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Comoresultado del Examen de Fondo realizado, con fundamento en el Articulo 45
de la Decisién 486 de la Comision de la Comunidad Andina, se comunica:

1. Documentos estudiados

Descripcion: Folios 6 a 10 06/Noviembre/2009

Reivindicaciones: Folios 13 a 14 06/Noviembre/2009
Dibujos: Folios 11a 12 06/Noviembre/2009

2, Objeto de la invencién

De acugerdo con lo establecido en el numeral 1.2.2.2 del Capitulo Primero del Titulo X
de la Circular Unica para efectos del examen de patentabilidad, se tendra en cuenta
la tasa pagada por el solicitante al momento de comenzar el examen para las
reivindicaciones adicionales; esto es que cuando la solicitud contenga mas de quince
(15) reivindicaciones y no se haya pagado la tasa complementaria, solo se

estudiaran las cubiertas por la tasa pagada.

Titulo de la solicitud: “Proceso de fotocatalisis aplicado para eliminar compuestos
recalcitrantes en agua residuales industriales”

El problema planteado en esta solicitud consiste en mejorar los procesos y los
equipos de tratamiento de aguas contaminadas con sustancias recalcitrantes.
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Para resolver este problema técnico la solicitud en estudio proporciona un proceso
fotocatalitico para tratar aguas residuales contaminadas con materiales
recalcitrantes, con el fin de reducir sus niveles de contaminacion
El objeto de la presente Solicitud se relaciona con la Clasificacién Internacional de
Patentes (CIP): C 02F 1/14.

3. De la Solicitud de Patente
Reivindicaciones (Art 30 D 486, Art 22 PCT)

La reivindicacion 1 hace referencia a los dibujos, segtn la expresién “hacia un
tanque de recirculaciéon (T-1y T-2)”, “a dicho tanque de recirculacion (T-2).”, “Una
etapa de sedimentacion (T-2y T-3)", “un tanque de almacenamiento (T-4 y T-5)". Se
sugiere eliminar la referencia a la descripcion o a los dibujos si esta no es

estrictamente necesaria.

Las reivindicaciones 1 presentan ventajas o efectos de cada uno de los
recubrimiento “lograr una disminucién de la contaminacién de acuerdo a los usos
posteriores, desde un 25 a un 35% medida como DQO “para recuperar dicho
catalizador”, “para luego ser reutilizada o vertida a un efluente”, lo cual no es
permitido. Las reivindicaciones deben caracterizar un producto por la forma o
constitucion del mismo, las partes que lo componen vy todo lo que permita establecer
como se llego a tal resultado. No se aceptan reivindicaciones que caractericen
resultados, usos, ventajas o efectos.

Descripcion (Art 28 D 486)

La descripcion presenta errores en la figura 3, ya que la descripcién hace referencia
ala bomba P-4 y en la figura se presenta la bomba P-3 “se bombeara por medio de
la bomba P-4” (Fl. 8; linea 13).

4. Determinacion del Estado de la Técnica
El estado de la técnica se determind con base en la fecha de presentacién de la

solicitud de patente nacional: Noviembre 6 de 2009, y se encontraron los siguientes
documentos que anticipan el objeto de esta solicitud:

. Item Documento Titulo Fecha de Publicacién*
‘ "Decontamination and disinfection

% D1 Articulo 1' of water by solar photocatalysis: 3/Noviembre/2009
Recent overview and trends’

El documento D1’ divulga procesos de degradacion fotocatalitica de aguas
contaminadas (Resumen)

5. Examen de Patentabilidad (Art 14 D486)

1 Malato Sixto. Decontamination and disinfection of water by solar photocatalysis: Recent overview
and trends. Elsevier. Catalysis today. Agosto 2009.

http://www.sciencedirect.com.biblioteca. uniandes.edu.co:8080/science/article/pii/S0920586 1090033
44
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Novedad (Art 16 D486)

La reivindicacién 1 consiste en un proceso de fotocatalisis para la descontaminacion
de aguas contaminadas con sustancias recalcitrantes caracterizado porque
comprende: a) Una etapa de transporte del agua residual contaminada con agentes
recalcitrantes hacia un tanque de recirculacion (T-1y T-2). b) Una etapa de adicién
del catalizador que se compone de 75% anatasa y 25% rutilo, a dicho tanque de
recirculacion (T-2). ¢) Una etapa de transporte del agua residual contaminada del

tanque de recirculacién (T-2) a un sistema de colectores.

d) Una etapa de

recirculacion del agua tratada en el sistema de colectores hasta lograr una
disminucién de la contaminacién de acuerdo a los usos posteriores, desde un 25 a
un 35% medida como DQO. e) Una etapa de sedimentacion (T-2 y T-3) de la
suspension contenida en dicho tanque de recirculacion para recuperar dicho
catalizador. f) Una etapa de transporte del agua del tanque de recirculacion a un
tanque de almacenamiento (T-4 y T-5)para luego ser reutilizada o vertida a un

efluente.

Comparacién de las caracteristicas técnicas esenciales, con las del Estado de la Técnica:

Caracteristicas Técnicas Esenciales

D1

Un proceso de fotocatalisis para Ia
descontaminacion de aguas contaminadas
con sustancias recalcitrantes

Procesos de degradacién fotocatalitica de
aguas contaminadas (Resumen)

Una, etapa de transporte del agua residual
contaminada con agentes recalcitrantes
hacia un tanque de recirculacién

Los fluidos son bombeados continuamente
entre la zona de reaccién y un tanque en el
cual no ocurre reaccion (Pag. 20, Col. 1, Parr.

1)

Una etapa de adicién del catalizador que
se compone de 75% anatasa y 25% rutilo

El agua que proviene del tratamiento
biol6gico es bombeado dentro de un tanque y
mezclado con un catalizador (Pag. 20, Col. 1,
Parr. 2)

Una etapa de transporte del agua residual
contaminada del tanque de recirculacién

La suspension es recirculada entre el tanque
y el fotoreactor durante el dia (Pag. 20, Col.
1, Parr. 2) Diferentes fuentes de TiO,
definidos como mezclas de (70:30
anatasa:rutilo) (Pag. 5, Col. 1, Parr. 1).

Una etapa de sedimentacion de la
suspensién contenida en dicho tanque de
recirculacioén

El fotocatalizador permiten la sedimentacién
durante la noche (Pag. 20, Col. 1, Parr. 2)

Una etapa de transporte del agua del
tanque de recirculacion a un tanque de
almacenamiento

El sistema es operado discontinuamente por
recirculaciéon del agua residual con un tanque
del almacenamiento y bomba centrifuga
intermedia (Pag. 20, Col. 1, Parr. 1).

Las caracteristicas esenciales del proceso de la reivindicacion 1 habian sido
divulgadas previamente en D1, el cual da a conocer procesos de degradacion
fotocatalitica de aguas contaminadas (Resumen)

En consecuencia, la reivindicacién 1 carece de novedad, segun lo divulgado en el

documento D1.

Asimismo, el documento D1 revela las caracteristicas de las reivindicaciones

dependientes asi:

'« Reivindicacion 2: Degradacion de agua residual de textiles (Pag. 20, Col. 2,
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Parr. 2).

* Reivindicacion 3: El nimero de Reynolds debe estar por encima en el orden
de 4000 para garantizar un flujo turbulento (Pag. 12, Col. 2; Parr. 2).

* Reivindicacion 4: Las condiciones de flujo, el flujo turbulento necesario para
mantener una suspension de TiO; en solucidn para evitar limitaciones en la
transferencia de masa (Pag. 31, Tabla 4).

* Reivindicacion 5: Concentracion del catalizador de 200 a 500 mg/L (Pag. 12,
Tabia 1).

» Reivindicacién 6: El vidrio es una alternativa para fotoreactores, usada como
superficie protectora, no es satisfactorio por la absorcién de radiacién UV,
debido al contenido de hierro. Los vidrios de borosilicato tienen buenas
propiedades transmisivas en el rango solar (Pag. 13, Col. 1, Parr. 1).

 Reivindicacidn 7: La clave es minimizar el tiempo de residencia y el consumo
de reactivo (Pag. 3, Col. 2, lineas 2).

* Reivindicacion 8: La tasa de mineralizacién fotocatalitica no se encuentran
generalmente a ser fuertemente dependiente de pH entre valores que van de
4 a 10 (Pag. 8, Col. 2, Parr. 3).

6. Conclusion

Los requisitos de Patentabilidad de la presente Solicitud estan afectados asi:

item Documento Reivindicaciones afectadas Requisito que afecta
D1 Articulo 1 N 128 . Novedad/Nivel Inventiva

En cumplimiento del articulo 45 de la Decision 486 de la Comision de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de sesenta (60) dias
contados a partir de la fecha de notificacion de la presente comunicacion. En caso
de no dar respuesta al presente requerimiento, o si a pesar de la respuesta
subsistieran los impedimentos para la concesion, se denegara la patente.

Se invita al solicitante se sirva indicar, si asi lo considera, su renuncia al término
faltante para sesenta dias (60) y presentarla por escrito

Finalmente, se le recuerda al solicitante que si como respuesta a este requerimiento
llegara a modificar el capitulo reivindicatorio y éste contenga mas de quince (15)
reivindicaciones, no pagard la tasa de modificacion voluntaria pero si la
correspondiente al pago por reivindicacién adicional.

Notifiquese el presente oficio conforme alo dispuesto en el numeral 5.2, literal e), del
capitulo quinto del titulo primero de la Circular Unica No. 10 de 2001.

_//::;""

JOSE LUIS SALAZAR LOPEZ
Director de Nuevas Creaciones (C)

El a{terlor requerimiento fue notificado por fijacion en lista, de fecha
7/ Nov. 2012

Elaborado por: Stephany Rojas Garcia 3‘ L(“’
Revisado por: Rosa Patricia Téllez
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Decontamination and disinfection of water by solar photocatalysis:
Recent overview and trends

S. Malato®*, P. Fernandez-lbafiez®, M.l. Maldonado®, J. Blanco?, W. Gernjak®

* Plataforma Solar de Almenia (CIEMAT),|Carretera Senés. Km 4, 04200 Tabernas (Almerig), Spain
"The University of Queensfand, Advanced Water Management Centre (AWMC), QId 4072, Australia

ARTICLE INFO ABSTRACT

Article history; In recent years, there has been a tremendous amount of research and development in the arca of

Available online 3 August 2009 photocatalysis (heterogeneous and homogeneous), a process included in'a special class of oxidation
: | techniques defined as Advanced Oxidation Processes (AOPs), all characterized by the same chemical

Keywaords: feature, production of *OH radicals, This paper reviews the use of sunlight to produce the “OH radicals by

Heterogeneous photocatalysis TiO; photocatalysis and photo-Fenton process. The reacting systems necessary for performing solar

Photo-Fenton photocatalysis are described. The paper also summarizes most of the research carried out related to solar

Solar disinfection

Solar Whter treatioent photocatalytic degradation of water contaminants, and how it could significantly contribute to the

treatment of persistent toxic compounds. It outlines how to enhance the process efficiency by
integration with biotreatment. Various solar reactors for photocatalytic water treatment mainly based
on non-concentrating collectors built during the last few years are also described in detail in this review,
as well as the use of the solar photocatalytic processes to inactivate microorganisms present in water,
placing special emphasis on experimental systems made to optimize this disinfection technique.

© 2009 Elsevier B.V. All rights reserved.
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and environmental concerns drive efforts to decontaminate waters
previously considered clean. More effective, lower-cost, robust
methods to disinfect and decontaminate waters from source to
point-of-use are needed, without éfurther stressing the environ-
ment or endangering human health by the treatment itself.

Conventional methods of water disinfection and decontamina-
tion can address many of these problems. However, these
treatment methods are often c¢hemically, energetically and
operationally intensive, focused on large systems, and thus require
considerable infusion of capital, engineering expertise and
infrastructure, all of which precludes their use in much of the
world. Furthermore, intensive chemical treatments (such as those
involving ammonia, chlorine compounds, hydrochloric acid,
sodium hydroxide, ozone, permanganate, alum and ferric salts,
coagulation and filtration aids, anti-scalants, corrosion control
chemicals, and ion exchange resins !and regenerants) and residuals
resulting from treatment (sludge, brines, toxic waste) can add to
the problems of contamination and salting of freshwater sources.

Advanced Oxidation Processes (AOPs) may be used for
decontamination of water containing organic pollutants, classified
as bio-recalcitrant, andfor for disinfection removing current and
emerging pa_thogéns. These methods rely on the formation of
highly reactive chemical species which degrade even the most
recalcitrant molecules into biodegradable compounds. Although
there are different reacting systems (http://www.jaots.net/), all of
them are characterized by the same chemical feature: production
of hydroxyl radicals (*OH), which are able to oxidize and
mineralize almost any organic !molecu]e, yielding CO, and
inorganic ions. Rate constants (koy, r=koy ["OH] C) for most
reactions involving hydroxyl radicals in aqueous solution are
usually on the order of 10° to 10°M~'s~'. They are also
characterized by their not-selective attack, which is a useful
attribute for wastewater treatment and solution of pollution
preblems, The versatility of the AOPs is also enhanced by the fact
there are different ways ofproducink hydroxyl radicals, facilitating
compliance with the specific treatment requirements. Methods
based on UV, H;0;/UV, 03/UV and H,0;/03/UV combinations use
photolysis of H,0; and ozone to produce the hydroxyl radicals.
Other methods, like heterogeneous photocatalysis and hemo-
geneous photo-Fenton, are based on the use of a wide-band gap
semiconductor and addition of rlizoz to dissolved iron salts,
respectively, and irradiation with UV-vis light [4.5]. Both
processes are of special interest since sunlight can be used for
them.

The overarching goal for the future of reclamation and reuse of
water is to capture water directly| from non-traditional sources
such as industrial or municipal wastewaters and restore it to
potable quality. Municipal wastewaters are commonly treated by
activated sludge systems that use suspended microbes to remove
organics and nutrients, and large sedimentation tanks to separate
the solid and liquid fractions. This leve! of treatment produces
wastewater effluent suitable for discharge to surface waters or for
restricted irrigation and some industrial applications. Current
wastewater reuse systems use a donvcntinnal activated sludge
process, followed by a microfiltration pretreatment of the
secondary effluent. which has high quantities of suspended and
dissolved solids. The effluent water still partially contains
dissolved species and colloidal substances that act to foul the
membranes of the subsequent Reverse Osmasis (RO) system used
as a final barrier to contaminants in}the product water, Employing
a 'tight’ ultrafiltration membrane in the Membrane Bio Reactors
(MBRs) lets through fewer dissolved solids than does microfiltra-
tion, allowing the RO system to operate with significantly less
fouling. Futuristic direct reuse systems envisioned [6] involve only
two steps: a single-stage MBR with an immersed nanofiltration
membrane (obviating the need for|an RO stage), followed by a

photocatalytic reactor to provide an absolute barrier to pathogens
and to destroy low molecular-weight organic contaminants that
may pass the nanofiltration barrier.

Industrial wastewater is often polluted by toxic or nonbiode-
gradable organic compounds. Alternatives to the conventional
activated sludge treatment need to be employed. Among these,
chemical oxidative treatments, and especially. Advanced Oxida-
tion Processes (AOPs), are well known for their capacity for
oxidizing and mineralizing almost any organic contaminant [7].
Nevertheless, technical applications are still scarce. As the process
costs may be considered the main obstacle to their commercial
application, several promising cost-cutting approaches have been
proposed, such as integration of AOPs as part of a treatment train.
In the typical basic process design approach an AOP pretreats non-
biodegradable or toxic wastewater, and once biodegradability has
been achieved, the effluent is transferred to a cheaper biological
treatment. The key is to minimize residence time and reagent
consumption in the more expensive AOP stage by applying an
optimized coupling strategy. Other proposed cost-cutting mea-
sures are the use of renewable energy sources, i.e., sunlight as the
irradiation source for running the AOP.

The publications regarding the photocatalytic process rose
continuously over the last years surpassing meanwhile a total
number of more than 1000 peer-reviewed publications per year.
Though such a simple search does not necessarily include every
single article correctly, it still serves to prove the general trend of
an increasing interest of the scientific community. Fig. 1 shows the
evolution of these publication activities. Fig. 1 also illustrates that
much of the literature takes into account the possibility of driving
the process with solar radiation. This fact is due to that a priori the
photocatalytic process seems to be the most apt of all AOPs to be
driven by sunlight. In this monograph we highlight some of the
science and technology being developed to improve the solar
photocatalytic disinfection and decontamination of water, as well
as efforts to increase water supplies through the safe reuse of
wastewater and adequate treatment of industrial wastewater.

2. Solar heterogeneous photocatalysis
2.1, Introduction

The heterogeneous solar photocatalytic detoxification process
consists of making use of the near-ultraviolet (UV) band of the

solar spectrum (wavelength shorter than 400 nm), to photo-excite
a semiconductor catalyst in contact with water and in the presence

1400 100
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Fig. 1. Publication treating photocatalysis and the share treating solar-driven

photocatalysis (source: http://www.scopus.com, 2009, search terms "photocatalysis”
and “solar” within these results),
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Fig. 3. Band [position (water at pH 1) for some common semiconductor photocatalyst: VB (valence band). CB {conduction band). E; (band-gap energy). TiO; absorption

spectrum compared with solar spectrum is also shown,

process' disposal. Although there are many different sources of
Ti0;, Degussa P25 TiO, has effectively become a standard [11]
because it has (i) a reasonably well defined nature (i.e., typically a
70:30 anatase:rutile mixture. non-porous, BET surface area
55+ 15m° g ', average particle size 30 nm) and (ii) a substantially
higher photocatalytic activity than most other readily available
(commercial) TiO;. Other semiconductor particles, e.g., CdS or GaP
absorb larger fractions of the solar spectrum and can form chemically
activated surface-bond intermediates, but unfortunately, these
photocatalysts are degraded during the repeated catalytic cycles
involved in heterogeneous phatocatalysis producing final toxic
products.

2.2. Fundamental parameters

The rate and efficiency of a photocatalytic reaction depends on a
number of factors which govern the kinetics of photocatalysis such
as initial concentration of reactant, solar UV radiation, mass of
catalyst, pH, temperature, radiant flux and concentration of oxygen.

2.2.1, Initial concentration of reactant

In the photomineralization of organic pollutants sensitized by
TiO, it has: been traditionally reported that the initial rate of
disappearance of the pollutant (X) fits a Langmuir-Hinshelwood
(L-H) kineti¢ scheme. According to the L-H model (Eq. (2.1)), the
reaction rate|(r) is proportional to the fraction of surface covered by
the substrate (6, ), k, the reaction rate constant, C the concentration
of species X, and K is the reactant adsorption constant:

dC k-KC
T = 1dKc

As oxidation proceeds, less and less of the surface of the TiOs
particles is covered as the contaminant is decomposed. Evidently,
at total decomposition, the rate of degradation is zero and a
decreased photocatalytic rate is to be expected with increasing
illumination time. Most authors agree that, with minor variations,
the expression for the rate of photomineralization of organic
substrates with irradiated TiO3 follows the L-H law (quantitative
description of the gas-solid reactions between two adsorbed

r=

(2.1)

reactants that take place on the interface of the two systems) for
the same saturation-type kinetic behaviour in any of the four
possible situations: (i) the reaction takes place between two
adsorbed substances; (ii) the reaction occurs between a radical in
the solution and the adsorbed substrate; (iii) the reaction takes
place between the radical linked to the surface and the substrate in
the solution; and (iv) the reaction occurs with both species in
solution. In all cases, the expression is similar to the L-H model.
From kinetic studies only, it is therefore not possible to find out
whether the process takes place on surface or in solution,

Traditionally, K is taken to represent the Langmuir absorption
constant of the species X on the surface of TiO,, and k, is a
proportionality constant which provides a measure of the intrinsic
reactivity of the photoactivated surface with X. Itis found that k is
proportional to @}, where @, is the rate of effective (able to form
electron/hole pairs) light absorption and n is a power term which is
less than 1 or 1, at high or low light intensities, respectively. In
Section 2.2.6 the effect of ¢ on the reaction rate is discussed in
more detail. 20 years ago different researchers have measured dark
Langmuir adsorption isotherms for Ti0, for a variety of different
organic pollutants and found them to be significantly smaller than
the values of K obtained from plots 1/r, vs. I/C. It appears likely that
the value of K derived from a kinetic study is not directly
equivalent to the Langmuir adsorption coefficient for X on TiOs in
the dark as adsorption-desorption phenomena are different in the
dark in comparison to those under illumination.

