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1. INTRODUCTION

The main causes of surface and groundwater contamination are industrial effluents (even
in small amounts), excessive use of pesticides, fertilizers (agrochemicals) and domestic waste
landfills. Wastewater treatment (WW) is usually based on physical and biological processes.
After elimination of particles in suspension, the usual process is biological treatment (natural
decontamination). Unfortunately, some organic pollutants, classified as bio-recalcitrant, are
not biodegradable. In the near future, Advanced Oxidation Processes (AOPs) may become the
most widely used water treatment technologies for organic pollutants not treatable by
conventional techniques due to their high chemical stability and/or low biodegradability [1-4].
These processes involve generation and subsequent reaction of hydroxyl radicals (‘OH),
which are one of the most powerful oxidizing species. Many oxidation processes, such as
TiO,/UV, H,0,/UV, Photo-Fenton and ozone (O3, O3/UV, O3/H,0,) are currently employed
for this purpose. Their attack is not very selective, which is a useful attribute for use in
pollution treatment. The versatility of AOPs is also enhanced by the fact that there are
different "OH radical production possibilities, so they can be adapted to specific treatment
requirements. Their main disadvantage is their high cost. The use of AOPs for WW treatment
has been studied extensively, but UV radiation generation by lamps or ozone production is
expensive [5]. So future applications of these processes could be improved through the use of
catalysis and solar energy. Therefore, research is focusing more and more on those AOPs
which can be driven by solar irradiation, photo-Fenton and heterogeneous catalysis with
UV/TiO,. Several reviews have appeared during the last few years [6-12] and a especial effort
has been made to supplement these reviews (not repeat information) . Photo-Fenton combines
Fenton (addition of H,0, to Fe*" salts) and UV-Vis light. Photolysis of Fe’* complexes allows
Fe®" to be regenerated producing additional radicals and Fenton reactions to take place in the
presence of H,O,. Under these conditions, iron can be considered a real catalyst. Hydroxyl
radicals can also be generated with a solid semiconductor that absorbs radiation (according to
its band-gap) when in contact with water and generates pairs of valence-band holes and
conduction-band electrons. Electron/ hole pairs (e/h") are generated by the absorption of
photons with energy greater than necessary to move an electron from the valence band to the
conduction band of the semiconductor. When electron/hole pairs are generated, the electron
moves away from the surface to the bulk of the semiconductor as the hole migrates towards
the surface. If the solvent is oxidoreductively active (water) it also acts as a donor and
acceptor of electrons. Thus, on a hydrated and hydroxylated semiconductor surface, the holes
produce ‘OH radicals. Whenever different semiconductor materials have been tested under
comparable conditions for the degradation of the same compounds, TiO, has generally been
demonstrated to be the most active. Since 1976, photocatalytic detoxification has been
discussed in the literature as an alternative method for cleaning up polluted water [13] but
industrial/commercial applications with solar energy, engineering systems and engineering
design methodologies have only been developed recently [14]. This paper summarizes
engineering work and recent developments in this area during the last few years.



2. SOLAR COLLECTORS FOR PHOTOCATALYTIC APPLICATIONS
2.1 Concentrating collectors

Contrary to solar thermal processes, which collect large amounts of photons at any
wavelength to reach a specific temperature range, solar photochemical processes use only
high-energy short-wavelength photons. TiO, photocatalysis uses UV or near-UV sunlight
(300 to 400 nm) and photo-Fenton heterogeneous photocatalysis uses sunlight up to 580 nm.
Sunlight at wavelengths over 600 nm is normally not useful. Nevertheless, the specific
hardware needed for solar photocatalytic applications has much in common with those used
for thermal applications. As a result, both photochemical systems and reactors have followed
conventional solar thermal collector designs, such as parabolic troughs and non-concentrating
collectors [21].

The original solar photoreactor designs [22] for photochemical applications were based on
line-focusing parabolic-trough concentrators (PTCs). The parabolic-trough collector consists
of a structure that supports a reflective concentrating parabolic surface (Figure 1). This
structure has one or two motors controlled by a solar tracking system on one or two axes
respectively that keep the collector aperture plane perpendicular to the solar rays. In this
situation, 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. The
first outdoor engineering-scale reactor developed was designed and built at the National Solar
Thermal Test Facility at the Sandia laboratories in Albuquerque, New Mexico (USA), in 1989
(Figure 1, right). The facility was made up of 6 aligned parabolic-trough collectors with
single-axis solar tracking for a total of 465 m” aperture area. The collector concentrated the
sunlight about 50 times on the photoreactor [23, 24].

In 1990, a similar facility designed using PTCs and built at the Plataforma Solar de
Almeria, was the first engineering-scale solar photochemical facility for water detoxification
in Europe [25] (Figure 1, left). It was made up of 12 two-axis solar-tracking parabolic-trough
colleczztors, each having a total of 32 mirrors in 4 parallel parabolas with a collecting area of
32m".

Figure 1. Parabolic-troughs with two-axis solar tracking (left) and single-axis solar tracking
(right).

