering and then absorbance was recorded using
spectrophotometry at 663 nm to evaluate the degradation rate. The relative degradation and the K
constants were calculated using the equations 1 and 2 presented on chapter 4, where Co and C are
the initial and final concentrations of the dye respectively. The same procedure was used for all
the different concentrations of the ZnO catalyst (0.1, 0.3, 0.6 g/L) and immobilized coatings
photocatalysis experiments, keeping constant the concentration of dye and the % degradation was
determined [250]. All the experiments were performed at a controlled temperature range between
27 and 38 °C.

81



Figure 5.1: Solar concentrator configuration used for this investigation.

5.7 Colloidal photocatalysis - Properties of the synthesized ZnO particles

5.7.1 UV-Visible spectrophotometry

UV-vis absorption spectrum was obtained in order to evaluate the optical absorbance
behavior for the synthesized ZnO as depicted in figure 5.2. The absorption peaks observed for both
ZnO-Green and ZnO-Chem at the wavelength of about 373 nm reflect the ZnO NPs formation
[251]. The characteristic absorption band at 373 nm can be assigned to the intrinsic absorption of
the BG of ZnO NSs due to electron (¢) transition from the VB to the CB, i.e. (O2p-Zn3d) [252].
The energy of the optical BG (Eg) can be determined by the Tauc model in the high absorption
range. In the case of a direct gap of a semiconductor like ZnO, the following relation links the

absorption coefficient a to the photon energy hv [253]:

ahv = A (hv — Eg)'/? 2)

Where h is the Planck constant, A is a proportionality constant, Eg is the optical BG energy
(eV) and the 1/2 exponent applies to direct allowed optical transitions. The direct BG energy was
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estimated as shown in figure 5.2. The linear region of the plot is extrapolated in order to intersect
the x-axis, thus giving Eg. The BG for ZnO-Green and the ZnO-Chem samples are 2.8 eV and 2.9
eV respectively, which are in good agreement with the reported value for ZnO [241]. The value of
the BG energy corresponding to the ZnO-Green sample is smaller than that of ZnO-Chem. The

decrease in the BG energy can be possibly explained by the metal ions content present in the plant

extract.
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Figure 5.2: UV-Visible spectra of both ZnO-Green and ZnO-Chem (left) and Plot of (ahv)? versus photon energy for
the ZnO-Chem and ZnO-Green samples (right).

5.7.2 X-Ray diffraction (XRD) analysis

XRD patterns of ZnO NSs produced by both green (ZnO-Green) and chemical (ZnO-
Chem) synthesis are presented in figure 5.3. The diffraction peaks from both samples indicate the
nanocrystalline structure. Further, the diffraction peaks at angles (26) around 31°, 34°, 36°, 47°,
56°, 62°, 66°, 67°, 69°, 72°, 76° indexed to the (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004) and (202) crystal planes respectively belong to the ZnO wurtzite crystalline
phase confirmed from JCPDS card No. 36-1451. The produced ZnO NPs showed high purity and
crystallinity being all the X-ray diffraction peaks related to the ZnO wurtzite crystalline phase. The

crystalline size of ZnO was estimated by Scherrer's equation: [254]
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KA

d = B cosf 3)

Where, K is a constant (K=0.9), A is the wavelength of X-rays and f is the value of full
width at half maximum (FWHM). The average crystallite size of the green-synthesized ZnO results
of 19 nm, whereas the crystallite average size for the ZnO chemically synthesized was 26 nm.
Hence, we can suggest that bioactive secondary metabolites in the plant extract play a role in
reducing particle size. This aspect will be subject of further investigation.
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Figure 5.3: XRD patterns of ZnO-Green (left) and ZnO-Chem NSs(right).

5.7.3 FESEM analysis of synthesized ZnO particles

Figure 5.4 shows the FESEM analysis of ZnO. The images clearly illustrate the formation
of nanocrystalline structures that have different morphology and sizes depending on the synthesis
method. Figure 5.4a shows that the chemically synthesized ZnO NPs (ZnO-Chem) assemble into
aggregates of elongated shape, in line with other literature reports [238]. In Figure 5.4b, ZnO-
Green shows instead vertically aligned nanorods having an average diameter of ~30-40 nm and
length of ~100-200 nm, and each individual ZnO NRs has well-developed hexagonal facets. This

result is likely due to the effect of the plant extract promoting a specific structure of ZnO NRs.
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Figure 5.4: FESEM images of a) ZnO hemically synthesized (ZnO-Chem), and b) ZnO synthesized using plant
extract (ZnO-Green).

The elemental composition of the samples determined by means of EDXS analysis is
presented in figure 5.5. The presence of Zn and O peaks (Fig. 5.5a) confirms that the NPs
synthesized by the chemical method are primarily made of ZnO. Figure 5.5b suggests the presence
of ZnO and other elements typically contained in garlic extract (ZnO-Green) [255].
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5.8 Heterogeneous solar photocatalysis (PC) - colloidal suspension

The PC efficiency of ZnO is generally assigned to a smaller size, a uniform morphology,
[256] effective migration of photo produced electron-hole (e-h*) pairs toward the surface [257] as
well as the high absorption of light due to oxygen vacancies. These last narrow the NPs BG and
provides a transient trapping state for the photo-generated e, which inhibits their recombination
[258-260]. Further, better absorption of oxygen from water with high surface oxygen vacancies,
ensuing in the generation of a greater number of reactive radicals (OH- and 0%) [261].

PC processes involving ZnO in MB solution produce radicals that could then act as reactive
species to degrade the adsorbed organic pollutants [262]. More specifically [263]:

ZnO + hv = ZnO (h*vs + ecs ) (4)
H20 + h*vg > OH' + H* (5)
O2+ecs 2> 02 (6)
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Oz .+ H" 2> HO2 (7)
HO, + H" = H20: (8)
H202 + hv - 20H: (9)

Harmful compounds that are in interaction with OH- or O = Intermediates = harmless product (10)

The PC degradation mechanism of MB is illustrated on figure 5.6.
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Figure 5.6: PC mechanism occurring over ZnO.
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The plot of Co/C vs time for the MB relative degradation using the synthesized ZnO NSs
under sunlight irradiation in colloidal suspension is shown in figure 5.7. The decolorization of MB
was insignificant in the absence of ZnO catalyst and in dark condition. Hence, MB decolorization
engenders mainly from the PCA of photoexcited ZnO NSs.

As can be seen, 0.1, 0.3 and 0.6 g/L concentrations are effective for the degradation of MB
along 120 minutes solar photocatalysis experiment presenting degradations of 78%, 94% and 94%.
With solely concentrated solar light (only sun experiment) the degradation is indeed only 55%. It
can be also inferred that 0.6 and 0.3 g/L concentrations reach the same final result in the end of
the 120 min experiment, however 0.6 g/L concentration shows an initial superior performance in
the degradation with estimated kinetic parameters as given in figure 5.7a. The PC degradation was
modeled by the pseudo-first order model expressed in chapter 3, defined by Langmuir—
Hinshelwood for low concentration of MB solution. [264]. Figure 5.7b presents the compared

results of the NSs performance of the ZnO-Green and ZnO-Chem under the same concentration of
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0.6 g/L. The data clearly show that the ZnO NRs synthesized from green method gives higher PCA
than the ZnO nanocrystals synthesized by chemical method. This suggests that the
photodegradation rate is higher for smaller crystalline sizes of NRs as obtained by green method

with the charge carrier recombination effect greatly reduced in NRs architecture [182].
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Figure 5.7: a) Photodegradation of 10 ppm MB dye under sunlight irradiation at different photocatalyst
concentrations, b) comparison of the PCA between ZnO-green and ZnO-Chem, and c) kinetic constants for
photodegradation of MB dye under sunlight irradiation.

Table 5.1 presents a comparison of our results with ZnO prepared by other biomaterials as well as

chemically synthesized ZnO used for PC degradation of MB dye.
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Table 5.1: Comparison of PCs from previous works with ZnQO based catalyst for MB degradation.

Synthesis Irradiation MB Catalyst | Degradation Rate Ref.
method concentration load (%) constant
k (min)
Green synthesis | Visible 6 ppm lg/L 96% in 420 - [265]
light min

Green synthesis | UV light 15 ppm 1g/L 84 % in 120 - [266]
min

Chemical UV light 10ppm lg/L 80% in 0.0208 | [267]

method 240min

Precipitation UV light 20 ppm 0.259g/L | 81%in180 | 0.0084 | [268]
min

Sol-gel 92% in 180 | 0.0124
min

Green synthesis | UV light 5 ppm 1g/L 90% in 150 | 0.0130 | [269]
min

Green synthesis | UV light 16 ppm 08¢g/L | 74%in180 | 0.0073 | [270]
min

Green synthesis | UV light 10 ppm 0.24g/L | 85% in 120 0.0175 | [271]
min

Sunlight 92% in 120 | 0.0190

min

Green synthesis | Sunlight 25 ppm 0.5¢g/L | 90% in 120 - [272]
min

Green synthesis | Sunlight 20 ppm 0.59g/L | 88%in 270 0.0100 | [273]
min

Green Sunlight 10 ppm 0.6 g/L | 94% in 120 | 0.0183 This

synthesis min Work

Co- 94% in 120 | 0.0172

precipitation min
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5.9 Coatings photocatalysis - Properties of the synthesized ZnO films

5.9.1 XRD analysis

Figure 5.8 shows the XRD diffraction peaks of the as deposited and annealed ZnO films
produced by PLD on silicon substrate. The XRD pattern of the ZnO-PLD film annealed at 600°C
reveals a textured crystalline nature, exhibiting the (002), (101), (100) and (110) diffraction peaks
with (002) preferred orientation of crystal growth thus showing hexagonal wurtzite structure. The
as-deposited sample mainly has a (002) oriented texture not evidencing a full crystalline structure,
possibly because of the amorphous nature of films produced by PLD. The crystallite size of the
prepared ZnO samples was estimated through Debye Scherrer formula using the FWHM value of
(002) crystallographic plane. The average grain sizes of as deposited and annealed ZnO films are
10.4 and 22.3 nm, respectively.
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Figure 5.8: XRD diffraction peaks of the as-deposited and annealed ZnO films grown by PLD.

5.9.2 FESEM analysis of the coatings

FESEM images of as grown and annealed ZnO-PLD thin films are illustrated in figure 5.9.
Figure 5.9. (a-b) show FESEM images of cross-section cut of ZnO films grown on Si (100) with

90



a thickness of 114 nm for the as deposited sample and of 135 nm for the sample annealed at 600
°C. Figureb.9 (c-d) shows surface morphologies for both samples. The annealing temperature of
600 °C (Fig. 5.9d) led to an evolution of the initial structure to a uniform and compact film with a

nanostructured surface of increased roughness.

Figure 5.9: FESEM images of the as-deposited (a,c) and annealed (b,d) ZnO films grown by PLD.