Although the L-H isotherm has been rather useful in modeling
the process, it is generally agreed that both rate constants and
orders are only “apparent” [12-14). They serve to describe the rare
of degradation, and may be used for reactor optimization, but they
have no physical meaning, and may not be used to identify surface
processes, Thus, while not a useful tool for describing the active
species involved in oxidation, engineers and solar designers seem
to have a common understanding of the usefulness of the
unmodified L-H model.

Graphics similar to those depicted in Fig. 4 may be obtained from
the experimental data. The effect of the initial concentration on the
degradation rate is shown in Fig. 4. where, due to the saturation
produced on the semiconductor surface as the concentration of the
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A simple way is to introduce a standardized illumination time.
30 W m~* can be considered a standard global UV irradiance (% )
under, clear skies in|sunny countries, The measurement of
broadband UV radiation can be considered the most appropriate
spectral range to standardize photocatalytic results. The intensity
of the solar spectrum lis dependent on the wavelength; never-
theless, to characterize lsolar irradiation or the power input into a
solar collector usually figures are employed. which describe the
irradiance power within a defined spectral range. These numbers
are commonly obtained by broadband measurements, contrarily to
spectral intensity measdremenrs The first type of measurement is
performed with so- called broadband radiometers, the second one
with specrroradmmeters The measurement of global UV irradi-
ance at the same onentincn than solar photocatalytic reactors is
considered the most apqropnate way to describe the solar power
input to the solar collector [17]. The choice of the measurement
position of the radiometer is obvious and global radiation
measurement is more adequate than direct radiation measure-
ment, because of the nature of the type of solar collectors used
nowadays (see Section 2.3. 2), which are able to utilize global
radiation. The choice of the UV spectral range for radiometers used
in photocatalysis has two principal reasons; first, UV radiometers
adjust themselves in their spectral range best to the active
radiation of the TiO, photocatalysis (% < 400 nm) and they are also
the option widely available on the market (compared with visible
or infrared radiometers) for photo-Fenton process (A < 580 nm),
and second, scientists workmg on at lab scale with artificial lamps
often choose the same spectral range to evaluate experimental
results. Consequently, comparison of results is greatly simplified.

Consequently, under constant global UV irradiance Eq. (2.5)
yields an expression for the normalised irradiation time tsg w. Yet,
Eq. (2.6) has to be used under real conditions, because, as stated.
solar lrradlance is never constant, being t;ow =0 the moment
when illumination was started

L (2.5)
GV
tow = (2.6)

One step beyond follows the suggestion to incorporate the
specifications of the solar hardware as well. This makes
comparison of the experimental performance of different solar
collectors possible, The best concept to compare different technical
solutions would be, naturally, the treatment cost in the absence of
other compelling criteria (e.g.. compliance with legal discharge
limits). Yet, assessment of treatment costs is difficult and in most
cases not very accurate. Hence, IUPAC recommended comparing
solar systems based on the collector area (A) necessary to achieve a
cerlain goal in a unit time [19]. To this end @, the accumulated UV
energy incident on the collector surface per litre waste water, is
calculated by Eq. (2.7), being V., the volume of water treated until
certain level of polishing between t =0 and each time, t. Finally,
with Eq. (2.8) the collector area per mass as defined by IUPAC can
be calculated, where Ac is the concentration difference regarding
the analytical target parameter (concentration of contaminant,
TOC, COD, etc.) between start and end of the treatment:

r
= 'vA_ [ leuy(£)de @7
({18
(1]
Q
o G 28
Iz vAc 8

Fig. 5 shows the improvement obtained using this equation to
calculate the reaction rate in a 2-day photocatalytic degradation
experiment with a model compound. Obviously, UV power
changes during the day and clouds, during the first day, make
this variation still more noticeable, but with Eq. (2.7), the data for
both days can still be combined and compared with other
photocatalytic experiments. Therefore, both t;ow and Q could
be used for determining the kinetic constants of photocatalytic
processes (Section 2.2.1) as function of the final goal.

2.2.3, Mass of catalyst

TiOz is often used as suspension and the rate of photominer-
alization is generally found to increase with catalyst concentration
towards a limiting value at high TiO, concentration. This limit
depends on the geometry and working conditions of the
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Fig. 5. Example of solar degradation experiments depicted vs. ¢ (up) and vs. Q (down). Salar UV irradiance throughout the experiment is also shown.
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The equilibrium constants of these reactions [22] are
PK1ion,- = 2.4 and pKrion = 8.0, the abundance of all the species
as a }unctian of pH been -TiOH >80% when 3 <pH <10;
—Ti0~ = 20% if pH > 10; -=TiOH;" > 20% when pH < 3. In many
cases, a very important feature of [.'?hotocatalysis is not taken into
account when it is to be used for decontamination of water, is that
during the reaction, a multitude of intermediate products are
produced that may behave differently depending on the pH of the
solution: To use only the rate of decomposition of the original
substrate could yield an erroneous pH as the best for contaminant
degradation. Therefore, a detailed analysis of the pH conditions
should include not only the initial sllubstrate. but also the rest of the
compounds produced during the process. Measurement of an
overall parameter as TOC (or COD, or toxicity. or biodegradability,
etc.) should be used for choosing the optimum pH, or at least to
determine the effect of pH on the behaviour of the chosen key
parameter. | |

The size of the aggregates formed by TiO; particles is also
affected by pH. Mean particle-size measurements (an example is
presented in Fig. 7) have been found to be constant at pH far from 7.
300 nm sizes increase to 2-4 wm when dispersion reaches pHype.
The zero surface charge yields zero electrostatic surface potential
that cannot produce the interactiye rejection necessary to separate
the particles within the liquid. This induces a phenomenon of
aggregation and TiO; clusters become larger. The large mean size
in suspension at pH close to 7 becomes much smaller at pH far from
7. This effect is clearly related to the capability of the suspension
for transmitting and/or absorbing light. Furthermore, larger
clusters sediment more quickly than small particles, thus the
agitation necessary to maintain good catalyst uniformity must be
more vigorous, Therefore, pH close to Zero Point Charge should be
avoided in order to not promote TiO, particles aggregation. It is
necessary to remark that pH usdally drops due to carboxylic acids
(degradation products from larger molecules prior to mineraliza-
tion) and inorganic acids release (HCl, H,504 HNOs, etc, are
produced from contaminants c?maining chlorine, sulphur, nitro-
gen, etc) during degradation of organic compounds. This
spontaneous pH drop provoked by the photocatalytic process
itself should be taken into account when pH studies are performed.
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Fig. 7. P25-Ti0; mean particle size Vs, pH (up): [NaCl] = 0(3). [NaCl] = 10* M (@),
[NaCl] =5 = 10 M (&) and vs. NacCl concentration at pH 4 (down].

The mean size measurements at NaCl concentrations of 0, 1 and
5 mM show a bell curve (see Fig. 7) the width of which increases as
electrolyte concentration rises, This indicates that the presence of
salts usually diminishes the colloidal stability, probably due to a
screening effect of the particle surface charge, double layer
compression and surface charge neutralisation, which makes the
potential on the diffuse layer lower and the clusters larger. lons
induce a strong change in the mean size of the TiO; clusters.

In contrast, these variations in particle size could be an
advantage for separating the catalyst from water (by sedimenta-
tion and/or filtration) at completion of photocatalytic treatments.
Mean cluster size at pH 7 around pH.,. demonstrates a clear
aggregation process over time. However, in conditions of colloidal
stability the mean size is around 330 nm (pH far from the pH,pc)
remaining nearly constant over time. At such pH a slight difference
in size may be observed up to a certain time. Fig. 7 shows the effect
of electrolyte (NaCl) concentration at pH 4. At this pH the
suspension is stable if no electrolyte is added. A very sudden
increase in mean size was found when electrolyte concentration
was increased to 10 M. This would explain sedimentation of
large clusters as confirmed by the evolution of mean size.

The above characterisation and colloid properties can be
applied for enhancement of a cheap/easy sedimentation of the
TiO- catalyst used in photocatalytic degradation. Photocatalyti-
cally treated wastewater is most commonly acid pH (due to the
generation of inorganic acids from the heterogeneous content in
organic contaminants). Two alternative procedures could be
established to induce aggregation and fast sedimentation: change
in pH of suspensions to the pH.,. and addition of an electrolyte.
The first option is the most suitable process in water treatment,
since the other produces high concentrations of salts that cannot
be disposed of into the environment and increases the cost.
Anyway, very often both procedures could be applied at the same
time as wastewaters usually contain large quantities of dissolved
ions as chioride, sulphate, etc. Furthermore, the pH of the
suspensions after TiO; sedimentation by charge neutralization is
within the permitted disposal range for treated water. Aggregation
of the particles may be visually observed and the weight of the
clusters formed makes them settle very fast (23], The induced
sedimentation takes a short time (an easy task to be operated
during the night in the case of solar photocatalysis) to reduce the
concentration of particles in suspension to less than 3% of the
initial concentration. This small remaining fraction of catalyst can
easily be recovered by microfiltration.

2.25. Temperature

Because of the photonic activation, the photocatalytic systems
do not require heating and are operating at room temperature. The
true activation energy is nil, whereas the apparent activation
energy is often very small (a few kj/mol) in the medium
temperature range (between 20 and 80 C). However. at very
low temperatures (below 0°C) the apparent activation energy
increases. The desorption of the final product becomes the rate
limiting step and trends to the heat of adsorption of the product.
On the other hand, when temperature increases above 80 'C and
approaching to the boiling point of water, the exothermic
adsorption of reactants becomes disfavoured and tends to become
the rate limiting step. Correspondingly, the activity decreases and
the apparent activation energy becomes negative. As a conse-
quence, the optimum temperature is generally comprised between
20 and BO'C. This absence of heating is attractive for photo-
catalytic reactions carried out in aqueous media and in particular
for photocatalytic water purification. There is no need to waste
energy in heating water which possesses a high heat capacity [20].
Itis also necessary to take into account that the solubility of oxygen
decreases with increasing temperature, affecting therefore to the
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e + h’ienergy (2.13)

h™(or*OH) + R-=R, (2.14)

In an n-type semicondudtor such as titania, the photo-induced
holes are much less numfrous than electrons (photo-induced
electrons plus n-electrons): [h"] < [e~]. Therefore holes are the
limiting active species, At aTny instant, one has:

r = kg hjR (2.15)
|
%ﬁ = ky® — kleih — kolhiR = 0 (2.16)
In the case of high ¢, the instantaneous concentration of e~ and
h* could be the same and thus [h'][e ]=[h"]% being also
ke[h]? 3 Kol h]R:
ky® =kgh® + kolhR | (217)

When @ is very high, a large number of hales and electrons are
generated and therefore kg(h]?> > kolh|R. As the reaction rate
depends on the amount of hydroxyl radicals present, and these are
generated in the holes (see Fig. 2), then r is proportional to @Ys
when @ is high. Under these conditions, the quantum yield
diminishes because the rate of electron-hole formation becomes
greater than the photocatalytic rate, which favours the electron-
hole recombination, In the same manner, when @ is small,
ke{h]* < ko[h]R and reaction rate is directly proportional to the
light flux; |

At high @ k@ = kgil:h_'z —Th] = ko @ (2.18)
At Tow & kf(bxkoiglgﬁ —h| =K, @ (2.19)
r=kokap®°R.  rec P (2:20)
r=K,PR. rx® (2.21)

|

At much higher radiation intensities, another transition from
r=f®%) to r=fP° is produced. At this moment, the photo-
catalytic reaction leaves its dependence on the received radiation,
to depend only on the mass transfer within the reaction. So. the
rate is constant although the radiation increases. This effect can be
due to different causes, as can be the lack of electrons scavengers
(i.e, 02} or organic molectiles in the proximity of TiO; surface and/
or excess of products occupying active centers of the catalyst, etc.
In practical applications these phenomena are observed more
frequently when working with supported catalyst, andjor at low
agitation level. This implies low catalyst surface in contact with the
liquid and smaller turbulence. Thus, the contact of reactants with
the catalyst and the diffusion of products from the proximity of the
catalyst to the liquid are not favoured.

These effects may be appreciably attenuated if some products
that reduce the importance of the electron/hole recombination are
added. When the electrons are trapped, recombination of e /i is
impeded. Either way, addition of electron trapping substances
(oxidants) can improve the efficiency of the process at high
illumination intensities. Moreover, this type of compounds can
increase the quantum yield even at low irradiation levels due to
their strong oxidizing character. The use of inorganic peroxides has
been demonstrated to enhance the rate of degradation of different
organic contaminants remarkably because they trap the photo-
generated electrons more efficiently than O;, Another advantage
related to the use of peroxides comes up when solar energy is the
photon source. The increase of the photocatalytic reaction rate
with these additives would decrease photoreactor dimensions

proportionally and dramatically decrease overall costs, All these
are discussed in more detail in Section 3.2.

2.2.7. Concentration of oxygen
In semiconductor photocatalysis for water purification, the
pollutants are usually organic and, therefore, the overall process
can be summarized by Eq. (2.22). Given the reaction stoichiometry
of this equation, there is no photomineralization unless Qs is
present, The literature provides a consensus regarding the
influence of oxygen. Oxygen is necessary for complete miner-
alization and does not seem to be competitive with other reactives
during the adsorption on TiO; since oxidation takes place at a
different location from where reduction occurs (see Fig. 2). The
concentration of oxygen also affects the reaction rate but it seems
that the difference between using air (p,, = 0.21bar) or pure
oXygen (po, = 1bar| is not drastic. In an industrial plant it would
be purely a matter of economy of design. It has been reported that
the rate of oxidation was independent of oxygen concentrations
below air saturation values, suggesting also that the mass transfer
of oxygen to the surface could be rate limiting:

semi mﬂuﬂor COZ b, Hzo

organic pollutant + O,
re kY - 2ull‘rat.\andga;:' energy

+ mineral acids (2.22)

Due to its availability in water adsorbed oxygen often serves as
the electron acceptor in semiconductor photocatalysis. Rate
equations have been derived assuming a Langmuir adsorption of
oxygen onto the titanium dioxide surface. The role of oxygen may
not only be that of an electron acceptor. Oxygen for instance may
be involved in the formation of other oxidative species (super-
oxide, hydrogen peroxide, hydroxyl radicals), in the prevention of
reduction reactions, in the stabilisation of radical intermediates,
mineralization, and direct photocatalytic reactions;

dc k-KC Ko, Co, kapKC

FSSF =Tl RC 1+Ko,Cop 1 + KC

(2.23)

It is generally assumed that oxygen adsorbs on titania from the
liquid phase, where it is dissolved following Henry's law. If the
oxygen is regularly supplied, it can be assumed that its coverage at
the surface of titania is constant and can be integrated into the
apparent rate constant (k). In most kinetic studies, the observed
variation of the rate of photomineralization as a function of
concentration of oxygen is described very well by Eq.(2.23). Thus.a
double reciprocal plot of the data yields a straight line and from the
ratio of the intercept to the gradient of the straight line a value of
Ko, can be obtained. Fig, 9 illustrates plots of rvs. %03 and I/r. vs. 1/
%03, as example of a kinetic study of the photodegradation of a
contaminant by TiO; photocatalysis. Thus, increasing the oxygen
concentration in aqueous solution from air saturated (21% 05) to
0; saturated (100% 0,) conditions, will typically increase the rate
by only a small quantity (Table 1).

2.3, Solar pho'rocamlysfs hardware

2.3.1. Specific hardware for solar photocatalysis

The specific hardware needed for solar photocatalytic applica-
tions have much in common with those used for thermal
applications. As a result, both reactors and photocatalytic systems
have followed conventional solar thermal collector designs. such
as parabolic troughs and non-concentrating collectors, At this
point, their designs begin to diverge, since: (i) the fluid must be
exposed to ultraviolet solar radiation, and, therefore, the absorber
must be UV-transparent. and (ii) temperature does not play a
significant role in the photocatalytic process, so no insulation is
required.
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part of the UV radiation that reaches it, due to its iron content.
Borosilicate glass has good transmissive properties in the solar
range with a cut-off of about 285 nm [29], Therefore, such a low-
iron-content glass would seem to be the most adequate. Therefore,
as both fluoropolymers and glass are valid photoreactor materials.
cost becomes an important issue. In large volumes, glass piping
could be more expensive than fluoropolymer tubing, but from the
perspective of performance, the choice is the material that has the
best combination of ten‘lsi le strength and UV transmittance, On this
basis, if a large field is being designed, large collector area means
also a considerable number of reactors and, as consequence, high
system pressure rating. Thus' fluoropelymer tubes are not the best
choice of material since high-pressure is linearly related to
thickness and could result in higher cost. A detailed analysis is
recommended for any specific design.
|

2.3.2. Concentrating or nan-concentrating collectors

To ensure efficient canversion of incident photons to charge
carriers, the appropriate' design of a solar reactor is of utmost
importance (see Fig. 10). It has been stated that light concentrating
systems, such as parabolic-trough reactors, do not necessarily
exhibit advantages over nbn -light concentrating systems [30]. It is
well known that in the wavelength range of the solar spectrum that
can be used for the excitation of TiO., the diffuse and direct portion
of the solar radiation reaching the surface of the earth are almost
equal [31], as it is also shown in Fig. 10. This means that a light
concentrating system cannot employ much more than half of the
solar radiation available for catalyst activation.

The original solar photoreactor designs [32] for photochemical
applications were based on'line-focus parabolic-trough concentra-
tors (PTCs). In part, this was a logical extension of the historical
emphasis on trough units for solar thermal applications. Further-
more, PTC technology was relatively mature and existing hardware
could be easily modified for photochemical processes. The parabolic-
trough collector consists of a structure that supports a reflective
concentrating parabolic surfate This structure has one or two motors
controlled by a solar tracking system on one or two axes respectively
thatkeep the collector aperture plane perpendicular to the solarrays,
In thissituation, all the solar radiation available on the aperture plane
is reflected and concentrated on the absorber tube that is located at
the geometric focal line of the parabolic trough. Parabolic-trough
collectors make efficient useof direct solar radiation and. as an
additional advantage, the thermal energy collected from the
concentrated radiation could| simultaneously be used for other
applications. The reactor is small, while receiving a large amount of
energy per volume unit. The ﬂowlsturbulentand volatilecompounds
do not evaporate, making hanﬁlmg and control of the liquid to be
treated simple and cheap. The main disadvantages (also commented
in detail in Section 2.2.6) are that the collectors (i) use only direct
radiation (as concentrators collect 1/R¢ of diffuse radiation), (ii) are
expensive and (iii) have low optical and quantum efficiencies.

