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ABSTRACT

The TiO, photocatalytic degradation and mineralization of organic pollutants in
water has been broadly demonstrated at the laboratory level for a wide number of organic
pollutants. However, there are still some problems that need to be addressed in order to
make this technology more practical. The design of heterogeneous photocatalytic reactor
systems, still in the infancy their development, is facing different problems such as light
scattering, oxygen starving, particle separation and mass transfer. Additionally, there
have also been a lack of a general method to evaluate the performance of the different
reactor systems.

The present work addresses these problems by presenting a new photoreactor
system (PHOTO-CREC 1I) and a general method called the Photochemical
Thermodynamic Efficiency Factor, PTEF (based on known thermodynamic and
photocatalytic principles) for the evaluation and comparison of the performance of
different photoreactor systems.

The new photocatalytic reactor concept (PHOTO-CREC, reactor) was designed,
built and successfully tested with model pollutants (Methylene Blue and Phenol). The
characteristic parameters of adsorption and reaction kinetics for the photodegradation of
methylene blue were determined. The effects on the reaction rate of initial concentration
of the model compound, flow rate of the solution through the reactor and light intensity
were also determined and a kinetic model proposed. Quantuin yields and EE/Os fcr thie
photodegradation reaction were determined and compared with other values reported in
the literature.

The new efficiency index (PTEF), was utilized to compare the pe formance of the
PHOTO-CREC reactor with other photoreactor systems. It was demonstrated that PTEFs,
obtained using data from a number of literature references, are independent or weakly
dependent on pollutant chemical structure and characteristic of the specific photocatalytic
reactor used.

PTEF values in PHOTO-CREC II were in the range of 1 x 10 mol J-!, which
is considered in the high range for PTEF values. This was particularly relevant
considering that the unit studied was with the largest volume for this range of PTEF.
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CHAPTER 1
GENERAL REVIEW

1.1  INTRODUCTION

During the last decade, chemical and bacteriological contamination of water
streams have become an issue of worldwide concern. Nowadays it is frequent to find
reports in the press about the contamination of ground and surface waters: sea, lakes,
rivers, ponds, creeks and wells. In developed countries, water contamination vriginates
frequently from industrial activity and from the large number of household chemicals
used at home and the office, while in developing countries, water coatamination is due
largely to agricultural activities, transportation, untreated industrial wastewater discharges
and social problems. The consequences of drinking contaminated water are numerous.
Contaminated waters may be linked with new diseases and epidemics and also contributes
to the destruction of the natural environment, such as the eutrophicat.on of lakes and
rivers (Edwards, 1995).

In general, sources of organic contaminants can be related to petroleum refining,
organic synthesis industries, pulp and paper milling, textile processing, agroindustries
and the use of pesticides, insecticides, herbicides and fertilizers in agriculture. Also,
chlorine used for waste water disinfection can form a broad range of low molecular
weight, halogenated organic compounds. These chlorinated compounds, so-called
chlorinated byproducts, are potentially hazardous substances.

Fifteen years ago, the U.S. Environmental Protection Agency (EPA), identified
114 chemical compounds of concern that could be found in water. These compounds
were classified into nine groups:

1. Pesticides and metabolites,

. Polychlorinated biphenyl (PCB) and related compounds,
. Halogenated Aliphatics,
. Ethers,

. Monocyclic Aromatics,

. Phenols and Cresols,
. Phthalate Esters,
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8. Polycyclic Aromatics,

9. Nitrosamines and other nitrogen containing compounds.

Given the continuous progress in new chemical processes, many more compounds
have been synthesized and eventually released to the environment.

Fortunately, nature plays an important role in the decontamination of surface
waters. The natural purification of surface waters is caused mainly by sunlight and
natural photocatalysts, such as iron salts (Matthews, 1991) which break down organic
molecules into simpler molecules and ultimately to carbon dioxide and other mineral
products. However, direct solar photolysis encounters significant difficulties given the
poor sunlight absorption by many substrates, since in many natural aquatic bodies,
sunlight is strongly attenuated at shallow penetrations. As well, contaminants are
frequently adsorbed on sediments, both in lakes and rivers, creating physicochemical
barriers to the natural process (Serpone, 1994).

Given these facts, it is necessary to consider other processes to decontaminate
water, other than by purely natural means. The best strategy appears to be the removal
of the pollutant by destruction at the source of contamination. Thus, industrial waste
waters should be treated at the effluent site of the chemical plant before they are released
into the aquatic system.

Classical technologies for wastewater treatment and purification are mainly based
on the transfer of contaminants from one phase to another, leaving the second phase
contaminated. An example of such technologies is the use of activated carbon. This
process involves adsorption of pollutants on the surface of activated carbon particles with
contaminants being transferred from the liquid to the solid phase (carbon particles).
Following this operation, it is necessary to dispose of the unit or to regencrate the
activated carbon. Deactivated carbon particles can be regenerated by desorption of the
pollutants at higher temperatures, transferring again the pcllutants from one phase to
another (solid to gas/liquid phase). In summary, the activated carbon process leaves the
original pollutant essentially intact transferring from one phase to another with still the
additional problem of having to dispose of the noxious substance.

Thus, there is an increasing need for new and effective methods for cleaning
polluted air and water streams. This has resu'ted in a renewed interest in developing




environmentally benign methods for the detoxification and complete mineralization of a
wide range of organic compounds.

In this respect, there is a group of emerging technologies for the destruction of
organic water pollutants known as Advanced Oxidation Processes (AQPs). These
processes can bring about a nearly ~omplete mineralization of pollutants to yield CO,,
water and mineral acids. These technulogies are based on the generation of free radicals.
such as hydroxyl (- OH), as initiators of the photochemical degradation. There are two
main possible routes to achieve these ends: homogeneous and heterogeneous methods for
pollutant photodegradation.

In the homogeneous process, formation of the < OH radicals takes place directly
in the water phase (Bolton and Cater, 1994). Frequently the photocatalyst or
photochemical enhancer employed is consumed in the photoreaction. A typical example
of homogeneous process is the photolysis of hydrogen peroxide. A new process is the
Solaqua® process of Solarchem,' which is based on the use of a water soluble
ferrioxalate complex plus hydrogen peroxide (Bolton, 1995).

In the heterogeneous process, the formation of the +OH radicals takes place as
a result of light excitation of a photocatalyst such as TiQ,, CdS, or ZaO (Serpone, 1986).
The TiO,, in the anatase crystalline form, is a powdered solid employed either suspended
in water or immobilized onto a matrix with water contacting this matrix. TiO, is an
innocuous material with no secondary effects and is quite active. Thus, it offers very
interesting features for water decontamination: i) it is clean, inexpensive and does not
require the addition of extraneous chemical substances, and ii) sunlight, with 3% in the
ultraviolet wavelength range for TiO, excitation, can be employed. Furthermore, the
bactericide activity of the TiO, (Zhang, 1994), may lead to solar powered water
disinfection systems at remote sites. Simple designs and use of solar energy could
become a viable alternative to chlorination for water disinfection.

Photoreactor systems, still in the infancy of their development, are facing different
problems such as light scattering, oxygen starving, particle separation and mass transfer,
There is also a lack of a general and reliable method to evaluate the performance of the

! A Canadian wastewater treatment company based in Markham, Ontario




differen! reactor systems. The present work addresses these problems by introducing a
novel photoreactor (PHOTO-CREC) as well as a general method for the evaluation and
comparison of the performance of different photoreactor systems. Thus, in the context
of the present thesis work the following chapters are considered:

Chapter I presents an introduction and a general literature review and scope of
the thesis.

Chapter II introduces some aspects about the design of photoreactors in the
context of the conceptualization of the PHOTO-CREC reactor.

Chapter 11 describes the experimental method of preparation, characterization and
optimization of the photocatalyst used, as well as the interpretation of the
phenomenon of bonding of TiO, particles.

Chapter 1V describes the different photochemical efficiency factors reported and
introduces the new Photochemical-Thermodynamic Efficiency Factor
(PTEF).

Chapter V describes the experimental methodology used.

Chapter VI describes and discusses the experimental results of the
physicochemical parameters of the system that were measured using the
PHOTO-CREC unit in a comparative evaluation with other reactors. A
kinetic model is also proposed.

Chapter VII presents the conclusions of the Thesis and suggestions.

1.2 CONVENTIONAL WASTEWATER TREATMENT PROCESSES
Sundstrom and Klei (1979) indicate that the main goals of conventional wastewater
treatment processes are the reduction of biochemical oxygen demand (BOD), suspended
solids, and pathogenic organisms. In addition, it is necessary to remove toxic and non-
biodegradable compounds and dissolved solids. Since most contaminants are present at
low or very low concentrations, tie treatment processes must be able to function
effectively with very dilute streams.

Conventional wastewater treatment processes are classified into primary,
secondary and tertiary treatments and sludge disposal.

Primary treatment usually refers to the removal of suspended solids by settling




or floatation. Coarse solids are screened out, the average solid size is reduced, floating
oils are separated and flow or concentration fluctuations are cqualized through short term
storage. Some chemicals may be added in the primary treatment to neutralize the stream
or to improve the removal of small suspended solid particles.

Secondary treatment generally involves a biologi~t process to remove organic
matter through biochemical oxidatioti. The particular bic .g.cal process selected depends
on such factors as the quantity of wastewater, biodegradability of the waste and
availability of landfill areas. Activated sludge reactors and trickling filters are the most
commonly used biological processes.

Tertiary treatment or advanced wastewater treatment are designed to remove
specific contaminants or to prepare water for reuse. It is in this operation where activated
carbon and air stripping can be employed for the removal of organic chemicals. Also,
water effluents are often treated with chlorine or ozone to destroy pathogenic organisms.
It is in this tertiary step of the wastewater treatment, where advanced oxidation
processes, with their many advantages and features, appear to be appropriate as a
substitute for classical methods.

Sundstrom and Klei (1979) also state that currently used methods for cleaning
liquid or gaseous streams involve stoichiometric addition of oxidizing reagents, usually
either chlorine or ozone, to oxidatively degrade organic contaminants. These chemical
treatments have limited effectiveness and accomplish incomplete purification. As well,
these processes involve the comsumption of large quantities of oxidizing reagents to be
consumed in the operation. Therefore, there is a significant possibility that by using AOP
methods, detoxification can be achieved at lower costs.

In Canada, an increasing number of companies are manufacturing systems using
these advanced methods on a demonstration and a full scale. Examples of such companies
are: Trojan Technologies and Matrix Photocatalytic in London, Ontario and Solarchem
Environmental Systems in Markham, Ontario.

1.3. ADVANCED OXIDATION PROCESSES
The oxidation of organic po'lutants in water is an important approach toward
water treatment, given that, if carried to completion, it yields the mineralization of




organics to harmless materials such as carbon dioxide, water and dilute inorganic salts.
As it is well known that the direct oxidation (without a photocatalyst or photoenhancer)
of organic compounds with oxygen takes place, in most cases, at too low rate to be of
practical interest.

As stated before, a possible approach to oxidizing organics in wastewater
treatment is to use chemical reagents with a high oxidizing potential. Usually, the
addition of highly oxidizing chemicals is expensive and requires large quantities of
oxidizing reagents. As well, this approach may yield 4 waste solution that might result
in a new waste treatment problem with significant levels of reduced products of oxidizing
agents.

Carey (1990) states that the water treatment processes which have the most
potential are the following: a) processes involving addition of energy to initiate
oxidations, b) processes considering addition of non-polluting oxidizing agents such as
hydrogen peroxide and ozone, ¢) processes that achieve in situ generation of reactive
species, primarily the hydroxy! radical.

Table I.1 shows a list of different oxidizing reagents and their thermodynamic
standard reduction potentials. As shown, the most highly oxidizing species is the
hydroxyl radical. Based on this fact, it can be argued that AOPs which are based on the
formation of hydroxyl radicals to initiate oxidations are promising methods for
wastewater treatment.

Table L1
TYPE OF OXIDANT AGENT AND THE REDUCTION POTENTIAL
OXIDIZING STANDARD REDUCTION
AGENT POTENTIAL, E°
2 i
Hydroxyl Radical 2.80
Ozone 2.07
Hydrogen Peroxide 1.77
Permanganate Ion 1.67
Chlorine Dioxide 1.50
Chlorine 1.36




In a recent publication, Bolton and Cater (1994) consider that there are four
major AOP techniques under development: a) homogeneous photolysis (UV/Ozone, and
UV/H,0,), b) dark homogeneous oxidation (Fenton reaction, ozone at high pH and
ozone/hydrogen peroxide), c) heterogeneous photolysis (UV/TiO,) and d) radiolysis (high
energy radiation).

Conceming the homogeneous photolysis, the combined use of UV/ozone or
UV/H,0, stimulates the oxidation of organic pollutants in the water. This oxidative
degradation occurs at least partially through the photochemical generation of highly
reactive radicals such as the hydroxyl ( - OH) radical. Light ahsorption by a photocatalyst
is, of course, needed to initiate the reaction.

There is also the possible use of a dark homogeneous oxidation with ii0 UV light
irradiation required. These processes, such as the Fenton reaction, ozone at high pH and
ozone/hydrogen peroxide, are alternative methods to generate - OH radicals.

In heterogeneous photocatalysis (UV/TiO,) < OH radicals are also generated. In
this method, a dispersion or immobilized solid particles of TiO, absorb light in the near
UV to generate chemical oxidants in situ using dissolved oxygen or water. Given ihat
there is no special reagent requirement, other than an adequate supply of water and
oxygen, heterogeneous photocatalysis is a particularly attractive method for the
environmental detoxification of polluted waters.

Finally, in the case of radiolysis, a high energy electron beam is used to irradiate
wastewater. Radicals such as -OH, -H and hydrated electrons are generated, which then
stimulate the degradation of the water pollutant.

Recent technology developments and growing experience with the full-scale
application of AOPs have brought these technologies to the stage at which, in some
cases, AOPs are technically viable, reliable, and economical in many applications
replacing traditional technologies such as carbon adsorption and air stripping. Depending
on the case (site and specific characteristics), AOPs may offer 2 supericr solution because
of the nature of their complete pollutant destruction.

However, as with any technology, careful attention must be given during the
technology selection process as to its appropriate use and application. Many fms must
be evaluated and compared to other potentially applicable technologies during this




screening analysis. In general,' AOPs use sources of UV light of different wavelengths
to produce the + OH radicals. Moreover, there are several AOP designs that may achieve
the same goal; thus AOPs have to be compared and scrutinized in terms of energy
efficiency and ability to achieve the same goal with minimum cost and with complete
pollutant degradation.

The importance of the AOPs is growing and the expectations about these
processes have stimulated several international meetings in Canada: The AOP Symposium
in Toronto, Canada (1990), the TiO, Conference, London, Ontario, Canada (1993); the
AOT Conference, London, Ontario, (1994) and a new larger conference (World
Environmental Congress) is being planned for 1995, also in London, Ontario.