Figure 5.10a) shows FESEM images of the green-synthesized ZnO thin film coated on a
silicon wafer surface. Agglomeration of the particle in grains led to a porous morphology of
densely packed particles. The energy dispersive spectroscopy (EDXS) spectrum of the ZnO-Green
coating in figure 5.10b) indicates that the ZnO thin film is composed mainly of Zn and O, in line

with the composition of the ZnO-Green powder used to produce the coatings.
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Figure 5.10: a) FEEM images of ZnO-Green coating, and b) the energy dispersive spectroscopy (EDXS) specrum.

5.10 Heterogeneous solar photocatalysis - immobilized ZnO coatings

Figure 5.11(a) depicts the time-dependent PCA of the ZnO-Green and the PLD ZnO
coatings towards MB degradation. The ZnO-PLD film induced a MB degradation of 73% and the
ZnO-Green samples resulted in values of nearly 69% degradation for both the coating weights (0.6
and 0.9mg) after120 minutes of experiment. For only sun experiment, the degradation was 55%.
The photo-degradation rate (Fig 5.11b) resulted in 9.77 x1073, 7.37x10°3, and 7.54x10 min~* for
the PLD ZnO film, ZnO-Green coating with 0.6 mg, and ZnO-Green coating with 1.9 mg
respectively. This proves that it is possible and easy to produce, through green path, ZnO thin films
with PCA efficiency comparable to the ZnO film grown by PLD.

By evaluating the degradation response, it can be noticed that the increase in the weight
and consequently the thickness of the biosynthesized ZnO coating, does not lead to a significant

enhancement in the PC performance. This result can be understood because the PC reaction occurs
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at the interface between the ZnO catalyst surface and MB pollutant, [274] and so further increase
in ZnO film thickness does not enhance the PCA of the material despite a higher amount of
photocatalyst [275,276].

On the other hand, this technique can produce highly porous ZnO films having a large
surface area [277], thus overcoming the problem of the limited surface area usually associated to
supported catalysts. Finally, it is observed that the green route synthesis gives coatings having

comparable PCA efficiency as that of ZnO films fabricated by PLD.
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Figure 5.11: a) PCA efficiency on the ZnO-PLD film, ZnO-Green coating (0.6mg), ZnO-Green coating (1.9mg) and
b) kinetic constants for photodegradation of MB dye under sunlight irradiation
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The reaction rate constant and the degradation efficiency values obtained in this work are

compared with previously reported ones using different techniques of deposition in table 5.2.

Table 5.2: Comparison of PCAs from previous reported works with ZnO based films as catalyst toward MB
degradation.

Synthesis Source of MB Degradation Rate Ref.
method irradiation | concentration (%) constant
K (min?)
Sol-gel UV-light 10 ppm 67% in 4h 0.005 [276]
Wet Chemical UV light 3 ppm 92% in 2h - [278]
route
Electrospinning UV -A light - 80% in 4h 0.006 [279]
Pyrolysis spray UV-light 8 ppm 99% in 3h 0.024 [280]
RF Magnetron UV-light 3 ppm 95.6 % in 5h 0.01 [281]
Sputtering
Grown by CBD UV-light 4.8 ppm 100% in 4 h 0.043 [275]
on a 3 nm seed
layer deposited
by ALD
Sol-gel method Visible light 10 ppm 2.7%in2h 0.0002 [282]
and deposited by 44.8% in 2h 0.041
the Doctor Blade
method
PLD Concentrated 10 ppm 73% in 2h 0.01 This
coating with 0.6mg sunlight 68%0 in 2h 0.0073 work
coating with 1.9mg 69% in 2h 0.0075

The data reported on table 5.2 leads to the conclusion that the reaction rate and the
degradation efficiencies achieved in this study are competitive with respect to other literature
results. To estimate the stability of the prepared ZnO nanostructured thin films, catalyst samples
were weighted again after the 120 min experimental run and resulted in a 25%, 10% and 0% loss
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of material for ZnO-Green coatings with 0.6 mg, ZnO-Green coatings with 1.9 mg and the ZnO-
PLD film respectively. The enhanced stability of the PLD film is likely due to its more compact
morphology and to intrinsically better adhesion given by the PLD technique. The loss of material
for the ZnO-Green coatings, though limited, will be investigated by further optimization of the

spin-coating procedure to maximize adhesion and mechanical stability.

5.11 Conclusions

In this research work we reported the PCA of ZnO photocatalysts (particles and films)
synthesized through either a green, a conventional chemical, and a PLD process. ZnO nanorods
were produced via green synthesis using natural extract as reducing and stabilizer agent, hence
playing a significant role towards structural evolution. The results reveal that green ZnO, both in
the form of thin films and in the form of suspension, can be fruitfully used for PC application.
Indeed, the PC efficiency of green-synthesized ZnO NRs deposited by spin-coating is almost
equivalent to that ZnO films grown by PLD. This means that the green method-based technique
can produce environmentally friendly ZnO NRs to achieve high PC performance towards MB dye
degradation. Economic evaluation of the costs (appendix C) highlights that the green-synthesis is
also cost-effective, reducing the photocatalysts-associated cost by 35%. A further contribution is
given by the lowest operating cost of the solar concentrator. These findings pave the way for the

application of ZnO-based solar photocatalysis in wastewater treatments at large scale.
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Chapter 6 — Treatment of surfactant-rich industrial wastewaters

with concentrated sunlight: toward solar wastewater remediation

Preview: this chapter reports the work developed on the application of a photo-Fenton process
powered by concentrated sunlight for the treatment of surfactant-rich industrial
wastewaters. This approach fulfills the interest for the development of low-cost/high-
yield real wastewater treatment process. As a general overview, employing as a stage in
wastewater treatment plants or as a small-scale stand-alone operated by small-medium
enterprises could reduce the environmental and economic impact of wastewaters. As
one of the authors of this article, my contribution includes the synthesis of iron oxide
photocatalyst coatings and performing the experimental campaign.

The content of this chapter was adapted from:
Orlandi, M.; Filosa, N.; Bettonte, M.; Fendrich, M.; Girardini, M.; Battistini, T.; Miotello, A.. Int.
J. Environ. Sci. Technol. 2019, 16. https://doi.org/10.1007/s13762-018-2099-7

6.1 Introduction

Despite great advancements in the last decades, both in terms of technology and of
regulations, the extensive use of surfactants still raises major environmental concerns [283,284].
Broadly defined as substances which lower the surface tension of the medium in which they are
dissolved [285], surfactants have a wide range of applications, ranging from detergents to
pharmacy, resulting in large quantities of contaminated waters. Their inherently high solubility
also means that they can be present in wastewaters at very high concentrations, posing a challenge
to otherwise effective conventional, e.g., biological removal methods [286]. Furthermore, while
an extensive body of the literature exists on their toxicity and biodegradation routes [287,288], the
effects on humans and the environment of their degradation products are less well established
[289]. Aside from environmental considerations, the economic context needs also to be considered.
In most advanced economies, surfactant concentrations in wastewaters are regulated [290] and
treatment of these pollutants is often mandatory and provided by specialized companies as a
service. This translates into a cost for manufacturing companies, especially important for small-
medium enterprises (SMESs) which often do not possess their own treatment facilities. In countries
where surfactants are not regulated, they are not only a serious threat to the environment, but also

exacerbate the conflict of use between industry, agriculture and domestic needs, limiting industrial
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development. A possibility to overcome these problems is offered by advanced oxidation processes
(AOP). These are innovative water treatment technologies, based on the in situ generation of
highly reactive transitory species (e.g., hydroxyl radical, superoxide radical) [10]. Among the
AOPs, photocatalysis has demonstrated its efficiency in degrading a wide range of pollutants [11],
but its industrial application has been limited to special cases only, where conventional methods
are not viable. This is due mainly to the very high cost imposed by the use of artificial UV radiation
as the preferential light source. Indeed, UV lamps are expensive, have a short operational lifetime
and require a high energy input. This chapter reports the investigation on a treatment method based
on an AOP in the form of a photo-Fenton reaction powered by concentrated sunlight. The treatment
is directed at the abatement of large quantities of common surfactants, rather than targeting a
specific molecule. This motivates the choice of a photochemical reactor based on photo-Fenton, a
well-established process for generating hydroxyl radicals; these species are powerful oxidants and
react with a wide range of organic compounds in water [12,13,115,116]. Furthermore, the
combination of a photo-Fenton reactor and a solar concentrator allows to take advantage of the
UV-visible portion of the solar spectrum, thus effectively exploiting a large density of near-UV
radiation through a renewable, carbon-free and potentially zero-cost energy source.

6.2 Materials and methods

For the experiments, three mirror modules were mounted on the solar concentrator
providing a concentration factor of nearly 2500X on a circular (5.8 cm diameter) focus. It can be
noted that while a portion of UV photons (4 < 330 nm) is lost with respect to sunlight, the remaining
part (325 < 1 <400 nm) is concentrated within the range of 2500X ratio, thus acting as an effective
near-UV light source. The reactor was the quartz tube (150 ml volume) reported in chapter 3 and
an image with the experiment configured for the surfactant-rich wastewater is shown in figure 6.1.
Forced circulation of the sample between the reactor and a 2 L reservoir was provided by an
independent pumping system (volumetric flow rate 5 L/h). This setup was used for the treatment
of industrial wastewaters provided by the company Aquaspace spa (Rovereto, Italy). The samples
contained high quantities (5-20 g/L) of the most common surfactants used as detergent. All the
data reported are from experiments with comparable solar irradiance. Two kinds of samples were

treated: (1) wastewaters as received at the plant were subjected to a heterogeneous photocatalytic

97



process, using an iron-based nanocatalyst [105] and (2) wastewaters extracted from the Aquaspace
plant physico-chemical treatment unit, after the addition of known amounts of FeCls, employed as
a coagulant, were subjected to homogeneous catalysis. H>O> concentrations were chosen,
according to recent the literature reports [158,291], to provide a quantity of radicals sufficient to
degrade all the surfactants and to limit OH radicals scavenging by other organic species. Since the
focus is on large quantities, no specific surfactant was followed. A photometric method for the
determination of the total quantity was chosen instead. This is already extensively employed in
water treatment plants for routine analysis. Thus, surfactants concentrations were determined
before and after each treatment by use of commercial photometric evaluation kits (Hach Lange),
LCK 334, LCK 331 and LCK 333, respectively, for total anionic surfactants, total cationic
surfactants and total nonionic surfactants. Errors in the surfactant determination are negligible (0.2
mg/L) and thus not reported in the data tables. An important feature of photocatalytic AOPs is the
possibility of pollutants mineralization, defined as the conversion of organic carbon into inorganic
species. In particular, the conversion to CO- allows for the removal of the pollutant avoiding the
risk of formation of potentially toxic partial oxidation products. To verify this, CO evolution
during the most effective treatments was followed by an IR sensor (COZIR Wide range 100)

placed in the headspace of the reservoir.