One-sun (non-concentrating) collectors have no moving parts
or solar tracking devices. They do not concentrate radiation, so

efficiency is not reduced by factors associated with concentration
and solar tracking. As there is no concentrating system (with its
inherent reflectivity), the optical efficiency is higher than for PTCs.
Manufacturing costs are cheaper because their components are
simpler, which also means easy, low-cost maintenance, They are
able to utilize the diffuse as well as the direct portion of the solar
UV-A. An extensive effort in the design of small non-tracking
collectors has resulted in the testing of several different non-
concentrating solar reactors [30,33). Although one-sun collector
designs possess important advantages, the design of a robust one-
sun photoreactor is not trivial, due to the need for weather-
resistant and chemically inert ultraviolet-transmitting reactors. In
addition, non-concentrating systems require significantly more
photoreactor area than concentrating photoreactors and, as a
consequence, full-scale systems (normally composed of hundreds
of square meters of collectors) must be designed to withstand the
operating pressures anticipated for fluid circulation through a
large field. In uncovered, non-concentrating systems exposed to
the ambient, reactants and catalyst could become contaminated.
Very often the chemical inertness of the materials used (to resist
corrosion caused by outdoor operation and exposure to solar
irradiation) for constructing the non-concentrating collector
would be difficult to guarantee.

To design a solar collector for photocatalytic purposes, there is a
group of constraints for performing the optimization: (1) the
collection of UV radiation, (2) working temperatures as close as
possible to ambient temperature in order to aveid the loss of
volatile organic compounds, (3] quantum efficiency decreases with
light intensity, (4) concentrators collect 1/R¢ of the available
diffuse radiation. As a result of these considerations, the
concentration for detoxification applications would be Re=1,
Finally, its construction must be economical and should be
efficient, with a low pressure drop. As a consequence, the use of
tubular photoreactors has a decisive advantage because of the
inherent structural efficiency of tubing. Tubing is also available in a
large variety of materials and sizes and is a natural choice for a
pressurized fluid system. As already mentioned there is a category
of low concentration collectors, called Compound Parabolic
Concentrators (CPCs), that are used in thermal applications. For
thermal applications they are an interesting option, between
parabolic concentrators and static flat systems, since they combine
characteristics of each: they concentrate solar radiation, but they
conserve the properties of the flat plate collectors, being static and
collecting diffuse radiation. Thus they also constitute a good option
for solar photochemical applications [34]. CPCs are static collectors
with a reflective surface designed to be ideal in the sense of Non-
Imaging Optics and can be designed for any given reactor shape.
When the absorber has another shape the more precise way of
describing them would be CPC type collectors. CPCs were invented
in the 60s [35] to achieve solar concentration with static devices.
since they were able to concentrarte on the receiver all the radiation
that arrives within the collector’s “angle of acceptance™, They do so
illuminating the complete perimeter of the receiver, rather than

Fig. 10, Design concepts for solar water photocatalytic reactors: (a) non-concentrating (one-sun reactor), (b) concentrating ( parabolic trough), and (¢) compound parabolic

collector.
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comparison with spontaneous sedimentation, induced sedimenta-
tion takes a shorter time (less than 5h) to reduce the earliest
concentration of particlés in suspension to less than 3% of the
initial concentration, Fig. 12 shows the evolution of absorbance
(800 nm, therefore only turbidity of the suspension is measured ) of
a 03glL ! suspension during a sedimentation. After 5 storage
hours almost all the particles remained in the bottom of the tank.
The last data (1 complete day) shows a nearly negligible catalyst
concentration (8 mg L~'). This small remaining fraction of catalyst
can easily be recovered by microfiltration (Fig. 12 inset). As it is
shown in the inset of Fig, 12, no catalysts remained in the outlet
stream of micruﬂlrrariongl)rocess. as the absence of the specific UV
absorption spectrum of TiO, (see TiO, absorption spectrum in
Fig. 3). |

Membrane filtration oﬂlTiDg offers advantages and disadvantages
[41]. It is purely a physical separation process, which does not
involve a phase change or interphase mass transfer, and may be used
as a single step for the cbmplete recovery of TiOs particles from
liquids. The major problems, when membrane separation is applied
to powder photocatalyst recovery, are the great membrane flux
decline and the rapid membrane fouling. In the field of membrane
separation, microfiltrationiis a solid-liquid separation process useful
when colloids and fine particles in the 0.1-5 um range are involved.
In comparison with ultrafiltration, microfiltration offers the further
advantages of needing relbtively low transmembrane pressure for
operation (usually <300kPa) and of providing a relatively high
filtration rate with a copsequent reduction of equipment and
operating costs, The microfiltration separation process allows the
TiO, be easily separated, recovered and reused; more significantly. it
is efficient to maintain high flux of membranes.

An approach to imrqobilize photocatalytic powders is to
combine a slurry with membrane filtration; in this system,
membranes are used as a separating layer to retain the catalyst.
A drawback of membrane reactors is that the use of photocatalytic
powders determines that the reactants must diffuse to the catalyst
surface before photocatalytic reactions can occur. This diffusion
process is relatively slow a’pd soitislikely to be a rate-determining
step, especially for the case where reactants at low concentrations
must be degraded. In order to solve this problem, a recent strategy
was to utilize photocatalytic membranes with pores of several
nano-meters in which the photocatalyst is capable not only of
performing selective permeation of organics but also of producing
an oxidized permeate strerarn. In this configuration, oxidation by
HO" radicals occurs both on the external surface of membrane and
inside the pores, while reactants are permeating in a one-pass flow.
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Fig. 12, Absorbance of P-25 cataiys’t suspension (300 mg L~') during sedimentation.
In the inset is shown absorbance spectra of the water after sedimentation process
(TiOz =8 mgL ') and after microfiltration (TiO; =0 mgL '),
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The main advantage of membrane photoreactors is that this
configuration allows one to minimize the mass transfer resistances
between the bulk of the fluid and the semiconductor surface.

A review work from Ollis [42] explores the coupling between
photocatalysis (PC) and microfiltration (MF), ultrafiltration (UF)
and reverse osmosis (RO). Four configurations are discussed: (1)
PC + MF for catalyst slurry recycle, (2) PC + UF for catalyst slurry
and reactant recycle, (3) immobilized PC and UF/RO for reactant
recycle, and (4) immobilized PC on UF/RO membrane for
membrane self-cleaning. The simplest configuration is the use of
a membrane filtration modulus in a recirculation loop with the
conventional photoreactor. Another possibility is introducing the
membrane system inside the photoreactor, being the permeate the
outlet of the system. Finally, the third approach is transforming a
membrane modulus into a photoreactor by including the light
source into the feed chamber. The two first configurations are more
indicate for the use of catalyst suspensions, whereas the latter is
more likely to be applied when the catalytic material is directly
immobilized onto the membrane. The main problems related with
the use of photocatalytic reactors arise with the great decrease in
the permeate flux produce by membrane fouling. According to
Mozia et al. [43]. a way of reducing this fouling is the substitution
of pressure driven microfiltration and nanofiltration membranes
by the use of distillation membranes, Although the literature
review is encouraging with respect to plausibility, the shortage of
examples indicates a need for substantial effort to fully exploit the
suggested possibilities for process development.

2.4. Target contaminants and applications

In general, the types of contaminants that have been degraded
include a large number of organics. Until now, the absence of toral
mineralization has been observed only in s-triazine herbicides, for
which the final product obtained was essentially 1,3,5-triazine-
24,6, trihydroxy (cyanuric acid), which is, fortunately, nontoxic.
Special attention has recently been given to the so-called
“emerging contaminants”, mostly unregulated compounds that
may be candidates for future regulation depending on research on
their potential effects on health and monitoring data regarding
their occurrence, Particularly relevant examples of such emerging
compounds are those which do not need to persist in the
environment to cause a negative effect, because their high
transformation/removal rates can be compensated by their
continuous introduction into the environment [44]. The solar
photocatalytic degradation of these new environmental contami-
nants (pharmaceuticals, antibiotics, analgesics, steroids, hor-
mones, MTBE, cyanotoxins, etc.; and their hydrolysis/photolysis
reaction intermediates) many of them until recently unknown, is
the focus of much research [45]. _

In photocatalysis, transformation of the parent organic
compound is desirable in order to eliminate its toxicity and
persistence, but the principal objective is to mineralize all
pollutants. For chlorinated molecules, C1™ ions are easily released
in the solution and are the first of the ions appearing during the
photocatalytic degradation. This could be interesting in a process,
where photocatalysis would be associated with a biological
treatiment (see Section 4.5.3) which is generally not efficient for
chlorinated compounds. Nitrogen-containing molecules are
mineralized mostly into NO3 and NH;". Ammonium ions are
relatively stable, and the proportion depends mainly on the
oxidation stage of organic nitrogen and irradiation time [46]. By
comparing the sequence of appearance, NH4  appears as the
primary product with respect to NO; in the case of amine
compounds. The nitrogen atoms in the amino-groups can lead to
NH;" ions by successive attacks by hydrogen-containing species.
The total amount of nitrogen-containing ions present in the
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Although C-18 is the material most used in extracting aqueous
samples, its application to the study of intermediates in reaction
mixtures has some limitations, such as (i) limited capacity for
retaining high-polarity compounds and (ii) instability of the
adsorbent at pH below 2 and above 10. Both aspects represent a
serious problem for the extraction of reaction intermediates
generated in degradationiprocesses since these often have a higher
polarity than the initiai pollutants and may be ionised. The
advantage of the new polymeric materials over C-18 materials is
that they can be used in a wider pH interval without decomposing
the adsorbent and have a greater capacity for retaining polar
compounds. |

An additional advantage of SPE is the possibility of designing
sequential extraction schemes using different adsorbents and
modifying the pH of the sample appropriately. Application of this
technique allows simultaneous extraction of a large number of
compounds with very different polarities. For example, a possible
scheme would consist of initially extracting with C-18 at pH 7, to
recover neutral hydrophobic compounds. Afterwards, the volume
eluted by C-18 phase at pH 7 can be passed through a polymeric
adsorbent that enables compounds with intermediate polarity to
be retained. During the subsequent third and fourth steps, the
© samples can be acidified to pH 4.5 and 2.5, respectively, to extract
the majority of the acid compounds with a polymeric or carbon
adsorbent.

2.5.1. Toxicological tools

To sharten phototreatment time is of major concern for the cost
and energy efficiency benefits of the overall treatment process (see
also. Section 4.5). Therefore, to investigate toxicity could be
considered as a suitable overall indicator capable of giving
information on the evolution of biocompatibility of the water
solution contaminated with organic pollutants during the photo-
treatment in order to dispose to the environment or promote
biotreatment. But due to the complexity of the studied process and
the specificity and sensitivity of the toxicity test, this approach has to
be considered and discussed with caution. Besides, a more detailed
study of DPs as well as other inorganic species produced in addition
with toxigity analyses should be achieved in order to improve the
knowledge of the implicated degradation pathways and molecular
interactions. Considering thlta removal of the initial contaminants on
one hand and the mineralization of the organic carbon on the other
hand, two main categories of behaviours can be outlined. When the
DPs demineralize shortly, toxicity usually decreases gradually in the
course of the photodegradation. But when the reaction intermedi-
ates degradation takes a long time (after disappearance of the target
contaminants), the level of r:oxicity is not predictable. However in
the end, the toxicity tends to decrease.

Toxicity assessment of a chemical using a single species test
reflects the sensitivity of that test only; it may overestimate or
underestimate the potential toxicity for that particular substance.
Accordingly, recent research has focused on the development of
representative, cost-effective, and quantitative test bioassays,
which can detect different effects using a variety of endpoints
[64]. However, such a complete battery of bioassays for mixed
chemical compounds is not {/er feasible, in particular for industrial
effluents. Eurthermore, potential synergistic or antagonist effects
may occurland can be problematic to study.

Fig. 14 shows the evolution of representative toxicity curves (%
inhibition} for three bioas*ays performed during solar photo-
catalytic experiments. Chemicals added to the water for photo-
catalysis were removed priot to bioassays. These are not the results
of a single toxic response, because in the experiments they are
affected not only by the parent compound, but also by the presence
of other intermediate compounds produced during its photode-
gradation. Daphnia magna was biochemically the most complex
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Fig. 14. Degradation mineralization and evolution of toxicity (right axis) during a
photocatalytic treatment in a pilot plant.

test system and also the most sensitive, Selenastrum capricornotum
(microalgae) behaviour is different. as toxicity increases during the
photocatalytic tests and decreases again to below ECsq when the
parent compound has almost disappeared. So toxicity is clearly
related to the intermediates generated during photooxidation, At a
TOC of 5 mg/L, all bioassays performed showed inhibition below
50%. Daphnia magna showed inhibition over 50% until TOC is less
than 7.5 mg/L. But Selenastrum capricornotum and Vibrio fischeri
showed different behaviour, Therefore, it may be concluded that
different intermediates formed by both treatments show different
toxicities for the two microorganisms. This means that TOC alone is
an inadequate parameter for determining the efficiency of
different photocatalytic methods, because for the same TOC, the
toxicity is very different.

Toxicity could also be an alternartive indicator for biodegrada-
tion assessment of partially phototreated wastewaters [65].
Overall, acute toxicity testing has been shown to represent
dynamics and efficiency of phototreatment. Very often toxicity
changes continuously during the treatment, and therefore, toxicity
evaluation is not a suitable way to determine the moment when
biodegradability is most enhanced. However, reduced toxicity
results are indicative of an extended biodegradability achieved
during the process. These assays must therefore be complemented
with biodegradability studies. Thus even if it cannot provide a
reliable biodegradability assessment by itself, toxicity can help
identifying samples to be tested by biodegradability assessment
methods (see also Section 4.5.3), which are quite time-consuming.

2.6. Solar photocatalytic treatment plants

The first outdoor engineering-scale reactor developed was a
converted solar thermal parabolic-trough collector in which the
absorberj/glazing-tube combination had been replaced by a simple
Pyrex glass tube through which contaminated water could flow
[66]. Since that time, research all over the world has advanced a
number of reactor concepts and designs, including concentrating
and non-concentrating reactors [67]. The design procedure for a
solar photocatalytic system requires the selection of a reactor,
catalyst operating mode (slurry or fixed matrix), reactor-field
configuration (series or parallel), treatment-system mode (once-
through or batch), flow rate, pressure drop, pretreatment. catalyst
and oxidant loading methad, pH control, etc. Usually, a photo-
catalytic plant is constructed with several solar collectors. All the
modules are connected in series or parallel, but with valves that
permit to bypass any number of them.

Centrifugal pumps with an electric motor (calculated to provide
sufficient flow when the maximum length of the system is used)
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with more wastewater for another batch. Meanwhile, the
detoxified water and the TiOL in the sedimentation tank undergo
pH adjustment to achieve fast sedimentation of the catalyst. The
concentrated catalyst slurry is transferred from the bottom of the
sedimentation tank to another smaller tank from which the
catalyst enters the photoreactor,

Recently (2004) a new CPC-based plant has been installed. In
the area of El Ejido. a town in the province of Almeria in
southern Spain, intensive agriculture in 400 km® of greenhouses
consumes approximately 2.0 million plastic bottles of pesticide
per year. So far, these empty plastic bottles have simply been
discarded. The solution is to selectively collect these containers
for recycling. But before the plastic can be recycled, it must be
washed and the water used for it becomes polluted by the
pesticides. This water must be treated before it is discharged, It
is in the detoxification of this water that Solar Photocatalysis
intervenes, The water will still contain solid waste, which is
eliminated by a rough screer'; and then to another tank where
reactants needed for the photocatalytic reaction are added. The
plant has been constructed to treat 1.6 m® of water contami-
nated with 150 m? of collector aperture area. Operation is fully
automatic and maintenance requirements are minimum. The
size of the solar field was calcu[ated according to Eq. (2.30),
where V,,, is the total yearly volume of water to be treated, T. is
the number of hours of operation yearly, Ig v is the yearly
average local global solar UV irradiation (sunrise to sunset) and
Qs the solar energy necessary to degrade the pesticides per unit
of solar reactor volume obtained from preliminary pilot plant
tests (see Eq. (2.7)):

QVior ;
= Tikeon ey

The last step in solar photocatalytic treatment plants has been
a hybrid solar photocatalytic-biological plant with a 4 m? daily
treatment capacity. !tcon51sts of a solar photo-Fenton (see Section
4) reactor with 100m’ of €PCs. and an aerobic biological
treatment plant based on an 1mmob|1:sed biomass (plastic pall
rings) activated-sludge reactor (IBR. 1 m *). CPC photoreactors
illuminate a volume of 1260 L (glass tubes), with a recirculation
tank that can hold up to 3 m?. The IBR, filled with 700 L of Pall
rings, is connected to a conditioner tank (2 m?) in a closed loop.
The water discharged from the solar photo-Fenton reactor must
be neutralized, and may need conditioning (removal of Fe* and/
or H;0,) before it is fed to the biological process, so there is a
neutralisation tank (5m?®) as|the first step in the biological
process. This plant treats a highly saline industrial wastewater
containing around 600 mg L~" af a non-biodegradable compound
(e-methylphenyliglycine) and 400-700mgL ' total organic
carbon. The purpose of this treatment strategy was to achieve
sufficient biodegradability of the photo-oxidized effluent to allow
its discharge into the IBR. This two-step field treatment was
operated in semi-continuous mode (solar photo-Fenton treat-
ment in batch mode and the biological process in continuous
mode), and overall efficiency was in the range of 85-95%, of which
50-65% were removed in the solar photo-Fenton treatment and
20-45% in the IBR [69].

3. Enhancing solar semiconductor photocatalysis
3.1. Introduction

|

Using the semiconductor photocatalysis to remediate the
problem of chemical wastes isia promising approach and has
attracted extensive attention. TiO, is a widely investigated

photocatalyst and has been found to be capable of decomposing

various kinds of organic and inorganic wastes in both liquid and
gas phases because of its excellent functionality. long-term
stability and non-toxicity. Most of these investigations have been
carried out under ultraviolet (UV] light, because TiO, photocatalyst
shows relatively high activity and chemical stability under UV
light, which exceed the band-gap energy of 3.0 or 3.2 eV in the
rutile or anatase crystalline phase, respectively. The process
presents recognized advantages, such as the low price and the
possibility to combine the process with biological decontamina-
tion methods. However, only 5% of the solar spectrum at the earth
surface can be utilized.

On the other hand, one practical problem in using TiO; as a
photocatalyst is electron/hole recombination, which, in the
absence of proper electron acceptors, is extremely inefficient
and thus represents a major energy-wasting step as well as
limiting the achievement of a high quantum yield. Oxygen has
been chosen in most of the applications for this purpose, although
its role is not only related to electron scavenging (see Section
2.2.7). But with only dissolved oxygen as an oxidant, low
mineralization photoefficiencies (production of CO;) are usually
obtained. Therefore, several approaches in order to improve the
photocatalysis efficiency of TiO; have been carried out:

« Use of chemical oxidants.

« Use of doped and modified TiO,.

« Coupling of TiO; photocatalysis with photosensitizers.

« Coupling of semiconductor photocatalysis with other AOPs,

3.2, Use of chemical oxidants

One strategy for inhibiting e~ /h" recombination is to add
other (irreversible) electron acceptors to the reaction. The
addition of other oxidising species could have several different
effects |70]:

¢ Increase the number of trapped e~
consequently, avoid recombination.

« Generate more "OH and other oxidising species.

« Increase the oxidation rate of intermediate compounds.

« Avoid problems caused by a low O, concentration/O; starvation.

in the e /hT pairs and,

It must be mentioned here that in highly toxic waste water
where degradation of organic pollutants is the major concern,
the addition of an inorganic anion to enhance the organic
degradation rate may often be justified. For better results, these
additives should fulfill the following criteria: dissociate into
harmless by-products and lead to the formation of *OH or other
oxidising agents. There is another advantage related to the use
of this type of oxidant when solar energy is the photon source.
Although scientific research on photocatalytic detoxification has
been conducted for at least the last three decades, industrial/
commercial applications, engineering systems and engineering
design methodologies have only been developed recently. In this
type of installation, the phortoreactor is by far the most
expensive component and a barrier to commercialisation. The
increase of the photocatalytic reaction rate with these additives
would decrease photoreactor dimensions and overall costs
proportionally.