14 HETEROGENEOUS PHOTOCATALYSIS

L4.1. HISTORICAL BACKGROUND

The photoactivity of the TiO, has been known for at least 70 years. However, interest
in the photochemistry on TiO, was stimulated by the work of Fujishima and Honda
(1972), who used TiO, (rutile) as photoanode, irradiated with near UV light, and a
platinum cathode. These researchers carried out the photoelectrolysis of water into
gaseous oxygen and hydrogen. This method was proposed as a potential route for the
generation of hydrogen. The cited study, and the numerous papers that followed
highlighted the importance of semiconductor photoelectrochemistry and the potential use
of solar energy to produce fuels such as hydrogen.

Carey et al. (1976), from the Canada Centre for Inland Waters in Burlington,
Ontario were amongst the first to recognize the potential of TiO, for the photocatalytic
degradation of organic pollutants. These authors found that by using a light beam with
a wavelength of 365 nm it was possible to achieve complete mineralization of chloro-
organic molecules.

During the early 1980s, Ollis and coworkers (Pruden and Ollis, 1980)
demonstrated that in the presence of near-UV and TiO,, common chlorinated aliphatic
hydrocarbons in water were completely mineralized. As a follow-up to this research, a
series of contributions by Pelizzetti and Serpone (1985) and Matthews (1988a) showed
that under near-UV irradiation TiO, can degrade a wide range of compounds, such as




phenols, cathecol, naphthol, chlorophenols, fluorophenols, pesticides, PCBs, benzene,
benzoic acid, and salicylic acid. Using these experiments, mineralization rates and
product formation rates (CI',CO,) were assessed. As well, various kinetic models were
proposed. Moreover, Matthews (1989) showed that under similar conditions, not only are
chlorinated aliphatic compounds converted to carbon dioxide, but also a whole range of
contaminants, including some aromatic compounds that are normally very resistant to
oxidation. On this basis, it became clear that near-UV illuminated TiO, provides a
powerful wet oxidation method of general applicability.

Another very interesting area >f research concems the use of sunlight as a light
source for TiO, irradiation. It was shown by Ahmed and Ollis (1984) that the reaction
could be solar powered. This finding introduced a significant additional incentive for
implementation of the photocatalysis process, given the free energy cost of using solar
photons.

Regarding the specific kinetics for photocatalytic conversion on TiO,, Serpone and
Al-Ekabi (1988) suggested a Langmuir-Hinselwood type mechanism, which implies the
existence of strong reactant adsorption on the TiO, surface.

TiO, and ZnO were proposed as potential photocatalysts (Barbeni et al. 1985).
It was apparent, however, that TiO, in the anatase crystalline form represented the
catalyst with potentially higher prospects. In fact, under the proper reaction conditions,
illuminated TiO, or supported TiO, can bring about complete mineralization for a
significant range of pollutants (Ollis, 1983). While the areas of TiO, photocatalytic
activity and the basic kinetics are, as stated above, already established, photocatalyst
development is still evolving. For example, Bockelmann et al. (1993) considered the use
of TiO, doped with Fe.

There have also been significant research efforts concerning the fundamental
aspects of photocatalysis. Typical examples are the contributions of Valladares and
Bolton (1993) and Sun and Bolton, (1995) who consider various aspects of quantum
yields for assessing photocatalytic efficiency.

Moreover, there have also been valuable contributions to clarify photocatalytic
reaction mechanisms. To this end, reaction intermediates were studied in detail by Glaze
et al. (1993) and by Pelizzetti and Serpone (1993) providing the establishment of




potential reaction pathways. Given important financial incentives and possible
applications in remote areas, the use of solar energy is now actively investigated. In this
respect Blanco and Malato (1993) and Turchi et al. (1993) represent valuable
contributions. Thus, extensive research and new advancements can be expected in this
crucial area of pnotocatalysis application.

Furthermore, the fascinating chemistry of TiO, has stimulated researchers around
the world to explore other decontamination applications. For instance, Ollis (1993) and
Weedon (1994) have recently proposed TiO, as a photocatalyst for the photoconversion
of gas phase pollutants, such as trichloroethylene and other organic chemicals.

While some of the physicochemical principles of the photocatalytic conversion
process are relatively well understood, the reactor design and reactor engineering of the
photocatalytic units still require major attention. In this respect, Yue (1985 a) was among
the first to stress the importance of the comprehensive design of the photocatalytic units.
It is in this particular area where the present study seeks to - ate with a novel
comprehensive photocatalytic design. This design is well supported in various kinetic
principles and transport phenomena considerations which add particular value to the
proposed unit.

As reported in recently reviews by Bahnemann et al. (1994), Serpone (1994),
Matthews (1993) and Fox and Dulay (1993), photocatalysis is an area of technical and
scientific opportunity. In fact, there are increasing concerns about water contamination
and as a result a pressing need for viable solutions for the purification of drinking waters.
All this provides important incentives for advanced photocatalytic units, such as the one
considered in the present thesis work.

1.4.2 MECHANISM OF THE PHOTOCATALYTIC PROCESS

The basic mechanism of heterogeneous photocatalysis is related to the
*excitation” of TiO, or other metal oxide in suspension or immobilized on a transparent
matrix under irradiation from either natural sunlight or artificial low energy UV light.
It is now generally agreed that this "excitation” promotes an electron from a level in the
valence band of the solid to a highly delocalized level in the conduction band, creating
a localized oxidizing site (a "hole") and a reducing site (an "electron®) Serpone (1994).
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TiO, + hpy ---—--- > h*t + ¢ )

This photogenerated electron-hole-pair can then be captured by reagents that are
adsorbed on the photocatalyst surface. For example, the hole can be filled by electron
transfer, either from an adsorbed pollutant molecule or from an adsorbed water molecule.
In the later case, a hydroxyl radical is formed. Alternatively, the photogenerated electron
can be captured by oxygen adsorbed onto the panicle surface forming a superoxide
radical anion, hydroperoxide radical, hydrogen peroxide and finally a hydroxyl radical.

h* + OH -» OH Q)
€ + 0, -0 (3a)
-0, + H* - -O,H (3b)
H* + :0y + :O,H » H,0, + O, (3¢c)
H,0, + » - 2 :OH (3d)

Subsequent chemical reactions by any of these species lead to the oxidative
degradation of the organic pollutant and finally to mineralization. A general
stoichiometric expression for the mineralization of a chlorinated organic pollutant is the
following:

CH,0.Cl, + x0O, - nCO;, +yHCl + w H,0 4)

where w = (m-y)/2and x = n + (m - y)/4 - 2/2

Fox and Dulay (1993) indicated that mechanistic work on heterogeneous
photocatalysis, conducted for a suspension of TiO, in a non aqueous solvent, has clearly
shown that photoexcitation of the solid photocatalyst results in interfacial electron
transfer, producing surface-bound intermediates which undergo a sequence of secondary
chemical reactions. Furthermore, most organic compounds can be oxidized directly by
direct bandgap photoexcitation of these particles. While information exists conceming the
relative reactivity in oxygenation steps and oxidative cleavage to predict the course of
photocatalytic reactions, there are major uncertainties for the prediction of quantum
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efficiencies.

It has to be stressed that, both in aqueous and non-agueous suspensions, the key
issue governing the efficiency of photocatalytic oxidative degradation is the minimization
of electron-hole recombination by maximizing the rate of interfacial electron transfer to
capture the photogenerated electron and/or hole. In turn, Fox and Dulay (1993) state that
these rates are significantly influenced by the densities of Lewis acid and base sites on
the surface of the photocatalyst, the state of hydration of active ‘'OH groups on the
surface and the hydrophobic-hydrophilic character of the surface. These variables, in
turn, are influenced by reaction conditions and the method used in the preparation of the
photocatalyst.

It is important to mention that conduction band electrons have also been
considered in the mechanism of photocatalytic reductions of precious and/or toxic metals
such as Au, P* Ag, Rh, Hg, Pb and in the photoconversion of CN" and H,S in less toxic

materials (Serpone et al., 1991).

L4.3 PHOTOCATALYTIC REACTCRS

As stated above, the design f photocatalytic reactors is an area that still offers
major challenges, particularly in the context of scaled reactors operated with high energy
utilization.

It is apparent that selection of the proper illumination for a given geometrical
configuration, adequate flow and mixing characteristics inside the reactor and the
interaction with photocatalyst are essential subjects to consider in optimizing the
operation of these units. The importance of these topics, as reported by Yue (1985a),
points toward the significance of the reactor design to achieve maximum photoconversion
performance.

A review of the literature demonstrates that there are various possible
heterogeneous photoreactor designs. These designs may be classified as follows:

a) Slurry Reactors: suspended TiO, particles in intimate contact with the water
irradiated stream (Blake et al., 1990) or slurry reactors (Ollis et al., 1984). In
this option, a suspension of TiO, particles in vertical units or horizontal ducts
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offers a number of problems which are summarized as follows:

1. Limited propagation of light in water suspensions with low-medium TiO,
particle loading (Yue, 1985¢).

2. Difficulties of TiO, particle recovery (<1 um) (Bolton, 1990), a major
issue while the objective of the waste water treatment process is to obtain
drinking waters "free of extraneous suspended particles”.

3. The difficulty of maintaining a sufficient concentration of molecular
oxygen throughout the reactor is considered to be one of the major
engineering problems (Bahnemann et al., 1993).

4, Settling of the solid in horizontal lines providing uncontrolled holdups of
TiO, in the reactor.

Because of the above described facts, slurry reactors still have major problems

for commercial implementation and scale-up.

b) Spiral and Falling Film Reactors: TiO, immobilized on surfaces (interface)
contacting partially (at the interface) an irradiated water stream or falling film.
The use of immobilized TiO, attached to transparent and irradiated
surfaces (interfaces) contacting only partially (at the interface) a water stream
such as in case of the spiral photoreactor (Matthews 1989) or in the falling film
reactor (Bahnemann, 1993), may offer disadvantages in terms of ineffective
access of all water fluid elements to the irradiated TiO, pasticles. Application of
this technique is limited to small scale apparatus, where the wall area (holding the
TiO,) per unit volume is still reasonable. However, commercial scale units,
where the wall area per unit volume is much lower, may find this method
severely inadequate.

c) Glass Mesh Enwrapped Reactor: TiO, entrapped in a glass mesh
(Nulite’s type reactor) (Al Ekabi and Amiri, 1990).

Finally, the third of the three alternatives considered, TiO, embedded in a glass

mesh, is the one which was considered to offer the greatest potential and was

consequently selected for the present study. It was judged that a photocatalytic reactor




with immobilized titanium dioxide supported on a glass mesh matrix was the most
attractive approach for an efficient mineralization of organic pollutants. Good propagation
of light in the media with no difficulties with TiO, particle recovery from drinking waters
are considered to be the most relevant advantages.

However, the implementation of a photocatalytic reactor at the commercial scale
with immobilized TiO, on glass mesh has many relevant issues still to be solved:

a. Manufacture of glass mesh with high TiO, loadings to facilitate maximum
utilization of the light source,

b. Manufacture of glass mesh holding TiO, particles strongly attached to the
glass fibers with minimum structural changes of the anatase photocatalyst,

c. Design of a unit with an adequate water flow distribution allowing for
intimate contact between the pclluted water and the TiO, particles,

d. Design of a unit with adequate and maximum utilization of the light

source input provided.

Efforts in the context of the present study were directed toward overcoming these
problems and developing a new design. Thus, the major outcome of this research was
the development of a novel heterogeneous photoreactor that can carry out
photodegradation of chemical pollutants efficiently and can be used easily, either to clean
waste waters or drinking waters by destroying dangerous chemicals.

1.4.4 POTENTIAL APPLICATIONS OF ARTIFICIAL AND SOLAP

PHOTOCATALYSIS

One of the most attractive features of photocatalytic oxidation is that this
technique can be applied using either sunlight or artificial low energy UV light. Some
of the potential applications, as pointed out by Matthews (1993), are as follows:

1. Decontamination of wastewaters.

2. Decontamination of groundwater.

3. Preparation of ultrapure water.

4, Purification of domestic water.
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S. Purification of the water supplies of cities.

The use of sunlight is now being tested at the pilot plant level in several
installations around the world, such as the Plataforma Solar in Almeria (PSA), Spain, the
National Re: zwable Energy Laboratory in Golden, Colorado, USA and Sandia National
Laboratories in New Mexico, USA. Concentrated sunlight from solar collectors is
directed toward a TiO, slurry suspension flowing in horizontal pipes. The system has
been tested for a wide number of industrial and ground water pollutants (Blanco and
Malato, 1993; Turchi et al., 1993)

This method faces, however, significant limitations. First, it is difficult to secure
good light transmission and adequate irradiation of a suspension in a miiky media, where
the TiO, loading cannot be controlled accurately. As well, adequate TiO, suspensions in
horizontal pipes may produce solid sedimentation. Secondly, at the end of the treatment,
fine TiO, particles (0.1-0.5 xm) have to be separated from the water. Drinking waters
that cannot be freed of fine TiO, suspended solids will face major resistance from the
public. All this involves additional expense in a continuous treatment process, where the
final product should be clear drinking water.

Most of these problems can, nevertheless, be avoided if the TiO, can be strongly
attached to a stationary support illuminated with sunlight and water circulated in contact
with the immobilized catalyst bed. In this type of system, there are various ways and
methods to immobilize the TiO, phciocatalyst. One of them considers TiO, held on the
reactor walls while a falling water film circulates through the photoreactor. The
disadvantage of this system is that it provides only partial contact between the phases
involved (water-light-TiO,), contacting at the interface and consequently should yield low
efficiencies of photoconversion. For this reason this system could only bte adopted for
small scale units.

While solar energy may become an energy source of choice, particularly in
countries with abundant solar light, electrically powered photoreactors are still 2 potential
option. For example, the use of multilamp systems for the decontamination of industrial
wastewaters and groundwater have started to be commercialized by companies such as
Matrix Photocatalytic Inc. Given that these systems employ a costly energy source, the
energy efficiency indexes become a major consideration and determining factor for large
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industrial scale adoption and implementation.

1.4.5 ADVANTAGES AND LIMITATIONS OF TiO, PHOTOCATALYSIS
The advantages of photocatalytic oxidation over conventional or other

photochemical methods can be outlined as follows:
a. There is no consumption of expensive oxidizing chemicals. In

conventional oxidizing processes, costly oxidizing chemicals such as
KMnO,, H,0,, O, are employed. In the case of heterogeneous
photocatalysis, there is no need for special oxidants, given that oxygen
from air is used.

b. TiO, is a common chemical, non-toxic and insoluble in water.

c. The light required to activate the TiO, is long wave UV and is transmitted
well by glass. To carry out the process, even a low power tube (e.g.,
15 W in this study) is enough to degrade organic pollutants.

d. The photocatalytic reaction may be driven by the natural UV component
of sunlight.

e. The oxidation is powerful and indiscriminate leading, with the exception
of only few pollutants (carbon tetrachloride, atrazine), to complete
mineralization.

Another recently reported difficulty with the TiO, photocatalytic route is the
intrinsic limitation of the process given the low quantum yield (~5%) as reported by
Valladares and Bolton (1993), Sun and Bolton (1995). This low quantum yield and its
effect on water decontamination costs, particularly when using artificial light, highlights
the importance of the over. ' energy efficiencies of different designs, whether they are
homogeneous or heterogeneous reactors.