The solar radiation that reaches ground level without being absorbed or scattered, is called
direct radiation, while radiation which has been dispersed before reaching the ground is called
diffuse radiation, and the sum of both is called global radiation. Figure 2 shows the path of
direct solar radiation (Ip) until it arrives inside the absorber tube. It must arrive at the surface
and be reflected (part is lost due to mirror reflectivity, mr,) in the right direction (here



affected by accurate sun tracking, 1) by the mirror, before penetrating (part is lost due to
glass transmissivity, nr,) in the tube. Furthermore, the parabolic trough concentration factor
must also be considered (ratio of surface area of the parabola capturing the radiation and
surface area of the tube, S,/St). Global radiation (Ig) is also collected by the PTCs, but global
radiation is collected directly by the transparent absorber tube without intervention of the
collector and is only affected by the transmissivity of the glass, ..

All the details of these first developments were included several years ago in an excellent
review by [22], and the main results were recently reviewed by [6]. Later, at the beginning of
the nineties, attempts were made to use non-concentrating solar collectors as an alternative to
PTCs, because PTCs are unsuitable for photocatalytic applications for several reasons [26]:
water is heated, radiation flux is too high, most of the photons are not used efficiently [27-30]
and their cost is high. The main advantages and disadvantages of these collectors are
summarized in Table 1. Among other advantages, when supported catalysts are used in these
collectors, a smaller amount can be used, as the photoreactor is smaller than in non-
concentrating systems for the same solar collector area. Similarly, fewer tubes (smaller
photoreactor tube area) are needed.
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Figure 2. Photon flux (I) inside a parabolic-trough collector photoreactor.

2.2 Non-concentrating collectors

One-sun (non-concentrating) collectors are, in principle, cheaper than PTCs, as they have
no moving parts or solar tracking devices [31]. They do not concentrate radiation, so
efficiency is not reduced by factors associated with concentration and solar tracking.
Manufacturing costs are cheaper because their components are simpler, which also means
easy, low-cost maintenance. Non-concentrating collector support structures are easier and
cheaper to install as well, and the surface required for their installation is smaller, because,
since they are stationary, there is no shading. They are able to make use of the diffuse as well
as the direct solar UV-A. Extensive effort in the design and testing of small non-tracking
collectors has resulted in several different non-concentrating solar reactor prototypes. Most of
this work has already been reviewed by our group [6] and only a few papers have been
published since then about non-concentrating collectors [32-40]. One example of a non-



concentrating collector is shown in Figure 3. It consists of a rectangular stainless-steel
staircase vessel having 21 steps. The photoreactor is provided with a Pyrex glass (UV-
transparent) cover to limit water evaporation. The photoreactor, with a solar radiation-
collecting surface of 1 m? is mounted on a fixed rack tilted at the same angle as the latitude of
the site.

ADVANTAGES DISADVANTAGES
- Turbulent flow - Only direct radiation
-No Vap0r1zagon of - High cost (sun tracking)
Concentrating M comp:unl S ¢
collectors - More practical use ofa . .
supported catalyst Low optical efficiency
- Low quantum efficiency
- Smaller reactor tube area (r=k =1 with TiO)
- Water overheating
- Direct and diffuse - Laminar flow (low mass
radiation transfer)
- No heating - Vaporization of reactants
Non ) - Low cost - Reactant contamination
concentrating
photoreactors - High optical efficiency -Weather resistance,

chemical inertness and

- High quantum efficiency  j¢raviolet transmission

(r =k I with TiO,)
Table 1. Comparison between parabolic and non-concentrating solar photoreactors

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.
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. Based on all of the above,
reports by several different authors [11, 41-49] and experience acquired by the authors [27,
50-53], the main advantages and disadvantages of each of the different technologies for solar
photocatalytic applications are as summarized in Table 1. Among other advantages, it should
be mentioned that they use not only direct radiation but also diffuse radiation. As there is no
concentrating system (with its inherent reflectivity), the optical efficiency is higher than for
PTCs. In uncovered, non-concentrating systems exposed to the ambient, reactants 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 should be guaranteed.
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Figure 3. Non-concentrating solar collector tested at Plataforma Solar de Almeria (Spain).
Latitude 37 °N [39].

2.3 Compound parabolic concentrator (CPC)

Compound Parabolic Concentrators (CPCs), a type of low-concentration collector used in
thermal applications [54], is an option of interest. Between parabolic concentrators and flat
stationary systems, they combine the characteristics of both. While they concentrate solar
radiation, they retain the stationary and diffuse-radiation collection properties of flat plate
collectors. They have therefore been chosen as a good option for solar photochemical
applications by various research groups [45, 47, 55-65]. Summarizing, the advantages of
CPCs are their turbulent flow conditions, no vaporization of volatile compounds, no tracking,
no overheating, they can make use of both direct and diffuse solar radiation, are low-cost,
weatherproof, reactants are not contaminated, and they have both high optical and high
quantum efficiency, since there is a lower e/h” density than in a concentrating system (as the
photonic density is lower) and therefore recombination is also lower. Having the advantages
of both non-concentrating and concentrating systems and none of the disadvantages, CPCs
seem to be the best option for solar photocatalytic processes.

The reason for this is that they illuminate the complete perimeter of the receiver, rather
than just the "front" of it, as in conventional flat plates or tubes laid side by side (very often
used as non-concentrating collectors in solar photocatalysis). The concentration factor (Ccpc)
of a two-dimensional CPC collector is given by Eq. 1.