3.2.1. Hydrogen peroxide

Hydrogen peroxide is one of the first oxidants tested in this type
of applications. It can increase the efficiency of the process and it
has been tested with a large number of compounds since earliest
90s. Furthermore, it is a very commonly used chemical and
therefore cheap. Due to its electron acceptor nature, it reacts with
conduction band electrons (Eq. (3.1)) to generate hydroxyl radicals,
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An enhanced efficiency of peroxymonosulphate over perox-
odisulphate can be rationalised since peroxymonosulphate
becomes decomposed through both ecz~ (Eq. (3.13)) and hyy
(Eq. (3.14)) of the semiconductor photocatalysts whereas perox-
odisulphate can be decomposed only by ecs~. The disadvantage is
its high molecular weaght Many grams of the precursor oxone"
salt are necessary for 1 active mol (HSO;):

HOO0S0;~ + hiz

— 5057 +H” (3.14)

2(505** 11%Hs0; + 0, (315)

Malato et al, [82] studied suspensions of TiO; (Degussa P-25),
irradiated with natural qolar light in a large experimental plant
(collector surface 384 m®, photoreactor 500L), catalyzing the
oxidation of pentachlorophenol (PCP). The addition of oxidants, the
concentration of which was kept constant during treatment, such
as hydrogen peroxide, peroxymonosulphate and peroxydisulphate
increased the rate of photodegradation of PCP in the following
order: 5;05*~ > Oxone > H.0-. The results presented demonstrate
that hydrogen peroxide and oxone do not considerably enhance
the photocatalytic reaction rate and the consumption of oxidant
was enormous. These previous results led to the use of additional
oxidants in the photocatalytic degradation of a complex mixture of
10 commercial pestlcades [70]. A CPC solar pilot plant used for the
tests has 8.9 m? of collector surface and a total volume of 247 L.
Experiments were performed with H,0, and $,04%", but only
peroxydisulphate was chosen for optimisation, because better
results have been obtained!with it. Hydrogen peroxide increases
reaction rate by approximately a factor of 2. However, oxidant
consumption was very high (200 mM to lower TOC from 110 to
20 mgL '), Moreover, the mineralization rate was clearly inhib-
ited at around TOC 20 mg L~ This may be explained by changes in
the Hy0,/contaminant molar ratio during the experiment. since
they were lower at the beginning than at the end. However, the use
of peroxydisulphate leads to a very significant reduction of the
energy necessary for total mineralization (at least six times for
initial TOC around 100 mg L"), This reduction would also reduce
the solar collector surface necessary to degrade the organics in the
process water by the same factor. The consumption of perox-
ydisulphate was linearly dependent on the TOC degraded and not
on the initial TOC at the beginning of degradation.

3.3, Use of doped and modified TiO,

TiO; is a catalyst which works at mild conditions with mild
oxidants. However, as concentration and number of contaminants
increase, the process becomes more complicated and challenging
problems, such as catalyst deactivation, slow kinetics. low

photoefficiencies and unpredictable mechanisms need to be
solved, It is clear that unmodified TiO, usually needs help to
undertake practical applications of industrial and environmental
interest and this could lead to the loss of some of the charm of its
mild operation. Moreover, even reactor set-ups using artificial
light, and the cost of running the lamps involved in them, will be
much cheaper if visible radiation can be employed.

The redox process is based on the migration of electrons and
holes to the semiconductor surface and two further oxidation and
reduction steps (see Fig. 2). Two basic lines of R&D attempt to
balance both half-reaction rates, one by adding electron acceptors
(additional oxidants, already commented in Section 3.2} and the
other by modifying catalyst structure and composition. Both try to
promote competition for electrons and avoid recombination of e~/
h* pairs. A third approach has focused not only on increasing
quantum yield but finding new catalysts with band gaps that
match the solar spectrum better. The development of photo-
catalysts exhibiting high reactivity under visible light
(A >400 nm) should allow the main part of the solar spectrum,
even under poor illumination of interior lighting, to be used.
Unfortunately, the choice of convenient alternatives for substitut-
ing titanium dioxide in photocatalytic detoxification systems is
limited. The appropriate semiconducting material should be: (i)
non-toxic, (ii) stable in aqueous solutions containing highly
reactive andfor toxic chemicals, (iii) not undergoing photocorro-
sion under band gap illumination and (iv) economical, that is, an
increase in photocatalytic reaction rates must be always be
accompanied by a non-proportional increase in overall process
Costs.

3.3.1. Modification of the surface of 1i0; by noble metals

Noble metals, such as Ag, Pt, Ni, Cu, Rh, Pd, have been studied
and showed to be very effective for enhancement of TiO,
photocatalysis, The Fermi levels of these noble metals are lower
than that of TiO,; photo-excited electrons can be transferred from
conduction band to metal particles deposited on the surface of Ti0,
(see Fig, 16). These metals reduce the possibility of electron-hole
recombination, causing efficient charge separation and higher
photocatalytic reaction rates. Therefore, noble metals with these
properties can help electron transfer, leading to higher photo-
catalytic activity |83 ). Different metal particle deposition methods,
such as impregnation, photodeposition and deposition-precipita-
tion were also tested. Optimal loading of metal must be kept into
consideration, since too much metal particle deposition might
reduce photon absorption by TiO; and might also become
electron-hole recombination centers, negatively affecting photo-
catalysis efficiency. Since Pt and Au are very expensive, more
research is needed to find low-cost metals with acceptable
improvement of photocatalytic activity. For example; Ni and Ag
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Fig. 16. (a) Electrons capture by a metal in contact with a semiconductor surface, (B) UV-vis spectra of iron-doped titania catalysts.
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Fig, 17. The excitation process in a semicanductor-semiconductor photocatalyst,
[

combination of the two semiconductors showed better photo-
catalytic activity due to better charge separation. The conduction
band electrons of CdS were injected to TiO; conduction band, while
the TiO; valence band holes were injected to CdS valence band. It
‘was found that coupling of CdS-Ti0O, was more effective than CdS
and TiO, used separately. Moreover, optical absorption spectra
analysis showed that CdS-TiO, lcould absorb photons with
wavelengths up to 520 nm.

Besides coupling with small band gap semiconductors. TiQ;
coupled with a large band gap semiconductor has also been
investigated and proven to be more efficient under UV irradiation.
It was observed that photocatalytic oxidation of methylethylk-
etone (MEK) was increased by coupling TiQ; with WO, (2.7 eV
band gap)and SiC (3.0 eV band gap) []96]. As the conduction band of
SIiC was more negative, electron transfer to the conduction band of
TiO; could be more efficient. On the other hand, the conduction
band of W01 was less negative than ﬂhat of TiOs, and thus electrons
were transferred from the conduction band of TiO, to WO,
resulting in a wide electron-hole separation. These composite
semiconductors were found to be more effective than TiO, for MEK
oxidation due to efficient charge sel:#aration.

3.3.4. Meral ion implantation '

Metal ion implantation has been recently reported as an
effective method to modify semiconductor electronic structures to

Conduction Band

Conduction Band

improve visible light response [97.98]. In this method TiO; is
bombarded, accelerated by high voltage, with high-energy
transitional metal ions. This process modifies TiO, electronic
structure and shifts its photo-response to the visible region up to
600 nm. These metal ions can have different interactions with the
sample surface depending on their kinetic energy. In the metal ion-
implantation, metal ions are accelerated enough to have a high
kinetic energy (50-200 keV) and can be implanted into the bulk of
TiO; samples [99].

Intensive studies of visible light-responsive photocatalysis have
been carried out in order to harness the abundant and safe
potential of solar energy. There have been various attempts to
sensitize Ti0; for much larger visible light regions. One of these
investigations has been the chemical doping of TiO; with transition
metals ions or oxides [100].

Although TiO, chemically doped with metal ions can induce
visible light response, most of these catalysts do not show long-
term stability nor have sufficiently high reactivity for a wide range
of applications. When metal ions or oxides are incorporated into
the TiO; by a chemical doping method such as impregnation, a
small absorption band appears at 400-550 nm as a shoulder peak
due to the formation of the impurity energy levels in the band gap
of TiOz. Such impurity energy levels may act as recombination
centers for the excited electrons and holes, thus, decreasing the
photocatalytic activity,

When Ti0; is bombarded with such high energy transition
metal ions accelerated by high voltage, the ions can be implanted
into the lattice without destroying the TiO; surface structure. The
absorption band of Ti0, physically implanted with such metal ions
such as Cr, Fe, Ni and V was found to shift smoothly to visible light
regions up to 600 nm, depending on the kind of metal implanted,
indicating that the band gaps of the physically ion-implanted TiO,
are much smaller than that of the original TiO,. Nevertheless, the
spectra of chemically ion-doped TiO; are quite different from the
spectra of physically ion-implanted TiO,, exhibiting a shoulder
peak in visible light regions, although it is not a smooth shift.
Fig. 18 shows the band structures of the original TiO;, chemically
ion-doped Ti0; and physically ion-implanted TiO,. This effective
narrowing of the band gap is attributed to the substitution of the Ti
ions in the TiO; lattice with the metal ions. Takeuchi et al. [101)
found that the application of the metal ion-implantation method
allows the modification of the electronic states of TiO; thin film
catalyst. The chemically ion-doped TiO, photocatalysts showing a
shoulder in the visible light region exhibited a drastic decrease in
photocatalytic reactivity under ultraviolet irradiation as compared
with that of the undoped original TiO, since the doped ions induce
impurity energy levels within the band gap and the energy level

Conduction Band
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Fig. 18. Scheme of TiO; band structures, chemically ion-doped TiO; and physically lon-implanted TiO..
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degrade organic compounds since the organic compounds are then
expected to decompose more quickly in the presence of ozone, to
carbon dioxide, water. and inorganic ions. Sanchez et al. [113]
combined these two methods for the remaval of aniline from water
and found that the decomposition rate of aniline is greater than
when individually treated by either of the two methods. Wang
et al. studied the decomposition of formic acid in an aqueous
solution using photocatalysis, ozonation, and their combination.
As a result; the decomposition rate of formic acid by the
‘combination of photocatalysis and ozonization was found to be
‘higher than the sum of the decomposition rates when formic acid
was individually decomposed by a combination of the two
methods, which indicates the presence of a synergistic effect of
photocatalysis and ozonation [114].

Ozone is a powerful oxidant, which is generally produced by an
electric corona discharge method in the presence of air or oxygen.
Two reactions of ozone with dissolved organic substance can be
distinguished in water [115]:

{1} A highly selective attack of molecular ozone takes place on the
organic molecules at low pH.

{ii) Additional free hydroxyl radicals can be produced in the
aqueous media from ozone by pH modification.

The use of ozone for the destruction of organics in wateris also a
well-known water treatment technique. Unlike photocatalysis,
ozonation, due to its capability for selective destruction of
recalcitrant organics and its easy and practical application, is
applied as a pretreatment step before ordinary biological
techniques, thus being more efficient for highly contaminated
wastewater. The simultaneous application of ozonation and
photocatalysis has the |capability for efficient treatment of
organically contaminated waters over a wide range of concentra-
tions [116].

Sanchez et al. [113] in their investigation, found that although
the strategy of ozonation pretreatment followed by photocatalysis
would be a satisfactory route for aniline degradation, the
simultaneous ozonation and photocatalysis methodology resulted
in much higher TOC ren}oval. but also to higher energy and
material demands, Such a combination could be preferred from an
application point of view. In fact, besides the direct ozonation of
the intermediate compounds, in the presence of TiO; under
illumination, ozone can generate "OH radicals through the
formation of an ozonide radical (05*"):

|

TiO; +hv e < h” (3:23)

O3+ — 0Oy (3.24)

The generated O;° species rapidly reacts with H™ in the
solution to give HO5" radical, which evolves to give O, and *OH as
shown in Egs. (3.25) and (3.26):

03 +H'" — HO;® (3.25)

HO3* — 0; +*OH (3.26)

In photocatalysis, the hydtloxyi radical is generally considered
to be mainly responsible for the attack on organics. It must be
considered that the *OH radical can react with 05 in competition
with erganic compounds:

.DH = - 03 = 02 s HO;' {327]

Moreover, the 0,° species take part in a closed loop reaction
scheme, which leads to a continuous consumption of ozone. In the
absence of Oy, dissolved O; itself can accept TiO; conduction band

electron and generate 0," :

O+ —0;° (3.28)
Which can be protonated to form HO,":
0;" +H™ — HO,* (3:29)

Unlike HO;* (see Eq. (3.25)), this species cannot give "OH
radicals in a single step and an alternative reaction pathway exists
to account for *OH radical's generation from HO,*:

2HO;" — H30; + 0, (3.30)

H:0; + 05" — *OH + HO™ +0; (3.31)

This mechanism needs a total of three electrons for the
generation of a single *OH species, which is a less favoured
situation if compared with the one electron needed through the
03" reaction pathway,

To obtain more information about the photocatalytic ozonation
processes, Kopf et al. measured [117] the ozone decomposition
during illumination of aqueous Ti0D, suspension in the absence of
organic compounds. The pH 3 solutions were saturated with ozone.
After stopping the gas supply, illumination was started. lllumina-
tion induced ozone decomposition, and the reaction rate is
proportional to the light intensity. These results show that a real
photocatalytic reaction takes place in the suspension, not the
radiation alone but the combination of radiation and photocatalyst
starts a decomposition reaction of ozone. Oxygen should have
influence on the photocatalytic ozonation. Besides other reaction
paths, such as direct ozone attack, or direct electron transfer from
TiO; to the ozone molecule (Eqs. (3.23)-(3.26)). a further possible
reaction path is proposed. Charge separation (3.23) and charge
transfer of positive charge (3.32):

h* +H,0 —*OH - H° (3.32)

Electron transfer (3.28) and further reactions ((3.25), (3.26) and
(3.29)) including (3.33) and oxidation of the organic compound R-
H ((3.34) and (3.35)):

0= +0; — 03" +0; {3.33)
'OH ~=R - H—R* + H:0 (3.34)
*OH -~ R —R* - OH (3.35)

The difference berween photocatalytic ozone decomposition
and ozone decomposition in aqueous solution is the initiation of
the reaction. The starting radical is formed photochemically by
an electron transfer from titanium dioxide to oxygen and not,
like in the Weiss-mechanism [118], by the reaction of OH™ ion
with ozone. In both cases primarily 0,° is formed. 0;* reacts
with ozone forming the ozonide ion (Eq. (3.33)). After
protonation *OH radicals are formed (Egs. (3.25) and (3.26)).
The formation of *OH radicals in acidic solutions via direct
electron transfer from the catalyst to the ozone molecule or via
0, explains the compounds organic degradation by photo-
catalytic ozonation which react very slowly with the ozone
molecule or with HO;", one of the primary oxidising species in
photocatalytic processes.

Mareover, a synergistic effect occurs when the photocatalytic
and ozonation treatments are carried out simultaneously. Two
possible mechanisms are considered for the synergistic effect.
Firstly, it is considered that in the photocatalytic reactor, the
dissolved ozone could accept electrons produced on the surface of
titanium dioxide according to the mechanism [114]:

O31a05) ~€ — Oapa4s ™ (3.36)
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with an evermore increasing share with respect to the total
publications on the process. This fact is due to that a priori the
photo-Fenton process seerhs to be the most apt of all AOPs to be
driven by sunlight, because soluble iron-hydroxy and especially
iron-organic acid complexes absorb even part of the visible light
spectrum, not only ultraviolet radiation. Consequently, the photo-
Fenton system is a very efficient reaction system for the generation
of radicals available for oxidative processes.

Research on photo-Fenton undertaken covers the treatment of
many pollutants, such as pesticides [143,144], chlorophenols [5],
natural phenolic pollutants [145.146]., and pharmaceuticals
[147,148]. It was also successfully applied to waste water with
high organic load in the order of 10 up to 25 gL' total organic
carbon [149-151],

Within the investigated limits in these studies (maximal iron
concentration 2.6 mM, maximal temperature 70 C) an increase of
the respective parameter always caused an increase in reaction
rate, Only two studies examine the result of alternating time
intervals with and without illumination [150,151). They suggest
the formation of precursors in the dark prone to rapid photolysis
upon irradiation. Consequently, by alternating dark and illumina-
tion periods a decrease of necessary number of photons can be
achieved compared rto constant illumination. Provided the
assumption that photons are one of the most important cost
factors in the process (still thearetically solar light implies costs for
the solar reactor), this phenomenon may be crucial to reduce costs,
but still lacks thorough investigation.

Another issue that complicates the chemistry behind the
process is the influence of ions on the process. Whereas the
influence of phosphate is rather clear through the co-precipitation
with ferric iron, other ions such as halogens and sulphate form
complexes with the catalyst altering its activity and/or promote
the formation of radicals less reactive than the hydroxyl radical.
Formation of these complexes is largely dependent on the
concentrations of these ions aflld the solution’s pH value [152].
To know the resulting influence on the process is important,
because usually any industrial or other wastewater stream
contains one or several different ions, where concentrations
may vary from close to zero to dozens of grams of dissolved salts.

Other studies deal with the lapplication of iron as a hetero-
geneous catalyst. e.g.. in the form of suspended oxides [153], fixed
on a support structure [154] or eﬁven a combination of both [155].
While an easy separation and the possibility of working without
pH adjustments are advantages of this approach, the drawback is
generally diminished reaction rates compared to the homogeneous
photo-Fenton process. This is mainly related to mass transfer

limitations of the heterogeneous process and worsened light
penetration into the photoreactor in the presence of solids [156].
Another approach to avoid the need for acidification of the
wastewater to maintain iron stably dissolved is performing the
photo-Fenton reaction in the presence of complexing agents [157].
In case of these complexes are also photoactive in the visible
region, also a beneficial effect on the reaction rate may occur. This
is way several authors proposed either the addition of oxalic acid or
the direct application of ferric oxalate as iron source [158). Also,
different solar photoreactors have been proposed for applying the
photo-Fenton method. trying to take into account the specific
needs of the process [145.159.160].

Similar as in literature on other AOPs, originally toxic waste
water has been proven to lose its toxicity upon treatment by
photo-Fenton process before total mineralization has been
achieved. Loss of toxicity usually is accompanied by an enhance-
ment of biodegradability of the treated waste water [161,162].
Consequently, photo-Fenton process and AOPs in general have
been proposed as a pretreatment to biological treatment for toxic
wastewater streams [163].

Whereas the given citations do not aim to form a complete list,
the following chapters will try to rationalize the findings of the
topics mentioned shortly in this introduction, give an overview of
compounds studied and efficiencies found, pilot-plant scale studies
conducted and existing solar hardware, We will subsequently
address the need and ways to integrate variations of the photo-
Fenton process in a complete treatment train with a special focus on
the combination with biological treatment. Finally, at the end of this
section, we will provide recommendations for further development
needs to bring the photo-Fenton process from the current research
phase closer to applicability at pre-industrial, and industrial scale
taking into account economical and environmental aspects.

4.2. Chemical fundamentals

Though as mentioned in the introduction several excellent and
comprehensive reviews on the Fenton chemistry exist
[136.141,164], for the sake of completeness and clarity of the
following discussion we will give a short summary of the principles
of reactions occurring in the photo-Fenton system.