Figure 6.1: PDC configured with 3 mirror modules (left) and quatz glass lid circulating the surfactant-rich
wastewater (right).
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6.3 Results and discussion

6.3.1 Heterogeneous catalysis

For these series of experiments, the photocatalyst was introduced in the reactor as a thin
layer deposited on a 75 mm x 25 mm glass slide, with catalyst weight kept constant at about 20
mg. This quantity was chosen to ensure complete surface coverage. The iron-based catalyst (3D
hierarchical nanostructured a-Fe>O3 coatings on glass substrate) fabricated by PLD was chosen
for several reasons: (1) it absorbs a good portion of the sunlight spectrum, (2) it is a non-toxic and
non-hazardous material, (3) it is cheap and easily fabricated and (4) it is active toward the photo-
Fenton reaction. A previous paper details the catalyst fabrication, characterization and catalytic
activity [105]. Indeed, this material showed very promising photoactivity toward degradation of a
model dye (MB), along with remarkable stability and reusability. These properties are attributed
to enhanced surface area and synergy effects between the spatially organized nanostructured
features composing the surface: urchin-like particles with radially growing nanowires and
nanorods and flower-like particles with nanosized flakes shown in figure 6.2. The main drawbacks
are sub-optimal intrinsic catalytic properties, due mainly to the very short mean diffusion length
(2-4 nm) for holes in a-Fe;O3 [86], resulting in only a very thin layer (< 5 nm) contributing to
photoactivity. Stability in acidic-to-neutral pH, another known issue for a-Fe2O3 [292], is however
found to be enhanced in this material. A wastewater stock with total surfactant concentration of
about 20 g/L was divided into a batch of 1L volume samples and treated according to the following

scheme:

(a) reference: not treated, kept in the dark;

(b) blank: treated for 1 h with concentrated solar light;

(c) catalyst: treated for 1 h with concentrated solar light in presence of photocatalyst only;

(d) H202: treated for 1 h with concentrated solar light in presence of H.O2 1 M (without catalyst);
(e) H202 + catalyst: treated for 1 h with concentrated solar light in presence of H.O> 1 M and
photocatalyst.
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Figure 6.2: Iron oxide (hematite, a-Fe.Os) fabricated by PLD used in the heterogenous photocatalysis treatment.
From top-left clockwise, magnifications of 100X, 4000X, 18000X and 130000X respectively.

The pH was not adjusted before or during treatment to keep it constant: it is neutral for (a),
(b) and (c) and mildly acidic (pH 5) for (d) and (e). Given that the distribution of species for iron
does not significantly change in the pH range 5-8, as can be seen from the Pourbaix diagram [292],
this does not compromise comparison between experiments. An advantage of the use of solar
energy, especially if concentrated, is the possibility to maintain near boiling temperatures without
additional energy costs. In view of a potential application, this is expected to help the degradation
of thermolabile surfactants. However, in our case the samples were kept at 30 = 10 °C for the
duration of the treatment, to minimize thermolysis in order to simplify data interpretation. Results
are reported in Table 6.1. In the case of experiment (b) where only light is present, the degradation
of surfactants could be ascribed to photochemical reactions [293]. The higher values in presence
of the catalyst (c) could be attributed to trapping by the highly structured surface, increasing the
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amount of time for which the pollutant is exposed to concentrated sunlight, combined with surface
reactions such as oxidation by the valence band holes of the material. In the case of (d), reactivity
is likely due to OH° radicals generated by the homolytic decomposition of H20. by UV photons.
While the molar extinction coefficient values for H20- in water are low (1 at 300 nm and 0.01 at
360 nm, with intermediate values in between) they’re not negligible, especially considering that
light in our system is concentrated with an 870X ratio. The hypothesis of OH® radicals’ production
from UV absorption for (d) is thus a reasonable one. The analysis results are instead compatible
with a photo-Fenton reaction for experiment (e). In this case, the absolute quantity of degraded
surfactants (4.5 g, 23.5% of the total) is remarkable, all the more considering the amount of catalyst
(20 mg). Figure 6.3 shows the CO> evolution, is also significant for case (e), the photo-Fenton
reaction, showing a saturation of the headspace in just a few minutes, while it is negligible in
absence of H2Oo. It has to be noted here that these data are in no way quantitative, since the system
is not airtight. However, though qualitative, they indicate clearly that pollutants conversion to CO>

takes place.

Table 6.1: Surfactants concentration and degradation yield in heterogeneous catalysis conditions.

(a) Reference | (b) Blank | (c) Cat. | (d) H202 | (e) H202 + cat.

Concentration (mg/L)

Anionic 14,800 14,400 | 13,500 | 13,000 12,000

Cationic 780 270 332 323 242

Nonionic 3370 3250 3350 2315 2245
Degradation? (mg/L)

Anionic 400 1300 1800 2800

Cationic 510 448 457 538

Nonionic 120 20 1055 1125

% Degradation?

Anionic 2.7 8.8 12.2 18.9

Cationic 65.4 57.4 58.6 69.0

Nonionic 3.6 0.6 31.3 33.4

% Total 5.8 9.3 175 235

@ Considered as the missing mass
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Figure 6.3: CO; evolution in heterogeneous catalysis conditions

6.3.2 Homogeneous catalysis

In this case, no catalyst was introduced in the system, since the wastewaters already contain
FeCls, added as part of the routine physico-chemical stage operation of the plant. FeCls provides
the iron ions to enable the photo-Fenton reaction, although it is not an ideal source, since chloride
ions are known inhibitors for this process [82]. A wastewater stock with total surfactants
concentration of 4.9 g/L and FeCls, 9 x 10 M was divided into a batch of 1L volume samples

and treated according to the following scheme:

(a) reference: not treated, kept in the dark;

(b) blank: treated for 10 min with concentrated solar light;

(c) Fenton blank 0.2: treated for 10 min with H20- 0.2 M under dark;

(d) Fenton blank 0.5: treated for 2 min with H2O2 0.5 M under dark;

(e) photo-Fenton 0.2: treated for 10 min with H202 0.2 M with concentrated sunlight;
(F) photo-Fenton 0.5: treated for 2 min with H,O2 0.5 M with concentrated sunlight.

Upon H20» addition, reactions were observed to be very intense and accompanied by

vigorous bubbling. This is attributed to the occurrence of a Fenton process, which was then

102



evaluated with experiments (c) and (d). The H202 concentration was reduced to 0.5 and 0.2 M and
shorter treatment times (10 min or 2 min vs 1 h) were necessary to keep temperature in the 25-45
°C range, again to minimize the possible thermolysis. Results are shown in Tables 6.2 and 6.3. As
for the heterogeneous case, exposition to concentrated sunlight only (b) yields a limited
degradation, which is, however, not accompanied by CO: evolution. The addition of H20:
activates a Fenton process which, as seen from (c) and (d), already leads to significant surfactants
degradation. However, the most remarkable results are obtained when switching to a photo-Fenton
process: in the best case (f) 89% of the total (4.3 g) is degraded with an exposition time of 2 min
only. Interestingly, a lower H.O> concentration in (e) also leads to good results as 3.14 g, 64%, of
the total surfactants are degraded with a 10 min exposition. In Figure 6.4 again, CO; evolution
leads to headspace saturation in a few minutes under the photo-Fenton conditions, proving that a

degree of conversion to inorganic carbon occurs.

Table 6.2: Surfactants concentration and degradation yield in homogeneous catalysis conditions: 10 min. treatments.

(@) (b) Blank | (c) Fenton blank | (e) Photo- Fenton 0.2 M
Reference 10 min. 0.2M 10 min. H202 10 min.
Concentration
(mg/L)
Anionic 3820 3175 2475 1480
Cationic 227 236 85 66
Nonionic 858 882 723 218
Degradation?
(mg/L)
Anionic 645 1345 2340
Cationic Ob 142 161
Nonionic Ob 135 640
% Degradation?
Anionic 17 35 61
Cationic Ob 63 71
Nonionic Ob 16 75
% Total 13 33 64

3 Considered as the missing mass,  the small apparent increase could arise from a slightly higher temperature of (b),

improving solubility.
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Table 6.3: Surfactants concentration and degradation yield in homogeneous catalysis conditions: 2 min. treatments.

(a) Reference | (d) Fenton blank 0.5 | (f) Photo-Fenton
2 min. 0.5 M H2022 min.
Concentration (mg/L)
Anionic 3820 2500 488
Cationic 227 98 <40
Nonionic 858 795 24
Degradation? (mg/L)
Anionic 1320 3332
Cationic 129 >187
Nonionic 63 834
% Degradation?
Anionic 35 87
Cationic 57 >82
Nonionic 7 97
% Total 31 89

2 Considered as the missing mass, °the small apparent increase could arise from a slightly higher temperature of (b),
improving solubility.
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g " —— (b) blank
S i (e)H,0,0.2 M
«10° 4
S 4,
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Figure 6.4: CO; evolution in homogeneous catalysis conditions

6.4 Conclusions

Coupling a solar concentrator to a photo-Fenton-based reactor proves to be a very effective
way to abate high surfactants levels in industrial wastewaters samples, with yields of 89% in 2 min
for the best homogenous and 23% in 1 h for the best heterogeneous condition. In both cases, CO>

evolution measurements indicate conversion of organic to inorganic carbon. From this preliminary
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investigation and due also to the complexity of real samples, it is not possible to extract a clear
picture of the degradation mechanism: This likely works via a combination of direct photolysis
and photo-Fenton reactions. A dedicated investigation, possibly on model solutions, will be needed
to clarify this point, but reasonable hypothesis are already advanced in the discussion section. The
degradation yield for heterogeneous catalysis, though not exceptional, is already interesting, since
it was obtained in nonoptimized conditions. A simple way to enhance it would be to increase the
irradiated catalyst geometric area, which currently is smaller than the concentrator spot diameter.
This can be done at low cost, since the catalyst itself is prepared from cheap and earth-abundant
materials (Fe and B) [105]. While heterogeneous catalysis is generally more relevant industrially,
mostly because of the ease of separation of reactants from products and catalysts, homogeneous
catalysis is particularly interesting in our case, since it employs FeCls as the catalyst, which is used
anyway in the water treatment plant. Based on these results, it is envisioned two main applications
for the process investigated:

1. integrated in conventional wastewater treatment plants could be used as a pre-treatment
stage for the abatement of organic contaminants before sending the waters to a standard biological
treatment. Reducing the quantity of pollutant will reduce the timescale of the biological treatment
and, consequently, costs. Also, decreased residue at 105 °C, as observed for both heterogeneous
and homogeneous catalysis translates into less sludge, further reducing costs;

2. as a small-scale stand-alone treatment operated in situ by SMEs, it could reduce at the
source the quantity of waste to be conferred at treatment plants, thus reducing costs for the
company.