1 a
Cepc = =— 1
“PC ™ sin 0, 2nr W)

The semi-angle of acceptance (0,) for photocatalytic applications is usually between 60
and 90 degrees. A special case is the one in which 0, = 90°, whereby Ccpc = 1 (non-
concentrating solar system), and each CPC curve is an ordinary involute (Figure 4). When this



occurs, all the UV radiation that reaches the aperture area of the CPC (direct and diffuse) can
be collected and redirected to the reactor [53, 66]. If the CPC is designed for an acceptance
angle of +90° to -90°, all of the diffuse solar radiation incident on the collector plane also
impinges directly or indirectly on the photoreactor tube. The light reflected by the CPC is
distributed all around the tubular receiver (Figure 4) so that almost the entire circumference of
the receiver tube is illuminated and the light incident on the photoreactor is the same as would
impinge on a flat plate.
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Figure 4 Schematic drawing and photograph of a compound parabolic concentrator (see also
Figure 8).

3. SOLAR PHOTOCATALYTIC DEGRADATION OF CONTAMINANTS

Solar photocatalysis aims at mineralizing the contaminants into carbon dioxide, water and
inorganics, and treatment of industrial waste water seems to be one of the most promising
fields of application of solar photocatalysis, however, each case is completely different [67,
68]. Consequently, preliminary research is always required to assess potential pollutant
treatments and optimize the best option for any specific problem on a case-by-case basis. The
following paragraphs summarize the main scientific articles that have appeared on this subject
during recent years, all of them using solar energy as the photon source.

In photodegradation, the parent organic compound is transformed to eliminate its toxicity
and persistence. The oxidation of carbon atoms into CO; is relatively easy. In general,
however, it is markedly slower than the dearomatization of the molecule. Until now, the
absence of total mineralization has been observed only in s-triazine herbicides, for which the
final product obtained was essentially 1,3,5-triazine-2,4,6, trihydroxy (cyanuric acid), which
is, fortunately, nontoxic [69]. This is because the triazine nucleus is so highly stable that it
resists most methods of oxidation. CI” ions are easily released into the solution from
chlorinated molecules [70-72]. Nitrogen-containing molecules are mineralized mostly into
NO;" and NH;". Ammonium ions are relatively stable, and the proportion depends mainly on



the amount of oxidation of organic nitrogen and irradiation time [73-74]. Organophosphorous
contaminants (mainly pesticides) produce phosphate ions. However, in the pH range used
(usually < 4), phosphate ions remain adsorbed on TiO,. This strong adsorption somewhat
inhibits the reaction rate, though it is still acceptable [75]. In photo-Fenton, phosphate
sequestrates iron forming the corresponding non-soluble salt and retarding the reaction rate.
Therefore, more iron is necessary when water containing phosphates is treated by photo-
Fenton [76]. Until now, the analyses of fragments resulting from the degradation of the
aromatic ring have revealed formation of aliphatics (organic acids and other hydroxylated
compounds), which explains why total mineralization takes much longer than dearomatization
[77-81], as mineralisation of aliphatics is the slowest step.

Special attention has recently been given 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 [82].
Particularly relevant examples of such emerging compounds are surfactants, pharmaceuticals
and personal care products, 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 [83]. The solar photocatalytic degradation of
these new environmental contaminants, many until recently unknown, is the focus of much
research [84-88].

3.1 Improving solar photocatalysis efficiency
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Figure 5. Electron/hole recombination (a) and ways of improving solar photocatalysis
reaction rates: (b) Use of electron acceptors; (¢) Electron capture by a metal in contact with a
semiconductor surface; (d) Semiconductor-semiconductor photocatalyst.



However, as concentration and number of contaminants increase (as in real waste water
with complex mixtures of organics), the process becomes more complicated and challenging
problems such as slow kinetics caused mainly by low photoefficiency need to be solved.
Electron/hole recombination (Figure 5a) in the absence of proper electron acceptors, is
extremely efficient and thus represents a major energy-wasting step and quantum yield
limiting factor. Besides, the TiO, band-gap represents only 5% of the solar spectrum. It is
therefore a rather inefficient process even for a high-added-value application. Two basic lines
of R&D have been working on modifying catalyst structure and composition (Figure 5c) and
addition of electron acceptors to increase the solar photocatalytic reaction rate (Figure 5b). A
third approach has focused on finding new catalysts able to work with band-gaps which
coincide better with (Figure 5d) the solar spectrum [89-92]. There have been many attempts
using the first and third approach, such as improving specific surface [39, 68, 93, 94] by
doping and deposition with metal ions and oxides [95-98]. Successful innovative catalyst
compositions have been developed, but they have not been used in large-sized plants because
no “cheap” solution has yet been developed. Our experience in testing at large solar facilities
with different contaminants qualifies the use of electron acceptors as the most versatile way of
improving reaction rates for now, opening the opportunity for extending the use of
heterogeneous photocatalysis to complicated waste water [99-102].