4.2.1. Aquatic tron chemistry

Behind oxygen, silicon and aluminium, iron is the fourth most
abundant element in the earth’s crust. It occurs in oxidation
numbers from -1l to +VI with coordination numbers of 3-8 [165].
In aqueous solution the most abundant iron species have an
oxidation number of +II (ferrous iron) and +I (ferric iron). Other
iron species are highly unstable and are therefore not dealt with
here in detail. Dissolved ferrous and ferric iron species are present
in octahedral complexes with six ligands in water. Iron is
cornplexed by water and hydroxy! ligands provided that no other
complexing substances are present. How many of these ligands are
hydroxyl ions, depends on the solution's pH, which influences
directly the acid/base equilibrium of the aquo complex. Ferric iron
is the more critical iron species in the photo-Fenton process,
because its hydroxides precipitate at lower pH than those of
ferrous iron. Consequently, only the acid/base equilibrium for the
ferric iron aquo complex is described here, Eqgs. (4.1)-(4.3). For
simplification, coordinated water molecules in the coordinate
sphere will not be included in the chemical formulae from hereon.
Formation of dimers, Eq. (4.4), and oligomeres is possible as well,
with the dimer being the most important at pH below 3 [166].
[Fe(H106)" = [Fe(H;0)s(OH)]* ~H" K=63x103M

(4.1)
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following reactions with organic substrates have been reported
[134]:

|
« Hydrogen abstraction from aliphatic carbon atoms, Eq. (4.21).
» Electrophilic addition to double bonds or aromatic rings,
Eq. (4.22).
« Electron transfer reactions, Eq. (4.23).

OH* ~ RH — R* + H,0 (4.21)
R - CH = CHy ~OH® — R — C'H — CH,OH (422)
OH* - RX - RX*" | OH (4.23)

The generated organic radicals continue reacting prolonging the
chain reaction. Depending on the oxidation-reduction potential of
the organic radical generated, reactions (4.24)-(4.27) can take place,
The organic peroxide generated in reaction (4.27) can further react
with ferrous iron similar to the Fenton reaction, (4.28). Of special
interest is the reaction with dissolved oxygen (Dorfman-mechan-
ism), Eqs. (4.29) and (4.30) [173], because the peroxyl radical can
regenerate hydrogen peroxide by reaction ((4.7) and (4.25)) and
thereby contribute to reduce the consumption of oxidant in
Wwastewater treatment by Fenton and photo-Fenton method:

R® + Fe’* — R~ +Fe? (4.24)
R* + Fe?* — R+ Fe?* (4.25)
R® 4+ RY-2R— R (4.26)
R® + HO;* — RO:H (4.27)
Fe?” + RO;H — Fe** + OH" + OR* (4.28)
R*.+ .0 —RO;* | (4.29)
RO;* + H;0 -ROH i HO,® (4.30)

In the case of aromatic pollutants the ring system usually is
hydroxylated before it is broken up during the oxidation process.
Substances containing quinone and hydroquinone structures are
typical intermediate degradation producrs eg., produced by
reactions equivalent to Egs. (4.31) and (4.32). These are especially
‘worth mentioning because they provide an alternative, quicker
pathway for ferrous iron regeneration through Eqs. (4.33) and (4.34)
accelerating thereby the process. Resulting benzoquinone structures
‘can also be reduced as in Eq. (4.35). Thereby, each molecule can
reduce several ferric iron ions in a catalytic cycle, Anyway, sooner or
later this catalytic cycle is interrupted, because in competition with
reactions (4.31)-(4.35) also ring opemng reactions occur, which
further carry on the mineralization of the molecule [174]:

OH O
N z
oH + | e gl k=7310"M"s
=
oH
(4.31)
H OH
0, + — O + HO} k=1510"M"s"
OH OH
(4.32)

OH o*

fo e O R L @ +H k=44 10°M's"
OH OH

(4.33)

+ H @ k=4400"M' s}

(9)
|
0~
|
OH

(4.34)
o OH H q
¢ 5 @ — + k=3710"°M" "
(] OH H OH
(4.35)

There Is one great setback of the Fenton method. Especially
when the treatment goal is the total mineralization of organic
poltutants, carboxylic intermediates cannot be further degraded.
Carboxylic and dicarboxylic acids are known to form stable iron
complexes, which inhibit the reaction with peroxide [175]. Hence,
the catalytic iron cycle reaches a standstill before total miner-
alization is accomplished, Eq. (4.36):

Fe?* + nL— [FeL, " "*%.%"no further reaction (4.36)

L: mono- and dicarboxylic acids.

Due to the high oxidation potential of the hydroxyl radical. it
can also react with inorganic ions present in the solution, Several
authors have described the strong negative effect of the presence of
carbonate and phosphate in the Fenton reaction, while the effect of
other ions such as chloride or sulphate is not as strong
[152,173,176.177). Phosphate has a double detrimental effect;
first, it precipitates iron and second, it scavenges hydroxyl radicals.

De Laat et al, [152] presented a rather comprehensive review of
the additional reactions and equilibria of importance in the
presence of significant amounts of chloride and sulphate, Both ions
are capable of complexing ferric as well as ferrous iron, They can
thereby hinder reactions or also open completely new reaction
pathways for the decomposition of hydrogen peroxide in the
presence of dissolved iron. Also, hydroxyl radicals generated can
react with these ions, creating chlorine radicals and sulphate
radicals. Some representative reactions are shown in Eqs. (4.37)-
(4.40):

OH' — CI- —[CIOHI'~ k=43 x 10°M's"! (4.37)
[CIOH]*" +H™ —~ [HCIOHI* k=30 « 10"M s} (4.38)
[HCIOH}* =CI- — €'~ +H:0 k=80 = 109M~'s"! (4.39)
OH* ~ HSO4~ — H;0 +804"~ k=35 » 10°M™'s™' (4.40)

De Laat and co-workers further calculated, that below pH 4
practically all hydroxyl radicals end up in chlorine radicals
(calculations done for 100 mM NacCl solution). In the presence of
sulphate the conversion of hydroxyl radicals is considerable at
acidic pH as well. Yet, it should be mentioned that these
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early explanation for an optimum pH of 2.8 based on the
absorbance spect‘ra of different aquo and hydroxyl ferric iron
complexes seems. only plausible in the absence of complexing
agents. This is seldom the case, as carboxylic acids are formed in
the oxidation process. Hence, the only real constraint seems to be
the need of avoiding iron precipitation.

4.3.2. Iron concentration and iron source

In “normal” photo-Fenton applications (i.e., pH < 3, dissolved
iron as catalyst), where equal or less than 1 mM of dissolved iron
was studied as maximum concentration [145,183-185). an
increase in iron concentration always led to an increased reaction
rateas well. Yet, this l'pcrease is not directly proportional but levels
off as higher concentrations are applied. Other studies applying
higher iron concentrations up to 450 mg/L [186-188] still
continued to find :ncﬂeasmg reaction rate up to their maximum
ITONn concentration apnl:ed

One of the principle characteristics of a photoreactor is its
optical pathlength, e.g., in the case of a tubular reactor the tube
diameter. A ray of light i is attenuated along the optical pathlength

\as a function of the solution’s extinction coefficient, which is

closely related to the iron concentration. In general the photo-
reactor! (i.e., the solar collector in the case of a solar-driven
photocatalytic plant) constitutes a substantial part of the invest-
ment cost of the installation. Hence, one aim in the design of a
photoreactcr is that nearijr the whole volume of the photoreactor is
illuminated. A too high iron concentration generates dark zones in
the photoreactor; because the incident ray is attenuated too
strongly along the optical pathlength [159]. Nevertheless, as
photo-Fenton chemistry involves also significant thermal reactions
(e.g.. Egs. (4.8)-(4.10) and Eqs. (4.31)-(4.35) for the thermal
reduction of ferric iron), usually an increase of iron concentration
beyond the needed concentration to absorb all photans inside the
photoreactor will still lead to a further increase of reaction rate.
Still, then, the same result may be achieved with a different
photoreactor, with less optical pathlength and which may be
cheaper to construct.

The inner filter effects present in the solution are another
important issue regarding the effect of iron concentration on the
reaction rate. Inner filter effects are the competitive absorption of
photons by other light absorbing species, usually the contaminants
present in the wastewater. \Whereas this competitive light
absorbance may lead also to 'some direct photolysis reactions,
photolysis reactions normally have a low quantum vield. Hence, if
photolysis is not effectively taking place, photons absorbed by the
contaminants instead of the catalyst may be considered lost in
terms of efficient photon use. Oliveros et al, [187] studied the
influence of theiirradiation source on the process and found that a
medium pressure mercury lamp (majority of photons irradiated
between 300 and 400 nm) performed superior compared to a low
pressure mercury lamp (254 nm)land an excimer lamp (222 nm).
They attributed this to the inner filter effects present at low
wayvelengths for 'their model wastewater (containing xylidine),
Also, Gernjak et al. [145] found an improved performance applying
sunlight compared to a medium pressure mercury lamp for model
compounds absorbing in the UV region (in this particular case
vanillin). In a similar sense it can be explained why Torrades et al.
[188] found an increased reaction rate until very high iron
concentrations (450 mg/L), as they! treated a strongly coloured
cellulose bleaching effluent, as a high catalyst concentration is
being needed ro compete efficiently for the photons in the highly
coloured wastewater,

Consequently, one may state that iron concentration optimiza-
tion must take into account the solar collector geometry (or vice
versa [149]) and the inner filter effects. Also, to reduce inner flter
effects, sunlight seems an ideal irradiance source, This ability to

make use of photons of a wavelength beyond the UV region may
also be one of the main reasons why photo-Fenton compares
favourably to TiO, photocatalysis, when applied to highly coloured
wastewaters [149]. Only logically following then is that another
strategy to overcome inner filter effects is procuring that iron
complexes are present that absorb at higher wavelengths than the
contaminants present in wastewater, which is part of the reason,
why applying iron sources containing already iron chelating
ligands have been proposed such as ferric oxalate [ 158,189, ferric
citrate [182] or also other chelating agents [179]. Whereas there
are several obvious advantages (higher reaction rate through
absorption of more solar photons, possibility to raise the pH)
literature has not discussed the influence on the econamy of the
process in the sense of enhanced reagent costs. Not only is there an
additional cost for adding the chelating agent, also, as the chelating
agent is being oxidized as well more hydrogen peroxide ought to
be needed to abate the target contamination.

Another interesting finding of the group of Sun and Pignatello
[179] was, that partly oxidised chelates may even cause a further
enhancement of the reaction rate compared to the same chelates in
their none-oxidised form, or expressed in a different way, an initial
lag-phase was observed. A later work of the same group [174]
explained such an observed phenomenon by the involvement of
hydroquinones and quinones. Consequently, an enhancement of
reaction rate may nat only be achieved by selecting an iron source
containing chelates, but also by blending the wastewater with
partly oxidised wastewater. Such a blending may be done on
purpose in a batch mode of operation, but also may be a desirable
side-effect of operation schemes that involve continuous operation
mode.

Another possibility is the application of iron as a heterogeneous
catalyst, as commented in Section 4.1, eg. in the form of
suspended oxides [153], fixed on a support structure [154.190]
or even a combination of both [155]. While an easy separation and
the possibility of working without pH adjustments are advantages
of this approach, the drawback are generally diminished reaction
rates compared to the homogeneous photo-Fenton process. This is
mainly related with mass transfer limitations of the heterogeneous
process and worsened light penetration into the photoreactor in
the presence of solids [156].

Taking into account the comparably high price of the solar
collector, a loss of reaction rate (i.e., an increase of needed collector
surface] directly is reflected in the treatment costs and Gumy et al,
[190] found a difference of approx, 50% and 75% between
homogeneous and heterogeneous photo-Fenton reaction, depend-
ing on the solar collector applied. Though this is a single case study
making such an econamical comparison, it nicely highlights that
science should not only focus on developing new catalysts but also
on how these catalysts could be applied minimizing costs.

4.3.3. Influence of temperature

When investigated, increasing temperature always had a
beneficial effect on reaction kinetics [160,183,186]. Within the
investigated limits in these studies (maximal iron concentration
2.6 mM, maximal temperature 70 "C) an increase of the respective
parameter always caused also an increase in reaction rate, e.g., by
about 5 times by raising temperature from 20 to 50 'C [183]. In
another study already mentioned [188] a maximum “process
efficiency” was found to be around 55 C. Yet, this study takes into
account the hydrogen peroxide consumption efficiency, because at
higher temperatures more hydrogen peroxide is consumed to
reach the same level of TOC mineralization. This can be explained
by looking at the thermal reactions involved in the reduction of
ferric iron, particularly Eqs. (4.8)-(4.10) as opposed to the
photoreduction of ferric iron. Whereas in the thermal pathway
hydrogen peroxide is consumed for the reduction of ferric iron
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(though the amount of solar collector is reduced, the time needed
for completion of mineraliza'lrion goal is doubled).

4.3.5. Substrate concentrations and chemical characteristics

Many studies have included the influence of the contaminant
concentration in the scope of their investigation. Basically, the
logical outcome was that higher pollutant concentrations needed a
longer treatment time under otherwise identical process condi-
tions. Yet, the already mentior!;ed filter effects are prone to increase
at higher concentrations (see also Fig. 22). Consequently, Krutzler
et al, [184] found that an increase from 1 to 5 mM 4-chlorophenol
lower the TOC mineralization rate from 14.9 mg/L min TOC to
8.9 mg/L min TOC (calculated for a 50% TOC mineralization
degree). So, if the influent concentration is to be expected to
change in an application, the correct scaling and design of the
photoreactor may be compﬁcated. because the correlation of
necessary treatment time and substrate concentration must not be
directly estimated, but always be determined by experiment.

To our knowledge the influence of chemical characteristics of
the substrate was never studied explicitly and no such studies
exist, which try to rate the reactivity of a broad range of chemicals
rationalizing their behaviour based on a chemical description of
the target molecule (e.g., in the sense of a QSAR study). Never-
theless there exist a series' of papers. which compare the
degradation of several compounds under otherwise identical
conditions [143-145.193-195], Some of these papers also perform
TiO; photocatalysis on the same model wastewaters [193,195],
which helps to point out severa'_l aspects specific to photo-Fenton,
Several conclusions may be drawn from comparing the data of
these papers. First, Fallmann et al. [143] found that among the ten
pesticides tested Methamidofos was most difficult to degrade due
to its ability to release phosphate into the solution and precipitate
the iron catalyst. Among the others tested Vydate had an unusual
long initial lag phase, which was also confirmed by Oller et al.
[195]. The latter paper did not find a similar lag phase during TiO;
photocatalysis. though unfortunately it is not clarified if these lag
phase was caused by active ingredient. oxamyl. or other
compounds present in the commercial formulation applied. As
iron measurements confirmed the presence of the dissolved iron
and the effect was not observed in the TiO, application, it remains
clear that dissolved iron is being complexed and inactivated. In the
same study 1,3-dichlorpropane was studied and in this case the
photo-Fenton reaction occurred extraordinarily quickly showing
the preference of the photo-Fenton reaction towards the electron
rich bonds. The effect could not be observed to a similar extent in
the comparison of the uxidationiof chlorinated solvents (chloro-
form, dichloromethane and 1,2-dichloroethane) by Malato et al.
[194].

In two studies, atrazine was observed to be more recalcitrant to
photo-Fenton treatment than other compounds treated in
comparison with data obtained by TiO, photocatalysis
[144,193), which is likely due to the low electron density in the
aromatic ring. Several compounds were shown to be impossible to
be quickly completely mineralized, such urea herbicides [193] and
atrazine [193], the latter one being impossible to degrade further
than cyanuric acid. In the case of diuron it may depend on the
process conditions, because another study reports complete
mineralization [158].

On the other hand phenolic compounds are always very quickly
degraded and just in agreement with the studies of Chen and
Pignatello [174] those substances reacted fastest, which are more
oxidized (gallic acid - protocatechuic acid - vanillin > p-couma-
ric acid > I-tyrosine) and hence sooner will form hydroquinones
and benzoquinones contributing to an accelerated redox cycle of
the iron catalyst. This study confirmed also the preference of the
oxidant species for the phenolic structures by measuring in a

mixture of these five phenols the phenol index dropped to zero
already at approx. 50% of TOC mineralization. It may be concluded
that aromatic and phenolic contamination can be abated by the
photo-Fenton reaction with high reaction rates as shows the
comparison with another AOP. In the case of aliphatic substances
or aliphatic intermediates the performance may be less favourable.
Also, the photo-Fenton reaction may be strongly influenced by
inorganic ions released during the degradation process. particu-
larly phosphate. Also, if large amounts of ammonia are released
this may cause a problem through an increase of pH and
subsequent catalyst precipitation.

4.3.6. Salinity

Excellent theoretical studies exist by the group of De Laat on the
effect of chloride and sulphate in Fenton systems (e.g., [152]).
Basically, the study states that at low pH (below 3) an ever
increasing amount of hydroxyl radicals are converted into chlorine
radical species and, to a lesser degree, sulphate radicals. These
radicals are less reactive and hence they postulate an effect on the
degradation efficiency. The effect can have several aspects. among
them an effect on process kinetics, loss of oxidant power
(thermodynamic effect) and less efficient use of oxidant. Whereas
first and third effect bore down proportionally on the costs of the
process, a loss of oxidant power may imply that certain pollutants
or intermediate degradation products may not been degraded in
the presence of salts.

Other applied studies found, that though there is a significant
influence on the reaction kinetics, the photo-Fenton still works
even in salt concentrations as high as present in seawater
[196,197], though with a reduced reaction rate. A recent paper
[198] postulated that the negative effect of chloride on the kinetics
of the photo-Fenton reaction may be circumvented by working at a
pH slightly above 3. Only one paper [176] reported the formation of
chlorinated intermediate degradation products, but since then no
other study reported the same fact and it remains an open issue,
because the generation of such degradation products would be
highly undesirable. In the specific case of a chloride-rich
environment. chlorine radicals are also formed following a
sulphate radical (see reaction (4.40)) mediated attack on the
chloride ion, A termination reaction of a chlorine radical with an
organic radical could lead to the formation of chlorinated
derivatives. Chlorinated derivatives were indeed formed, but
due to the dual effect of chlorine and sulphate radicals [77].

4.3.7. Oxidant concentration

The influence of oxidant concentration on the kinetics was
investigated by several studies and the main findings can be
reduced to the fact that neither too low hydrogen peroxide
concentration (leading to a rate reduction of the Fenton reaction)
nor a too high concentration may be applied (H.0: competes
successfully for hydroxyl radicals and becomes decomposed with
oxidizing the pollutant). Usually., there is a rather broad
concentration interval in between both extremes, where none of
both phenomena occurs. Hence, it has been found that the H,0,
concentration, 1.e., its consumption may be used to predict the
progress of a photo-Fenton application 183,196,199/, i.e.. hydro-
gen peroxide addition can also be used to control the mineraliza-
tion degree desired in an application. This fact is an advantage
insofar as the control of hydrogen peroxide addition is relatively
easy as in a wide range of variation of process parameter a change
does not affect. But it is also a disadvantage, because it means that
reducing hydrogen peroxide consumption is not easily done, The
efficiency of the oxidant use with respect to the theoretically
needed stoichiometric amount of hydrogen peroxide is highly
dependent on the substrate and its concentration, with the data of
ranging below the stoichiometric amount of hydrogen peroxide
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Corrosive liquids: oxidative process, H,0;, iron fons, usually
acidic pH (2-3.5), salt concentration and temperature depend
on app!imion.

Table 4

Comparison of Ti0; and photo-Fenton process aspects relevant to the photoreactor’s design requirements,
TiO;

Stress on reactor materials Corrosive liquids: oxidative process, pH and salt concentration
depend t?n application.

Cleaning procedures TiO: ma* adsorb on the reactor walls preventing illumination,

Residence rime in collector

effective chemical cleaning agents are HCI, and mostly, HaFa.

Long residence time in the collector may cause dissolved Oy
depletior
|

Iron oxides may deposit on the reactor walls preventing
!llumlnaﬂon. effective chemical cleaning agents are chelating

agents, such as oxalic acid and acidic pH.

Long residence time in the collector may cause H,0; depletion.

Strongly influential on process performance, beneficial if higher.

Homogeneous iron catalyst, hence no precipitation: no data
available, if laminar flow leads to mass transfer limitations.

Light distribution is governed by absorbance of the solution.
which is a function of catalyst concentration and wastewater.