Further work can be aimed at better understanding the interplay of possible degradation
mechanisms (direct photolysis, photo-Fenton, thermolysis) and toward performing the treatment
at higher temperatures. This is expected [294] to increase the degradation yields and can be attained
without cost with the solar concentrator. An upgraded reactor design, allowing for an increased

illuminated area in heterogeneous catalysis, is also under study.
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Chapter 7: Remediation of organo-lead compounds in wastewater

by concentrated sunlight

Preview: This work is part of a convention between the University of Trento and Agenzia
Provinciale per la Protezione dell’Ambiente (APPA — Trento province environmental
protection agency), with the objective to investigate the feasibility of applying
concentrated solar light to promote the remediation of organo-lead compound
contaminated water. As a participant of the convention, | had the role to proceed the
experimental campaign and draft the report with the results of the study. The content of
this chapter was delivered and presented to APPA as the conclusion of the convention.

This chapter was developed based on the results of the convention: Raccolta 5/2017
CONVENZIONE UNITN - APPA per la realizzazione del progetto di ricerca “Bonifica mediante
radiazione solare concentrata di acque inquinate da composti organici di piombo”

7.1 Introduction

Water sources contamination is certainly one of the main topics of discussion for the public
health worldwide [295]. Among the distinct types of contamination, lead (Pb), a xenobiotic heavy
metal is reported as one of the most aggressive to human health, with important studies correlating
its presence and contact to groundwaters as potential causes to schizophrenia and psychosis [296—
298]. Since the years of 1970s, many efforts were dedicated to discontinue the use of organo-lead
compounds from the fuel market activities [299,300]. Organo-lead substances were employed
consistently from the years of 1920 and 1970 in the form of tetraethyl lead (TEL), chemical
formula (CH3CH>)4Pb, a volatile substance used as an antiknock agent to improve the gasoline
octane rating [301-303]. Inhalation and ingestion are the major routes for human exposure due to
its high volatility (workers) and decomposition into sub products that penetrate in soil resulting in
ground water sources contamination [304,305].

In different industrial facilities studied and reported, it was observed that the dealkylation
route of TEL runs the chemical path starting from TEL to triethyl lead (TREL), then to diethyl
lead (DEL), unstable forms of monoethyl lead (MONO) and in inorganic lead in the form of oxides
(i.e. PbO, PbO2 and Pb304), carbonate (PbCOz) and sulfate (PbSO4) compounds, represented in
figure 7.1 and table 7.1, in which mono alkyl lead cations are assumed to be transient species [306].

After chemical decay and/or biological degradation of organic lead compounds, the inorganic, less
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toxic lead is immobilized by precipitation [307-310]. Also, every dealkylation step implies a
reduction in toxicity. However, while TEL is an insoluble, highly volatile compound, TREL is a
moderately soluble cation, which can percolate into soil and underground water and become

persistent in the absence of light and oxygen.

T+ T +2 T+3
Lpb(\/ —) VP[/ —) \/Pb( — Pb( — Pti)mg
TEL TREL DEL MONO Pb(inorg.)

Figure 7.1: dealkylation route of organolead compounds.

Table 7.1: chemical formulas to the lead compounds in discussion

Lead compound Chemical Formula
TEL (CH3CH2)4Pb
TREL (CH3CH>)sPb*
DEL (CH3CH2):Pb?*
MONO (CH3CHa)Pb%*
Pb(inorg.) PbO, PbO2, Pb30s, PbCO3, PbSO4

In scientific terms, the analysis of a contaminated sample is performed under the evaluation
of total organic lead (TOL) present, which is the sum of all byproducts from the decomposition of
TEL. In the atmosphere, the dealkylation route is promoted by a photocatalytic environmental
process in the presence of natural light (UV - hv) and air (O2) which takes place in a time scale
from hours to months. On the other hand, if subjected to remediation treatments such as the
employment of advanced oxidation processes (AOP) or ultra-violet light (UV) exposure, the
dealkylation process can be accelerated to the time range of seconds to minutes respectively [311-
313].

In the city of Trento, north of Italy, a phased-out lead products chemical factory that
operated from the 1940’s until its closure in 1978 (Ex-SLOI) has still evidences reporting levels
of TOL (total organic lead: TEL + TREL + DEL) above national limits (0.9 ug/L) present in a well

on the underground water. Monitoring activities have been performed since the local
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environmental agency (APPA, Province of Trento) has been assigned as the responsible public
observer entity for the area [314]. Initial studies were already performed in order to evaluate
possibilities to remediate the TOL which is present in the area along the decades and is still
persistent on the contaminated water source present in the land.

Considering the possibilities to employ low cost solar concentration systems to perform
AOPs, in the framework of a convention set in 2017 between UNITN and APPA, an investigation
is proposed to study photo-Fenton reactions, photocatalysis, direct photolysis and combinations
thereof with the experimental solar parabolic dish concentrator (PDC) apparatus at UNITN to
determine degradation from a model of TREL to its sub products DEL, MONO and inorganic lead

as possible solutions to remediate the persistent levels of TOL from the "Ex-SLOI " area.

7.2 Experimental methodology

7.2.1 Model solutions

Triethyl lead chloride in 99%, analytical grade (Dr. Ehrenstorfer GmbH) was used as the
reference substance for producing model solutions with the presence of TREL. Batches of 20 L
were produced to simulate the wastewater. The concentration levels of TREL varied between 60
and 90 pg/L and were prepared by the chemistry specialists from APPA. The tap water used to
produce the batch had a chlorine ion (CI-) concentration of about 1.5 x 10* M. The decision of
using TREL instead of TEL is based on the following reasons: (1) TEL is an insoluble volatile
compound readily converted into TREL in the atmosphere: as such, TREL and not TEL can be
considered a water pollutant; (2) TREL is safer to manipulate due to low volatility and low risk of
explosion. Also, TREL is a commercially available product which can be used to design
experimental investigations. From the batch of 20 L, samples of 2 L were used in every experiment
run proposed.

A UV-Vis-NIR absorption spectra of the TREL model solution was to verify the light
absorption behavior of the substance.

The analytical method to detect of organic lead species was developed by APPA and
consists of the following steps: (a) TREL and DEL were determined with an internal method after

extraction with hexane of the water sample in a pH 8.5 buffered environment and in the presence
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of Ethylenediaminetetraacetic acid (EDTA), sodium citrate and sodium dithiocarbamate, and
subsequent derivatization with Grignard reagent propyl magnesium chloride [315]. (b) The
derivatives were subsequently confirmed and quantified in gas chromatography with a single
quadrupole mass spectrometry detector (GC-MS). The measurement uncertainty has been
evaluated considering the contributions due to repeatability, calibration and recovery. The estimate
is in line with the one calculated with the Horwitz method with estimate error of 20%. The method
was confirmed in the range 0.1 ug/L - 30 mg/L [316].

Tetraethyl lead was determined after adsorption on Solid-phase microextraction (SPME)
fiber assembly polydimethylsiloxane (PDMS) 100 um on the headspace of the aqueous sample
and subsequent confirmation and quantification in gas chromatography with single quadrupole
mass spectrometry detector [317].

Metallic lead is quantified in inductively coupled plasma mass spectrometry (ICP-MS)
after acidification with HNOs.

7.2.2 Catalyst synthesis

Iron metallic (Fe) and boric acid (H3BO3) powders were mixed and compressed in the form
of adisc to be used as a target for the deposition of 3D hierarchical nanostructured hematite (Fe203)
coating by the pulsed laser deposition technique (PLD) following already established parameters
in previous report [105]. The coatings were deposited at room temperature on glass slides with
dimensions of 7.5 x 2.5 cm, the weight of the catalyst was approximately 2 mg on each glass slide.
Thermal annealing of the deposited coating was carried out in air at 600°C for 4 h with a heating
rate of 5 °C/min in order to grow hierarchical urchin-like structures. The motivation of employing

a ferrous coating catalyst is to enable the photo-Fenton reaction.

7.2.3 Adsorption experiments

With the aim to exclude the possibility of undesirable effects, such as adsorption by the
pipes employed on this research, a set of 10 meters of PA tubing were employed to circulate the
TREL reference solution under dark, four experiments were performed circulating the solution by

30, 60, 90 and 360 minutes. The circulation was controlled by a diaphragm pump system.
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7.2.4 H,0O, oxidation lab experiment (Quenching with sodium metabisulfite -
N&zSzOs)

Direct oxidation with H,0, (concentration of 1.5 x 102 M) under dark was performed in
order to establish a blank condition and reveal the time scale of the degradation reactions. Addition
of H20> is followed by quenching with sodium metabisulfite (Na2S20s — 99% purity, Sigma-
Aldrich) to stop the H20- reaction. This experiment was also performed to evaluate the possibility
of H20: to be “masking” the analytical method results and were performed under four different
times: 5, 15, 30 and 60 minutes respectively. A second experiment was done inserting in an
inverted order the sodium metabisulfite (Na2S20s) and H2O> to confirm the effectiveness of the

inhibition reaction.

7.2.5 Solar concentrator photocatalytic measurements

The solar campaign was performed by circulating samples of 2 L of the TREL model
solution towards the focus of the PDC available. The following experimental trials were
performed: 1) Concentrated sunlight exposure within the times of 30, 60 and 90 minutes, 2)
Concentrated sunlight + Fe>Os catalyst, 3) Concentrated sunlight + Fe>Os catalyst + 3 ml of H20-
(corresponding to a concentration of 1.5 x 102 M) as the oxidizing agent for photo-Fenton reaction
and finally, 4) Concentrated sunlight + 3 ml of H20.. Experiments 2, 3 and 4 were performed for
60 minutes. The glass slides with the PLD deposited Fe>Os catalyst were inserted inside the quartz
glass tube that was used as the reactor in the focus of the solar concentrator.

In this study, to compare the prevalence effects between the concentrated sunlight and the
H>0> concentration, only one module of mirror was mounted on the system. After being circulated,
samples were kept in the dark and delivered with purposely non-informative labels to the APPA
laboratories for analysis. All the experiments were performed at controlled temperature range
between 20 and 30 °C.
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Figure 7.2: Solar apparatus employed in this work (IdEA group, department of physics, UNITN).

7.3 Results and discussions

7.3.1 UV-Vis spectra for TREL

With the aim to confirm the absorption range of TREL, a near UV-VIS spectrum was
collected for a model solution with a concentration of 70 pg/L with the solvent in the reference
beam using a quartz cuvette, the curve is presented in figure 7.3 and shows a sharp absorbance
peak at a wavelength of 260 nm with a significant tail up to 500 nm: this allows for the direct
absorption of sunlight by TREL.
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Figure 7.3: Absorption spectrum of TREL, concentration of 70 pg/L in tap water.

7.3.2 Fe,O3 catalyst: SEM

The surface morphology of the Fe,O3 catalyst coatings prepared with PLD sample was
examined using scanning electron microscope (SEM-FEG, JSM 7001F, JEOL). Figure 7.4
presents the SEM image of Fe + H3sBOs coatings deposited. The coating shows morphological
structure which tends to spherical particulates presenting an urchin-like structure with evolution
of nanowires (NWSs) vertical to the surface of the particulates.