3.2 Combining solar photocatalysis and biotreatment

Apart from developments increasing the photocatalytic reaction rate, the most important
progress in solar photocatalysis in recent years has been related to its combination with
biological treatment and the application of toxicological analytical methods. Both approaches
have been successful in decreasing treatment time (i.e. plant size), which is another way of
increasing overall process efficiency, in contrast to increasing the reaction rate itself.
Contaminant treatment, in its strictest meaning, is the complete mineralisation (TOC = 0) of
the contaminants, however, today photocatalytic processes only make sense for
nonbiodegradable hazardous pollutants. When feasible, biological treatment is usually a good
solution. Therefore, biologically recalcitrant compounds could be treated with photocatalytic
technologies until biodegradability is achieved and then the water would be discharged to a
conventional biological plant. One of the main obligations for urban wastewater treatment
imposed by European Union Council Directive 91/271/EEC is that wastewater collecting and
treatment systems (generally involving biological treatment) should be provided by 31
December 2005 in all agglomerations of between 2000 and 15000 p.e. (population
equivalent). The deadline for agglomerations of more than 15000 p.e. should have been met
by the end of 2000 [103]. Therefore, in the near future, most of the AOP plants developed in
the EU could discharge pre-treated wastewater into a nearby conventional biological
treatment, without the necessity of installing a specific biotreatment coupled to the AOP.
Future evaluation of AOP efficiency should therefore be done from this perspective, instead
of attempting to completely mineralise the contaminants using the *OH radicals, which is
always more expensive. Such a combination reduces treatment time and optimizes the overall
economics, since the solar detoxification system can be significantly smaller [61, 104, 105].
Process kinetics make the first part of the photocatalytic treatment the quickest. It may be
observed in Figure 6 that most of the DPs (degradation products) with high molecular weight
appear after exposure to sunlight and reach their maximum concentration after around 10 min
of treatment. From here on, they begin to decrease and carboxylic acids appear. In any case,
and for purposes of wastewater treatment, the complete mineralisation by photocatalysis is
unnecessary in view of the DPs detected, because they could easily be treated in a
conventional biological treatment plant.
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Figure 6. Evolution over time of the main degradation products and carboxylic acids detected
during solar photocatalytic treatment of diclofenac (non-steroidal anti-inflammatory drug
considered an “emerging contaminant”). Taken from [88].

Therefore, the use of AOPs as a pretreatment can be justified if the intermediates resulting
from the reaction (more oxidized compounds, such as carboxylic acids, alcohols, etc) are
readily degraded by microorganisms. The feasibility of such a photocatalytic-biological
process combination must always be considered, as it could mean a significant cost reduction
due to the smaller solar collector field necessary. Biotreatment and solar photocatalysis
combination has only been developed recently, and there are not many papers on the subject
[63, 106-110]. An “on-going” project (“A Coupled Advanced Oxidation—Biological Process
for Recycling of Industrial Wastewater Containing Persistent Organic Contaminants”,
CADOX) sponsored by the European Commission and with the participation of nine EU
partners (http://www.psa.es/webeng/projects/cadox/index.html), focusing on this new hybrid
technology, attempts to demonstrate how the treatment cost of water containing persistent
contaminants can be drastically reduced. Figure 7 and Table 2 show an example of evaluation
of photo-Fenton treatment of real waste water containing a pesticide (imazalil) taking into
account biodegradability results. The overall reaction (Eq. 2) for oxidation of imazalil shows
that inorganic species produced are nitrate and chloride. As clearly shown in Figures 7, when
imazalil has disappeared (t = 45 min and t = 90 min by Fe = 0.5 mM and Fe = 0.ImM,
respectively), mineralisation is still very low.

Ci4H4C1,N,0+190, +2H,0 Fe/H,0; /hv

> 14CO, +5H,0+2NO3H + 2HCI
)

Chloride analyses (determined during degradation of chlorinated compounds) showed
very fast degradation/dechlorination compared to disappearance of TOC. Therefore, residual
TOC remaining in the water when imazalil has completely disappeared did not correspond to
any chlorinated compound. In order to find out the conditions for biocompatibility using the
photo-Fenton reaction as a pre-treatment step, the biodegradability of the wastewater was
evaluated by the BODs (Biochemical Oxygen Demand) test, using unacclimated municipal
sludge as the initial inoculum. The results are shown in Table 2. Different stages of the
treatment were taken as the reference for the biocompatibility study. It should be noted that


http://www.psa.es/webeng/projects/cadox/index.html

complete disappearance of imazalil and chloride release were considered the key-parameter
for selection of the treatment stage to be tested by BODs. Table 2 shows that there was some
degradation of imazalil intermediates by the microorganism in all cases, after pesticide
disappearance. It may easily be concluded that biodegradability is enhanced during the
treatment (BOD/COD ratio), although biodegradability was better if the treatment was not
excessively prolonged (compare Samples 3 and 4). In view of these results, and to the
intrinsic uncertainty of biodegradable methods, the best value for discharging waste water to a
biotreatment could be been set within a wide interval between 195 mg/L and 35 mg/L of
TOC. The most suitable conditions for biotreatment are therefore obtained when the
phototreatment time is just long enough for high biological efficiency (not too much
mineralisation so the effluent has a high enough biodegradable organic charge). Longer
phototreatment times produce unnecessary photodegradation of biologically degradable
substances, and higher energy consumption uncompensated by any benefit.
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Figure 7. Disappearance of imazalil and evolution of chloride and total organic carbon (TOC)
as a function of illumination time during photo-Fenton treatment of real wastewaters (see
Table 2). Points 1-4 refer to data shown in Table 2.