Thus, in order to succeed with this technology, there are still a number of
important issues to be clarified. An outstanding one is the design of the photocatalytic
reactor with a maximum energy efficiency, which will secure optimum performance.
Also of critical importance is the ability to understand how high eaergy efficiencies may
be achieved and how they are influenced by various chemical species to be

photoconverted.




1.5 SCNPE OF THE THESIS AND OBJECTIVES
The review presented in the previous sections demonstrates that there is significant

need for more cfficient photocatalytic reactor systems. It is particularly relevant to

mention that this need applies to photocatalytic reactors that can show high energy

photoconversion efficiencies, within the inherent limitations of the catalyst and may be

easily scalable. The successful development of such a photoreactor could make

photocatalytic technology more economical and viable.

Based on these facts the following objectives for this research were proposed as

follows:
1.

II.

IIL.

Iv.

To develop at the conceptual level and to build a novel design for a
photocatalytic reactor involving supported TiO, on a glass mesh with
specific features: controlled fluid dynamics conditions, optimum TiO,
loading on the mesh and reactor illumination.

To study the following physicochemical characteristics of the designed
system: adsorption, kinetics, quantum yield and mass trancfer in
connection with the degradation of a model pollutant in the designed
photocatalytic reactor.

To test the new design, develop kinetic modelling with the mode! pollutant
to confirm the characteristics of the proposes? design and to establish a
photochemical thermodynamic efficiency factor which may provide some
insights of the photocatalytic reaction.

To compare, using the energy efficiency factor, the performance of this
reactor with other photocatalytic reactor designs.

To operate the prototype unit under conditions such that the results of this
research will provide a good basis for future photocatalytic reactor

development.
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CHAPTER Il

PHOTOCATALYTIC REACTOR DESIGN

1L.1. INTRODUCTION

The design of heterogeneous photocatalytic reactors has received increasing
attention. While photocatalytic processes have already been demonstrated at the
laboratory scale, there is a general consensus that the systems available, both at the
commercial or demonstration scale, are facing inherent limitations concerning overall
efficiencies due to poor illumination, quantum yield or mass transfer problems. While
problem of low quantum yield cannot be addressed in reactor design, the other two
factors can be improved in a good design.

Thus, there is a need for new and scalable designs, mainly for the photocatalytic
destruction of water contaminants in industrial wastewaters and in the treatment of
drinking waters. These systems could be employed for the treatment of waters
contaminated with organic pollutants, as well as for the removal of heavy metals from
wastewater streams.

While the photocatalyst with the best prospects is titanium dioxide (TiO,) in the
anatase form, other types of photocatalysts (e.g., TiO,/Fe) or different ways in which
the TiO, contacts the water stream (e.g., immobilized, slurry) could eventually be
considered for future designs.

In heterogeneous systems [liquid (water)-solid (TiO,) or liquid (water)-gas(air)-
solid (TiO,)] phases can coexist in the photoreactor. Given that the oxygenation of the
system can be carried out separately (e.g., in the water reservoir), the challenge appears
to be in how to optimize the contact between the water-solid phases (pollutant,
photocatalyst), while keeping maximum light energy source utilization. It is important
as well to have fundamental criteria for comparising of different reactor designs, taking
into account the different key parameters, such as reactor volume, initial concentration
of pollutant, power of the lamp and rate of reaction.

In this chapter, the characteristics of a newly designed "PHOTO-CREC" reactor,
relevant to the above mentioned matters, are reviewed. This novel design optimizes
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crucial factors for maximum efficiency, such as mass transfer and photocatalyst loading.
I1.2. NEW PHOTOREACTUR: PHOTO-CREC 1

There are a2 number of factors to be considered in the design of a heterogcneous
photoreactor. The importance of these factors, and the means by which they were
considered in the design for the PHOTO-CREC reactor concept, are reviewed in the
following sections. Figure 11.1, shows a diagram of PHOTO-CREC I reactor.

I1.2.1. LIGHT SOURCE

The performance of a photoreactor is directly affected by the irradiation source.
The type of light source to be chosen should be determined by the photodegradation
method to be used. The choice should be made considering lamp specifications, energy
and intensity requirements. In the case of using TiO, as a photocatalyst, it is necessary
to use light sources with a wavelength output in the range 320 to 380 nm (near UV
range).

On the other hand, if solar light is the selected energy source and TiO, the chosen
photocatalyst_ it is important to consider that the fraction of sunlight, which is able to
excite the TiO,, represenis only about 3% of the total solar irradiation. Moreover,
concentrated sunlight sources, instead of direct unconcentrated irradiation have also been
adopted.

In the PHOTO-CREC 1 reactor, a 15 W blacklight blue lamp (BLB), with a peak
intensity at 365 nm, was used. This lamp provides the TiO, bandgap energy required to
produce electrons and holes, which are necessary to produce the <OH radicals and
initiate the photodegradation of the water pollutants.

The effect of light intensity is also another important consideration that :ias to be
carefully considered, given the known dependence of the photodegradation rate on light
irradiation and the economical factors involved. While at high light intensities
photoconversion rates are proportional to a fraction%’ O ““r of the irradiance, at
moderate intensities these rates are directly proportional (Ollis, 1990). Thus, it is usually
convenient to design a high perfomance unit with a lamp of low to moderate intensity,
such that the photoreactor operates in the region where the rates of photoconversion are
directly proportional to the light irradiance. This significant design criterion was adopted
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Figure II.1  Diagram showing the cross section of PHOTO-CREC 1 reactor with
details of one basket and of the flanges used for fixing the basket in the
desired position.
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in the selection of the lamp source for the PHOTO-CREC prototype.

11.2.2. PHOTOREACTOR GEOMETRY

Regarding the photoreactor geometry, the spatial relation between reactor and
light source is of paramount importance. Usually in electrically powered photoreactors,
the light source is mounted within a glass tube connected to the fixture to give a certain
pattern of irradiation. The geometrical configuration of the reactor is usually chosen so
as to get the maximum benefit from the pattern of irradiation. This means that the
photocatalyst has t¢ be placed at strategic locations in the system, with optimum
orientation, to ensure that essentially all the photocatalyst is in the view angle of the
source, or in other words the emitted light is "seen” by the photocatalyst.

In the case of the PHOTO-CREC 1 design, an annular geometry was chosen. With
this configuration, the lamp was placed inside a central tube, while the immobilized
photocatalyst was located in the annular channel between the inner and outer tubes. This
type of configuration was chosen to provide an effective illumination of the mesh and
containment of the emitted light inside the photoreactor.

Regarding the PHOTO-CREC reactor, it was designed in such a way that at least
350% of "skin" fiber glass mesh, holding the immobilized TiO,, was directly exposed to
the light source irradiation. The other 50% of the "skin" fiber glass area (back of the
mesh) and the internal mesh fibers was also exposed directly to the light source (given
the high transmitance of the light through the mesh) and to the internal reflection and
scattering of the light. Thus, this design assured that a high degree of the mesh area
containing the immobilized TiO, was irradiated and could eventually be excited for the
generation of - OH radicals.

11.2.3. MATERIALS OF CONSTRUCTION

Once a given photoreactor configuration is chosen, it is necessary to provide for
adequate materials of construction. For example, in some selected parts of the unit the
only material requirements are to have a good heat transfer, good thermal behaviour for
temperatures in the 20-50 °C range, good resistance from low to moderate pressures
(130-300 kPa) and good resistance to corrosion (pH > 3). However, in other sections




of the photoreactor, materials requirements are more specific and stringent. In addition,
some materials having the above mentioned properties also require good light
transmission. Regarding materials with specific optical properties, various g'asses could
be selected: optical glass, pyrex glass, vycor glass and quartz. Quartz usually gives the
best light transmission, but with a higher material cost.

In the case of using titanium dioxide as a catalyst, transmission in the 320 to 380
nm wavelength range is required. Under these conditions, pyrex glass provides 80%
transmission and can be considered as adequate. Pyrex glass was selected for the central
tube of the annular configuration of PHOTO-CREC 1.

I1.2.4. HEAT TRANSFER

Efficient means of heat removal often must be introduced in a photoreactor design
to keep the temperature close to the desired ambient temperature. This problem may be
even more acute in homogeneous systems requiring higher intensity lamps.

In the case of PHOTO-CREC I, the concept adopted was to power the unit with
a low intensity lamp. Given the high energy efficiencies expected, it was anticipated that
temperature fluctuations would be no more than a few degrees. As will be described
later, once the unit was operated it was found that maximum deviations were about

+ 5°C, and consequently it was confirmed that special heat transfer devices (e.g.,

cooling coils, heat exchanger) were not needed in the case of the PHOTO-CREC 1
design.

I1.2.5. MODE OF OPERATION

The mode of operation (batch, semibatch or continuous) is a relevant matter to
decide for a new design. In general, in the case of photoreactors at the laboratory scale,
it is convenient to use recirculating batch reactors. Low photoconversion rates may yield,
in the exploratory phases of a particular design, partially converted poliutants that cannot
be easily disposed.

Moreover, considering state-of-the-art photocatalytic technology, operation of
single pass reactors in the field for decontamination of relatively large flow of water

appears still to be too cumbersome. It requires large reactors, as in the case of the flow
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through solar reactor used at NREL in Colorado, or scveral dozens of reactors in series
as in the case of the unit designed by the Matrix Photocatalytic Company. Thus, there
is a significant challcnge to develop a simple unit operating in a single pass mode. This
unit should be viable in the context of its high efficiencies resulting from the optimized
selection of various design parameters.

PHOTO-CREC 1 was operated in the CREC laboratories in the batch mode given
various safety considerations. However, this unit was conceptualized with the general
view of being scalable and transformable in a single pass system suitable for processing
large volumes of water with good photoconversion efficiency.

I1.2.6. MIXING, PHASE CONTACTING AND FLOW CHARACTERISTICS.

Mixing, phase contact and flow patterns are critical matters in any heterogeneous
photoreactor design to secure adequate interaction among pollutants, photons and
photocatalyst.

Phase contacting depends on mixing and flow patterns within the photoreactor.
Phase contact efficiency results in differences in rates of photoconversion and efficiency
of light energy utilization. These crucial matters, characteristic of each specific design,
create an incentive for new photoreactor designs, where various contacting factors are
optimized.

While the prob!em is certainly complex and should be evaluated in the context of
the type of reactor geometry adopted, the design should be such as to ensure intimate
contact of the water stream with the TiQ, particles under conditions of high
photocatalyast irradiation. High and uniform water flow through the mesh, with proper
positioning (orientation) of the mesh-light source, should lead to optimum operation.
With this approach, mass transfer limitations can be circumvented.

The PHOTO-CREC 1 photoreactor (Fig. 11.1) was envisioned considering the
various critical contacting phenomena described above. PHOTO-CREC was thus
conceived with the expectation of providing a high rate of photoconversion with high
photoconversion efficiencies.

In the PHOTO-CREC I system, the principal components to achieve these goals
were a series of so-called “baskets”. These baskets, to be described in detail in the
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following sections of this thesis, hold the glass mesh with the immobilized TiO,. To yield
the optimal operation conditions, preventing possible movement of the glass mesh inside
the reactor, water downflow circulation was selected. This direction of the water flow,
downflow instead upflow, secured minimum displacement of the mesh, even for large
variations of the water flow rate.

I1.2.7. OXYGEN SUPPLY
Concerning oxygen supply some calculations, based on the overall reaction stoichiometry
for the model compound (methylene blue) were conducted as follows:

C1eH sN3SCl +25.5 O, - 16 CO, + 6 H,0 + HCl + H,SO, + 3 HNO,

where C,(H4N3SCl = methylene blue= MeB.

Thus, for 12 uM of methylene blue, about 276 uM of oxygen will be required.

Then, under conditions close to oxygen saturation, as assessed using a Hysim
computer package (an advanced program for process simulation) (Hypotec Lid., 1993)
about 300 uM of oxygen are dissolved in the 2.2 L of water at 15° C used during the
experimental runs.

However, given that the PHOTO-CREC I system has a water reservoir open to
the laboratory atmosphere, and given that this reservoir was subject to intense water
mixing with recirculation and agitation, it is expected there was ample opportunity during
all experiments for oxygen re-absorption, and consequently an adequate oxygen supply
for complete photoconversion. The MeB photoconversion was in all cases above 90%.
Tn conclusion, limitation of the oxygen supply should not have affected the experimental
results of this research.

In summary, the first unit conceptualized in the context of this study named as
PHOTO-CREC I, had the following characteristics and dimensions:
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- Concentric Unit

- Down flow water circulation,

- Light Source: 15W , blacklight tube with a maximum output at 365 nm.

- Maximum number of baskets used: 3

- Internal unit diameter: 4.0 cm

- External unit diameter: 9.0 cm

- Height: 38.0 cm
The described unit, was manufactured in the Mechanical Shop of the University of
Western Ontario and represented the first prototype of a PHOTO-CREC reactor. The
experimental results using this unit are discussed in Section IV.1.

II.3. INTERNAL COMPONENTS OF THE PHOTO-CREC I REACTOR

As stated above, one essential internal component of PHOTO-CREC I reactor was
the so-called "basket system”. The basket system was constituted by a canister holding
the glass mesh with the immobilized TiO,. In order to secure a good and controlled
contact of water circulating through the glass mesh, the TiO, impregnated mesh was held
in canisters of a funnel shape, made out of perforated stainless steel metal screens, with
41% open area, with about 25 holes of 3 mm diameter. The inclination of the stainless
steel screens was carefully selected to be at a 45 degree angle. Thus, this design assured
that a high degree of the total mesh area with immobilized TiO, was irradiated and could
be excited for the formation of - OH radicals.

Another significant design consideration in PHOTO-CREC I relates to water flow
patterns in the vicinity of the mesh. In order to secure uniform water distribution, enough
pressure drop in the combined, mesh and basket system, has to be imposed on the
circulation stream. This is a frequent criterion adopted for the same purpose in the case
of liquid distributors in liquid-solid reactors and gas distributors in gas-solid reactors.

It can be shown that for typical velocities of 7.0 cm/s in the orifice plate and 15.0
cm/s in the glass mesh, a combined pressure drop can be calculated as follows:

Apyiuc= 0.02 kPa
Ap o= 0.04 kPa
APyia =APmess+ APpisse = 0.06 kPa
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The standard requirement for uniform distribution of water or uniform fluid
velocity requires a minimum total pressure drop per plate in the range of 5-10% of the
total hydraulic head.

Several of these baskets, all of them having very similar dimensions as the ones
previously described, were employed placing them at different annular positions. The
basket positions, as illustrated in Fig. 11.2, were carefully selected to prevent basket
overlapping causing partial illumination: all baskets and glass mesh were included in the
view angle of the light source.

To prevent water leakage and to avoid preferential water circulation through the
sides of the baskets, the baskets mountings were manufactured with O-ring housings in
the upper and lower sections. The rubber O-rings, once installed under controlled
pressure, effectively prevent water leakage through the basket sides.

Thus, the selected design of the screen plate, with a significant pressure drop and
sealing with O-rings, assured controlled contact of the water flow circulation through the
mesh. This design consideration was critical for good water-mesh contact 2nd flow
redirection, as needed by the 45 degree basket orientation.