05/10/: 2017
15:20:25

Figure 7.4: e203 catlyt SEimages, from left t right, 1.900x, 6.500x and 16.000x mgnifications respectively.
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7.3.3 Adsorption experiments

The different times of circulation on the PA tubes and the results achieved are shown in
figure 7.5. It can be observed that there is some conversion from TREL to DEL and (to a minor
extent) Pb (inorg.), but no net loss of TREL is detected. While the latter would indicate retention
by the tube, the former can be ascribed to the natural dealkylation process occurring in contact
with air, as expected from past literature works [17,18]. Hence, these results exclude the possible

organic lead adsorption on the PA walls.

PA tubes circulation experiment

360 minutes circulation

0%
90 minutes circulation

0%

—

60 minutes circulation

0%
30 minutes circulation

|

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

B % Present of Pb (inorg.) B % Present of DEL B % Present of TREL

Figure 7.5: adsorption experiments.

7.3.4 H,O, oxidation lab experiment (Quenching with sodium metabisulfite -
Na,S;05)

Figure 7.6 presents the results regarding the in-lab H>O, oxidation experiment under
different quenching times. It can be observed that independently of the exposition time of the
model solution to H20», its effective performance occurs in a time of less than 5 minutes. Thus,
when comparing the results shown, H.O> performs a partial dealkylation of TREL into DEL and

Pb inorg. which reaches a limit in the range of 21%.

113



H,O0, oxidation experiment

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%

H % Present of Pb (inorg.) W% Present of DEL W % Present of TREL

Figure 7.6: results achieved in different H,O, reaction times.

Figure 7.7 confirms the inhibition of the reaction with H2O> by sodium metabisulfite: when
this is already present in solution (top) or added immediately after H.O2, the TREL conversion is

effectively stopped.

Na,S,0; Immediate quenching

0% 10% 20% 30% 40% 50% 60% 70% 80%

REF + metabisulfite + H202

REF + H202 + metabisulfite

H % Present of Pb (inorg.) B % Present of DEL W % Present of TREL

Figure 7.7: results achieved in time ZERO inverting the order of the chemical reactants.
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7.3.5 Solar concentrator photocatalytic measurements

Results of the solar concentration experiment are showed in the graphic bars of figure 7.8.
The data is presented in terms of TREL still present on the model solution after performing the
experiment. Thus, higher values of percentage show less effectiveness of the experiment. Instead,
low percentage values up to reaching value zero (0%) indicate that all TREL was converted under
the dealkylation route to DEL and other forms of less hazardous forms of mono or inorganic lead.
The results for the two cases of concentrated solar light and in the presence of H>O, (with and
without Fe;Os catalyst), show a total conversion of TREL. On the other hand, when only
concentrated sunlight is employed, a persistence of TREL is observed, for “60 min + Fe,O3
catalyst”, “90”, “60” and “30 minutes”, resulting values of 6%, 7%, 11% and 35% respectively.
Hence, it can be observed that effectiveness along time show a relevant evolution from 30 to 60
minutes (35% to 11%), with less difference from 60 to 90 minutes (11% to 7%). Also, the use of
an Fe»O3 catalyst in the 60 minutes condition shows photocatalytic activity with an increase of the
effectiveness, enhancing the reaction rate. Finally, the employment of the Fe O3 catalyst turns to
an economy of time when comparing the same order of results achieved in 90 minutes (6% and
7%).

% persistence of TREL

60 min. H202 0%

60 min. a-Fe203 cat. + H202 0%
60 min. a-Fe203 cat.

90 min

60 min

30 min

0% 5% 10% 15% 20% 25% 30% 35% 40%

Figure 7.8: results achieved in the concentrated sunlight experiment.
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7.4 Conclusions

This work investigated the dealkylation process of a model solution of TREL with
concentrations between 60 and 90 pg/L under concentrated sunlight photocatalysis. The possibility
to employ concentrated solar light, photocatalysis, photo-Fenton reaction, adsorption, and H20:
oxidation was assessed. Concentrated solar light demonstrated to be by itself effective to promote
the starting dealkylation of TREL. The employment of the Fe.Oz photocatalyst coupled with
concentrated sunlight enhances the dealkylation rate leading to a reduction in reaction time. In the
experimental apparatus, the use of polyamide tube does not influence the analytical procedure.
H2O> presents a fast reaction rate, with time to completeness less than 5 minutes, when
concentrations are in the order of 102 M. The combined effect of concentrated sunlight, Fe,O3
catalyst and H20- follows photo-Fenton reaction by generation of OHe radicals by dissociation of
H>0> and can dealkylate completely TREL in the concentration ranges tested.

On the basis of these preliminary results, two main directions are recommended for further
investigation:

@) the use of H>O> only. H20- at low concentrations appears to be itself capable of
TREL conversion in a timescale of minutes, which could be exploited for decontamination.
However, in these conditions the reaction seems to largely stop after the TREL -> DEL conversion
step. Further experiments would be needed to address this issue. Also, an evaluation of the cost
associated with the perspective use of H2O> should be performed,;

b) the use of concentrated sunlight is also effective, although on a longer timescale (> 1hr).
This could be vastly improved in two ways: using an ad-hoc designed photocatalyst and
implementing a different concentrator configuration. As for the former, in this case we used a high-
surface material which is known to be active in photo-Fenton mode, but not effective for direct
photocatalysis, nevertheless the degradation yield was enhanced in presence of the catalyst: the
enhancement could be much greater if a material with high efficiency in direct photocatalysis, is
employed. In the latter case, it is known that the parabolic dish configuration is not optimal for
photocatalysis of diluted solutions. The limitation of the small concentrator spot (5.8 cm) could be
solved by using line-focus configurations such as the compound-parabolic-concentrator. In this
case the concentration factor is lower but should still be sufficient for the photocatalysis process
[38,39,44].
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Chapter 8: Realization of a solar hydrothermal carbonization

reactor: A zero-energy technology for waste biomass valorization

Preview: this chapter reports an alternative activity performed during the PhD cycle regarding the
application of solar concentration for the promotion of hydrothermal carbonization.
Despite it is not directly related to water treatment, it demonstrates an alternative
approach for the valorization of biomasses. As one of the authors of the work, my
contribution includes the validation tests regarding the usability and safety of the
reactor, the experimental solar campaign assembling the apparatus and performing the
tests to generate the biomass focus of the work.

The content of this chapter was adapted from:
Ischia, G.; Orlandi, M.; Fendrich, M.A..; Bettonte, M.; Merzari, F.; Miotello, A.; Fiori, L.. J.
Environ. Manage. 2020, 259, 110067. https://doi.org/10.1016/j.jenvman.2020.110067

8.1 Introduction

Climate change and fossil fuel depletion call for the development of technologies and
processes based on renewable energy. Biorefinery facilities are a smart strategy leading to a wide
spectrum of products (such as biofuels, bioenergy, biomaterials, and biochemicals) starting from
biomass residues, which are abundant in nature and renewable [318]. However, biorefineries need
to improve their profitability to be competitive in the global market and face the current low price
of oil [319]. A way to achieve progress would be developing a highly efficient facility, in which
energy consumption for the enhancement of biomass is minimized.

Conversion of biomass into valuable carbon products can be achieved through
hydrothermal carbonization (HTC), a thermochemical process that is acquiring a rising interest.
HTC occurs in water and exploits the unique properties of liquid water under elevated temperatures
to carbonize biomass into a carbonaceous material, referred to as hydrochar. Since the process is
wet, HTC is well suited to enhance biomass with high moisture content, avoiding any energy-
intensive pre-drying stage. The process occurs under subcritical conditions, with temperatures
usually ranging between 180 and 250 °C, self-generated pressure from 10 to 50 bar, and reaction
times from a few minutes to several hours [320]. A complex network of reactions takes place
during HTC, involving solid-solid and solid-liquid conversions and including reactions such as

hydrolysis, dehydration, decarboxylation, and polymerization [321,322].
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Even if the HTC reactions are slightly exothermic as a whole [323-326], the energy release
is lower than thermal requirements (i.e. the energy necessary to reach operating conditions and to
tackle heat losses), making external energy sources mandatory.

Until now, many efforts have been made to understand the fundamentals of HTC (e.g.
reaction pathways, effect of operating parameters, characterization and optimization of hydrochars
[322,327,328] and towards scalability bringing to the first pilot and industrial scale plants
[329,330]. Because of its coal-like properties, hydrochar is particularly suitable for combustion
applications [331,332]. Furthermore, tunable surface properties of hydrochars make them useable
as precursors for high-value carbon-based materials [333]. In that respect, post-treatments have
been recently investigated to enhance hydrochar as an adsorbent for water remediation applications
[334,335] and as an electrode material for batteries and fuel cells [322].

Nevertheless, there is a certain lack of research around the optimization of the
technological process itself. In particular, despite the huge and established potential of
concentrated solar energy, the usage of concentration solar systems combined with HTC has been
little investigated and only a few works dealing with this topic have been reported in the literature.
Among them, [336] simulated a pilot plant made by an HTC reactor coupled with solar panels,
while [337] tested an HTC reactor working with parabolic trough collector.

Despite the scarcity of research around solar HTC systems, adopting solar concentration to
sustain thermochemical processes has seen a rising development from the mid-2000s [338], driven
by lower costs and improved design. These solutions conceptually derive from the consolidated
concentrated solar power (CSP) systems used for electrical production. Among hydrothermal
processes besides HTC, [339] proposed a commercial solution involving a concentrating solar
power system combined with hydrothermal liquefaction, while several conceptual studies were
carried out both on hydrothermal liquefaction [340,341] and hydrothermal gasification [342—-344].
Recently, [345] proposed a direct solar-hydrolysis apparatus to pretreat microalgae slurry.
Moreover, the adoption of solar systems for producing hydrogen and syngas (through methane
reforming and gasification of carbonaceous feedstock) and for industrial commodities (such as
zinc production) has been demonstrated successfully at plant scale [338,346].

Thus, to address the lack of research concerning solar HTC and disclose a novelty in the
current state-of-art, we propose the realization of an innovative hybrid solution consisting of an

HTC reactor coupled with a parabolic dish concentrator (PDC). Within the solar thermal systems,
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the parabolic dish technology is attractive for its high conversion efficiency and possible use in
remote grids [347,348]. Through the proposed system, concentrated sunlight is converted into heat,
which fully covers the thermal energy requirements of HTC and avoids the need for any external
energy source. The coupling between the two technologies is direct, meaning that the reactor is
directly illuminated and heated by the concentrated solar radiation. The experimental apparatus
consists of a 300 ml HTC reactor placed on the focus of a PDC prototype, equipped with a mirror
of 0.8 m?, while a copper oxide coating allows the maximization of the solar radiation absorption.

In this chapter it is reported details on the solar-HTC experimental apparatus and the first
experimental campaign performed to assess its effectiveness. Since the absorption process of solar
light is a key factor for the overall performance, particular attention was given to the design of an
efficient optically absorbent coating. Besides, HTC tests were carried out at 180, 220, and 250 °C
(residence time of 2 h) on grape seeds, an agro-biomass residue resulting from the winemaking
industry. Given their high moisture content of about 60-70% [349], grape seeds are excellent
candidates for HTC. Properties of “solar hydrochars™ obtained through our hybrid solution were
compared with those from conventional HTC systems.