) ) ©) (4)

COD (mg/L) 950 384 82 119

BOD (mg/L) 0.00 123 36.9 64.3
BOD/COD ratio: 0.00 0.32 0.45 0.54
BOD/COD rating: Very poor  good good Very good
Imazalil (mg/L) 199.8 <0.1 <0.1 <0.1
Conductivity 1.61 2.55 244 2.89
(mS/cm)

CI' (mg/L) 105 164 161 163

TOC (mg/L) 285 195 34.6 93.9

Table 2. Main characteristics of real wastewater containing imazalil (1) and after photo-
Fenton treatment at different stages (2, 3 and 4). Photo-Fenton experiments shown in
Figure 7.
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4. INSTALLED SOLAR PHOTOCATALYTIC TREATMENT PLANTS

Despite its obvious potential for the detoxification of polluted water, there has been very
little commercial or industrial use of photocatalysis as a technology to date. Several years ago,
according to a review by Goswami [21], only two engineering-scale demonstrations, one for
groundwater treatment in the U.S. and one for industrial wastewater treatment in Spain (at
Plataforma Solar de Almeria) had been published. But more installations have recently been
erected, mainly based on non-concentrating collectors. Dillert et al. have treated biologically
pretreated industrial waste water from the Volkswagen AG factories in Wolfsburg (Germany)
and Taubaté (Brazil). The results of the experiments, which were performed using the Double
Skin Sheet Reactor (DSSR) [111], were so promising, that a pilot plant was installed in the
Wolfsburg factory during the summer of 1998 [112]. The flowchart of a more recent version
of this pilot plant, which was installed in 2000, has recently been published by Bahnemann
[8]. In 1997, Freudenhammer et al. reported their results from a pilot study with the TFFBR
(Thin Film Fixed Bed Reactor) in various Mediterranean countries [113, 114]. Based on these
results, a pilot plant, financed by the European Commission, has been built at the site of a
textile factory in Tunisia (Menzel Temime). The pilot plant description and the flow chart
have recently been published [8; 36].

Under the “SOLARDETOX” project (Solar Detoxification Technology for the Treatment
of Industrial Non-Biodegradable Persistent Chlorinated Water Contaminants), a consortium
coordinated by Plataforma Solar de Almeria, Spain, was formed in Europe for the
development and marketing of solar detoxification of recalcitrant water contaminants [115].
The main goal of the project (financed by the EC-DGXII through the Brite Euram III
Program, 1997-2000) was to develop a commercial non-concentrating solar detoxification
system using the compound parabolic collector technology (CPC), with a concentration ratio
= 1. A full-size demonstration plant for field demonstration to identify any pre- or post-
processing requirements, potential operating problems, and capital and operating costs [115]
was erected at the facilities of HIDROCEN (Madrid, Spain). Since late 1999, this plant, (main
characteristics and results published elsewhere [116]), including the catalyst separation
procedure also developed under the SOLARDETOX project and installed for the first time in
this plant, has been fully operative [117]. The same collectors have also been used by other
researchers for treating paper mill effluents in Brazil and Germany [62, 118-120], and paper
mill effluents [64], surfactants [121], and textile dyes [65] in Spain.

More recently (2004), a new CPC-based plant, has been installed (Figure 8) in a project
focusing on problems in the rapidly growing intensive greenhouse agriculture sector in the
Mediterranean Basin. The environmental problems caused are one of its greatest
disadvantages. One of these problems is the uncontrolled dumping of plastic pesticide
containers, which usually still contain residues. The solution is to selectively collect these
containers for recycling. Plastic container recycling starts with shredding and then industrial
washing of the shredded plastic, which produces water polluted with highly toxic persistent
compounds (pesticides + excipients). This hazardous water containing the dissolved toxic
organic matter that was in the pesticide containers must be treated. This rinse water is then
continuously recycled and reused. The ALBAIDA company and CIEMAT (Spain) jointly
presented a project entitled “Environmental Collection and Recycling of Plastic Pesticide
Bottles using Advanced Oxidation Process driven by Solar Energy” to the European LIFE-
ENVIRONMENT program, which was approved and began in October 2001. The plant is
now in routine operation.

The photo-Fenton treatment mineralizes 80% of the TOC in the rinse water in a batch
process. The plant design, based on CPC solar collectors (150 m?), has 4 parallel rows of 14
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photocatalytic reactor modules (20 tubes/module, 2.7 m*/module) mounted on a 37°-tilted
platform (local latitude). The total collector surface is 150 m? and total photo reactor volume
is 1060 L. The 14 modules in each row are connected in series so the water flows from one
module to another and finally to a tank. However, each row is independent and connected in
parallel, so they can be operated separately. The system is run in batch mode using a
recirculation tank with only one centrifugal pump. The treated water from washing plastic
pesticide bottles is returned to the washing system by a second pump and the system can
again be refilled with contaminated water from the bottle-washing plant. Before entering the
solar CPC field, solids are eliminated from the contaminated water and the reagents needed
(hydrogen peroxide and Fe*") for the photo-Fenton reaction are added. As the CPCs have a
concentration factor of approximately 1 and there is no thermal insulation, the maximum
temperature reached inside the photo reactor is around 40°C. After treatment, the Fe need not
be removed because the water will either be reused or, when discharged, transferred to a
20,000-m’ irrigation pool where it is not only not a problem, but is an advantage, as it is one
of the elements usually added to greenhouse irrigation water.