To achieve maximum efficiency, a high loading of uniformly distributed and
strongly bonded TiO, particles (Degussa, P-25) on the fiber glass was employed. TiO,
immobilized on glass mesh, using techniques to be described in Chapter 3 of this study,
reached loadings as high as 8.5% (wt). TiO, particles were strongly bonded ("anchored")
to the fiber glass mesh while impregnating the mesh in a methanol-water solution.

.4 THE PHOTO-CREC II REACTOR

After a first series of experiments, the PHOTO-CREC I reactor was modified in
order to have a more efficient unit (see PHOTO-CREC 1I in Fig.11.2). In addition to an
increase in the number of baskets from 3 to 15, the photoreactor was modified as
follows:

1. An internal pyrex glass tube to house the UV lamp.

During the first series of experiments (1 and 3 L 1skets) a plexiglass tube to house
the UV lamp was used. This plexiglass tube was replaced before the second series of
experiments with a pyrex glass tube. This change circumvented the reduction of the light
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Figure 1.2  Diagram showing the PHOTO-CREC II reactor with details about the
annular channel, baskets and water flow circulation,
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Figure I1.3  Diagram showing the top, side and bottom view of the basket. The top
view of the basket shows the impregnated glass mesh while the bottom
view shows the perforated plate.
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absorption in the plexiglass tube (UV lamp peaking at 365 nm). It is important to point
out that the Pyrex glass, being more transpareni to the UV than plexiglass, provided a
higher efficiency of light utilization and consequently was beneficial for an optimized
unit.

2. Three external sections made of plexiglass.

The PHOTO-CREC 1I (with 15 baskets) was built with a modular configuration
consisting of three sections each 14 cm long. These three sections were built in such a
way that they could be easily assembled and disassembled. Furthermore, this modified
configuration of the photoreactor allowed easy loading of the baskets and quick
replacement of the glass mesh in the photoreactor unit. Each section held 5 baskets with
a total of 15 baskets in the unit. This resulted in a total photoreactor length of 42 cm.
This geometry and number of baskets gave the best utilization of the concentric space of
the PHOTO-CREC II unit, as well as of the light source. Furthermore, this approach of
easy assembly and disassembly and modular design was, during this project, explored
extensively given the potential prospects for scaling-up of the PHOTO-CREC II unit. It
was hoped that once the concept of PHOTO-CREC II was confirmed, the present project
could also provide strategies for constructing low cost PHOTO-CREC II units. It was
expected that the capacity of these units could be changed quite easily and that these units
could be maintained with minimum cost. In this sense, it can be concluded that the
proposed design and the characteristics of the set up, fulfil these various requirements.
In fact, the materials selected for the PHOTO-CREC II unit are quite inexpensive and
the glass mesh maintenance is easy to handle, given easy access to the various baskets.

3. The unit covered externally with a stainless steel sheet cover.

Regarding the characteristics of the external tube, it was also designed to
minimize losses of the light emitted. With this end in mind, the unit was covered
externally with a stainless steel metal sheet. This additional feature of the set-up allowed
most of the emitted light to be kept inside the reactor, reflecting back most of the light
that did not originally reach the glass mesh of the basket, thus minimizing light losses
and optimizing the photoconversion.
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4. Basket with Spacers
Spacers were provided to the system in such a way that baskets could be slid
easily bringing them into a fixed position with minimum effort, and thus accurately
achieving needed source view angles and preventing basket overlapping. Different views
of the basket are presented in Fig.II.3.
The PHOTO-CREC II unit with 15 baskets was used in most of the experiments
(discussed in Chapter VI) carried out in this Thesis.

IL.S CONCLUSIONS

The present chapter described the contribution of this Thesis i0 the design and
conceptualization of a new photocatalytic reactor (PHOTO-CREC II). While developing
these activities, careful consideration was given to the main factors that should be
involved in an optimum design: reactor geometry, materials of construction, contacting
between phases, heat transfer, light source view angles, TiO, loading, oxygen supply and
internal components. The result should be an optimized design where several factors are
combined satisfactorily.
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CHAPTER I

PHOTOCATALYST PREPARATION AND CHARACTERIZATION

IIl.1. INTRODUCTION

High efficiency operation of a photocatalytic reactor requires TiO, immobilization
with a high and uniform distribution of TiO, on the matrix. It is also required that the
TiO, be strongly bonded onto the matrix surface with the anatase crystals remaining in
their original crystalline form. Thus calcination or other thermal treatments should be
avoided. These considerations are of crucial importance in order to get the maximum
advantage of the surface provided by the matrix as well as requirements to prevent TiO,
particles from being washed off during operation of the photoreactor.

II1.2. PREPARATION Or TiO, SUPPORTED ON GLASS MESH

The impregnation of a glass mesh with titanium dioxide (TiO,-anatase) was
accomplished using different TiO, suspensions in water-methanol mixtures. TiO, (P-25
from Degussa) was selected considering its high anatase content and small particle size.
The anatase crystalline form of TiO, has been reported to be much more active than the
rutile crystalline form. The glass mesh was pretreated with concentrated nitric acid to
remove any type of material held on the surface. The mesh was kept in contact with the
impregnating solution for six hours in a specially designed system that allowed permanent
contact of the TiO, slurry with the glass mesh. The impregnation cell, illustrated in Fig.
IIL.1, included a glass vessel containing the impregnating suspension (TiO, in a water-
methanol mixture), a plexiglass cylindrical section with 4 half moons symmetrically
carved into the bottom and a magnetic stirrer to provide radial and axial mixing. The
glass mesh was supported on the upper surface of the cylindrical plexiglass section. This
design helped considerably by forcing the TiO, suspension flow in an upward direction
in the central zone and in a downward direction in the peripheral zone of the
impregnating cell. Thus uniform and controlled particle-mesh contact was achieved with
minimum TiO, settling in the corners of the impregnation cell.
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Figure II1.1  Schemnatic of the mesh impregnation system with details of the cylindrical
ring supporting the mesh and the slurry recirculation.
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After the impregnation, the samples were washed with distilled water and dried
for four hours at 110°C. The mesh samples were then analyzed using Scanning Electron
Microscopy and Energy Dispersive X-Ray Microanalysis (SEM-EDX). This allowed for
an analysis of the TiO, particle distribution (monolayer, aggregates) and the TiO,
loading.

The impregnation tests revealed that when the glass mesh was contacted with just
an aqueous dispersion of TiO, (Anatase, Aldrich, with an average particle size of
0.55 um), a poor heterogeneous dispersion of small particles and large aggregates of
particles was obtained. The dispersed smaller particles (<1 um) were strongly bonded
onto the glass mesh and the large aggregates of particles (>1 um) were very loosely
bonded and easily removed, as was demonstrated by SEM analysis. Both types of
particles can be seen in the SEM micrographs shown in Fig. I11.2.

However, when a dispersant such as methanol was added to the water-TiO,
suspension, the quantity of small particles held by the glass mesh fibers sharply
increased, exhibiting a very even distribution of TiO, particles on the surface of the glass
fibers. In this case, the ratio of aggregates of particles formed was much smaller, as
shown in the second set of SEM micrographs (Fig. II1.3). This means that the dispersion
of particles on the fiber is higher when methanol solutions are used to prepare the TiO,
dispersion. It was also demonstrated that when dispersant fluids, such as methanol, are
used during impregnation, the dispersant helps to enhance particle collection by the
surface and consequently to increase the final loading of TiO,. In these experiments,
TiO, (anatase) particles from both Degussa and Aldrich were used and similar results
were obtained.

II1.3. STRENGTH OF THE TIO,-GLASS FIBER BONDING AND THE EFFECT
OF PARTICLE SIZE

An "anchoring” test using the originally designed photoreactor PHOTO-CREC
I apparatus, was carried out to assess the strength of particle boading to the mesh. Water
was recirculated at different flow rates from 100 to 1600 mL/min for over 2 hours.

These fluid dynamic conditions are similar to those expected in the operation of the
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Figure II1.2 SEM micrographs showing small (0.5 um) and large (5-15 um)
agglomerates on the surface of the glass mesh fibers. The impregnated
mesh was prepared using TiO, suspended in water.







PHOTO-CREC I unit.

The results obtained did not show any significant loss in the TiO, loading, as was
demonstrated by SEM-EDX analysis. This is also illustrated by comparing micrographs
Fig. I11.4 with those of Fig. II1.3, where it is seen that there is no significant change in
the particle loading after the mesh was subjected to two hours of operation.

In addition, and in order to check the effect of TiO, particle size on "anchoring"”,
Degussa P-25 (20 nm) TiO, particles were used for impregnation under the same
condiuons as those for Aldrich TiO, particles (500 nm) described above. It was
demonstrated that similar results and similar loadings (8%) could be obtained. Thus, it
appears that the TiO, particle size, in the 20 - 500 nm range of particle size, does not
significantly influence the particle bonding to the surface.

II.4. CHARACTERIZATION OF THE GLASS MESH SUPPORTED
PHOTOCATALYSTS USING (SEM-EDX)

One important characteristic of mesh preparation effectiveness relates to the TiO,
loading. In order to examine the loading characteristics of the TiO, photocatalyst,
analysis of the different samples prepared was carried out by using Scanning Electron
Microscope-Energy Dispersive X-ray Microanalysis (SEM-EDX) of TiO, on different
regions of the samples. A characteristic analysis of the sample is shown in Fig. IIL.5.
The bared glass-mesh used as the support was also examined showing its composition as
a Si-Ca-Al oxide matrix, with very small amounts of the oxides of Cr and Zn.

II1.5. OPTIMIZATION OF THE TIO, LOADING ON THE GLASS MESH.
The critical factors in the preparation of the TiO, loaded mesh that need to be
considered for an optimized TiO, immobilized photocatalyst are:

1. Concentration of methanol in the impregnating solution.
2. Impregnation time.
3. loading of the TiO, in the impregnating su-~ension.
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Figure I11.3 SEM micrograph showing small TiO, particles deposited on glass mesh
prepared from TiO, suspended in a solution of 25 % (v/v) of methanol in
water. (Magnification 2000 and 1000 times).
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Figure 1.4 SEM micrograph showing the distribution of small TiO, agglomerates
following the completion of the test for checking the strength of bonding
("anchoring test").
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Figure II1.S A typical SEM-EDX analysis report of a TiO,-glass mesh sample. The Ti
peak is used to track the TiO, on the glass mesh.
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Many experiments were carried out to optimize the photocatalyst preparation.
Solutions of methanol-water from 5 to 50% containing 5.0 g/L of TiO, were tested and
the TiO, impregnated on the meshes analyzed using SEM-EDX. The results are shown
in Fig. I11.6. The amount of TiO, loaded on the mesh increased when mixtures with
higher proportions of methanol were used. At 25% of methanol in water, a plateau was
reached, where a maximum weight loading of 8.5% weight percent of TiO, was
achieved.

III.6. STRENGTH OF ADHESION OF TIO, ON THE GLASS MESH

The TiO, particle collection exhibits an interesting phenomenon (sizes smaller
than 1 xM are held very strongly on the fiber surface). It appears that this collection
effect may arise from strong electrostatic forces between the mesh surface and the TiO,
particles. Once bonded, particles are "anchored” on the fiber surface and very difficuit

to remove.

III.7. CONCLUSIONS

It has been demonstrated that TiO, immobilization can be achieved with high (up
to 8%) and uniform TiO, distribution on a glass mesh matrix. With the impregnation
method used, involving the use of a particle dispersant (methanol-water solutions), TiO,
is strongly bonded onto the glass mesh. The impregnated mesh, holding the TiO,, is
stable for several hours under typical water flows with no detectable washing off of TiO,
particles. Moreover, by following the approach prbposed, thermal treatments
(calcination), or other methods affecting the anatase crystal structure, are completely
avoided.

These findings are of importance in order to take advantage of the available mesh

surface as well as requirements to capture as much light as possible from the light source
into the TiO, particles.
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Figure II1.6 Weight percent of TiO, loading on glass mesh as a function of the
concentration of methanol in methanol-water dispersant solution.
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CHAPTER 1V

ENERGY EFFICIENCY FACTORS FOR HETEROGENEOUS
PHOTOCATALYTIC REACTORS

IV.I INTRODUCTION

Given the need for criteria that can be used to compare different reactor systems,
based on the efficiency of the electrical energy used to operate the unit and consequently
directly related with the economics of the system, two factors have already been
proposed: "The Electrical Energy per Order” (EE/O) introduced by Bolton et al.(1992)
and the *Photon Efficiency” (®) introduced by Bockelmann et al.(1993). In this chapter
these factors are discussed and a new factor "The Photochemical-Thermodynamic
Efficiency Factor® is introduced.

IV.2 ELECTRICAL ENERGY PER ORDER

Bolton (1992) [see also Bolton and Cater, 1994] proposed that the energy
efficiency of the photocatalytic process can be evaluated using th= Electrical Energy per
Order (EE/O). The EE/O contains the implicit assumption of first order kinetics and is
defined as the electrical energy required to reduce the concentration of a pollutant by one
order of magnitude in 1000 US gallons (3785 L) of water. Smaller values of EE/O are
considered to indicate a more efficient process, because less light energy is needed. For
batch operation the EE/O values are calculated from the equation:

_ P.(t/60).3785 (IV.1)
EE/O V. lOg[CJC,]

where P is the lamp emitted power (kW), t is the irradiation time (min), V is the total
volume (L) and C, and C, are the initial and final pollutant concentrations (uM).

IV.3 THE PHOTON EFFICIENCY FACTOR

Bockelmann et al. (1992) suggested an alternative equation for assessing the
efficiency of solar powered reactors using the following relation:

50




® - (C,-C,)v/e,, (IV.2)

where ¢,,, is the absorbed molar photon flux (einstein s°!), v is the volumetric flow of
treated water (L s) and C, and C{uM) are the entry and exit pollutant concentrations.

While Eq (IV.2) is not constrained to any specific kinetic model, it postulates that

the photocatalytic reactor can be modelled as a continuous stirred unit (CSTR). Thus, the
¢ factor of Bockelmann et al. (1992) is limited to CSTRs and should be applied with
caution when dealing with batch, close to plug flow or non-ideal CSTR photocatalytic
units.

Moreover, conceming limitations of the above described efficiency factors, the

following can also be stated:

1. The proposed efficiencies are not dimensionless as required by consistent
thermodynamic definitions,

2. Problems arise when applying these relationships to model pollutants.
Photocatalytic efficiencies based on the C,/C; ratio (e.g., the EE/O factor)
or (Ci-Cp (e.g., the & factor) neglect the light energy used to
photoconvert intermediate chemical species and consequently
underestimate photocatalytic efficiency.

IV.4. THE PHOTOCHEMICAL THERMODYNAMIC EFFICIENCY FACTOR

As was mentioned in Section 1V.2, valuable contributions have been developed
in recent years by Bolton et al. (1992) and Bockelmann et al. (199., emphasizing the
importance of energy efficiency factors for photodegradation processes. However, in
spite of this progress, there is a need to establish criteria to compare photoreactor
efficiencies on the basis of known photochemical and thermodynamic principles.