Temperature Not relevant to process performance between 20 and 80°C.
Flow conditions Turbulent flow necessary to maintain TiO; suspension in solution
and to avoid mass transfer limitations.
Reactor diameter/ Light distribution in the collector is largely governed by absorbance
depth—optical pathlength  and scattering by the catalyst particle. A direct correlation between
ideal catalyst concentration and diameter exists.
Effective wavelength range <390 nm for Ti0y, being approx. 4% of sunlight's irradiance power
| {sunny days).
| |
Light intensity. Rate law changing from first through half order to zero-order
depend | cy as the light intensity increases.
Dark zones No reactions taking place in dark zones.
Process control Process control mainly includes the determination of treatment

end.

Absorbance varies strongly along the treatment due to the
appearance and destruction of compounds.

Depends strongly on the presence of complexes, may be up to.
'550-600 nm being 28-35% of sunlight's irradiance power
(sunny days).

Little research performed, first order rate law suggested over a
broad range of light intensity, applicable as long as ferric iron
predominates over ferrous iron, : :

Fenton process takes place in dark zones, elevated temperature
influences the reaction rate positively. Alternating dark and
llumination intervals have shown to reduce the necessary
llumination time.

Process control inciudes the determination of the treatment
‘end, pH must be controlled to avoid iron precipitation.

the experiments were performed applying an air cooler (fan
system) in the Helioman system to ensure similar temperatures in
both reactors to enable comparison between both reactors. If the
reactor had been allowed to hear up, the comparison clearly would
have been favourable for the Helioman reactor in the case of photo-
Fenton. To reach a final comparison it would have to be taken into
account as well that the Helioman reactor implies higher
investment costs than a comparable collector area of static CPC
collectors.

The example of Fig. 23 may be used to discuss another of the
aspects mentioned in Table 4. Whereas the volume is irradiated
approximately 60% of the total ;I.”rearmenr time in the CPC reactor
(i.e., ratio of illuminated to total volume is 0.6), it is different in the
Helioman, where the illuminated volume constitutes less than 15%
of the total volume. As men[iﬁned in TiO; photocatalysis dark
zones are dead zones with respect to reaction rate, whereas in

—s— photo-Fenton - Helioman
—o— photo-Fenton - Brite
—— T10; - Helioman

—— Ti0; - CPC

rOCTOCH
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Fig. 23. Degradation of mixture of commercial pesticides, TOC;=100mglL ',
Photo-Fenton: Fe = 20 mg L ', H,0; consumption = 1.5g L "1 Ti02: TiD2 =02g L',
Na;5:05 consumption=25gL .

photo-Fenton they are not. As mentioned above highly promising
results were obtained by reducing illumination time and enhan-
cing darl times [146,183], whereas few research efforts have been
dedicated up-to-now and none of the two cited studies provides
theoretic insights explaining satisfyingly the phenomenon.

One paper that suggested a solar collector including heat
insulation and heat recovery was the work of Sagawe et al. [160].
The groups of Malato and co-workers [145,149] and Alfano and co-
workers [204] developed flat-plate reactors, but few other works
delved into aspects of reactor engineering taking into account the
issues specific to the photo-Fenton process. Another topic is the
effective radiation wavelength. Table 5 shows solar radiation data
illustrating wavelength dependent irradiance power and related
data, What becomes clear that the density of photonic flux
proportionally increases even more than the irradiance power the
longer the wavelength (which is of course due to the indirect
proportional relation between photon energy and wavelength).

Table 5 shows clearly that UV transmissivity of the photo-
reactor and UV reflectivity of the collector is a critical issue for TiO»
application. For example, roughly a third of the available photons
in sunlight for TiO; photocatalysis have a wavelength shorter than
350 nm. Assuming that photo-Fenton operates at a wavelength up
to 450 nm that share would only be 10%, Hence, there seems scope
for the study of different materials for photo-Fenton. For example
one of the reasons why low iron content borosilicate glass was
preferred over fluoropolymers was its improved UV transmissivity
[29]. A second reason was its lower investment price. Nevertheless
the use of polymers adds to the durability of the plant and helps to
keep maintenance costs low (less breakage). Also, given the
information of Table 5 other reactor materials may be an option.
Such developments should be supported by fundamental inves-
tigations on the effect of the irradiance wavelength on the process,
especially regarding the quantum yield as it may vary strongly as a
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may partially oxidize contaminants, which can be completely
metabolized by the bacteria. This of course seems to be impossible
for an application atilpH 3, but a process performed at neutral pH
involving low hydrogen peroxide concentrations may be suitable
and worth investigat’itm.

4.5.2. Application examp!es for photo-Fenton as part of a whole
treatment

As photo-Fentan is applied only in research the applications in a
whole series of treatments are scarce, but some examples may be
given, where authors tried to find environmental problems, where
WO or more processes {being one of them photo-Fenton) could be
Joined together in a synergistic way, though not all applications
applied solar photo-Fenton.

Yardin and Chiron mvest:gated the subsequent extraction and
degradation of TNT from soil [214]. They extracted the soil with
methylated-ﬁ-cyclodexmn (5 mM) obtaining solutions containing
132 mg/L TNT. These solutmns were then treated by photo-Fenton
applying a low pressure mercury lamp. Their results indicated that
MCD has a beneficial effect on the degradation rates of TNT. This
relative improvement of TNT degradation rate (1.3 times) in
presence of high amounts of hydroxy! radical scavengers was
ascribed to the formation of a ternary complex (TNT-cyclodextrin-
iron) whlch can direct hydroxyl radical reaction toward TNT.

Another application énsures transparency of the solution by a
pretreatment aimed at removing solids. The authors [150] apply
variations of pretreatments such as simple flocculation by
polyaluminum cpmpoun#s or a combination of chemical pretreat-
ment by Fenton and flocculation/coagulation. The target wastewater
was olive mill wastewater and by removing the solids the authors
were able to treat this wastewater having an especially high organic
load (around 20 g/L TOC) by photo-Fenton, although applying high
reagents amounts (e.g., over 50 g/L H;0,). These authors also
suggested the posterior| use of the treated wastewater for
fertilization by irrigation as the treated wastewater contains high
amounts of nutrients, particularly potassium. Also, other chemicals
were suggested to be adapted to this subsequent use, ie.
acidification by nitric acid and subsequent neutralization with
potash. The authors supported their hypothesis by germination
index studies with barley. This study gives a nice example how the
process may be adjusted tojachieve a revalorization through reuse
instead of considering the wastewater solely as a source of problems.

Furthermore, there exist plenty of examples, which focus on the
sequential combination of photo-Fenton treatment and biological
treatment (aerobic in most cases) and some examples were
mentioned already. A general approach for the development of a
combined treatment will be discussed in the next section,

4.5.3. Combining photo-Fenton and biological treatment

As mentioned several times throughout this paper, the
treatment of an industrial wastewater through AOPs should be
pondered in the presence of organic pollutants that are toxic and/
or non-biodegradable and therefore not treatable by conventional
biological processes, because although biological treatment is
often the most cost-effective alternative it is generally not effective
for industrial effluents contaminated with bio-recalcitrant organic
substances. The use of AOPs as a pretreatment step to enhance the
biodegradability of waste water containing recalcitrant or
inhibitory pollutants can be justified if the resulting intermediates
are readily degradable by microorganisms in further biological
treatment. Consequently, photo-Fenton process and AOPs in
general have been proposed as a pretreatment to biological
treatment for toxic wastewater streams [163].

Today combined photo-assisted AOP and biological processes
are gaining in importance as treatment systems, as one of the main
urban waste water treatment obligations imposed by European

Union Council Directive 91/271/EEC is that waste water collecting
and treatment systems (generally involving biological treatment),
must be in place in all agglomerations of between 2000 and 10,000
population equivalents by 31st December 2005, Smaller agglom-
erations which already have a collecting system must also have an
appropriate treatment system by the same date [215]. This means
that nowadays, provided that the regulations have been imple-
mented, AOP plants developed in the EU can discharge pretreated
waste water into a nearby conventional biological treatment plant.
The same is true for many other locations all over the world.

Similar as in literature on other AOPs, originally toxic waste
water has been proven to lose its toxicity upon treatment by photo-
Fenton process before total mineralization has been achieved [193].
Loss of toxicity usually is accompanied by an enhancement of
biodegradability of the treated waste water [161,162]. Hence, the
following approach may be taken to take a decision on the treatment
strategy and the design of a treatment plant:

 Step 1: check if wastewater is potentially treatable by AOP and/or
biotreatment.

« Step 2: selection of treatment strategy as a function of
wastewater characteristics (only AOP, AOP-BIO, BIO-AOP, only
BIO, and no treatment). _

« Step 3: develop and optimize coupling strategy (if AOP-BIO was
chosen in Step 2).

« Step 4: pilot-plant studies on process kinetics.

« Step 5: theoretical up-scaling.

« Step 6: economic study.

« Step 7: choose best-performing AQP,

« Step 8: final plant design.

4.5.3.1. Step 1: check if wastewater is potentially treatable by AOP
and/or biotreatment. In Step 1 one should clarify the characteristics
of the wastewaters, which could avoid their proper treatment by
the studied AOPs: volatility and solubility of contaminants,
concentration of contaminants in the wastewaters, and degrada-
tion kinetics of the organic content of the wastewater.

Volatility may be an issue because it would pose a reactor
design constraint to avoid volatilization, which is furthermore
incompatible with elevating the treatment temperature as
suggested in the photo-Fenton treatment, Henry's constant could
be envisaged to estimate the loss of organics to the atmosphere
when applying AOPs. Dichloromethane (Hag -c = 0.00265 atm m?/
mol), dichloroethane (Hzp -c = 0.00124 atm m?/mol) and trichior-
omethane (H3p ¢ = 0.00450 atm m*/mol) were tested in our group
[194]. By photo-Fenton dichloroethane was completely degraded
even with 2 mg/L of Fe and after more than 3 h of treatment time
without observing losses to the atmosphere. Dichloromethane was
completely degraded only if short reaction times (<60 min) where
achieved using high concentration of Fe (55 mg/L). Trichloro-
methane was release to the atmosphere in any case, releasing
almost 25% of it to the atmosphere.

Another issue may be solubility, especially when a second
phase is present. As the oxidative species are created in the
aqueous phase any presence of solids or secondary liquid phases
(e.g.. oil films) leading to a separation may have a strong
detrimental on the process kinetics and reproducibility, in which
case process efficiency decreases and process design uncertainty
increases. The contaminant concentration has to be considered as
well and their influence on the process. As stated in different
sections a high contaminant concentration may lead to high
operation costs due to high reagents concentration and residence
times in the photoreactor. On the other hand low contaminant
concentrations means that the coupling with a biotreatment
normally would not be necessary because of the very low organic
content of the effluent.
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biological degradation to be achieved in a shorter time and in a less
expensive way. The solution resulting from the phototreatment
stage is considered to be biologically compatible after the
elimination of; (i) the initial bio-recalcitrant compound, (ii) the
inhibitory andfor non-biodegradable intermediates, (iii) the
residual H;05, or other inhibitory electron acceptors, whenever
they are utilized for the phototreatment, and (iv) any necessary
.adjustments to the pH have been made.

These requirements, together with information concerning the
evolution of toxicity' and biodegradability of the phototreated
solutions, allow the determination of an optimal phototreatment
time, which corresponds to the best cost-efficiency compromise,
However, if the fixed pretreatment time is too short, the
intermediates remaining in solution could still be structurally
similar to initial bio-recalcitrant compounds and therefore, non-
biodegradable. Such behaviour was recently found to occur in
heterocyclic compounds, where the heteroeyclic moiety
remained could only be broken up very slowly maintaining the
toxicity high during the whole mineralization in the phototreat-
ment [216].

In the OECD guidelines biodegradation tests are divided into
three principal categories: tests for ready biodegradability, tests
for inherent bi'odegradapility and simulation tests [217]. Tests for
ready biodegradability are the most stringent tests, offering only
limited opportunities far biodegradation and acclimatization of
the inoculum during a time span of the test of several days. These
tests. were compared by Reuschenbach et al. [218]. Recently
another toxicity test based on the growth of the bacteria
Pseudomonas Putida CECT 324 was suggested as a testing method
for ready biodegradability [219]. However, these tests have
limited capacity for the prediction of a biological treatment plant,
as acclimatization may occur. This is especially true for modern
biological treatments, which are often based on reactor technol-
ogies inyolving a much| higher sludge age compared to the
traditional activated sludge process (e.g.. moving bed biofilm
reactors, membrane bioreactors). In such a case tests for inherent
biodegradability such as the Zahn-Wellens (Z-W) procedure is
the most appropriate method for biodegradation assessment of
partially photodegraded solutions of contaminants, But this
analytical tool is quite time-consuming, typically between a
few days in the case of quick evidence of biodegradability (i.e.,
samples with ready biodegradability) and in the case of a
continuing negative test response the test must be prolonged
for 4 weeks, which is the test duration according to the standard
protocol. |

Therefore, to limit the amounts of samples to be processed by
the Zahn-Wellens test, we propose as an indicator of partially
phototreated waters the complementary use of acute toxicity
techniques, which yield a comparably quick response. A series of
acute toxicity tests are available [220], but among the typical ones
applied (e.g.. invertebrates im'mobi!ization. fish toxicity tests, algae
growth tests, luminescence bacteria tests, plant seed germination
tests) the ones based on bioluminescent bacteria (Vibrio fischeri,
Photobacteritm phosphoreum) are probably the ones, which are
most easily applied, quickest to yield a result and lest expensive.
Another interesting cross between ready biodegradability tests
and acute toxicity tests are short-term respirometric tests
performed with activated sludge such as were proposed by the
group of Amat et al. [221].

Being a quick test, acute toxicity can be evaluated regularly in
the course of the experiments to be performed for the optimization
of the coupling strategy. Frequent samples should be collected in
order to observe the impact of the oxidative treatment on the
toxicological level. Toxicity evolution is considered as an indicator
of a progressive molecular transformation of the solution and the
toxicity could level off or increase as treatment proceeds. An

increasing toxicity reveals the production of reaction intermedi-
ates which are more toxic than the initial molecule. Thus,
whenever the phototreated solution is considered sufficiently
modified regarding its toxicological variations, the AOP can be
interrupted and a consecutive Z-W assay should be carried out.
This procedure should be applied to any point where toxicity
suffers a substantial variation [65].

Another interesting parameter that could help to decide when
to apply or not biotreatment (or which samples should be tested by
Z-W) is the so-called Average Oxidation State (AOS), defined by
Eq.(4.48), where TOC and COD are expressed in mM of C and mM of
Oz, respectively [222]. AOS usually increases as a function of
treatment time and attains almost a plateau after a certain time.
These results suggest that more oxidised organic intermediates are
formed at the beginning of the treatment and after certain time the
chemical nature of most of them did not vary substantially
anymore, even if the AOP was prolonged, Formation of more
oxidized intermediates is an indirect indication of the ability of the
treatment to improve the biodegradability, In the moment that
AOQS is stabilized, the chemical treatment is only mineralizing
organic contaminants, but partial oxidation does not happen
anymore. The AOS changes should be also taken into account for
determining when to apply Z-W tests:

TOC - COD)

AOS = 4 x (-T (4.48)

As a conclusion, Fig. 25 summarises the procedures to be
followed to determine the best possible AOP-BIO coupling
strategy, i.e., to determine, when to pass from chemical-oxidative
(AOP) to a biological wastewater treatment, Once that promising
AQP strategies regarding the coupling of chemical and biological
treatment have been identified, these strategies have to be verified
in pilot-plant experimentation, which includes a further optimiza-
tion regarding process kinetics (step 4). Theoretical scale-up and
cost analysis (steps 5 and 6) will allow choosing the possible
operation conditions and treatment strategy (step 7). Finally, after
this decision has been taken one can proceed to the design of the
final treatment plant (step 8). Several of the works of our group
illustrate the path from pilot-plant studies to a full-size
demonstration plant application [197,223,224].

5. Solar photocatalytic disinfection

5.1. Introduction

5.1.1. Need of safe drinking warer disinfection

The most important issue in water disinfection is, of course, safe
drinking water. According to the WHO and UNICEF polluted
drinking water and lack of sanitation is responsible for the death of
approximately 4500-5000 children every day, and one billion
people still lack access to safe drinking water [225].

The microbial contamination in different regions may have
different anthropogenic and non-anthropogenic origins. If fecal
wastewater from human settlements is not treated before being
discharged into a river, it can cause contamination further
downstream. Cattle husbandry close to rivers can cause microbial
contamination of river water which is later used for irrigation,
washing and sometimes even drinking. Fig. 26 shows an estimate
of pathogens in lakes, rivers, streams and groundwater sources
found in recent literature and summarized by the WHO Drinking-
Water Guidelines [226]. Except for groundwater and the low
figures in wilderness rivers and streams, all detected concentra-
tions are infectious concentrations of pathogens highly significant
for health. Therefore water disinfection is essential for the
consumption of safe water.
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Table 6
Disinfection by-produtts of chlorine and ozone 1234].
Disinfectant Significant organohalogen products Significant inorganic products Significant non-halogenated products
dfl!ﬂﬂné G- '| THMs Chlorophenols Aldehydes _
Hypochlorous acid | Haloacetic acids Halofuranones Chlorate {mostly from Cyanoalkanolc acids
hypochlorite use) 3
Haloacetonitriles N-chloramines Alkanoie acids
| Chloral hydrate Bromohydrins Benzene
| Ill Chioropicrin Carboxylic acids
Chiorine dioxide | Haloacetonitriles Chloramino acids Nitrate ¥
Chioramine. | Cyanogen chloride Chloral hydrate Nitrite Aldehydes
| Organic chloramines Haloketones Chlorate Ketones
| Hydrazine
Ozone. | Bromoform Chiorate Aldehydes
! Monobromoacetic acid lodate Ketoacids
| Dibromoacetic acid Bromate Ketones
| Dibromoacetane cyanogens Hydrogen peroxide Carboxylic acids
| bromide
Ozonates

triple or quadruple this production. However, the FAO does predict
a sharp increase in irrigation replacing rainfed agriculture [227].
Stored rainwater or surface water used for irrigation accumulates
phytapathogens as phytopathogenic bacteria and fungi can be
found almost everywhere. The plant and human pathogen F. solani
has been reported as found almost everywhere, even in hospital
water distribution systems [228],

Phytopathogens may be fought with organic disinfectants, also
referred to as pesticides, which can be employed for disinfection of
irrigation water, but this involves many negative aspects. Chlorine
is used extensively. but has the drawback of the disinfection by-
products and resistance (see Table 6). Furthermore, depending on
how crops are cultivated, phytotoxicity has also been reported,
Non-chemical disinfection methods are rare in agriculture, but
some work on UV-C disinfection of pathogens, such as Phytium and
Phytophthora, is reported [229]. Hydrogen Peroxide is also
commonly used as a disinfectant in agriculture, but it quickly
becomes phytotoxic, especially in hydroponic cultures, at doses as
low as 50 mg/L [230]. Thus to improve its efficacy, H.0; has been
combined with germicidical UV-C radiation or ozone [231). Both
techniques are in use, but energy costs are very high. Recent
research on solar and solar photocatalytic disinfection attempts to
combine sustainability with low cost leading to an efficient
disinfection method, not only for drinking water. but also for
irrigation.