As a whole, this research work provides a proof of concept for the solar-HTC technology
and demonstrates the feasibility and reliability of the concept. This research work stimulates future
advancements in the solar-HTC field to be achieved, for instance, through life cycle assessment,
equipment design scale-up, energy savings evaluations, and estimation of the costs involved in the
technology in comparison with more standard technical approaches.

8.2 Materials and methods

8.2.1 Description of the system

The demonstrator system realized at the University of Trento consists of an HTC reactor
coupled with the parabolic dish concentrator (PDC) described in detail on chapter 3, both
developed in-house. The coupling between the two technologies is direct: the HTC reactor was
positioned on the focus of the parabolic dish, as shown in figure 8.1(a) and (b). This configuration
allows the achievement of high concentration ratios and the minimization of heat losses in

comparison with indirectly heated systems. Moreover, it presents a good constructive simplicity
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and versatility. Previous tests proved that one module leads to a maximum peak concentration ratio
of 870X and ensures a Gaussian distribution of the light focus, with 95% of the power contained
in a spot diameter of 5.8 cm [57].

The HTC reactor was designed to match the solar concentrator specifications, according to
the European standard on unfired pressure vessels (UNI EN 13455-3:2014) and was manufactured
at the machine workshop of the Physics Department of the University of Trento. The HTC reactor
is a batch type, is made of stainless steel AISI 316 and has an internal volume of 300 ml. It was
designed to withstand pressures and temperatures up to 190 bar and 280 °C, respectively. Fig. 1
(c) shows the reactor schematic drawing. A Teflon gasket guarantees the sealing between the main
body of the HTC reactor and its closing flange. The reactor closing flange is the focus facing the
concentrator mirror and aims both to absorb the concentrated sunlight and transfer heat to the
internal side of the reactor. To maximize the sunlight absorption, a thin layer of copper oxide was
deposited on the flange surface. Two thermocouples pass through the top side of the HTC reactor
body for the measurement of temperature at different heights (1 cm from the top and 1 cm from
the bottom, respectively). From the same side, a rupture disk (calibrated at 120 bar) was positioned
for safety reasons. Two pipes were predisposed to the purging with nitrogen. During the HTC tests,
the internal temperature of the reactor was maintained at the set point value (accuracy of £ 5 °C)

by raising and lowering a shield positioned between the reactor and the mirror.

(a)

Figure 8.1: Solar-HTC system: (a) HTC reactor placed on the solar apparatus, made up of one parabolic module and
a sun tracker; (b) HTC reactor: the coated closing flange; (c) technical drawings of the HTC reactor.
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8.2.2 Realization and characterization of the coating

To maximize both the sunlight absorption and the heat transfer, the side of the HTC reactor
on which sunlight is focused (i.e. the flange) was sandblasted and treated with a copper oxide
coating. This consists of'a 1.78 um thin layer of copper oxide CuOx realized by combining electron
beam deposition (EBD) with thermal oxidation in air. The coated flange can be appreciated in Fig.
1b, in which the HTC reactor is mounted on the solar collector.

Before the coating deposition, the flange was cleaned with acetone in an ultrasonic bath
and sandblasted using silica particles of diameter in the range 90-150 um for a duration of 120 s.
Sandblasting allows to increase the roughness of steel, which influences the infrared emittance
[350].

The deposition was performed through a laboratory-built evaporator system equipped with
a 10 kV electron gun with a 10 mA average beam current. Copper powder (Alfa Aesar, 99%) was
placed in a graphitic crucible on a water-cooled holder. Background pressure was maintained
lower than 2.66 x 10° Pa before operation and at 9.33 x 10 Pa during evaporation. Deposition
was performed at room temperature at a rate varied between 3.0 and 5.2° A/s, controlled with a
quartz crystal transducer. After that, the coated steel was annealed in air at 450 °C for 12 h to
ensure the oxidation of copper.

For characterization purposes, the same deposition procedure followed by thermal
oxidation was repeated on stainless steel and glass slides (1.5 mm x 25 mm x 75 mm). Total
reflectance (Rt specular plus diffuse), diffuse reflectance (Rd) and transmittance (T) of the coated
samples were measured through a UV-Vis—NIR spectrophotometer (Varian Cary 5000), equipped
with an integrating sphere. A Labsphere Spectralon SRS 99 white standard was used as reference
material, while the data acquisition was carried out over a wavelength range between 300 and 800
nm. For comparison purposes, measures were performed also on an uncoated sandblasted
stainless-steel sample.

T of the blasted steel was assumed equal to zero, both with and without the coating. Indeed,
the fraction of light transmitted through the coating is likely absorbed by the steel substrate or
reflected back and absorbed by the coating. Furthermore, the T of the coating itself was assumed
equal to that of the coated sandblasted glass sample. In this case, the effect of a sandblasted

substrate is approximated by the underlying glass.

121



Absorptance (A) and specular reflectance (Rs) were determined by difference at each

wavelength, according to Equations (1) and (2).
A (%) =100 - Ryt — T (1)
Rs (%) = Riot - Rd (2)

The composition of the coating was established by X-ray Diffractometer using the Cu Ka
radiation in Bragg-Brentano configuration. The morphology of the coating was investigated by

scanning electron microscopy.

8.2.3 Experimental campaign

To show the effectiveness of the solar-HTC reactor, an experimental campaign was carried
out for the treatment of grape seeds. The substrate derives from the wet sieving of grape marc and
was provided by an alcohol producer company in the North-East of Italy (province of Trento),
already dry and with a residual moisture content of about 5 wt %. Solar HTC tests were performed
at temperatures of 180, 220, and 250 °C, while residence time and dry biomass to water weight
ratio (B/W) were maintained fixed at 2 h and about 0.3, respectively. Each test was performed
twice to address reproducibility.

For each run, 28.6 £ 0.1 g of dried grape seeds and 95.6 + 0.1 g of distilled water were
introduced inside the reactor. The amounts of materials were chosen to guarantee a B/W of about
0.3 and to leave a free volume in the reactor of 60%. After positioning the Teflon® gasket and the
rupture disk, the reactor was sealed and mounted on the frame of the solar concentrator at a relative
angle of 45°, with its coated side facing the parabolic mirror. To improve insulation and protect
cables from the solar radiation, the reactor was wrapped with an aluminum foil. Thus, the parabolic
mirror was aligned with the sun to have the concentrated light spot contained into the coated side
of the reactor. Fig. 1 (a) shows a picture of the system under operation. The heating phase began
and the counting of residence time started when the reactor internal temperature reached the set
point value. The internal temperature was maintained at the set point value through a shield, which
was manually operated to ensure a maximum temperature variation of 5 °C to the set point value.
During the tests, direct radiation was recorded through the pyrheliometer. After the residence time

was over, the shield was raised, the system misaligned with the sun and the reactor cooled down
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naturally until ambient temperature. Thereafter, the system was disassembled: the reactor was
opened, the solid fraction recovered by filtration and dried in an oven at 105 °C overnight.
The hydrochar solid yield (SY) was computed as the ratio between the mass of dry

hydrochar (mrc ary) and the mass of dry biomass (moio, ary), as reported in Eq. (3).

SY (%) = (Muc dry / Mbio,dry) X 100 (3)

8.2.4 Characterization of hydrochars

Ultimate analyses were performed by means of a Vario MACRO Cube (CHNS-O version)
and applying the ASTM D-5373 standard method. The ash content of hydrochars was determined
according to the ASTM D3174 -12 standard at 900 °C in a muffle, while the oxygen content was
computed by difference (O = 100-C-H-N-S-Ash). All compositional data refers to a weight
percentage (wt.%), on a dry basis.

An IKA C 2000 calorimeter was used to measure the higher heating values (HHVS) of dry
hydrochars and dry grape seeds according to the CEN/TS 14918 standard. The energy yield (EY)

was computed as shown in Eq. (4).
EY (%) = (HHVHcary / HHVhiodry) X SY (%)  (4)

For each sample, analyses were performed at least twice and the average values with their

relative errors were reported.

8.3 Results and discussion

8.3.1 Properties of the coating

The coating confers to the blasted steel good absorbing properties. Indeed, it leads to a
maximum absorptance of 95.5% in the UV region and values always higher than 90.7% over the
observed wavelength range. The effect of the coating on the substrate is significant, as shown in
figure 8.2 (a) and (b). In correspondence of the solar radiation peak (at around 500 nm), the

substrate total reflectance and absorptance pass from 45.0 to 5.7% and from 55.0 to 94.2%,
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respectively. Besides, the coating reduces the impact of the wavelength variation, flattening the
curves. Either with or without the coating, reflectance mainly consists of the diffuse fraction, which
occupies more than 92.6% of the total reflectance over the entire observed spectrum. In this regard,
sandblasting is decisive because it increases the steel macroscopic roughness and therefore the
light scattering. Moreover, previous studies demonstrated that roughness positively impacts the
emittance and adhesion of the film with the substrate [350,351], making sandblasting an effective

pre-treatment for the coating.
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Figure 8.2: Trends of absorptance (A) (a) and total reflectance (Rtot) (b) of blasted steel, with and without the
coating, at different wavelengths.

Table 8.1 summarizes the value ranges of the variables indicative of optical performances
over the observed wavelength range (300—-800 nm), for both the coating deposited on blasted steel
and the coating itself. The difference among them is mainly due to transmittance, which is equal
to zero for the coating deposited on the steel substrate. In the case of the coating itself, the amount
of radiation transmitted is extremely low (maximum value of 0.1%). Interestingly, with an
absorptance ranging between 95.6% (at 300 nm wavelength) and 89.8% (at 800 nm wavelength),
the performances of the coating are comparable with commercial coatings. These are used in a
variety of light absorption applications, such as in spacecraft, sensors and analyzer instruments for
plasma and energy [350]. A list of commercial coatings with high absorptance (88.0-97.0%) can
be found in literature [352].

XRD analysis demonstrates that the coating is a sub-stoichiometric mixture of copper
oxides, consisting of CuO (cupric oxide) and a smaller fraction of Cu2O (cuprous oxide). The XRD

pattern of the coating deposited on blasted steel is shown in figure 8.3, where the presence of the
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steel phases (austenite and ferrite) of the substrate can be also detected. During oxidation, metallic

Cu oxidizes to Cuz0 (4Cu + O2 — 2Cu20) which becomes the precursor to CuO (2Cu20 + O; —

4Cu0), whose slow formation ensures a continuous and uniform growth for CuO nanowires [353].
Table 8.1: Value range of optical parameters of coating deposited on blasted steel and of coating itself, in the

wavelength range 300-800 nm (A: absorptance, Rtot: total reflectance, Rd: diffuse reflectance, Rs: specular
reflectance, T: transmittance).

Blasted Steel + Coating | Coating
A (%) 95.5-90.7 95.6-89.8
Riot (%) 45-9.3 4.4-10.1
Rd (%0) 4.6-8.6 4.1-9.7
Rs (%0) 0.1-0.7 0.2-0.4
T (%) 0 0.0-0.1
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Figure 8.3: XRD pattern of the coating deposited on blasted stainless steel (0: diffraction angle).