This efficiency criteria should be applicable to the kinetic model and/or reactor
type used and provide a basis for positive photoreactor performance evaluation. This
topic is addressed in the present thesis work through the derivation of a so-called
* Photuchemical-Thermodynamic Efficiency Factor” (PTEF).

In order to derive the PTEF, let us consider a photocatalytic reactor under source
irradiation and quasi-isothermal conditions. In this unit, as it occurs in many other
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chemical processes, an energy rate input Q,, is supplied with only a fraction of this
energy rate Q4 utilised for the desired goal of < OH radical formation. As a result, there
is a second fraction of the total light energy input, so-called Q,,,, that will be unused and
dissipated as thermal energy without achieving any useful conversion.

Accordingly, the total energy input Q,,, to the photochemical unit can be
represented as the addition of two terms, Q.4 and Q.

Qinput = Qused * Qiosc (IV.3)

Thus, the exercise of designing a superior photocatalytic reactor will be one of
striking the best combination of reactor design parameters which increases as much as
possible Q,,.4 and minimizes Q.

Given the relevance of Q.4 and Q. and their relative importance, it is
significant to introduce a PTEF n based on the Qquq/Qippw Tatio. Thus, this PTEF
provides a dimensionless number basis of comparison for assessing photocatalytic reactor

efficiency.

n- Qu--d/ Qinput (IV.4)

It is significant that the above mentioned criterion is of general applicability and
is not restricted to a specific photoconversion process, be this process homogenous or
heterogeneous.

Consequently, in order to assess 7 it is necessary to provide means for calculation
of both Q, and Q,uy- Qizpw is directly related to the electrical power of the lamp, P
(W) and expressed in J s with the following relation:

With respect to Q,,.,, leading to the formation of ‘OH radicals, there may be
different representations of this term as follows:

Qunpuc (J 872) = P(W) (IV.5)
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(a) For a homogeneous process:

Qused = Toy AHoy V (IvV.6)

or

n - ry, AH,, V/P (IV.7)

where rgy (mol L! s'), AHyy, (J mol?) and V (L) represent, respectively, the rate of
+OH radical formation, the enthalpy involved in the OH radical formation in a
homogenous process and the total water hold up.

(b) For a photocatalytic process:
Qusea = Toy AHoy W (Iv.8)
or
N = Ioy AHgy W/P (Iv.9)

where 1oy is in mol geat! 5!, AH,,,;" in J mol! and w in gcat represent respectively the
rate of -OH formation, the enthalpy of - OH radical formation in a photocatalytic reaction
and the total amount of photocatalyst.

In practice, many researchers working with TiO, like to picture the photocatalytic
reaction as a pseudohomogeneous process. In this case the PTEF can be written as

n - 1, AHgy V/P (IV.10)

where 1oy = foy W/V

Regarding Eqs (IV.7) and (IV.10), they contemplate that PTEFs are not only a
function of - OH radical formation rates but also are related to enthalpies of generation
of the critical - OH radical. Furthermore, these equations point towards the fact that both
foy and AHy," must be carefully assessed if accurate values for 7 are going to be
measured.




Once the PTEFs are introduced and their importance acknowledged, a key issue
is how to calculate or evaluate the parameters involved. One important matter is how to
assess the roy formation. While the model pollutant consumption rate is directly
measurable, a simple relationship to rgy cannot be invoked. In fact, the pollutant
consumption rate is somewhat related to the rate of - OH radical formation. However,
the proper evaluation of the + OH radical formation rate from pollutant consumption rates
requires that important distinctions be made.

First, an -OH radical balance can be established involving the rate roy of
formation of -OH radicals with the rate rgy . of -OH radicals consumed and the rate
Ton,ecc Of + OH radicals "accumulated”:

Tou ® ~ Tou,c * Tom.acc (IV.11)

Moreover, the roy . rate can be equated with I y,r,, which represents the
summation of all rates of pollutant photodegradation, including not only pollutants in
untreated water (model pollutant initially in the system), but also all intermediate
chemical species. Thus, the following equation resuits:

Tow = Y VpIp * Toyace (IV.12)

For example, in cases where the untreated water contains a model pollutant and
a number of other chemical intermediate species (t > 0), such as in the case of methylene
blue and pheno! studied in this Thesis, roy cannot be directly equated with the rate of
disappearance of the model compound. In other words, - OH radicals are also consumed
for the photoconversion of intermediate chemical species and by other scavengers in the
system,

Furthermore, the reaction steichiometry or stoichiometric numbers for each of
these initial and intermediate steps are not known. It is important to emphasise that only
at the very beginning of the photoconversion, when the concentration of all chemical
species equals the concentration of the model pollutant can the following be advanced:

IOH - vrmp.o + IOH,ncc (IV.13)
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where r,,, , represents the rate of disappearance of the model compound at time t=0.

Nevertheless, there are still some pending problems before one can take advantage
of the proposed relations: for a given initial concentration C; of model pollutant, » and
the rop o are unknown and consequently roy still cannot be calculated.

Ton,c €an be assessed, however, by increasing the concentration of model poliutant
C;. When the model pollutant concentration with respect to other scavangers is very high
(in large excess), the stoichiometric number » become presumably close to -1. Given
there is no certainty about » value, it can be stated that, under these conditions, roy =

¥ Top,0 With Top occ €qual to 0 and r,,, , maximum. Thus,

Yoy = VT o) max (IV.14)

In summary, under those conditions the PTEF factor becomes
N = vir, .l AHoy V/P (IV.15)

From Eq (IV.15), it can be observed that both the [fy, JJymex and AHgy' values
are key parameters to assess the PTEF. Moreover, thermodynamic and kinetic

considerations presented in this section point toward the following conclusions:

D) A PTEF of general applicability can be established for assessing
photocatalytic reactor performance. The expression for PTEF is not
affected by unit configuration. Thus, various photocatalytic reactor
configurations using ana.as= TiO, crystals, which should have the same
AHgy', can be compared with the same equation.

2) The PTEF can be based on the maximum reaction rate of model pollutant
disappearance. The PTEF equation is valid at high enough model pollutant
concentrations, that is, at conditions where a zero urder reaction model
prevails. Thus, experiments where the concentraticn of pollutant is

increased progressively until a [r,, ].. is identified, are advised.
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3) The PTEF also points towards the significance of some key parameters
which require careful evaluation, such as the AH,,;’, the enthalpy of «OH
radical formation.

4) Given that the PTEF at high initial model pollutant concentratiun becomes
essentially equal to the rate of +OH radical formation suggests that the
PTEF should be independent or weakly dependent on the pollutant
chemical structure and should only be a characteristic of the specific
photocatalytic reactor used. Thus, experiments with, for example,
methylene blue or phenol, case of this study, can be performed in a given
photocatalytic unit and the behaviour of other compounds, in terms of
PTEF, can be advanced without the need of performing experiments.

Even acknowledging that future work is highly recommended to evaluate AHgy,"
and to calculate the PTEF parameter, it can still be used for comparison of various
photocatalytic reactors. Given that photocatalytic reactors use TiO, anatase catalysts in
various designs, they should display the same AHgy". Thus, Eq (IV.15) can be
rearranged to:

N/ (-VAHS) = - [Zpp o) pax V/P (IV.16)

An interesting approach applicable for monochromatic lamp irradiance is that of
de Lasa and Valladares (1993), where most of the lamp output is near 365 nm. Here one
can rewrite the PTEF with the lamp light power output, Py, , as follows:

Plight - No h C/ A (IV. 17)

where
N, is the incident photon flux (photon s™!); hc/\ is the photon energy (J photon’')
of wavelength A. Alternatively

or

Pliﬂht. NA eo h C/ A (IV. 18)
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where

N, is the Avogadro Number (6.023 x 10®®) and ¢, the incident light flux (einstein
sh).

Substitution of Eq (IV.18) into the expression for the PTEF, as defined in
Eq (IV.15), yields the following relation:

n-0¢xmn, (Iv.19)

where: 0 = ¢, /¢, represents the fraction of photon flux absorbed by the

photocatalyst in polluted water, where ¢,,, = the photon flux absorbed
in the photocatalyst.

$ = V[Iypolmax V/€abs is 2 quantum yield which provides the fraction of photons
absorbed by the photocatalyst resulting in the generation of - OH radicals.

X = Py /P represents the light power efficiency of the lamp.

non = AHgy' /[NAhc/N] represents the fraction of pnoton energy used in creating
+OH radicals.

Given that 7oy should be a constant for the anatase form of TiO, and that the
ratio n/noy is proportional to the ratio 5/AHy", it can be observed that n/AHy,," is a
function of ¢,0 and x only. On this basis an estimate of the maximum value of 7/AHgy"
can be derived by noting from Eqs (IV.19) and (IV.16) that

n/AHgy= $9x/ [N,he/A) (IV.20)

If the ideal case is considered, ¢, © and x = 1, for A = 365 nm then, the
{n/[AHou Y ises = 3 x 10 mol J-'. One should note that lamp light power efficiencies
x are 0.30 or less.

Thus, rewriting PTEF in terms of ¢, 8 and x shows that the PTEF is a combined
result of three parameters. An optimum combination of them may lead to the best
photoreactor designs. As will be shown later for existing photocatalytic reactors,
n/[-vAHgy'] values are about three orders of magnitude below the ideal level.
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In summary, various thermodynamic and kinetic considerations allow us to
propose a PTEF which provides a valuable reference for unit performance comparison.
This relationship, as presented in Eq (IV.16) will be employed extensively for the
evaluation of photocatalytic reactors and in the various discussions that follow.

IV.S Conclusions
Given the need of assessing this design in the context of other alternatives already

presented in the technical literature, a new photochemical-thermodynamic efficiency
factor (PTEF) for photocatalytic reactors is introduced. This factor stresses the
importance of new research directions, provides mechanistic insights and holds significant

potential interest for the development and assessment of various photocatalytic reactor
designs.
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CHAPTER V

EXPERIMENTAL METHODS

V.1 MATERIALS

Titanium dioxide, Degussa P25 (mostly anatase) was used as the photocatalyst.
As reported by the manufacturer this material has a BET surface area of S0 m? g! and
a mean particle size of 30 nm. The photocatalyst was impregnated on a "glossy” type
glass mesh. Methylene blue (BDH indicator) and Phenol (Caledon laboratories Ltd.,
reagent grade), were used in this experiment without further purification. Deionized
double distilled water was used throughout this siudy.

V.2 INSTRUMENTATION

Experimental runs were carried out in the PHOTO-CREC I (original design with
one and three baskets) and PHOTO-CREC 1I (modified design, with 15 baskets), using
a black light blue (BLB) lamp of 15 W,

The model compounds used, methylene blue and phenol, were analyzed
spectrophotometrically using a Hewlett Packard Mode!l 8450 Diode Array
spectrophotometer.

The analysis of the TiO, supported on glass mesh was carried out using a
Scanning Electron Microscope (ISI, DS-130) and Energy dispersive X-ray analyzer
system (PGT), (SEM-EDX), from The Surface Science Laboratory, at the University of
Western Ontario.

A peristaltic Pump master flex (Cole Palmer) was used to recirculate the water
through the photoreactor using different flow rates.

Experiments to determine the total organic carbon (TOC) were carried out with
a TOC-5050 Analyzer Shimadzu Model.
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V.3 PREPARATION OF TEST SOLUTIONS WITH MODEL POLLUTANTS

0.200 g of methylene blue (MeB) was dissolved completely in distilled water in
a 1000 mL volumetric flask, making up a 6.26 x 10* M stock solution. In a typical
experiment at an initial concentration of 12 uM, 48 mL of this stock solution was
transferred to a flask to which distilled water was added to a total volume of 2500 mL.
From this flask, 2200 mL were used to fill the reactor anc the external tank. The solution
was then circulated through the system. Samples for analysis were taken every 15 min
over a five hour period of circulation, the first hour with the light off. After one hour,
the MeB adsorption on the glass mesh reached equilibrium and the light was turned on,
producing the MeB degradation. The same procedure was carried out with phenol using
two different initial concentrations (42 and 557 uM).

V.4 ANALYSIS OF SAMPLES

The samples were analyzed using a Hewlett Packard E Model 8450 Diode Array
spectrophotometer for quantitative analysis. The photocatalyzed reaction was followed
by the disappearance of a methylene blue absorption band at 664 nm. A calibration curve
of known concentration of MeB was previously determined. The results were subjected
to regression analysis and the extinction coefficient was determined (e= 60000 + 2300
M- cm?) using Beer's law. In the experiments of TOC determination the analysis was
carried out simultaneously with the spectrophotometric determination using the same
samples.

Systematic cxperimental runs at different initial concentrations (from 3 to 50 uM),
flow rates (from 100 to 1000 mL/min) and relative light intensities were run. In the
experiments with different light intensities, stainless steel meshes with different aperture
sizes were used with the same BLB 15 W lamp.

In the experiments with phenol as a model, it was determined quantitative!, by
using UV spectrophotometry. The decay in the concentration of phenol was followed by
the disappearance of its strong absorption band at 270 nm. A calibration curve with
known concentrations of phenol was previously prepared. The extinction coefficient
determined was determined to be e= 1400 + 50 M cm'!
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V.5. POTASSIUM FERRIOXALATE ACTINOMETRY

This standard actinometry method is based on the photochemical conversion of Fe(lil)
to the Fe (II) ion and has been described by Calvert and Pitts (1966). The standard
actinometric solution used was a 0.0060 M potassium ferrioxalate solution. The solution
was irradiated for 15 seconds each time with the solution recirculating through the
PHOTO-CREC I reactor. Then, the concentration of ferrous ion was analyzed in a UV-
Vis spectrophotometer using phenanthroline as the complexing reagent. The entire
sampling procedure was conducted in a dark room to minimize errors introduced by
room light, and all experiments were compared with a blank reference.

The absorbance of the solution was measured at 510 nm and the concentration of
ferrous ion determined from a calibration graph of the absorbance of prepared samples
of known concentration of Fe(II). The results were subjected to a regression analysis, and
the number of photons absorbed was calculated using Beer’s Law. The known standard
value of the quantum yield for this reaction is 1.26 + 0.01 ~t 365 nm and 0.0060 M
potassium ferrioxalate solution (Murov et al., 1989).
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CHAPTER VI
PHYSICOCHEMICAL STUDIES

VL1 INTRODUCTION

Given the prospects of good perfomance of the PHOTO-CREC reactor, a series
of reaction tests with model compounds (methylene blue and phenol) were carried out.
The goals for these experimental runs were to determine the physicochemical and
efficiency parameters of the reactor. The following physicochemical parameters were
determined: adsorption constants in the combined glass mesh-TiO, system, the effect of
the initial concentration of the model compound, water flow rate anu light intensity on
the kinetic constants. The following efficiency factors were also determined: quantum
yield (¢), electrical energy per order (EE/O) and the photochemical-thermodynamic
efficiency factor (PTEF). These factors were then compared with other reactor systems.
Finally, the effect of mass transfer and chemical reaction was studied and a kinetic model

proposed.

V1.2. PRELIMINARY EXPERIMENTS WITH METHYLENE BLUE AS A
MODEL POLLUTANT. KINETICS CALCULATIONS.