Figure 8 View of the solar detoxification demonstration plant erected by ALBAIDA at
La Mojonera (Almeria, Spain).
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Waste water treatment by advanced oxidation processes (solar photocatalysis in
degradation of industrial contaminants). Case Study I: pilot plant studies.
Sixto Malato
Plataforma Solar de Almeria-CIEMAT. Carretera Senés km4, Tabernas (Almeria).

04200-Spain. Telf. 34- 950387940. Fax. 34-950365015. e-mail: sixto.malato@psa.es

1. INTRODUCTION

Industrial waste water containing toxic and/or non-biodegradable organic pollutants are
not treatable by conventional biological processes. Although biological treatment is
often the most cost-effective alternative it is often not effective for industrial effluents
contaminated with biorecalcitrant organic substances. The high potential and
effectiveness of Advanced Oxidation Processes (AOPs) for the total oxidation of
hazardous organic compounds is widely recognized [1,2]. AOPs are characterized by
the production of hydroxyl radicals ("OH), the second strongest known oxidant after
fluorine. This hydroxyl radical attacks organic molecules, yielding carbon dioxide,
inorganic ions and water. The advantage of AOPs is enhanced by the fact that "OH
radicals may be produced in different ways, so they can be adapted to specific treatment
requirements.

Among the AOPs, the photo-Fenton system [3], has been shown to be the most
promising for the remediation of contaminated water [4]. Moreover, as UV radiation
generation by lamps or ozone production is expensive, photo-Fenton driven by solar
radiation is of special interest, making the development of suitable technologies very
attractive for practical applications [5-6]. The major drawback of AOPs is that their
operating costs exceed those of biological treatment. Nevertheless, the use of AOPs as a
pre-treatment step to enhance the biodegradability of waste water containing recalcitrant
or inhibitory pollutants can be justified if the resulting intermediates are easily
degradable by micro-organisms in further biological treatment. Many reports have
focused on the study of new chemical-oxidation technologies as a pre-treatment for non-
biodegradable or toxic waste water combined with a conventional biological treatment
[7-9]. These results, mainly from laboratory studies, suggest potential advantages for
water treatment. Recently, very attractive combined systems have been proposed to treat
different kinds of industrial waste water [10-16]. 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 1is that waste water collecting and treatment systems (generally
involving biological treatment), must be in place in all agglomerations of between 2000
and 10000 population equivalents by 31st December 2005. Smaller agglomerations
which already have a collecting system must also have an appropriate treatment system
by the same date [17]. In a near future, AOP plants developed in the EU could be
discharging pre-treated waste water into a nearby conventional biological treatment
plant.

This work evaluates the feasibility of coupling a photoreactor with to a biological field
system at pilot scale employing photo-Fenton pre-treatment of a biorecalcitrant
industrial compound, a-methylphenylglycine (MPG), dissolved in distilled water and
simulated seawater. This two extreme situations are compared, as the photo-Fenton
reaction rate in waste water containing typical freshwater inorganic species (in the range
of mM units), is usually almost the same as in demineralised water. It should be
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remarked that a pH between 2.8-2.9 (optimal for photo-Fenton treatment) avoids the
presence of inorganic carbon species, which are purged as CO, during pH adjustment of
the waste water. A different situation arises in the presence of large quantities of sodium
chloride (i.e., seawater), when photo-Fenton very often is not able to substantially
mineralise the organic content of the waste water [18, 19]. MPG, a common precursor
in pharmaceuticals, was selected because of its non-biodegradability and high water
solubility. Degradation and mineralization (TOC disappearance) of the parent
compound were analysed, and nitrification and denitrification phenomena were also
observed. Experiments in chemical and biological characterisation of phototreated
solutions were performed in order to establish when the phototreated solution becomes
biocompatible. The biological system (immobilised biomass reactor) which completes
the photochemical pre-treatment should be compact, modular, flexible and resistant to
toxic shock, and variations in charge and flow.

2. EXPERIMENTAL

2.1. Chemicals

Technical-grade MPG (a-methylphenilglycine, CoH;;NO;) was used as received
(Diagram 1). The initial concentration in all experiments was 530 mg L. MPG tests
were performed using distilled water from the Plataforma Solar de Almeria (PSA)
distillation plant (conductivity<10uS cm™, CI'= 0.7-0.8 mg L™!, NO; = 0.5 mg L™,
organic carbon <0.5 mg L"), and simulated seawater prepared with 35 g L' of NaCl
(reagent grade, Panreac). Photo-Fenton experiments were performed using iron
sulphate (FeSO4.7H,0), reagent grade hydrogen peroxide (30% w/v) and sulphuric
acid for pH adjustment (around 2.7-2.9), all provided by Panreac. The phototreated
solutions were neutralized by means of NaOH (reagent grade, Panreac). Neutral pH
of the solutions was maintained during the biological treatment by adjusting with
H,SO4 (reagent grade, Panreac) and NaOH. The nutrient salts used in the biological
reactor (P, N, K and oligoelements) were added from standard solutions (Panreac).