As shown in SEM images reported in figure 8.4 (a) and (b), CuO nanowires cover all the
surface and have diameters between 20 and 100 nm. This kind of nanostructure is often found in
transition metal oxides synthesized by physical vapor deposition methods followed by thermal
annealing in oxidative conditions [353-355]. These have been employed in a broad field of
applications in which a high surface is required, such as medical devices, sensors, solar cells, and
catalysts [356].
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Overall, the ordered nanostructured surface confers good absorption properties. The
probability of the coating of trapping photons is positively affected by copper oxide nanowires,
which allow multiple reflections of light inside the material. Moreover, sandblasting provides more
sites for nucleation and then enhances the density and length of nanowires [356].

8.3.2 Effect of process parameters on heating times

As shown in table 8.3, as direct irradiance increases, the time required to reach the set point
temperature decreases since more thermal power is supplied to the HTC reactor. In this respect,
tests performed at 485 and 734 W/m? require the same time (40 min) to reach the HTC set point
temperatures of 180 and 250 °C, respectively.

Heating times are comparable with those involving non-renewable heating sources, such
as band heaters electrically powered, which amount to approximately 30 min [320,324,357].
However, a certain lack of investigation around heating times involved during HTC is observed in
the current literature [358].

Figure 8.5 shows the trends of the HTC reactor internal temperature versus time during
reactor heating-up. For all the investigated irradiances, trends are almost linear and can be
approximated by two straight lines with two different slopes (R? > 0.99). Temperatures increase
steeper in the first region (from 20 to 100 °C) than in the second one (from 100 °C to the set point
value). Angular coefficients (m), computed through linear interpolation and summarized in table
8.2, mark this difference. Up to about 100 °C, energy is used to heat water and biomass, without
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any reaction occurring, and the amount of vaporized water is limited. In the second region, the
heating phase slows down because HTC reactions progressively trigger, thermal losses to the
environment increase, and the amount of water which vaporizes increases substantially (the vapor
pressure of water at 180, 220, and 250 °C is equal to, respectively, 10, 23, and 40 bar (NIST
Chemistry WebBook).

Table 8.2: Angular coefficients (m) and R? values of temperature-heating time interpolating lines in the intervals 0—
100 °C and 100 °C-set point temperature (Id: direct irradiance).

Id (W/m?)

485 | 530 | 678 | 732 | 720 | 734
Mo-100°c | 5.50 | 4.92 | 6.55| 7.48 | 6.79 | 7.43
R20-100°c | 0.99 | 1.00 | 0.99 | 1.00 | 0.99 | 1.00

Mauoo°c-set | 3.39 | 4.17 | 4.85 | 4.38 | 4.02 | 4.73

R%100°c-set | 1.00 | 1.00 | 0.99 | 0.99 | 0.99 | 0.99

Table 8.3: Solar-HTC test details, ultimate analyses and HHV's of “solar hydrochars” (Relative errors < 0.5% for
ultimate analysis, < 0.5% for ash, < 0.6% for HHVs). All data are on a dry basis.

Sample | Heating | Id | SY | Ultimate Ash | HHV | EY
time (W/ | (%) | analysis (wt. | (MJ/ | (%)
(min) m?) (Wt.%) %) | kg)
C H |0 N |[S

Raw - - - 53.2 6.7 [36.2 |17 (03|19 |225 |-
biomass
180 °C - | 40 485 | 78.8 | 59.7 6.7 1294 |15]|04 |23 |249 |835
1 +2
180 °C - | 34 530 | 80.1 | 60.1 6.7 1291 |16 04|22 |251 |[856
2 +8
220 °C - | 36 678 | 72.0 | 64.0 6.4 253 |17]04 |22 |272 |833
1 +5
220 °C - | 34 732 | 70.1 | 64.5 6.4 248 |[20]03 |20 |27.7 |826
2 +9
250 °C - | 45 720 | 61.5 | 69.2 6.5(194 |[20]03 |25 |305 |[79.8
1 +

17
250 °C - | 40 734 [ 61.1 |69.1 6.3 (198 |20 (03|27 |30.0 |78.0
2 +

14

@ Computed by difference.
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Figure 8.5: Trends of HTC reactor internal temperature as a function of time, at different direct irradiances.

As shown by temperature trends and angular coefficients, tests performed under higher
irradiances show steeper slopes. Indeed, a higher irradiance means a higher amount of heat
provided to the system, which determines a faster heating phase. Moreover, temperature trends
measured at similar irradiances (720, 732, and 734 W/m?) show relative differences in angular
coefficients lower than 10%, which ensures a good reproducibility of the tests in terms of the

operating conditions.

8.3.3 Properties of “solar hydrochars”

Higher HTC temperatures enhance the conversion degree of biomass into hydrochar, as
demonstrated by the decreasing trend of solid yields reported in table 8.3. Indeed, harsher
conditions favor the mass transfer of the starting biomass into the gas and liquid phases [359].
Biomass directly decomposes into gas molecules (mainly CO2 and CO) through decarboxylation
and decarbonylation reactions, whilst into organic molecules in the liquid phase [334,360].
Meanwhile, some of these organics further decompose to COz, react and possibly polymerize in
the liquid phase.

Table 8.3 also reports the elemental composition of the raw biomass and hydrochars, in
terms of carbon (C), hydrogen (H), oxygen (O), nitrogen (N) and sulfur (S). As expected, the HTC

operating temperature has a positive effect on the carbonization process. Elemental C increases
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along with a decrease in O, reaching values of 69.2 and 19.4% (at 250 °C), respectively. H and N
do not vary significantly among the tests, while the presence of sulfur is almost negligible (0.3—
0.4%).

H/C and O/C atomic ratios were computed and visualized on a Van Krevelen diagram
shown in figure 8.6, in which raw biomass and “solar hydrochars” are compared with typical coals
(anthracite, bituminous coal, lignite and peat). HTC lowers both the H/C and O/C ratios, making
hydrochars close to low-rank coals, like lignite and peat, and indicating that dehydration is a
dominant reaction during the process.

The ash relative content (wt.%) in the hydrochars slightly varies with temperature and is
slightly higher than that in the raw biomass (Table 8.3). However, the ash absolute amounts
decrease compared to raw biomass and exhibit loss ratios ranging between 4 and 28%. This
confirms the HTC capability of dissolving some inorganics (especially Na* and K*) from the parent
biomass into water [361,362].

16
12} X
O Biomasses
vy
2
50'8 s o Lignite
< 3 AN ® Raw biomass
| \ Bituminous coal ¢ 180°C
0.4 HO\ + 220°C
Anthracite and coke x 250°C
-\ L 1 1 L 1 L 1
0 0.2 0.4 0.6 0.8

Atomic O/C (-)
Figure 8.6: Van Krevelen diagram of raw biomass and “solar hydrochars” (Van Krevelen, 1950).

The effect of temperature on the carbonization degree is reflected in the energy properties
of hydrochars (Table 8.3). Through HTC, the higher heating value (HHV) of grape seeds passes
from 22.5 up to a 30.5 MJ/kg (at 250 °C). The energy vyield (EY) slightly decreases with

temperature mainly due to the counterbalance between mass loss and HHV enhancement.
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Properties of hydrochars obtained at the same operating conditions and different
irradiances are fully comparable: the differences in solid yields, composition, and energy
properties (Table 8.3) are very small. Irradiance variations in the investigated range (from 485 to
734 W/m?) do not affect hydrochar properties, proving the reproducibility of the experimental
procedure. Moreover, hydrochar data resemble those obtained in previous works when using
traditional HTC equipment and starting from the same feedstock. In particular, [363] report a
carbon content in the hydrochars of 60.2, 63.6, and 69.5% (at 180, 220, and 250 °C, respectively),
which implies a percentage difference with solar hydrochar lower than 1.4%. This is valid also for
oxygen and hydrogen contents, as well as for hydrochar yields. Besides, the ash content of solar
hydrochars is slightly lower than the ash content of the conventional hydrochars (ranging from 3.5
to 4.5% [363], likely due to the different temperature used during the ash measuring procedure
(900 °C here against 550 °C in [363]. Therefore, the similarity in the composition of solar and
conventional hydrochars demonstrates the effectiveness of the proposed apparatus and, more in

general, of the solar-HTC technology.

8.4 Conclusions

This work provided a successful proof-of-concept for a hybrid solar- HTC technology. This
solution represents a zero-energy process capable to enhance waste biomass into valuable
carbonaceous materials. The HTC energy needs are fully covered by concentrated sunlight and the
use of traditional energy sources is avoided. This system represents an innovative biorefinery
concept in an actual context in which the combination of HTC with renewable energy sources has
been little investigated, thus providing a step-forward towards an environmentally sustainable
HTC process.

Technical details of the components forming the system (i.e. the HTC reactor and the
parabolic dish concentrator) were provided. Particular attention was paid to the characterization of
the coating, which was realized to maximize the absorption of the solar radiation. In particular, the
coating showed very satisfactory light absorption properties (absorptance up to 95.6%) and an
interesting nanostructured surface made up of copper oxide nanowires.

An experimental campaign performed on grape seeds (treated at 180, 220, and 250 °C, for

2 h) proved the operational effectiveness of the technology. Indeed, heating time, solid yields,
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chemical and thermal properties (elemental composition and heating values) of “solar hydrochars”
obtained through our hybrid solution resemble well those of traditional HTC systems.

Future developments linked to the solar-HTC prototype include the realization of a more
sophisticated control system, able to handle the shield positioned between the reactor and mirror
as a function of the internal HTC temperature. In a wider perspective to fully develop the solar-
HTC technology, further research is necessary: design scale-up, estimation of the costs involved
in the combined technology in relation to those of more standard approaches, parametric analysis,
life cycle assessment.
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Chapter 9 — Conclusions and suggestions for future works

9.1 Conclusions

This thesis presented the results of an extensive 3-years scientific research to push forward
applications of solar concentration for the decontamination of wastewater, suitable for the
sustainable development. The research accomplished a deep discussion of the possibilities to apply
the combination of concentrated sunlight with photocatalytic materials and direct photolysis
applications. In particular, improvements on reaction speeds using novel photocatalysts and
approaches regarding the treatment of real contaminated water sources were studied.

In this perspective, chapter 1 introduced the state-of-the art of the topic and positioned the
social and economic impact of developing solar concentrators for green applications.

Chapter 2 highlights the lack of photocatalyst materials capable to operate under near UV-
Visible irradiation, the necessity to improve heterogeneous photocatalysis routes proposing novel
supported thin films, the process design using commercial silver coated mirrors for solar collectors
and the open possibilities to shift applications from model pollutants to real wastewaters.

Chapter 3 describes the experimental methodology and characterizations used for the
development of this work, the parabolic dish collector and the pulsed laser deposition as an
important fabrication technique to synthesize thin films in nanostructured stable materials.