5.1.3. Standard methods for drinking water disinfection

Drinking water disinfection is mainly defined by the destruc-
tion of microorganisms causing epidemic diseases, like cholera and
typhoid fever. The mechanism involved is most commonly
explained as the destruction of the organism protein structure
and inhibition of the enzymatic activities [232]. This definition
leads to the general resistance order to widely used high-level
disinfectants such as ozone and chlorine compounds. Most
resistant infectious agents include prions, followed by coccidian
(Cryptosporidium) and bacterial spores (Bacillus), mycobacteria (M.
tuberculosis), viruses (poliovirus), fungi (Aspergillus), leading finally
to Gram-negative (Pseudomonas) and Gram-positive bacteria
(Enterococcus) (Fig. 27). This resistance is decisively determined
by the cell wall permeability to the specific disinfectant, although
size and complexity of the microorganism also influence its
resistance. '

Most bacteria, except the non-tuberculous mycobacteria, are
relatively easy targets for chlorine disinfection. Nevertheless, they
must be taken seriously because they are highly infectious and can

multiply in water supply systems. Viruses (adenoviruses, enter-
oviruses, hepatitis A virus, hepatitis E virus, noroviruses and
saproviruses, rotaviruses) can easily cause infections highly
detrimental for health. Furthermore, they are moderately resistant
to chlorine disinfection and persistent in water supply systems.
Nevertheless, the most difficult targets for chlorine disinfection are
the protozoa (Acanthamoeba spp., Cryptosporidium parvum, Cyclos-
pora cayetanensis, Entamoeba histolytica, Giardia intestinalis, Nae-
gleria fowleri, Toxoplasma gondii), which are infectious at very low
concentrations and are moderately to highly persistent in water
systems. Therefore protozoa in potential drinking water systems
are very hazardous and have to be considered in the choice of
treatment [226].

The existing drinking water pretreatment processes, coagula-
tion, flocculation, and sedimentation remove a maximum of 90% of
bacteria, 70% of viruses and 90% of protozoa. Filtration for drinking-
water treatment (e.g., granular, slow sand, precoat and membrane
filtration) with proper design and adequate operation, can act as a
consistent and effective barrier for microbial pathogens leading to
an approx. 99% bacteria removal. Depending on the water source,
the remaining bacteria might still be able to cause disease, which
makes filtration a good pretreatment, but not a completely safe
disinfection technique. For highly resistant microorganisms
filtration in combination with chlorine is recommended [226].

The commonly used drinking water disinfection techniques,
chlorination (chiorine and derivates), UV-C, and ozonation are the
safest against most of infectious agents. UV-C disinfection and
ozonation have associated installation, electricity and mainte-
nance costs. But both technologies are very effective in killing
bacteria and reasonably effective in inactivating viruses (depend-
ing on type) and many protozoa, including Giardia and Cryptos-
poridium, 99% of bacteria can be removed with 0.02 mg of ozone

Prions (Creutzfeldt-Jakob Disease Agent)

Coccldia (Cryptosporidium)

Bactenal spores (Badillus)

Mycobacteria (M. tuberculosis)

Non-enveloped viruses (poliovirus)

Fungl (Aspergillus)

Gram-negative baclena (Pseudomonas)

Gram-positive bacteria (Enterococeus)
Enveloped viruses (HIV)

High

Middia

Low

Fig. 27. Classification of infectious agents according to their resistance to
disinfectant agents [233].
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laboratory and| natural cultures showing very different results.
Ward et al. found a resistance of Flavobacterium spp. 200 times
stronger to chlorine cultured in natural conditions vs. laboratory
cultured [240]. |

Disinfection of pathogens in contact with a disinfecting agent
enhance with the time of contact. So the behaviour of the
disinfection can be modelled in that case as a first order reaction

[241]:

= ~kN; (21}
where N, is the number of microorganisms in the time of reaction
or contact with the disinfecting agent, ¢ and k is the reaction
constant. The expression can be as follows:
N = qu‘“ [52]

However, the field experiences with real waters show deviation
of the kinetics that depends on the resistance of each micro-
organism and the heterogeneity of the existing population in the
treated water (Fig. 29). The width and tail of these typical
dusmfectlon curves|of the resistant populations show the survival
level in subpopulation of very resistant pathogens or with high
protection by other additional factors [242), although most authors
agree that it is mainly due to grouping process of microorganisms.

{For disinfection with chlorine or other biocide agents. the
effectiveness of the disinfection process can be expressed as the
product € « t, being € the disinfectant concentration and t the time
needed to inactivate a determined percentage of the pathogens
population. The ratio between the disinfectant agent concentration

|
and the contact time expresses Watson's law:

& e (5.3)

For a type of microorganism exposed to a disinfectant
concentration C (expressed in mg/L) under controlled pH,

temperature, etc,, conditions, the time needed to inactivate a

determined percentage of the population (i.e., 90 or 95%) is called t
in(5.3). Both parameters are related through the constants K and n,
K represents the process efficiency and n is called “dilution
coefficient” (Fig. 30. Bitton [244)).

Other expressions exist that relate the capacity of disinfection
or the lethality ( A) of a disinfectant to the concentration and time
of contact necessary (to obtain a disinfection of 99% of the
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Fig. 29. Inactivation kinetics of microorganisms using a disinfecting agent. (1)
Homogeneous microorganisms population sensitive to disinfection; (il)
homogenedus microorganisms population resistant to disinfection: (iii)
homogeneous population partially protected by agglomeration (adapted from
[243): (iv) heterogeneous population partially resistant to the treatment [242].
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Cios (5.4)

The influence of temperature on the chemical processes during
disinfection is in general to increase the efficiency with an increase
of temperature. In general, this effect can be expressed according
to the equation of Van't Hoff-Arrhenius:

() =-% (-7

In which k; and k, represent the constants of balance to
temperatures Ty and T, E, is the energy of activation for reaction
and R is the universal constant of gases,

The viability of the bacteria Escherichia coli depends to a great
extent on its temperature of incubation. The resistance and
sensitivity to the temperature depend in general of the type of
microorganism. In the literature there are many specific studies
and results for the different microorganisms. In general, the
chemical composition of water as well as its content in suspended
solid particles, their turbidity, etc., affects in a very important way
the disinfection processes. Regarding chemical disinfection, it is
clear that the presence of determined organic compounds will
determine the efficiency of the process. In the same way. the
efficiency of UV-C disinfection fundamentally depends on the
optical properties of the water to treat, which is why the turbidity
becomes this case in a determining parameter. It has been verified
that the presence of faecal material, solid materials dissolved of
black waters, etc., protect the microorganisms against radiation
effect. In the case of the disinfection with chlorine, there are
evidences of the negative influence of certain compounds like
organic and inorganic nitrogen compounds, iron, manganese and
hydrogen sulfide.

(5.4)

5.3. Damaging effects of light on microorganisms

The very energetic solar UV-C (200-280 nm) band is absorbed
by the atmosphere, and is therefore not a component of the
sunlight responsible for such phenomena as skin cancer. UV-C light
(used, e.g., in disinfection lamps), when absorbed by the cell DNA,
damages irradiated DNA, directly inducing pyrimidine and purine
dimers and pyrimidine adducts. Some studies with viruses have
demonstrated that the hazardous effect of UV-C photons is first
produced in the viral DNA and then in the outer membrane
(Fig. 31).
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200 and 400 nm the reduction does not attain 5% per meter of
depthiand at longer wavelengths it can reach up to 40% per meter
[246]. The first successful application of sunlight to drinking water
disinfection was published in 1980, Acra et al. used sunlight for
disinfection of oral rehydration solutions brought to developing
countries as part of the World Health Organization (WHOQ) disease
control program. n developing countries where it can be difficult
to obtain drinking water free of pathogenic organisms, the need for
an effective but practical water disinfection method is still of vital
importance. Solar disinfection (SODIS) has been shown to be an
effective household treatment method that is both practical and
low in operational costs. Through a synergistic effect of mild heat
and UVA light, microbial pathogens in drinking water contained in
poly(ethylene) terephthalate (PET) bottles are inactivated within
6 h after exposure to sunlight [247],

Itis widely accepted that solar UV inactivation of microbial cells
occurs through a variety of mechanisms depending on the type of
UV used for inactivation. Sunlight used during the SODIS process
consists mainly of UVA and hence the main inactivation
mechanism is a phoroox:éatwe process as well as the generation
of reactive oxygen species, (ROS) ROS include free radicals such as
the superoxide anion radical as well as non-radicals such as
hydrogen peroxide. When ROS interacts with DNA, single strand
breaks (SSB's) occur as well as nucleic base modifications which
may be lethal and mutagenic. Furthermore oxidation of proteins
and membrane damage is also induced [248]. However, many
aspects of UVA inactivation are still unclear. The most destructive
wavelengths for the forms of microbial life are those of the near
UV-A spectrum (320-400 nm), whereas the spectral band from
400 to 490 nm is the least harmful. Whereas differences in the
speed of inactivation of bacteria to temperatures between 12 and
40 C are negligible, when the temperature rises to 50 C the
bactericidal action is enhanded by a factor of 2, probably due to the
synergistic effect between radiation and temperature [249], The
work of Joyce et al. on water disinfection with faecal bacteria at
high concentrations (10° CFU/mL, Colony Forming Units per mL)
shows very promising results on the bactericidal effect of solar
heating, with a maximum of 55 C [250].

5.4.1. Resistance of microorganisms to solar radiation

Many research works show that solar disinfection is efficient
against a wide range of microorganisms using “batch” systems
(a bottle or a glass with agitatjon of the fluid is used like photo-
reactors) under artificial or |natural solar illumination. Never-
theless, few works of dlrect comparison between the results
obtained with very different methodologies and under very
different experimental conditions have been carried out, Most of
the published investigations to date have been done using
Escherichia coli (E. coli) as model microorganism, because it is a
very well-known bacterium| from all points of view (DNA,
metabolism, structure and composition, morphology, behaviour
under different nutrient media, pathogenicity, types, strains,
etc.).

In order to know the relative resistance of different micro-
organisms to solar radiation it is necessary to take into account the
efficiency of the reactor, with! the aim of accurately analyzing
disinfection results under real conditions that may occur in the
environment where different 'Imicroorganisms can be present
simultaneously. For that reason, an analysis of the existing works
on the resistance of different microorganisms is complicated and
requires considering many factors. Gill and McLoughlin [251]
published an interesting study on this issue where they analyze
results obtained in “batch” systems, since they are most numerous
in literature and, with some differences, can be taken as reference
when designing disinfection recirculation systems. In this study,
the microorganism selected as a reference is E. coli because it is a

colifoerm entero-bacterium widely used and all the comparisons
are standardized with respect to the behaviour of E. coli in the same
conditions, The levels of solar radiation resistance of different
specimens come from the results of diverse contributions; existing
certain homogeny in these results.

The Gram-negative bacteria are of similar sensitivity to E. coli
with the exception of Vibrio cholera, which is much more resistant,
Pseudomonas aeruginosa (responsible for infections in the eyes and
ears) and Enterobacter cloacae (causes infections in the urine and
respiratory systems) requires half the UV energy compared (o E
coli. The species of Shigella, related to diarrhoea and dysentery and
Salmonella enteritidis (gastroenteritis) are also relatively easy to
inactivate in comparison to E. coli, although Salmonella typhimur-
ium and Sh. Sonnei are slightly more resistant. Gram-positive
bacteria, represented by Enterococci sp. (Enterococcus faecalis) and
Bacillus subtilis. are more difficult to disinfect. In fact, the solar
disinfection technique is not effective for Bacillus subtilis spores.
Acanthamoeba polyphaga (protozoa), common in soil and aquatic
environments. is quite resistant, even compared with other
protozoa.

Fungal pathogens as Candida albicans and Fusarium solani are
more resistant than E. colf although their main route of infection is
not via water, but via other media such as soil. Bacteriophage
Poliovirus and MS-2 behave like virus with double resistance to
solar radiation than E. coli. It is important to emphasize that almost
all works on the matter are concentrated in the reduction of a
single microorganism, but do not study the real water disinfection
in the presence of turbidity, chemical compounds and other
microbial atmospheres.

5.5. SODIS: practical demonstration of water disinfection with
pathogens

Acra et al. reported that enteric bacteria were inactivated after
exposure to 6 h of sunlight. Subsequently other organisms have
been tested. including: Salmonella thyphimuirum, Shigella dysen-
teria, Escherichia coli, Vibrio cholera and Pseudomonas aeuriginosa
[242,252,253|, protozoan oocysts of Cryptosporidium parvum and
cysts of Giardia muris [254], the yeast Candida albicans; the fungus,
Fusarium solani [255]. several phytopathogenic fungi of Fusarium
genera [256] and Polio virus [257] (Table 8). A controlled field trial
done immediately after a cholera epidemic also revealed that
SODIS participants were 7 times less likely to contract cholera
[258]. The resistance that microorganisms dlSpIay to solar
disinfection leads to variation in treatment times, Even the growth
phase of the microorganisms influences their susceptibility to
disinfection,

Table 8

Inactivation times of microorganisms during solar exposure (SODIS process).
! ‘Reference

259]
[259]
[259]
[259]
[259]
. [256]
Fusarium oxysporum [256]
Cryptosporidium parvum |260]
Glardia muris cysts [254]
Acanthamoeha polyphaga (cysts) [257]
Polio virus (NCPV #503) [257]
A polyphaga (Trophozoites) [255]
Escherichia coli DH5 a [255]
Pseudomonas aeruginosa [255]
Candida albicans 255]
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powders, Inactivation from 10° CFU/mL to the detection limit was
reported, except for the algae, which after 120 min still showed
55% survival. Due to the differences in cell wall properties of the
microorganisms tested and iidependent tests with coenzyme A,
the authors attributed disinfection to photochemical oxidation of
the intracellular coenzyme [264]. This initial publication was later
extended by the same group to application of TiO, powder
immobilized on acetylcellulose membranes in a continuous
sterilization|system [265].

5.6.1. Mechanisms of photocatalytic disinfection process

Later publications investigated the exact bactericidal mechan-
ism of TiO, photocatalysis. The cell wall is thought to be the first
site of attack by the reactive hydroxyl radicals. “Rapid" leakage of
potassium ions from the bacteria parallel to the decrease in cell
viability was reported by Saito et al. [266]. Maness reported results
that can be explained by péroxidation of the polyunsaturated
phospholipid component of the cell membrane leading to a loss of
essential cell functions, e.g., respiratory activity, and in the end, to
cell death [267].

In the following years, several publications reported cell wall
disruption and leakage of contents after UV/TiO, disinfection
treatment [268,269]. E. coli photokilling was followed by
attenuated total reflection Faurier transform infrared spectro-
scopy (ATR-FTIR) and atomic force microscopy (AFM). These
techniques allowed the determination of the formation of
peroxidation products due to photocatalysis of E coli cells,
thereby providing even stronger evidence that the changes in the
E. coli cell wall membranes jare precursor events leading to
bacterial lysis. A recent publication on this subject studies the
adsorption of E. coli K 12 cells onto TiO, particles (1 g/L) over
60 min of illumination in sodium phosphate solutions. In this
article, the rate of adsorption of bacteria onto TiO, is reported to be
positively correlated with the bactericidal effect of Ti0,. Flow
cytometry confirmed that bacterial adsorption could be consis-
tently associated with a reduction or complete loss of E. coli
membrane integrity [270].

From the first studies to date, there seems to be a consensus in
the mechanism of destruction of bacteria by photocatalysis. The
first target of the oxidative radicals is the surface of the external
membrane of the cell wall. Initially damage takes place on the
lipopolysaccharides layer of the external cell wall and on the
peptidoglycan layer. Next the peroxidation of the lipid membrane
(the radicals oxidize to fatty acids), the oxidation of the proteins'
membrane (amino acids) and of polysaccharides take place,

5.6.2. TiOs-photocatalysis’ capability for water disinfection

Ireland et al, reported on disinfection of pure cultures of E. coli
with anatase crystalline TiO in a flow-through water reactor. Their
work already had the foresight to use TiO; for drinking water
disinfection. They used dechlorinated tap water and surface water
samples to evaluate its disinfection capability, and reported rapid
cell death for both pure cultures and members of the indigenous
flora of natural water samples [271]. This forward-looking
approach probably made their work one of those with the most
impact and citations in TiO; disinfection.

Over the course of time, work with better and better
disinfection yields have been published, reporting a four-order
decrease in E. coli concentration in TiO; suspensions exposed to
sunlight for 23 min in a batch reactor [272]. Pham et al. reported a
95% reduction of B. pumilus spores after exposure to UV light
(A =365 nm) in the presence of suspended TiO, in water [273].
Also the inactivation of several common bacteria (Serratia
marcescens, E. cali, and Streptococcus aureus) with UV-C lamps or
sunlight was reported in less than 10 min in the presence of TiO;
powder [274.275].

Little by little, TiO, disinfection research went from basic
laboratory studies to the first trials with real disinfection
applications. In 2000, Herrera Melian et al. reported on TiO;-
assisted disinfection of urban waste water. Two microbial groups,
total coliforms and Streptococcus faecalis, were disinfected employ-
ing both an UV-C-lamp and solar light. This publication was also
one of the first to report difficulties with TiO; disinfection applied
to real water, finding very little difference between TiO:-
photocatalysis and direct solar or UV-C-lamp light irradiation at
natural sample pH (7.8), while at pH 5 the presence of TiO; notably
increased the relative inactivation rate [192]. On the other hand
Rincon and Pulgarin did not find any modification in the
mactivation rate of E coli in distilled water due to changes in
initial pH between 4.0 and 9.0 in the absence or presence of TiO;-
P25 under simulated sunlight illumination [2786].

Herrera Melian et al. also published the first mention of a
positive effect of TiO; disinfection after a long residence time of 2
days. when compared to bare UV or solar irradiation [192]. This
issue of improved effect after long time dark periods (probably due
to better disinfection yield at the beginning) is discussed in many
publications. Of course TiO, loses activity in the darkness but
authors refer to the absence of bacterial growth. Wist et al.
reported the lack of a residual effect due to strong bacteria growth
(also named 're-growth’') in treated water from the Cauca River
(Cali, Colombia) after 24 h as a disadvantage of TiO, disinfection of
E. coli |277]. However, Rincon and Pulgarin reported a light-
intensity dependent “residual disinfecting effect” in the presence
of Ti05 (400 or 1000 W/m?) compared to solar-only disinfection of
E. coli K12 and bacteria consortia, and did not observe re-growth
within the 60 h following treatment with TiO; [278]. Microorgan-
isms that are very resistant to UV-A irradiation like Enterobacter
cloacae have been successfully inactivated by TiO, photocatalysis
[279]. The authors further report the successful inactivation of
various Gram-negative strains of bacilli with differing photo-
sensitivity, such as E coli, P. aeruginosa and S. typhimurium.

Recent TiO; disinfection research focuses more on disinfection
applied to more resistant microorganisms. Seven et al. successfully
inactivated E. coli, P. aeruginosa, and Staphylococcus aureus, within
40 min and of §. cerevisiae, C. albicans, within 120 min in the
presence of Ti0;, ZnO and Sahara desert sand under lamp
irradiation. The very low catalyst concentration they used for
the TiO; slurry is worth notice: 0.01 g/L. This paper also reports
that the only filamentous fungus tested, Aspergillis niger. was
resistant to the treatment described [280]. Lonnen et al. confirm
inactivation of C. albicans by TiO, photocatalysis and report a 5.5
log decrease in F. solani after 4 h of simulated sunlight (20 W/m?,
300-400 nm UV Xenon lamp). They were the first group to publish
such high inactivation rates with a fungal test organism, and
especially, with supported Ti0, [255].

A recent contribution demonstrated the potential of titanium
dioxide to inactivate prions in a heterogeneous photocatalytic
process, In vitro tests were followed by a bioassay with the scrapie
strain 263 K in Syrian hamsters. The results indicated that titanjum
dioxide photocatalytic treatment of scrapie-infected brain homo-
genates reduces infectivity titres significantly [281]. The same
group demonstrated also the capability of the photo-Fenton
reaction to degrade prion proteins. They showed that the photo-
Fenton reagent efficiently degrades not only recombinant prion
proteins, but also the total protein amount from brain preparations
of naturally or experimentally infected species and PrP scrapie
contained in sheep scrapie brain homogenates [282].