The first series of experiments with the PHOTO-CREC 1 photoreactor were
carried out with the aim of exploring the photocatalytic activity of the mesn and the
performance of the photoreactor. The dye Methylene Blue (MeB) was used as a model
pollutant vecause it presents several advantages: (1) a well defined optical absorption
maximum at 664 nm (see Fig.VI.1), (2) good resistance to light degradation in the
absence of the photocatalyst, (3) optically transparent at the wavelength range of the lamp
(365 nm), (4) its bleaching can easily be followed using spectrophotometric techniques.

The decrease of the Methylene Blue concentration was measured by using a
Hewelett Packard model 8450 diode array spectrophotometer. Calibration curves were
prepared using a MeB solution of known concentration and measured at 664 nm. The
photoactivity of the glass mesh with immobilized TiO, in one basket was confirmed and
is described as curve A in Fig. VI.2. 20% of MeB was converted after two hours of
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Figure VI.1 Absorbance Spectra (200-800 nm) of a Methylene Blue Solution.
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operation using the 15 W blacklight blue tube.

The number of experiments was then extended using three baskets and similar
conditions as before, obtaining in this case a conversion of 58% after 2 hours of
operation, as is shown in curve B in Fig. V1.2,

The results obtained were also plotted in a semi-log graph showing a straight line
typical of first-order kinetics. The kinetic parameters were then calculated. The results
obtained are given in Table VI.1.

TABLE VL1 KINETIC PARAMETERS IN PHOTO-CREC 1

No. of Baskets  Aparent Kinetic Constant, Half life
Kypp (min'') (min)

t 0.0015 1 ¢.0002 462

3 0.0066 + 0.0003 105

With these initial results, it was possible to evaluate the performance of the unit
with a few baskets and introduce the modifications to the photoreactor, as was explained
in Chapter II. The modified unit is called PHOTO-CREC II. A better performance of the
photoreactor was expected with a larger number of baskets.

VL3 REACTOR OPERATION CONDITIONS

In the continuation of this research, systematic runs were carried out using the
PHOTO-CREC I using MeB as the model pollutant and 15 baskets.

In general the experiments were carried out under the following experimental
conditions:

1. Initial concentration of MeB: The range of concentrations was from 3 to 50
pM. This is the range often found for organic pollutants in drinling water or
contaminated groundwaters. 12 uM was taken as a standard for several experiments.
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Figure VL.2: Degradation of Methylene Blue using the PHOTO-CREC 1 reactor unit
with one basket, curve A (--X--) and three baskets, curve B (--A--). These
experiments were conducted under the following conditions: solution
volume, 1.6 L; flow rate: 150 mL/min; lamp power, 15 W; initial MeB
concentration, 4.0 uM.
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2. Oxygen concentration: it was considered that the oxygen concentration was
near saturativn and in equilibrium in the system. The water reservoir was open
to the atmosphere and continuously agitated, permitting oxygen from the air to
be reabsorbed, regenerating the oxygen consumed in the photocatalytic reaction.
A calculation using Hysim simulation program (Hyprotec Ltd., 1993) of the
oxygen dissolved in the working conditions of the PHOTO-CREC I was carried
out, obtaining a value of 300 uM.

3. Total Volume: the total volume used was 2.2 L ir the experiments with the
final reactor design and using 15 .. .kets.

4. Flow Rate: the flow rate for most of the experiments was 150 mL/min. But in
the experiments on the effect of flow rate, runs from 100 to 1000 mL/min were
carried out.

5. Light Souirce Used: the lamp used in all the experiments was a 15 W black
light blue tube that produced radiation peaking at 365 nm with a radiation output
of 800 uW/cm? at a distance of 12 inches as descnbed by the manufacturer.

6. pH: The pH used was the "natural” pH of the MeB solution. The average
value of pH obtained was 5.4 + 0.5

7. Temperature: the average temperature conditions of the water solution of
model pollutant MeB was 18 + 2 °C

VI, 4. ADSORPTION OF MEB ON THE TIO, IMPREGNATED GLASS MESH
For this experiment the MeB solution was recirculated through the reactor with
the light source off. Samples were taken every 15 min over 90 min. It was found that the
MeB concentration initially dropped but then became relatively constant after 15 min
indicatirg that the system (mesh-MeB solution) approached adsorption equilibrium (see
the first part of Fig. VI.3). Several adsorption experiments for the system mesh-MeB
solution were carried out for different initial concentratic.- of MeB. The results obtained
are shown in Fig. VL.4. An initial steeply rising curve ..at gradually flattens off was
obtained. The initial rise is related to the strong tendency of the TiO,/mesh surface to
bind the McB molecules and the levelling off can be attributed to the saturation of ti.e
surface adsorption sites. The MeB adsorbed on the TiO, loaded mesh approaches




Figure VI.3: Typical experiment showing the photodegradation of Methylene Blue in
PHOTO-CREC 1I reactor showing the adsorption of MeB on TiO,
supported glass mesh ("Dark Reaction") and the switching on of the UV
lamp, starting the photocatalysis reaction period. The run was conducted
under *we following conditions: solution volume, 2.2 L; flow rate, 150
mL/miu; lamp power, 15 W; initiai MeB conc, 12 uM.
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Figure VI.4: Methylene Blue adsorbed per gram of mesh at different initial MeB
concentrations, showing that the surface saturation is reached at [MeBl]g,
of ~25 uM.
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saturation when a value of the equilibrium concentration of MeB of 20 uM is reached.
The graph has the typical shape of an adsorption isotherm. The expression that might
describe the MeB ausorption behavior on the TiO, glass mesh is the Langmuir
Adsorption Isotherm:

_ KKp[MeB)g, (VI.1)
(MEB]ods 1+K][MeB]Eq

Where [MeB],,, is the moles of MeB adsorbed per gram of mesh and [MeB]g, is the
equilibrium concentration of MeB in the solution; K, and K, are constants for the given
system. If the reciprocal of the above expression (Eq. VI1.2) is plotted, a straight line is
obtained from which it is possible to obtain K, and K,.

b | 1 v 1

- — vI.
[MeBl,, KK [MeBl, K (vi-2
The reciprocal plot is shown in Fig. V1.5 and the parameters obtained are:
K, = 0.471 + 0.065 uM' K, = 0.167 + 0.024 umol gmesh'

Concerning these parameters, Matthews (1989) states that K, is related to the

adsorption affinity while K, is related to saturation coverage of the surface.

VL5 Typical Kinetic Response in the Light

A typical experiment can be seen in Fig. V1.3 and is described as follows: The
solution containing MeB was recirculated through the reactor with the light source off.
Samples for spectrophotometric analysis were taken every 15 min over a § h period.

There was an initial rapid decrease of the MeB concentration, arising from its adsorption

on the TiO, supportec glass mesh. This decrease of MeB conceniration from the solution
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Figure VL.5: Inverse of the MeB,,, per gram f glass mesh versus the inverse of
[MeB],,, showing a linear behavic.: -
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(called the “dark reaction™) occurred before the light was switched on. After 15 min the
MeB adsorption on glass mesh surface achieved equilibrium. Once the MeB concentration
reached a plateau, the light source was switched on and samples were taken every 15
min. An exponential decrease of the MeB concentration occurred thereafter. During the
reaction period 90% bleaching was reached in 2.0 h for 2.2 L of a 12 uM solution of
MeB at a flow rate of 150 mL/min.

VI.6. DETERMINATION OF THE KINETIC PARAMETERS

The results described in Fig. VI.3 were plotted on a semilog graph for the
photocatalyzed reaction period after the light was switched on. As shown in Fig. VL.6,
the data fit a straight line, which confirms apparent first-order reaction kinetics for the
degradation of MeB. The kinetic results show an increase of ~ 10 in the apparent rate
constant between the PHOTO-CREC 1 reactor with one basket and the PHOTO-CREC
IT reactor with 15 baskets, as was expected. The results obtained were: k,,, = 0.017 +
0.002 min™! and t;,, = 41 min; 90% of the MeB was bleached after 2 h.

VL7. EFFECT OF INITIAL CONCENTRATION OF MeB

The effect of the initial concentration of MeB on the rate of disappearance from
the solution was studied using different concentrations ranging from 6 to 50 uM (before
adsorption). The experimental conditions were as follows: flow rate, 150 mL/min; total
volume, 2.2 L; lamp power, 15 W, BLB tube. The experimental results are described
in a semilog graph in Fig. V1.7 and Table VI.2

The results show that when MeB initial concentration increases, the apparent first-
order rate constant k,,, decreases, suggesting that at higher concentrations there is an
increasing limitation of the reaction rate, depending on the number of available sites on
the TiO,/glass mesh system. These results demonstrate first order kinetics for all the
concentrations presented in Fig. VI.6. The kinetic constants and half lives, at different

initial concentrations, are given in Table V1.2,

VL8. EFFECT OF FLOW RATE OF THE RECIRCULATED SOLUTION.
Experiments to determine the effect of the recirculation flow rai¢ in the
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Figure V1.6: Semilog plot of experimental conversion of Methylene Blue versus
reaction times in the PHOTO-CREC 11 reactor.




1
60 90 120 150 180 20
TIME/ MIN




Figure V1.7: Experimental MeB concentrations for various times of reaction showing
the effect of initial MeB concentration in the PHOTO-CREC I unit. The
experimental runs were conducted under the following conditions: solution
volume, 2.2 L; flow rate, 150 mL/min; lamp power, 1S W; -- --39.4
pM; - --20.4 yM; -- --9.4 uM; -- A -- 3.8 uM
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TABLE V1.2. EFFECT OF aNITIAL CONCENTRATION OF MeB
Solution volume, 2.2 L; Flow rate, 150 mL/min; Lamp power, 15 W

[MeB], Apparent kinetic rate Half life t,,»
(uM) constant (min'') (min)
3.8 0.021 4 0.002 34
9.4 0.017 + 0.001 40
20.4 0.012 + 0.001 56
39.4 0.005 + 0.001 133




photoreactor and the related mass transfer controls were carried out in a range of 100 to
1000 mL/min under the following conditions: total volume, 2.2 L; initial MeB
concentration, 12 uM; lamp power, 15 W BLB laiap.

The experiments were typically run for 4 h including 1 h for the dark reaction.
The results of the experiments show that when the flow rate increases, the apparent
kinetic constant ir.creases reaching a piateau at a flow rate of 500 mL/min. The results
are described in Fig. V1.8 and Table VL. 3.

Given the increase of fluid velocity in the proximity of the fiber mesh when the
water flow rate increases, a reduction in the mass transfer boundary layer can be
expected. Thus there will be an overall increase in mass transfer rates, with a
corresponding reduction of mass transfer limitations and higher apparent kinetic rate
constants, When a limit is reached, such that further flow rate increases do not yield
higher apparent kinetic rate constants, it can be argued that the overall rate of
photoconversion is controlled only by chemical reaction at the surface of the TiO,
particles. This is an optimized operating condition for a given design. In the case of
PHOTO-CREC 11, this cendition is reached for flows higher than S00 mL/min. Chapter
VI, section VI.14 deals further with the modelling aspects of these experiments.

VL1.9. EFFECT OF LIGHT INTENSITY

Experiments to determine the effect of the light intensity on the reaction rate were
carried out in the PHOTO-CREC II unit. The lamp was wrapped with a stainless steel
mesh, having different aperture sizes, allowing different fractions of the light source to
pass into the reaction chamber of the photoreactor. The meshes used had the following
open areas: 50%, 40% and 36%. The results are presented in Fig. VL.9.

The experiments were carried out using a 12 uM solution of MeB and a flow rate
of 500 mL/min, showing a linear dependence of the light intensity with the reaction
rates. This result was expected due the low power (15 W) of the lamp used. This is a
desirable condition fo: the optimization of energy utilization in the unit designed.
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Figure VI.8: Experimental MeB concentrations for various times of reaction showing
the effect of the water flow rate. The experimental runs were conducted
under the following conditions: solution volume, 2.2 L; lamp power, 15
W; initial MeB concentration, 12 uM. -- -- 322 mL/min; --A-- 237
mL/min; -- -- 110 mL/min; -- -- 500 mL/min; -- + -- 750 mL/min.
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TABLE VL3. EFFECT OF FLOW RATE

Solution volume : 2.2 L; Initial MeB concentration: 12 uM; La: p power: 15 W.

Flow Rate Apparent Kinetic rate Half life, t,,
(mL/min) constant, k,,, (min)
(min!)

110 0.015 + 0.002 47

150 0.017 + 0.002 40

237 0.019 + 0.002 37

322 0.022 + 0.002 32

500 0.0263 + 0.001 26

750 0.0262 + 0.002 26




Figure V1.9: Change of the apparent reaction rate constant with different light
intensities
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VI.10. QUANTUM YIELD OF THE BLEACHING OF MeB
The quantum yield of the bleaching of MeB in the PHOTO-CREC 11 unit should
be determined by assessing the number of photons emitted by the lamp that reach the

surface of the TiO, supported on the glass mesh and the fraction of this light that is
adsorbed by the TiO,. The number of photons emitted by the lamp that euter the reaction
chamber was measured by using potassium ferrioxalate actinometry. The fraction of light
absorbed was determined by measuring the light absorbed by the mesh and the
photocatalyst using an integrating sphere.

The ac.inometry of the lamp and the photoreactor was carried out by recirculating
a 6.0 x 103 M solution of potassium ferrioxalate through the photoreactor from the
reservoir. The method of Calvert and Pitts (1966) was used to measure the rate of
ferrous ion formation. The results are shown in curve A in Fig. VI.10. The slope,
calculated by regression analysis was, slope = 0.072 £ 0.001 min'!. Using this result,
the photon flux entering the reactor was calculated to be ¢, = (2.7 + 0.2) x 10*
Einstein/min (see Appendix 1). However, it is not possible to assume that the same
number of photons/min were absorbed by the photocatalyst because part of this light was
absorbed by the glass mesh and other components of the unit and part was transmitted
through the mesh. To quantify part of this phenomenon, an experiment was conducted
to measure the fraction of light absorbed by the photocatalyst. The experiment consisted
in determining the light absorbed by the bare glass mesh and that by the supported TiO,
photocatalyst, by taking a UV diffuse reflectance spectrum at 365 nm (using an
integrating sphere) for both the TiO, supported on glass mesh and the bare mesh. The
result of this experiment showed that the fraction absorbed by the mesh is 0.29, by the
TiO, is 0.39 and 0.32 of the light was transmitted through the mesh. Thus, the photon
rate absorbed by the TiO, and in the mesh system was calculated to be ¢, = (1.05 +
0.05) x 10 Einstein/min.

The results obtained for the effect of MeB concentration on the quantum yield are
shown in Fig. VI.11, They indicate that the quantum yield increases with the MeB
concentration, reaching a plateau with a maximum quantum yield of ¢ = 0.0063.

The results obtained for the effect of water flow rate on the quantum yield are
shown in Fig. VI.12, They indicate that the quantum yield increases when the flow rate




Figure VI.10: Absorbance at 510 nm of Fe** complex produced when light of
365 nm was irradiated to the potassium ferrioxalate actii:ometry
solution in the PHOTO-CREC II reactor.
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Figure VI.11:  Effect of the initial MeB concentration on the quantum yield.
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Figure VI.12:  Effect of the flow rate cn the quantum yield.
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is increased from 150 mL/min to 500 mL/min, where a constant value is reached at
¢ = 0.0067.