CH
H,N 3
COOH

Diagram 1. Chemical structure of a-methylphenilglycine (MPG).

2.2. Analytical determinations

MPG concentration was analysed using reverse-phase liquid chromatography (flow
0.5 ml.min™) with a UV detector in an HPLC-UV (Agilent Technologies, series
1100) with C-18 column (LUNA 5 pm, 3mm x 150 mm from Phenomenex). Ultra
pure distilled-deionised water obtained from a Milli-Q (Millipore Co.) system and
HPLC-graded organic solvents were used to prepare all the solutions. The mobile
phase composition employed for detecting the pollutant was phosphoric acid at 50
mM adjusted to pH 2.5 with NaOH, at a wavelength of 210 nm. Mineralization was
monitored by measuring the Total Organic Carbon (TOC) by direct injection of
filtered samples into a Shimadzu-5050A TOC analyser provided with a NDIR
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detector and calibrated with standard solutions of potassium phthalate. Ammonium
concentration was determined with a Dionex DX-120 ion chromatograph equipped
with a Dionex Ionpac CS12A 4mm x 250 mm column. Isocratic elution was done
with H,SO4 (10 mM) at a flow rate of 1.2 mL min’. NH," was measured in
simulated saline samples using the Colorimetric Phenate Method (American
Standard Methods, n°® 4500). Anion concentrations (NO; and NO;) were
determined with a Dionex DX-600 ion chromatograph using a Dionex lonpac AS11-
HC 4mm x 250 mm column. The gradient programme was pre-run for 5 min with
20 mM NaOH, an 8-min injection of 20 mM of NaOH, and 7-min with 35 mM of
NaOH, at a flow rate of 1.5 mL min”'. Colorimetric determination of total iron
concentration with 1,10-phenantroline was used following ISO 6332. Hydrogen
peroxide analysis was carried out by iodometric titration, although, since this
method is very time consuming (around 45 minutes), it was frequently determined
in fresh sample solutions using Merckoquant Paper (Merck Cat. No. 1.10011.0001)
just to get an idea of overall H;O, consumption and to detect any significant
decrease.

2.3. Biodegradability assays

An adaptation of the EC protocol (Directive 88/303/EEC) was followed to
determine the biocompatibility of the pre-treated MPG waste water at different
stages of photo-Fenton process. This method, called the Zahn-Wellens test (Z-W), is
used to evaluate the biodegradability of water-soluble, non volatile organic
contaminants when exposed to relatively high concentrations of micro-organisms.
Activated sludge from the Waste water Treatment Plant in Almeria (AQUALIA),
mineral nutrients and test material as the sole carbon source are placed together in a
0.25-L glass vessel equipped with an agitator and aerator. The test lasts around 28
days and is kept at 20-25°C under diffuse illumination (or in a dark room). The
blank is prepared using distilled water instead of test water, mineral nutrients and an
amount of bacteria representative of the inoculum present in the test solutions. A
vessel containing diethylene glycol, a well-known biodegradable substance
recommended by the protocol mentioned above is run in parallel in order to check
the activity of the activated sludge. Degradation is monitored by DOC determination
in the filtered solution (with the TOC analyser), daily or at other appropriate regular
time intervals. The initial DOC is always determined three hours after test start-up
in order to detect adsorption of contaminants by the activated sludge. Loss of
volume from evaporation (due to agitation and aeration) is adjusted before each
sampling with distilled water in the required amounts. The ratio of eliminated DOC
after each interval to the initial DOC is expressed as the percentage of
biodegradability: 100 [1-(C-Cp/Ca-Cpa)]. Ca is the DOC (mg/L) in the test mixture,
measured three hours after the beginning of the test, C; is the DOC at time t, Cg is
the DOC of the blank at time t and Cgy is the DOC of the blank three hours after the
beginning of the test. The results are plotted against time giving the percentage of
biodegradation. Samples analysed are considered biodegradable when the
biodegradation percentage is over 70% [20].

2.4. Experiment set-up

2.4.1. Photoreactor
Photo-Fenton experiments were carried out under sunlight in a pilot plant specially
developed for photo-Fenton applications installed at Plataforma Solar de Almeria
(PSA, Almeria, Spain). This solar reactor is composed of a continuously stirred
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tank, a centrifugal pump (1.5 m’* h™"), a solar collector and connecting tubing and
valves. The total reactor volume of 75 L is composed of two parts: 44.6 L (glass
tubes) corresponding to the total irradiated volume (Vi), and the dead reactor
volume (tank + tubes). The solar collector is made up of four Compound Parabolic
Collector units (1.04 m? each one), mounted on an aluminium frame fixed on a
south-facing platform tilted at the local latitude (37°). Each collector unit is provided
by five 50 mm outer diameter borosilicate-glass tubes connected by plastic joints. A
flow diagram is shown in figure 1. The pilot plant is outdoors, but a temperature
control system keeps the temperature at a set point of 30°C. Details of the pilot plant
have been published elsewhere [21]. Solar ultraviolet radiation (UV) was measured
by a global UV radiometer (KIPP&ZONEN, model CUV 3), mounted on a platform
tilted 37°, which provides data in terms of incident Wyy.m™. In this way, the energy
reaching any surface is measured in the same position with regard to the sun. With
equation 1, combination of the data from several days’ experiments and their
comparison with other photocatalytic experiments is possible.
uv Vv,
t30w,n = t30W,n-1 +At, E ﬁ; n=th —thg 1)

Where t, is the experimental time for each sample, UV is the average solar
ultraviolet radiation measured during At,, and tzow is a “normalized illumination
time”. In this case, time refers to a constant solar UV power of 30 W.m™ (typical
solar UV power on a perfectly sunny da3é around noon).