5.6.3. Effect of caralyst

When suspensions of bacteria or other microorganisms in water
are in the presence of titanium dioxide in the dark a small decrease
in the concentration of colonies can be observed due to possible
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in TiO, photocatalysis for disinfection and water treatment in
general.

- Gumy et al. tested tl{e photocatalytic activity of different types
of commercial TiO, catalyst (Degussa P-25, Millennium PC-100
and PC-500, Tayca AMT-100 and AMT-600) in suspension or coated
on a fibrous web in laboratory decontamination and disinfection
experiments. They found good disinfection capacities for all tested
catalysts in suspension [283].

5.6.5. Effect of chemical parameters

The nature of the salt, and hence the type of ions, present in the
water during disinfection process has an important influence on
the kinetics and on the final disinfection result, similar to the
decontamination of organics in water using photocatalysis. The
inhibiting effect of different electrolytes is well known in
photocatalysis, with phosphates being the species with the highest
detrimental effect on the efficiency of the process. Phosphates
avoid the adsorption of amino acids over TiO; particles; carbonates
and other ionic species can react with hydroxyl radicals so that
they compete with the microorganisms and reduce the efficiency
of the photocatalyst.

On the other hand, the use of distilled water for suspensions of
bacteria can be a limiting factor for the viability of the bacteria and
other microorganisms since, although this avoids interferences
between ions and organics compounds and the photocatalytic
process. this is a stressful environment for microorganisms [293].
Actually, the lack of a ¢ertain ions weakens the bacteria cell wall
due the loss of calcium and magnesium ions from its surface. Then,
the cell wall becomes fragile and has difficulties to resist the
differences of osmotic pressure between the aqueous phase and
the inner part of the cetl}. This finally makes the cells more sensitive
to attack by the disinfectant. The physiological stage of cultures
(type of growth, strain, exponential or stationary growth phase)
also influences disinfection results not only in the presence of TiO;
but also with solar radiation only [294].

Besides demonstrating the susceptibility of very resistant
microorganisms, the TiO, disinfection treatment process has been
chemically characterized and optimized for engineering. The work

il Al . g .
of Rincon and Pulgarin should be specially mentioned for their
complete and very detailed characterization of physico-chemical
factors influencing the photocatalytic TiO; disinfection process for

E. coli and other bacteria. Among other factors, the influence of

different types of bacteria consortia, water sources, TiO» catalyst

type, slurry TiO, compared to supported catalyst, UV-light dose,

etc,, can be found in their work [295-299].

In the work of Alrousan et al. (300] immobilized nanoparticle

Ti0; films were used to inactivate E. coli in surface water samples

and in distilled water. The presence of nitrate and sulphate anions

spiked into distilled water resulted in a decrease in the rate of
photacatalytic disinfection. The presence of humic acid, at the
concentration found inthe surface water, was found to have a more
pronounced affect, significantly decreasing the rate of disinfection,

5.6.6. Solar radiation

The choice of the source of light and the reactor's configuration
can strongly affect the final disinfection results. The spectral
distribution of the source of photons affects very much the
inactivation result. For example, if a lamp irradiates partially
within the UV-C range, the bactericidal effect is very fast, even in
the absence of catalyst. Apart from the spectral distribution, the

irradiance (i.e,, the radiant energy per unit of time and of cross.

surface) is a very important parameter, Experiments performed
with lamps of light flux between 100 and 2000 wE/m? s yielded
total inactivation of E. coli within 120-7 min [263].

The irradiation mode in the photo-reactor has also a high
influence on the disinfection behaviour. When light exposure is

continuous (without temporal interruptions) the bactericidal
effect of the process is faster and more efficient than when the
light is applied intermittently [285.296]. Some contributions
suggest that this effect can be due to bacterial dark-repair
mechanisms which allow bacteria to re-activate after treatment
[296,301]. This fact can also be attributed to the partial damage
produced by the radiation which can not totally inactivate all
colonies of bacteria present in the water. It is also known that some
damaged cells by UV radiation (not completely died or destroyed)
canrecover viability by means of two DNA repair mechanisms. One
of them is the so-called "photo-reactivation” or "photo-repairing”,
itexists in cells exposed to radiation of 300-500 nm. The other one
1s a repair mechanism based on excision (re-synthesis and post-
replication of cells).

Light intensity has a determinant role in the disinfection
process. Disinfection results of a bacterial suspension exposed to
UV-A radiation of 25 W/m? (average irradiance) during 2 h are
different than those found when the same water is exposed to
50 W/m? of UV-A during 1h. Comparison of experiments in
different seasons, early and later in the day, and under cloudy and
sunny conditions, leads us to conclude that solar photocatalytic
disinfection of E. coli, F. solani, and F. antophilum does not depend
proportionally on solar UV irradiance (solar UV intensity) as long as
enough photons have been received for disinfection. The minimum
UV energy necessary to reach complete inactivation depends on
the microorganism and the reactor configuration [301).

Rincon and Pulgarin designed the first method of assessing the
bactericidal inactivation rate in solar photocatalytic processes for
drinking water [297]. They demonstrated that the solar UV dose
necessary to reach target disinfection levels can not be the only
indicator of system efficiency, and proposed a new parameter
called, “effective disinfection time" (EDT), defined as the treatment
time necessary to avoid bacterial regrowth after 24 (or 48 h) in the
dark after phototreatment. They published a detailed study about
the specific effect of residence time of water in the illuminated part
of the solar disinfection system, light intensity and the time of day
{morning or afternoon) exposed to solar radiation, and not only the
total photon dose.

5.6.7. Disinfection kinetics

The photocatalytic inactivation rate as a function of the initial
bacterial concentration obeys to a first order Kinetics. This has been
already proven with total coliforms, spores, etc. The range of
concentration of microorganisms for which the first order kinetics
is valid strongly depends on the microorganism itself. Usually, for
concentrations between 10° and 10'°CFU/mL the rate of
deactivation does not depend on the initial concentration [263].

Due to the complex mechanism of the disinfection processes,
the kinetic analysis of the photocatalytic bacterial inactivation has
been usually carried out using empirical equations. That is the case
of the disinfection mode! reported in the literature by Chick and
Watson [241,302]:

) - e

where Ny is the initial microorganism population (CFU per
milliliter), N is the remaining population at time f, k is the
disinfection kinetic constant, ¢ is the concentration of the
disinfecting agent at time ¢, and n the reaction order, In
photocatalytic processes, the concentration of the disinfecting
agent could be considered to be constant with time, the general
expression of the Chick-Watson equation is reduced to [303]:

Log(%) = -kt

15.5)

(5.6)
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levels [308]. In mammals, iron is stored in macromolecules as
ferritin. From these molecules, iron can be recovered as required by
the cell. The amount and form in which iron is present in cells has
been discussed in many scientific papers reviewed in a recent
publication of Kakhlon and Cabantchik [310]. In 1976. Jacobs
proposed the cellular labile iron pool (LIP). This LIP is a model for
cell iron in its different forms not captured in the storage
molecules, It was operationally defined as a cell chelatable iron
pool that may be a mixture of both, iron Il and iron Ill. The more
iron is chelatable, the more available it becomes for Fenton
reactions, and therefore, cell damage [308]. The control of the
intracellular iron concentration is very complex and now seems to
be easily disrupted by oxidative stress, Pourzand et al. reported
that UV-A irradiation of skin cells can change intracellular iron
levels. leading to immediate release of labile iron, possibly from
ferritin in human skin fibroplasts [311]. How and why oxidative
stress changes intracellular free iron levels in prokaryotic and
eukaryotic cells and where iron is released from, have been issues
in a great number of important scientific contributions.

Recently, more and more publications explain increased iron in
cells after oxidative stress (e.g., induced by UV-A challenge) by
reactions between ROS and iron-sulfur clusters of iron-regulating
proteins like Fur or aconitase. ROS attacks on oxidative-stress-
sensitive proteins can directly liberate an iron atom from the
cluster or indirectly increa:se the iron levels, causing changes in
transcriptional iron regulation [312].

5.7.2. Thelethal synergy of H>0, and near-UV light

The lethal synergy of H»0> and near-UV light was first reported
by Anathaswamy et al. for phage T7 [313]. The same group
published a follow-up paper in 1980 on the combined lethality of
H;0; and near UV radiation for E. coli K12 [314], They attribute the
increased lethality to augmented oxidative stress from the creation
of a new chromophore, a photoproduct originating from irradia-
tion of t-tryptophan. They explained that the new (-tryptophan
photoproduct was toxic to recombinationless (rec) mutants of
Salmonella typhimurium and of E. coli.

There is practically no further literature on the lethal synergy of
H,0; and artificial UV-A or natural sunlight. One of the few papers
citing the work of Hartman and Eisenstark was published by
Rincén and Pulgarin. They report increased E. coli inactivation
under solar radiation in the presence of H;05, burt this increased
H»0; inactivation is only a blank test for photo-Fenton experi-
ments with E. coli disinfection. Rincon and Pulgarin also used the
interpretation of Eisenstark as the explanation for the increased
bacterial inactivation observed [298].

To date, the lethal Serergy has never been discussed in the
context of the Fenton readtion after iron up-regulation following
UV-A-induced ROS attacks up to the contribution of Sichel et al.
{315]. This work reports results on inactivation of fungal cells in
distilled and well water using H,0; at very low concentrations
and sunlight. The synergistic effect of hydrogen peroxide and
solar photons is attributéed to the generation of *OH radicals
from H,0; after the Fenton reaction. As radical production in
combination with sunlight and iron is closely connected to skin
cancer, and therefore, the medical field, the topic is of great
interest [316].

The solar light in the photo-Fenton process contributes to redox
cycling of Fe**~Fe** in the presence of H,0; and at acid pH. But the
literature on intracellular iron control only proves that increased
iron concentrations exist in near UV-irradiated cells, not that the
intracellular iron is furthei' reduced from Fe’* to Fe®" by sunlight.
But the influence of the photo-Fenton process on fungal inactiva-
tion is not excluded. The pioneer work of Sichel et al. reports the
existence of a lethal synergy of hydrogen peroxide and near-UV
radiation to fungal spores in water, leading to a good opportunity

for water disinfection for water reuse in agricultural applications
[315].

5.8. Solar CPC reactors for water disinfection

In the solar disinfection field it is interesting to point out the
idea developed by Caslake et al., which was for drinking water
application in remote locations of developing countries. They used
a solar disinfection system based on a PVC circuit covered by an
acrylic layer transparent to the UV range. The system worked
without catalyst and it was used for disinfection of contaminated
river water in Peru. In spite of high turbidity found, they obtained 4
log reduction for total coliforms [246].

Vidal et al. [317] published the first pilot plant study about TiO»
solar photocatalysis for water disinfection. These authors con-
structed a new low-cost CPC prototype to better use the solar
rachation for water disinfection objectives. This solar photo-reactor
has 4.5 m” of CPC aperture and it was tilted at local latitude to
maximize the available solar radiation for long exposure periods
(few hours). In this combined flow-through and batch reactor
system, the fluid stops circulating when the desired disinfection
level is reached. The results obtained for E. coli and Enterococcus
faecalis (initial concentration ~10%-10% CFU/mL). with TiO;
suspensions (0.5 g/L), showed a 5-log decrease after 30 min of
solar irradiation (where the average solar UV value was around
25W/m?). The authors reported an economic analysis of this
technology for future application not only to solar photocatalytic
disinfection, but also to decontamination of organic pollutants,

Very recent work has studied improvement of solar disinfection
using supported TiO on resistant flexible materials, like cylinders,
pills. balls, mesh, etc. One example is TiO; deposited on glass fibre
inserted in a tubular photoreactor in a €PC solar collector [285].
The authers demonstrated that the CPC solar photoreactor is
efficient for E. coli inactivation by solar photocatalysis with Ti0,
slurries and supported TiO; with treatment periods of 30-60 min.
They also showed that the total photocatalytic deactivation of E.
coli suspensions resulted from the combined effect of sunlight and
the oxidant species generated in the TiO,. However, while sunlight
deactivated E coli suspensions, bacteria regrowth was detected if
TiO; was not present. Nevertheless, the CPC (solar) photoreactor
used was efficient enough to persevere with photocatalytic
applications for drinking water disinfection.

McLoughlin et al. [318] studied the use of three types of static
solar collectors for the disinfection of water containing Escherichia
coli. They demonstrated that three lab-scale solar photo-reactors
with aluminium reflectors consisting of compound parabolic,
parabolic and V-groove profiles all enhance the effect of the natural
solar radiation, although the CPC is more efficient than the
parabolic or V-groove profiles. They also proved that low
concentrations of titanium dioxide on a rod inserted in the
reactors moderately enhance the overall disinfection performance
in the compound parabolic reactor. Solar disinfection using low
cost compound parabolic collectors was analyzed in depth in
another study by McLoughlin et al. [319], using solar radiation and
E. coli as the target microorganism. The results proved that
bacterial deactivation rates using sunlight alone can be enhanced
by low concentrations of titanium dioxide suspended in the water.
Their results were unclear, however, when they used a standar-
dized UV-dose threshold. As a result, they suggest another
disinfection mechanism in the reactor configuration, both a
synergistic effect between UV light and the mechanical stress of
recirculation, or, a stroboscopic shock effect in which bacteria are
intermittently exposed to light and dark in the reactor.

Very recent research work for concrete applications in the field
of solar photocatalytic water treatment has also been sponsored by
the European Commission's International Cooperation (INCO)
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Growers sterilize the recycled nutrient water by heating it to
about 90 “C (194 °F). Substrates are sterilized for reuse with steam
[239]. Even though power consumption is high with such heat
sterilization systems, they are widely used. 90 °C is high enough to
inactivate many of the microorganisms, but complete sterilization
would require even higher pawer (121 °C and 1 bar overpressure
for 15 min) applied to small \J_'olumes of water [325],

Sterilization of these liquid-nutrient solutions in hydroponic
plantations is especially delicate, as soilless cultures develop a
pathogenic environment in their plant root zone that is very
different from traditional agriculture. Unfortunately. it can be said
that the transition from soil to soilless cultures has not led to the
disappearance of soil-borne diseases, but in the appearance of
more water-borne diseases [2;29]‘ In this sense, phytopathogenic
fungi are especially resistant pathogens, which spread easily in
traditional plantations and even more quickly through pumped
nutrient solutions.

Various disinfecting agent!s have been tested for pathogen
control, but as in the case of recirculating nutrient solutions, they
have often turned out to be phytotoxic or hazardous to health or
environment. Even chlorine and hydrogen peroxide soon show
phytotoxicity [230]. As disinfection in soilless cultivation is
especially sensitive to strong disinfecting agents. this nutrient
solutionis a good target for solar photocatalytic disinfection, which
not only disinfects without introducing hazardous substances into
the environment, but also becomes inactive in the dark root zones
of the plants. Disinfection of water containing phytopathogenic
agents by the use of solar photocataiysis with TiO; and probably
other AOPs can be an alternative method for disinfecting nutrient
solutions without using environmentally hazardous substances.

Therefore, it is essential ta evaluate different alternatives to
ensure an adequate control of such phytopathogen agents. These
alternatives should focus on minimizing production cost and to be
friendly to the environment. In this regard we find the possible
new application of renewable e;ncrgies, namely the solar radiation,
After promising results on photocatalytic disinfection of water
contaminated with phytopathogens [256.293.315], it seems clear
that photochemical systems activated with sunlight for the
treatment of the nutrient solution in hydroponic cultures have a
potential application. They would enable a dual disinfecting action
on the one hand, the pasteurizing effect of increasing water
temperature due to the action of the solar thermal energy on the
collector; on the other, the effe%t of highly reactive oxygen species
(hydroxyl radical, *OH). Even, the economical viability of the use of
additives is not very clear. This issue together with the increasing
requirements of quality of human consumption product (like
agricultural ones) support the idea of using chemical-free systems
to control pathogens in agriculture. The European Union has
reduced the number of allowed phyto-sanitary compounds from
400 to 90.

6. Future prospects and challenges

Solar TiO; photocatalysis could be applicable to different
organic hazardous contaminants, such as pesticides, solvents,
detergents and a variety of industrial chemicals, which are capable
of substantial contamination of the environment due to their
toxicity and persistency. Nevertheless, the process efficiency can
be considered linearly dependent on the energy flux but only 5% of
the whole solar spectrum is available for TiO; band gap. A realistic
assumption of solar collector efficiency of 75% and 1% for the
catalyst means 0.04% original solar photons are efficiently used in
the process. From the standpoint of solar collecting technology.
this is a rather inefficient process even considering for a high
added-value application. Solar AOPs have the advantage over other
AOPs of using sunlight and having as its main characteristic that it

is an environmentally friendly technology. TiO; is a cheap
photostable catalyst, and the process may run at ambient
temperature and pressure. Additionally the oxidant, molecular
oxygen (O,) is the mildest. Therefore, in principle, the process
involves a mild catalyst working under mild conditions with mild
oxidants. However, as concentration and number of contaminants
increase, the process becomes more complicated and challenging
problems such as slow kinetics. low photoefficiency and unpre-
dictable mechanisms need to be solved. It is clear that naked Ti0;
needs extra help to undertake practical applications and this may
cause it to lose some of the charm of its mild operation. Therefore,
there is a need to find new cartalysts able to work with band gaps
which better overlap the solar spectrum and no “cheap” solution to
be used in wastewater treatment has yet been developed.

Contaminant treatment, in its strictest meaning, is the complete
mineralization of the contaminants, but, photocatalytic processes
only make sense for hazardous non-biodegradable pollutants.
When feasible, biological treatment is the cheapest treatment and
also the most compatible with the environment. Therefore,
biologically recalcitrant compounds could be treated with photo-
catalytic technologies until biodegradability is achieved, later
transferring the water to a conventional biological plant. Such a
combination reduces treatment time and optimizes the overall
economics, since the solar detoxification system can be signifi-
cantly smaller, Therefore, the use of AOPs as a pretreatment step
can be justified if the intermediates resulting from the reaction are
readily degraded by microorganisms. The feasibility of such a
photocatalytic-biological process has been already demonstrated
at large scale.

Toxicity testing of the photocatalytically treated wastewater is
therefore necessary, particularly when incomplete degradation is
planned. Recently, the use of acute toxicity bioassays has meant an
important improvement in the evaluation of AOPs because of their
reproducibility, adequate format for quick analysis, short analysis
time, as well as well-defined analytical protocols. Numerous
bioassay procedures are now available, however, if we consider
that toxicity is a biological response. the values obtained by a single
toxicity assay can be an insufficient measure of the adverse
biological impact, Consequently, a battery of assays isrecommended
to be applied to assess toxicity adequately. and careful selection is
essential. A great confidence in the detoxification assessment is
achieved, when two or more different bioassays representatives of
different taxonomic groups point in the same direction.

Photo-Fenton, either solar or lamp-driven, has the potential of
becoming widely applied, especially for wastewaters with medium
pollution concentrations (TOC from tens of milligrams per liter up
to around one gram per liter). At higher contaminant concentra-
tions the process itself is feasible but would not workin its optimal
concentration range causing high oxidant reagent costs if high COD
abatements are necessary. Several aspects, which in part are
currently under development, may also greatly contribute to
market introduction upon achieving maturity: (i) catalysts based
on immobilized iron; (ii) additives which enhance the process
performance, either regarding kinetics or pH operation range; (iii)
optimization of photoreactors taking into account the processes
specific requirements; (iv) ways to minimize hydrogen peroxide
consumption, which is the main cost factor regarding consum-
ables. Revolutionary advances may be the developments of: (i)
new catalysts, which may enhance pH operation range, reduce
reagent consumption, viable wavelength range, catalyst separa-
tion: (ii) new integrated processes, e.g., photo-Fenton process
integrated with membrane distillation, sonication or hydraulic
cavitation; (iii) new oxidants, i.e., the replacement of hydrogen
peroxide as an added reagent (approaches may include the in situ
generation of the oxidant or a real replacement by a different
electron acceptor),
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