These results can be compared with those reported before using a slurry system
(Valladares and Bolton, 1993). Those results show that the quantum yield ¢ = 0.033 for
a slurry system is ~5 times higher than in the immobilized system.

In summary, the quantum yield values evaluated in this study represent a
minimum quantum yield of the system and should only be considered as a general

reference.

VL11. MINERALIZATION OF MeB-TOTAL ORGANIC CARBON ANALYSIS
Studies conceming photocatalytic conversion of MeB and possible intermediates were
carried out by the simultaneous determination of the total organic carbon (TOC) and the
bleaching of the MeB solution. The results show (Fig. VI.13) an initial TOC lag period
with respect to the MeB bleaching. This was followed by a fast disappearance of TOC.
In the first hour of illumination, 27% of MeB was bleached and 9% of the TOC was
mineralized. In the following two hours of illumination, MeB was bleached and
mineralized at almost the same rate. However after 3 hours, there was a decrease in the
mineralization rate. Furthermore, after 5 hours of illumination the Me® was 85%
bleached and 72% mineralized. Reviewing the results obtained, it is suggested that after
3 hours of illumination, an intermediate is formed that appears to be slow to degrade.
Complete mineralization was found after 20 hours. In summary, the overall MeB
bleaching was ohserved to take place at a rate approximately four times faster than that
of complete mineralization. This result agrees well with a study previously reported by
Matthews (1989) using MeB as model reactant and a glass spiral reactor system.

V1.12. KINETICS AND EFFICIENCY WITH A SECOND MODEL POLLUTANT:
PHENOL

Experiments using PHOTO-CREC II photoreactor were carried out using phenol
as a second model pollutant. The disappearance of the phenol was followed by
spectrophotometry and the results fit first-order kinetics. The experiments were carried
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Figure VI.13 Decrease of % MeB concentration ( ) and Total Organic Carbon (TOC)
( ) with irradiation time.
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Figure VI.14:

Degradation of phenol in the PHOTC -CREC II reactor with 15 baskets.
The experimental runs were conducted under the following conditions:
solution volume, 2.2 L; lamp power 15 W, initial phenol
concentration, 42 uM ( ) and 557 uM ( ); flow rate: 150 mL/min.
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TABLE V1.4. PHENOL DEGRADATION

KINETICS AND EFFICIENCY PARAMETERS

Solutior: volume, 2.2 L; Lamp power, 15 W; flow rate 150 mL/min

[Phenol] Apparent Half life Quantum
(uM) kinetic tin Yield (¢)
constant (h0)
kapp
()
557 0.046 15.2 0.0063
42 0.35 1.9 0.0038

100



out at two different concentrations: 42 and 557 uM, at "natural” pH (4.5) using 2.2 L
of solution at a flow rate of 150 mL/min, obtaining conversions in one hour operation
from 4.6% at 556 uM to 26.0% at 42.1 uM. Changes in the normalized phenol
concentration (C/C)) as a function of the illumination time for two different initial
concentrations are shown in Fig. VI.14. Kinetic and quantum yield parameters were
obtained and are presented in Table VI1.4.

The values obtained for the quantum yield were 0.0021 + 0.0005 and 0.0035 +
0.0005. These values are similar to those obtained for MeB. The efficiency factors EE/O
and PTEF for the photodegradation of phenol are discussed in the next section.

VI.13. ENERGY EFFICIENCY OF THE PHOTOCATALYTIC PROCESS
IN THE NOVEL PHOTOREACTOR, PHOTO-CREC 11

VL.13.1 ELECTRICAL ENERGY PER ORDER (EE/O)

Energy efficiency of the photocatalytic process was evaluated in the present thesis
using the Electrical Energy per Order (EE/O), as defined and explained in Chapter IV
and the Photochemical Thermodynamic Efficiency Factor (PTEF), developed in the
present study and defined as well in Chapter IV.

Since the photocatalytic degradation rate of the model pollutant in the systems
tested follows first-order kinetics, it is possible to calculate the electrical efficiency of the
photocatalytic process by using the figure-of-merit "Electrical Energy per Order” (EE/O)
that was introduced by Bolton et al. {(1992) and discussed in Section IV.1.

The EE/O values were calculated from the equation that relates EE/O with the k,, :

EE/O=- 1‘4,5.251’ (VI.4)

L] .w

Where P is the lamp power (kW), V is the total volume (L) and k,,, is the apparent
kinetic constant. The results obtained are shown in Figs. VI.14 and VI.15.

These results show that at a flow rate of 150 mL/mi, the EE/O varies from 50
at [MeB]; = 6 uM; to 145 at [MeB], = 45 uM. The best values are obtained at lower
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Figure VI.15:

Effect of initial concentration of MeB on the electric energy per order
(EE/O). Experimental runs were conducted using the PHOTO-CREC
II reactor under the following conditions: solution volume, 2.2 L; lamp
power, 15 W; flow rate, 150 mL/min.
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Figure VI.16:

Effect of flow rate on the electric energy per order (EE/O).
Experimental runs were conducted using the PHOTO-CREC II unit
under the following conditions: solution volume, 2.2 L ; lamp power,
15 W; initial MeB concentration, 12 xM.
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TABLE VLS EFFICIENCY FACTOR
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ELECTRICAL ENERGY PER ORDER (EE/O)

Concentration of MeB Flow rate EE/O

(M) (mL/min) (kW/h per
1000 gal

per order)
6.2 150 48.3
12.0 150 59.5
24.5 150 80.5
42.7 150 135.7
12.0 237 52.6
12.0 322 49.1
12.0 503 37.6
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TABLE V1.6
ELECTRICAL ENERGY PER ORDER (EE/O) FOR SEVERAL REACTOR
SYSTEMS
MODEL TYPE OF T, INITIAL
POLLUTANT SYSTEM CONCENTRATION | EE/O | REF.
uM)
Inmobilized
Methylene PHOTO-CREC 12 38 This
Blue 11 Thesis
Reactor
Inmobilized
Methylene Spiral, Tin 0 83 Matthews
Blue Film (1989)
Reactor
Methylene Slurry 12 4888 | Valladares
Blue (1993)
Inmobilized This
Phenol PHOTO-CREC 42 160 | Thesis
II Reactor
Mix of Phenols Inmobilized, 63 2725 Al Ekabi
Nulite Reactor et al.
(1990)
Phenol Slurry 100 552 | Okamoto
et al.
(1985)
Phenol Slurry 1000 17251 | Wei et al.
(1990)




concentrations of the model pollutant. This result is due to k,,, decrease with the initial
concentration as was explained in Section VI. 7.

With experiments at an initial concentration of MeB of 12.0 uM and different
flow rates, there is an increase in the photocatalytic efficiency (low EE/QO) when the flow
rate increases. The best value obtained for the EE/O was 38 at S00 mL/min. It is
important to note that the PHOTO-CREC 11, with these experimental results obtained in
a prototype unit (150 hours of operation) and even without final optimization, the EE/O
as low as 38. This is clearly encouraging and supports the innovations introduced with
PHOTO-CREC II. Several EE/O values have been calculated from different publications
for different photocatalytic reactor systems and are shown in Table VI.6. As can be seen
some the EE/O values reported are very high. What makes the PHOTO-CREC Il system
to have low EE/O values is the fact that using such a weak lamp (15 W) the reaction
rates are relatively high. The reason for that is a design that allows an optimum contact
between the pollutant in the solution with the illuminated TiO, supported on the glass
mesh, eliminating the problems of mass transfer and other inefficiencies that are present
in other designs.

VI.13.2 PHOTOCHEMICAL THERMODYNAMIC EFFICIENCY FACTOR

(PTEF)

As stated in Section IV.4 of this thesis, the PTEF index n/[-vAHgy'], provides
a sound methodology for assessing photocatalytic efficiency as well as for comparing the
relative efficiencies of different photochemical reactors. It is important to mention, as
discussed in Chapter II, that to apply this analysis the following data are required: initial
photoconversion rates of model pollutants at different pollutant concentrations, lamp
power and total volume of the water treated.

While the volume of the technical literature regarding photocatalysis of organic

pollutants with TiO, is profuse, there is only a relatively small number of publications
reporting all the data needed to calculate PTEFs for several organic pollutants. In this
context and through the review of the technical literature, the following cases were
considered for PTEF calculations:
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Figure. VI1.17

{n/[-vAHgy ']} for different initial concentrations of model pollutant
calculated from the data of Terzian et al. (1991) for m-cresol.
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1) Case 1: Data frum Terzian (1991).

Terzian et al. (1991) developed a comparative study of the initial photocatalytic
conversion rates of m-cresol, o-cresol and p-cresol using TiO, in the anatase form from
Degussa (P-25). Experiments were carried out in a S0 mL pyrex glass reactor with 100
mg of catalyst and a Hg/Xe, 900 W lamp,

The m-cresol results (Figure VI.16), clearly display a steady increase of »/[-
»AHg,y,'] with initial concentrations. This trend continues until an approximate plateau
value of 1 x 10:'2 mol J-! is achieved. Although, as will be discussed later, PTFEs are
in the low range, data from this study helps to demonstrate that 5/[-»AHgy'] increases
with the initial concentration of pollutant, with a plateau reached at high initial
concentrations. It can be argued that under these conditions the pollutant photoconversion
ratc equals the rate of -OH radical formation. This upper value of 7/[-vAHgy']
represents the maximum efficiency or maximum PTEF achievable with this particular

design.

2) Case 2: Data from Matthews (1988)

Matthews (1988), carried out an extensive study of the initial photocatalytic conversion
rates of 22 organic solutes over a UV irradiated film of TiO, from Degussa (P-25). 75
mg of TiO, were employed to coat a 7 m long 65 turn spiral of borosilicate glass tube
with a spiral volume of 90 cm®. A 20 W black light blue fluorescent tube and a 40 mL
water pollutant solution was used in the experiments.

7/[-vAHgy, '] results for five of these compounds (benzoic acid, phenol, acetone,
chloroform, salicylic acid, 2-chlorophenol, 4-chlorophenol and chlorobenzene at various
initial concentrations (Figure VI.17), show, as in the case of Terzian et al., a steady
increase with C; to a plateau value of 2.0 x 10 mol J-!.

While this limiting 7/[-vAHgy] value is higher than that obtained from the data
of Terzian et al., a striking result is the relative independence of the PTEF with the
particular model compound used. Thus, the analysis of Matthews’ data in the context of
the PTEFs points toward two important conclusions:
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Figure. VI.18 {5 / [-vAHgy"]} for different initial concentrations of model pollutant
calculated from de data of Matthews (1988). Acetone;
Chloroform; Phenol; 2-Chlorophenol;  Chlorobenzene.
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a) PTEFs can be used effectively to rank efficiency in photocatalytic reactors,

b) PTEFs at higher concentrations are a weak function of the specific molecule
photoconverted and this implies a correlation of the photoconversion pollutant
rates with "OH radical formation rate.

J) Case 3: Data from Ollis (1985)
Ollis (1985) conducted photocatalytic experiments using a slurry reactor with a loading
of 1 g/L TiO, in water, The slurry unit had volume a 600 mL volume and was equipped
with a 105 W lamp. Ollis tested 12 halogenated hydrocarbons. With the exception only
of perchloroethylene, all the other compounds tended to yield a maximum »/AH of (0.4-

0.6) x 10° mol J-!, as is shown in Fig. VI.19. This allows the following conclusions:

a) Maxima observed for #/[-vAHg,"] with the Ollis data are at high level being
however, smaller than those from the data of Matthews (2x10® mol J*). It should
be pointed out that the volume of Ollis’ reactor was 600 mL or 15 times the unit
of Matthews with a volume of 40 mL. Thus, increasing reactor volume
introduces a major challenge to the engineering of photocatalytic reactors and may
explain the lower n/[-vAHgy'] values obtained by Ollis. As well, this
demonstrates that photoca-alytic reac’~-s can be effectively ranked in terms of
their efficiencies using PTEFs.

b) The n/[-vAHgy; ] values obtained with Ollis’ data seem to indicate independence
of molecular structure. This is particularly true at higher concentrations, which
points toward experiments with high pollutant concentrations as the best method
for assessing with confidence equipment performance through PTEF values.

Case 4: This Thesis

Once PTEFs were obtained for the above mentioned references it was found
relevant to establish how the PHOTO-CREC II reactor ranked in terms of PTEFs values
with respect to the above described units. It should be recalled that PHOTO-CREC 1l
was a 2.2 L volume reactor equipped with a 15 W lamp.
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Figure. VI.19  {n/[-vAHqy")} for different initial concentrations of model pollutant
calculated from the data of Ollis (1985) for Dichloroethane;
Monochloroacetic Acid;  Dichloroacetic acid;  Perchloroethylene.
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Figure. VI.20  {n/[-vAH, 1} for different initial concentrations of model pollutants
calculated from the data of this Thesis: Methylene Blue;  Phenol.
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Results of PTEF with data of this Thesis, presented in Figure VI.19, show the

following:

a) A maximum 9/[-vAHgy"] value of ~10° mol J! was obtained. While these
values are somewhat smaller than the best observed with the 90 mL reactor of
Matthews (2x10'%), they are, however, significantly higher than the ones in the
600 mL Ollis unit (0.7-1.10%). It is important to emphasize that results obtained
with the PHOTO-CREC 1 (in between the lowest and highest PTEFs) were
achieved with a unit having a volume 50 times larger than that of Matthews. This
was achieved still keeping PTEFs in a comparable range.

b) Another interesting observation concerned the methylene blue and phenol
experiments.The #/{-vAHoy'] values for the two compounds fall in an almost
single curve for PHOTO-CREC II (Figure VI.19), which also points to the small
dependence of the PTEFs values on a particular molecular structure at higher
concentrations. These results provide support for possible extrapolations of
PTEFs values obtained in PHOTO-CREC II to other pollutants to be
photoconverted eventually in the same reactor.

In summary, initial rate data of the technical literature and experimental resuits

demonstrates that good PTEF efficiencies were achieved for a number of photocatalytic

reactors. In particular, high PTEF values were achieved with PHOTO-CREC, as

described in Fig. VI.21, in the context of a unit with the largest volume reported (2.2

L reactor). These high PTEF values, 1 x 10 and 2 x 10 mol J! for 150 and 500 mL

min! water recirculation respectively, are encouraging and suggest a good potential for

scaled-up versions i the PHOTO-CREC reactor.

Moreover, review of the PTEFs helps to demonstrate that efficiencies of current
designs, 1-2 x 10 mol J-!, are three orders of magnitude below the so-called “ideal"
PTEF efficiency, 3 x 10° mol J'. Thus, there is still significant latitude for
photocatalytic reactor technical improvements.