Specifically, regarding photocatalytic materials development, presented in chapters 4 and
5, WOs thin film coatings were successfully produced by PLD and, for the first time were
employed for applications with concentrated sunlight wastewater treatment. Also, green-
synthesized ZnO nanoparticles were successfully employed in solar wastewater remediation. The
improvements on the photocatalyst as coatings can push forward applications on environmental-
friendly wastewater remediation. Both above approaches demonstrated satisfactory results on a
PDC configuration with commercial silver coated mirrors. This result paves the way to continue
dedicating efforts to develop photocatalyst materials with the following features: a) coating
catalysts, b) operating the near UV-Visible range and c) resistant to aggressive environments.

Regarding application of solar wastewater remediation technologies presented in chapters
6 and 7, surfactant-rich industrial wastewaters were successfully treated with concentrated

sunlight. The application to real wastewaters after tests on model pollutants, was demonstrated.
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Significative differences between heterogeneous and homogeneous routes could be observed
leading the choice between them to individual evaluations on each industrial condition. On the
work with organolead contaminated wastewaters, a possible vision for a local case on wastewater
treatment was established, and the feasibility of using concentrated sunlight to degrade such
contaminants was confirmed.

Regarding solar hydrothermal carbonization presented in chapter 8, the approach of
coupling a PDC solar concentrator with a hydrothermal carbonization reactor was proposed for the
first time. The carbonization effects obtained in this work have been demonstrated to be
comparable with other thermal carbonization techniques described in literature. The activation for

the reactions promoted by the solar system can drive to a zero-cost energy for this application.

9.2 Suggestions for future works

With the aim to improve the success of the application of solar concentration on the

environment industry, it could be suggested for future works:

a) Related to the solar concentrator apparatus:

- Update the electronic controls from the tracking system in order to increase the
operational reliability;

- Design and build a CPC or a V-through solar system with line focus in order to propose
treatment comparisons, also in modular structure to be employed in SMEs for technological
transfer;

- Improve the circulation conditions and data acquisition in form of a modular transportable

installation, comprising the pumps, the computer and temperature controls.

b) Related to the photocatalyst material:

- Continue the investigations of WO3 proposing composites, in order to shift absorption
rates in values superior than 472 nm, improve acidic resistance together with in-depth mechanistic
study;

- In the “green-synthesized” ZnO, study in depth the fixing of the films and consequent
repeatability of the process on the circulation system.
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c) Related to applications on real wastewaters:

- Extend the applications to novel contaminants of emerging concern (CEC), i.e. PFAS,
antibiotics and pesticides contaminated water sources;

- Propose the integration of modular solar wastewater treatment into the value chain of

industry 4.0 for implementation on eco-friendly processes.

d) Related to solar hydrothermal carbonization:

- Develop an automatic temperature control by means of balancing the solar radiation;
- Test different biomasses for comparisons of the carbonization rates;

- Increase the volume of the prototype tests;

- Propose a study on an application for the resulting carbonized biomass.
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Appendix A — Evaluation of H202 concentrations on solar

photocatalytic experiments (chapter 4)

Figure A.1 shows the data results regarding the use of 1M concentration of H2Og. It is
evidenced that the use of this concentration of H.O> promotes a prevalence effect of direct
photocatalysis in the solar concentrator experiment condition. This is due to the high density of
photons reflected by the mirror and the high absorption of the H>O> in visible light condition
(Concentrated power density of 720 W/m?). In this case it is not possible to evidence a

photocatalytic improvement promoted by the WO3 material.
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Figure A.1: Relative degradation of MB dye up to 120mins under concentrated sunlight in presence of H,O, (1M)
solely and AN600 coating with H,O, (1M).

For this reason, in figure A.2 the experiment was also performed with 0.1 M H20>
concentration to focus the solar photocatalytic performance of the WOz material. After this test it
was decided to adopt for the solar experiment a concentration of 0.1M. Finally, figure A.3 confirms

a decrease in the kinetic activity by using 0.1 M H.O> concentration.
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Appendix B — Cost analysis of PDC solar concentrator to

wastewater purification

Economic considerations follow below for the PDC prototype, consisting of a parabolic
dish (area of 0.76 m?) and a quartz tube reactor with a volume of 150 mL as resulting from
calculations. These data just want to provide preliminary insights into the cost evaluation of the
PDC solar wastewater purification prototype apparatus.

The costs of the prototype were estimated on the base of the incurred expenditures we
sustained to build the PDC system at our university mechanical workshop and lab facilities.

Table B.1 reports the main results with total cost of EUR 10.180 for the PDC apparatus,

pumping system, cooling system, quartz glass lid and catalyst.

Table B.1: Technical details and initial costs of the PDC wastewater purification apparatus.
Technical details

PDC projected area (m?) 0.76

[lluminated volume (L) 0.15
Total volume (L) 2

Power PDC (W/m?) 800

Incident Power @ the catalyst (W/m?) 720 (90%)

Costs
Total PDC system cost (Euro) 10180
PDC (Euro) 9500
Quartz glass reactor (Euro) 165
Pump and circulation system (Euro) 300
Cooling system (Euro) 15
Catalyst price estimate (Euro) 200
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Appendix C — Economic analysis of ZnO applications (chapter 5)

An economic assessment was carried out with the objective to compare the costs between
Zn0O-Green and ZnO-Chem colloidal photocatalysis in the PDC system. The catalyst concentration
of 0.6 g/L for the time interval of 2 hours that resulted in the highest degradation rates (94%) for
Zn0O-Green and ZnO-Chem was considered. The calculations were guided using as reference a
previous work for applications of photocatalytic processes in experimental setups [364]. In this
approach, the calculations took into consideration the costs of installation, the electrical power
consumption and the photocatalysts synthesis. Table C.1 presents the items of the installation and
summarizes the experimental conditions. For this assessment, one year of use of the system was
considered, corresponding to 50 experiment runs, each with 2 liters volume and a concentration of

10 ppm of MB as the model pollutant.

Table C.1: Components and experimental conditions assumed for the economic evaluation.

Solar PDC apparatus Experimental Conditions Value
PDC solar concentrator Total volume (L) 2
quartz glass tube Illuminated volume (L) 0.15
diaphragm pump Power PDC Sunlight
thermometer Initial concentration of pollutant (ppm) 10
feeding tank Conversion (%) 94
pump tubing (10m) Experiments by year (hypothesis) 50
Concentration of catalyst per experiment (g/L) 0.6
Total volume treated by year (L) 100

Table C.2 shows the yearly costs of the facility, to every component is attributed the
fabrication costs. A 5% of use was defined to the experimental setup taking into consideration the
concomitance with other experiments along the same time period. For each item the lifetime was

specified a therefore the calculation resulted in a yearly cost value of €28.65 for the PDC system.
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Table C.2: Yearly costs of the solar PDC apparatus for photocatalysis.

Price | Use | Costof | Lifetime | Yearly cost

Components of device © (%) | use (€) (years) | (€l/year)

PDC solar concentrator 9500 | 5% 475 20 23.75
quartz glass tube 165 | 5% 8.25 3 2.75
diaphragm pump 280 | 5% 14 10 1.40
thermometers 15| 5% 0.75 5 0.15
feeding tank 10 | 5% 0.50 5 0.10
pump tubing (10 m) 10 | 5% 0.50 1 0.50
Total 9980 499 28.65

The second evaluation performed are the costs related to electrical power consumption.
Table C.3 presents the calculus expressing the amount of time used for every experiment (2 hours)
individualizing the electrical power consumption of every electrical component from the apparatus
expressed in KWh. The result of the sum of the consumption was multiplied by the quantity of 50
experiments along 12 months. An average value of electricity price of 0.12 €¢/Kwh was assumed,

and the electrical costs resulted in €7.80/year for the solar PDC.

Table C.3: Yearly electricity costs for the solar PDC installation.

Use Equipment | Power | Consumption
Solar PDC (h/exp) (KW) (KWh)
PDC gearmotors and controls 2 0.4 0.8
diaphragm pump 2 0.2 0.4
Thermometer 2 0.05 0.1
Total consumption per experiment 1.3
Yearly number of experiments 50
Total consumption per year (KWh/year) 65
KWh cost (€) 0.12
Electricity costs (€/year) 7.80

Table C.4 presents the costs related to the synthesis of both ZnO-Green and ZnO-Chem
catalysts. In this approach, only the raw materials cost was considered due to the assumption to be
the major contribution in the cost and a yield of 10% for the synthesis methods was rated. For each
2 L experiment, the weight of 1.2 g of catalyst was employed in the colloidal suspension. The cost
per gram of the ZnO-Green resulted in 10.80 €/g, starting from Zn(NO3)2.6H20 (Sigma-Aldrich
98%, 0.27 €/g) and fresh garlic bulbs (8 €/Kg). The ZnO-Chem cost is 16.50 €/g due to the
employment of Zn(NO3)2.6H20 (Sigma-Aldrich 98%, 0.27 €/g) and Oxalic Acid (Sigma-Aldrich
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>99%, 0.74 €/g). For the yearly duration of experiments (50 runs), the cost resulted in € 648 and
€ 990 for the ZnO-Green and ZnO-Chem respectively. The relevance in difference on the cost for

ZnO-Green is regarding the employment of garlic instead of oxalic acid.

Table C.4: ZnO photocatalyst synthesis comparison costs.

Photocatalyst ZnO-Green ZnO-Chem

Concentration (g/L) 0.6 0.6
Volume of experiment (L) 2 2
Total amount / experiment (g) 1.2 1.2
Price (€/g) (only reagents and 10% yield) 10.8 16.5
Cost / experiment 12.96 19.8
Expl/year 50 50
Yearly cost reagents / exp (€/Year) 648 990

Table C.5 presents the condensed yearly and unitary experiment costs for the studied case.
The numbers are the values from sum of the three factor costs evaluation: yearly cost of the facility,
electrical power consumption and photocatalysts synthesis. The resulting value for the ZnO-Green
catalyst experiment is €684.45/year and of €1026.45/year with ZnO-Chem on the solar PDC
configuration. If considered the unitary costs: the values are of €13.69 with ZnO-Green and €20.53
with ZnO-Chem per experiment.

Table C.5: Total costs for operating the solar PDC apparatus.

Solar PDC ZnO-Green ZnO-Chem

Cost by Year €/year % €/year %
Yearly costs of facility (YCF) 28.65 4% 28.65 3%
Electricity costs 7.8 1% 7.8 1%
Catalyst costs 648 | 95% 990 96%
Total annual costs (TAC) 684.45 | 100% 1026.45 | 100%
Total costs per experiment (50) 13.69 | 100% 20.53 | 100%

The above evaluation put in evidence the stronger influence on the costing composition of
the experiment given by the catalyst synthesis, corresponding to 95% and 96% for the ZnO-Green
and ZnO-chem respectively. In the other hand, the costs of electricity and installation of the solar
PDC do not represent remarkable influence in the short term, but for medium and long terms the
solar PDC can play in favor by long lasting lifetime of the system if for example comparing with

illumination by artificial sources.
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