Figure. VI.21

Maximum Efficiency Factors {# / [-vAHoy lma.} and reactor volume
for several authors: Terzian; Matthews;  Ollis;
Valladares (this Thesis).
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VI.14, KINETIC MODELLING AND MASS TRANSFER PHENOMENA

Given the potential combined effects of mass transfer and the photocatalyzed
reaction, a model including both effects was considered. This model is based in the
following assumptions:

a) The process of mass transfer, as described in Figures V1.22 and V1.23 takes
place between "bundle of fibers” (0.15 cm in diameter) with a ribbon shape,
forming the mesh and the pollutant in the solution. These fiber bundles hold the
immobilized TiO, and are contacted by the water stream.

b) The water stream flows perpendicular to the mesh of fiber bundles. This
assumption is adequate considering the special design adopted for the PHOTO-
CREC II reactor.

¢) Water recirculation is high enough to assure that the pollutant concentration

C(t,z) is a function only of the time on stream under irradiation.

d) The adsorption of the pollutant on the TiO, follows an equilibrium Langmuir
isotherm: (refer to section 1V.3)

q - K,K, C/(1+K,C) (VI.4)

where:
q = amount of pollutant adsorbed based on the unit weight of mesh
(umol/gmesh).
C = pollutant concentration (uM).
K, = adsorption constant (uM")
K, = adsorption constant (umol gmesh’!)

Thus, under these considerations and model assumptions the following pollutant

mass balance in the photocatalytic unit can be considered:




Figure. VI.22  Schematic representation of the water flow patterns in the vicinity of
the glass mesh illustrating the sudden changes in flow direction.
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Figure. VI.23  Schematic representation of the open mesh area and the glass mesh area
with illustration of the square holes left open for the circulation of the
fluid.
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([C] v IC] t+AC )v - kt % (C—CI) At (VIQS)

C = concentration of pollutant in the bulk phase (uM).

C,= concentration of pollutant in the interface between the water and the
bundle of fibers (uM).

kc = mass transfer coefficient {L dm2.5']

V = total volume f water [L]

t = irradiation time [s]

A,= total external area of fiber bundles (dm?)

taking, AC/At = dC/dt when At->0, it is possible to write:

-dc/dt - [kA,/V] (C-C;) (VI.S)

This equation represents the change of pollutant concentration with time as a
result of pollutant transfer through the interface of the fiber bundle.
Furthermore, a second mass balance can be established at the interface of each

fiber bundle:

KA, (C-C;) - 1 W, (VI.7)

where:
r = rate of pollutant photodegradation based on the unit weight of mesh
fumol gmesh! s}
w, = total weight of impregnated mesh with TiO, [gmesh])
This equation expresses pollutant transfer through the boundary layer of the fiber
bundle, making it equal to the amount of pollutant consumed by photochemical reaction.
It is frequently found that the photocatalytic reaction is irreversible and first order

on the pollutant surface concentration. Then, it is possible to write:

r - -k P2 q (VI.8)




where:
k = Kkinetic constant for the photocatalytic reaction (s WS}
= electrical power of the lamp (W)
= exponen: involved in the function representing the influence of the
electrical power of the lamp on the rate of photodegradation.

Considering these various assumptions the following relation results:

kf A-(C"‘CI)- k P‘q Wm (VI-Q)

Adsorption of the MeB pollutant on the catalyst surface takes place following a
Langmuir model. The validity of this isotherm was demonstrated in the experiments
under "dark conditions” in Section VI.3. Then Eq. (V1.9) can be modified to:

K¢ A,(C-C;y) = Kk K, K, P* C; w,/ (1+K,C;) (VI.10)

Given that the "a" exponent can be considered equal to 1, as demonstrated in
Section V1.9, the following szt of equations have to be solved simultaneously:

KA, (C-C;) = [k P K, K,/ (1+K,C;)] C; w, (VI.12)

withk, = kK, K, P

In the proposed model there are three parameters influencing the change of
concentration in the bulk k,, k, and K,. The K, parameter was already defined with
independent adsorption experiments (initial period under dark conditions). The other two
parameters, k; and k,, can be determined as follows:

a) The kinetic constant k; was determined at Q > 500 mL/min. From theory, it is
known that if the flow rate is high enough, only one equation, instead of two [Eqs
(V1.11) and (VI1.12)], is required to model the reacting system;
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-dc/dt = [(k,C/ (1+K,C)] w,/V (VI.13)

Moreover, if the concentration of pollutant is low enough, parameter estimation
can be carried out under conditions where, K,C <« 1; then the resulting equation can be

solved yielding

In [C/C] =-k,. w/Vp. t
or

Kepp = K1-Wg/V = 0.0260 5°!
or

k, = 0.0260 V/w,, (cm? gcat! s'1)

b) Once the k,.w,_/V and k, are determined, there was only one parameter left, k;.
In order to simplify the mathematical approach, k, was determined for pollutant
concentration conditions where K,C « 1. Under these conditions, it can also be
stated that K,C; < 1 given that C; < C.

Then the following set of equations is left for Q < 500 mL and K,C;, « 1

dc/de - [kA,/V] (C-Cp) (VI.14)

k!An(C-CI) - kchwm (VI.].S)

Rearranging Eq (IV.15) and writing C; as a function of C,
C; = [kea,/ (kA +kw,)] C (VI.16)

and making a substitution of this result in Eq (VI.13) the following apparent kinetic
constant is obtained:
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Kapp = 1/ [1/k W+ V/keA,] (VI.17)

Using the above equation and the experimental information obtained in separate
experiments (k,), it was possible to calculate the mass transfer constant (k). The
calculation of k; requires assessment of the fiber bundle area Ay, in direct contact with
the flowing water stream. The fiber bundles have the geometry of ribbons and are
wzaved in the form of a tissue with fibers placed at an orientation of 90°. Evaluation of
the external surface of the total fiber bundles area used in the 15 baskets yielded an
estimated area of 2.6 x 10° cm?.

In order to provide a valid comparison of the extent of mass transfer in PHOTO-
CREC 11, a good indicator is the dimensionless Sherwood number Sh (1960). Sh and its
correlation with the Reynolds number (Re) were calculated using the experimental k
values and the following relations:

Sh = k, d,q/Dys (VI.18)

where d., = diameter of the equivalent sphere having the same area per unit volume of
fiber bundles with estimated thickness at 0.025 cm (deq ~ 6 fiber bundle tickness)
D,g = diffusivity of MeB in water, estimated at 10 cm?s

Re -u p 4,/ (VI.19)

where u = average velocity of the fluid in the proximity of the fiber bundle (space left
between the fiber bundles) (cm.s)
p = density of the water (g.mL")
p = viscosity of the water (g.cm’.s’)

Experimental values obtained for Sh and Re are reported in Table VI.7. For Re
changing from 6.6 to 30 a progressive increase of k, was observed, and this was a good
indicator of the data consistency. Also it was observed that the high Sh values, obtained
in PHOTO-CREC 11, are pressumably due to the special flow pattern of this unit. There
were sudden changes of fluid direction in the vicinity of the fiber burdles (ribbons)
supported in a perforated plate. Thanks to this design, it was possible to operate PHOTO-
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Figure. V1.24

Correlation of the Sherwood Number (Sh) with the Reynolds Numbers
(Re) for PHOTO-CREC II ( ) and for the following Models: Hobson
and Thodos ( ); Sherwood, Pigford and Wilkie ( );Wilson and
Geankoplis () and Dwivedi and Upadhyay ( ).
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TABLE VL7

REYNOLDS AND SHERWOOD NUMBERS
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Q v Re Kpp ky/10 Sh
(mL min'!) (cm s)) () (cm sY)

90 0.53 6.62 0.0154 3.17 475

150 0.88 11.0 0.0170 4.13 619

240 1.42 17.7 0.0178 4.74 711

320 1.90 23.7 0.0188 5.70 855

400 2.36 29.6 0.0196 6.69 1003




CREC II without mass transfer control, a remarkable result given the range of Reynolds
numbers employed.

Furthermore, it was also interesting to compare the Sh values obtained with other
values reported in the literature for the same range of Re numbers. Sh numbers were
calculated using the following correlations for mass transfer in packed beds and liquid
media:

-Correlation from Hobson and Thodos as reported by Bennet and Myers (1981),

-Correlation from Sherwood, Pigford and Wilkie as reported by King (1980),

-Correlation from Wilson and Geankoplis as reported by Geankoplis (1993),

-Correlation from Dwivedi and Upadhyay as reported by Brodkey and Hersey

(1988).

It can be observed that the Sh numbers in PHOTO-CREC were always higher
than the Sh values predicted by the models of packed beds of spheres. This difference
ranged from 10-40 times and provides evidence of the high mass transfer achieved in the
PHOTO-CREC II and of the relevance of the results obtained.

Vi.15 CONCLUSIONS

Systematic experiments developed allowed the determination of physicochemical
and efficiency characteristics of the proposed design system. The Langmuir adsorption
Isotherm constants for the system methylene blue-TiO, on glass mesh obtained were to
be K;= 0.47 + 0.06 uM'and K, = 0.17 1 0.02 umol gmesh™'.

As well, at low concentrations, the photodegradation reaction showed first order
kinetics and an apparent kinetic constant that changed in an inverse proportion with the
initial MeB concentration. Furthermore, the water recirculation flow rate showed an
influence in the kinetic constant: higher flow rates give higher kinetic constants. A
constant value was reached after 500 mL/min. The light intensity and the apparent kinetic
constant also showed a linear relation. The apparent quantum yields of the different

experiments showed values in the range of 0.004 to 0.007, due mainly to the inherent
low efficiency of the photocatalyst. The electrical energy per order (EE/O) obtained for
the PHOTO-CREC 1I system (38-150) presented however encouraging values, in fact
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they were the lowest values obtained in the open literature for photocatalytic reactors.

It was demonstrated that the PTEFs, obtained using data from a number of

literature references, are independent or weakly dependent on pollutant chemical
structure, being a characteristic of the specific photocatalytic reactor used. PTEF values
in PHOTO-CREC II were in the range of 1 x 107 which can be considered in the high
level for PTEF values. This was particularly relevant considering the unit studied was
with the largest volume for this level of PTEF.
Thus, the PTEF, established on the basis of photochemical and thermodynamic
principles, can be used for optimizing designs and scaling up reactors operating with high
light energy utilization. In particular, PTEF can be used for developing criteria for scaled
versions of PHOTO-CREC.

A kinetic model that included the effect of mass transfer was also proposed. When
the Sherwood numbers were compared with other correlations of the literature, they
showed 10 to 30 times larger values. This provides evidence of the relevance of the
proposed design, where changes in the direction of fluid elements close to the mesh are

promoted.
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CHAPTER VII
CONCLUSIONS

This research presents a photocatalytic reactor concept (PHOTO-CREC) for the
photoconversion of water pollutants. In the context of the present study, the new unit was
designed, manufactured, assembled, tested and operated in the course of systematic runs.
As well, the performance of the PHOTO-CREC was compared with other reactor units
previously reported in the technical literature.

Thus, in the context of this Thesis the following conclusions can be reported:

1. The PHOTO-CREC reactor was designed, built and successfully operated with
model pollutants. The photoreactor has, as particular features, glass mesh with
high TiO, loading on specially designed stainless steel baskets which allows for
a carefully controlled water flow pattern and provides intimate contact of the
illuminated TiO, and the pollutant dissolved in the water. The design also
minimizes mass transfer controls on the photochemical reaction.

2. A method of direct impregnation of the TiO, anatase P25 from Degussa was
developed. It was demonstrated in the laboratory that a direct TiO,
immobilization on the glass mesh can be achieved with high loading (up to 8%)
of a uniform TiO, distribution on a glass mesh matrix. With the impregnation
method used, involving a particle dispersant (methanol-water solutions), TiO, is
strongly bonded onto the glass mesh. The impregnated mesh, holding the TiO,,
is stable even after 150 hours under typical water flows with no detectable

washing of TiO, particles. Moreover, by following the approach proposed,
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thermal treatment (calcination) or other methods eventually affecting the anatase
crystal structure are completely avoided. These findings are Auite significant in
order to take maximum advantage of the available mesh surface and maximize the
TiO, irradiation.

Experiments developed allowed the determination of physicochemical and
efficiency characteristics of the proposed design system.

The Langmuir adsorption Isoterm constants for the system methylene blue-TiO,
on glass mesh obtained were found to be:

K,;= 0.47 + 0.07 uM!' and K, = 0.17 + 0.02 umol gmesh™'.

As well at low concentrations, the photodegradation reaction showed first-order
kinetics and an zpparent kinetic constant that changed in an inverse proportion
with the initial MeB concentration. However the water recirculation flow rate
showed a linear relation on the apparent kinetic constant: higher flow rates give
higher rate constants when water flow rate was changed from 100 mL/min to 500
mL/min. A constant value was reached after SO0 mL/min. The light intensity and
the apparent rate constant also showed a linear relation in this work. The quantum
yields of the different experiments showed low values in the range of 0.004 to
0.007, due the inherent limitations of TiO,. The electrical energy per order
(EE/O) obtained for the PHOTO-CREC 1I system (38-150) presentcd encouraging
vaiuves, if compared with the values obtained from the open literature for other

photocatalytic reactors.
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A kinetic model that included the effect of mass transfer was also proposed.
When the Sherwood number from the model was compared with the model of
Hobson and Todds and other models it showed to be 10 to 30 times bigger which
provides evidence of the relevance of the proposed design proposed, where
changes in the direction of fluid elements close to the mesh are promoted.

An efficiency index, Photochemical-Thermodynamic Efficiency Factor (PTEF)
based on known thermodynamic and photochemical principles and with a general
applicability to photocatalytic reactor systems was proposed in the context of this
study. Thus, the need for criteria to compare photoreactor performance is
addressed in the present study with the introduction of the *Photochemical-
Thermodynamic Efficiency Factor"(PTEF).

It was demonstrated that the PTEFs, obtained using data from a number of
literature references, are independent or weakly dependent on pollutant chemical
structure, being a characteristic of the specific photocatalytic reactor used. Thus,
tne PTEF, established on the basis of photochemical and thermodynamic
principles, can be used for optimizing designs and scaling up reactors operating

with high light energy utilization. In particular, PTEF could be used for

developing criteria for scaled versions of PHOTO-CREC.
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APPENDIX 1
QUANTUM YIELD CALCULATIONS

Experiments were developed to determine the light absorbed by the bare glass
mesh and the supported TiO, photocatalyst. This was done by taking a UV diffuse
reflectance spectrum at 365 nm and using an integrating sphere assembly (Simadzu
Corporation). The absorbance showed the following values:

Absorbance for TiO, supported on glass mesh = 0.50 + 0.05
Absorbance for the bare mesh = 0.15 + 0.05

From these absorbances, the light fraction absorbed was calculated as follows:

Fraction absorbed by the bare mesh = 1 - 10°!% = 0.29
Fraction Absorbed by the TiO, supported glass mesh= 1 - 10°3 = 0.69

It can be concluded that the fraction absorbed by the bare mesh was 0.29, the
fraction absorbed by the TiO, is 0.39 and the light transmitted through the mesh was
0.32. These results are illustrated in Fig.Al.

Thus, given the photon flux assessed by actinometry (potassium ferrioxalate
actinometry) was 2 x 10* Einstein min!, it can be estimated that the photon rate
absorbed by the TiO, was ¢, = (1.05 + 0.05) x 10" Einstein min!. This result was

used for quantum yield calculations, using the following expression:

__Rate of photodegradation
Photon rate absorbed by Ti0,

¢.
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