OUTLET

TO CATALYST
SEPARATION SYSTEM

Figure 1. Flow diagram of the photoreactor (photo-Fenton).

At the beginning of all the photo-Fenton experiments, with the collectors covered
and the reactor filled with distilled water, MPG was directly added to the
photoreactor, and a sample was taken after 15 minutes of homogenisation (initial
concentration). In the case of experiments with simulated seawater, 35 g L' of NaCl
was added and homogenized well before adding MPG. Then the pH was adjusted
between 2.8-2.9 with sulphuric acid in order to avoid iron hydroxide precipitation
and another sample was taken after 15 minutes to confirm the pH. Afterwards, iron
salt was also added (FeSO4.7H,0O, 2 mg L' or 20 mg.L'1 of Fe%, Point 1) and
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homogenised well for 15 minutes before a sample was taken. Finally an initial dose
of hydrogen peroxide was added (100 ml, Point 2) and different samples were taken
to evaluate any effect in the dark, mainly the Fenton process. At that moment
collectors were uncovered and photo-Fenton began. The concentration of peroxide
in the reactor had to be kept in the range of 200-500 mg L™ throughout the process,
so hydrogen peroxide was frequently analysed off-line and manually controlled to
avoid complete disappearance by adding small amounts as consumed.

2.4.2. Biological reactor system

The biological reactor erected for combined-system experiments at the PSA is
composed of three modules: a 165-L conic neutralisation tank, a 100 L conic
conditioner tank and a 170 L aerobic Immobilised Biomass Reactor (IBR). A flow
diagram of the pilot system is shown in figure 2. The conditioner tank is equipped
with a pH control unit (CRISON, electrode and pH28 controller) for pH adjustment
using either H,SO4 or NaOH dosed by means of two peristaltic pumps (ALLDOS).
The IBR is a flat bottom container filled with 90-95 L of propylene Pall® Ring
supports (nominal diameter: 15 mm, density: 80 kg m™, specific area: 350 m* m”,
void fraction: 0.9 m® m™), colonized by activated sludge from the municipal waste
water treatment plant in Almeria. This bioreactor is also equipped with an air blower
to supply oxygen to the micro-organisms, and a dissolved oxygen (DO) control unit
(CRISON, electrode and OXI49 controller) for maintaining oxygen in the system
between 4 mg L' to 6mg L.  All the experiments performed in this biological
system were carried out in batch mode operation. MPG waste water pre-treated by
photo-Fenton was pumped into the neutralisation tank, where pH was neutralised by
NaOH to a pH around 7. This favoured catalyst (Fe’") settling and separation when
necessary. Following this preliminary step, the photo-pretreated effluent was piped
to the conditioner tank by means of a centrifugal pump, where the pH was lightly
controlled in a range of 6.5-7.5. Afterwards, the effluent was pumped through the
IBR which operated as an up-flow reactor, at a recirculation flow rate of 8 L min™
between the conditioner tank and the IBR, until the decreased in TOC reached
characteristic biological system values (20-30 mg L™). At that moment combined
system treatment of the effluent could be considered complete.

FROM SOLAR
COLLECTOR

NEUTRALIZATION
TANK

CONDITIONER

i/

BIOTREATED
EFFLUENT
IMMOBILIZED

BIOMASS
REACTOR

L%@ PURGE
@@ BLOWER

BLOWER

Figure 2. Flow diagram of the biological reactor system.
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3. RESULTS AND DISCUSSION

Photodegradation of MPG dissolved in distilled water was evaluated by two photo-
Fenton experiments performed with two different catalyst concentrations, 2 mg L' and
20 mg L' of Fe*". Their comparison made it possible to select optimal photocatalytic
conditions for testing the integrated system. It is worth mentioning that heterogeneous
photocatalysis with TiO, has been demonstrated, as reported in previous publications, to
be less efficient than homogeneous photocatalysis by photo-Fenton for treating this type
of waste water [21]. On the other hand, photo-Fenton at 20 mg L™ of Fe*" has
previously been found optimum for the specially designed solar photoreactor used in
this work, not only from the point of view of degrading specific contaminants [22], but
also from the point of view of the solar photoreactor optical behaviour [23]. In any case,
as the purpose of our work was to evaluate the feasibility of integrating a photoreactor
and a biological system, photo-Fenton also was tested with only 2 mg L™ of Fe*™ to
determine whether waste water biocompatibility could be reached in a reasonable length
of time, as low iron concentrations are enough for the photocatalytic pre-treatment step.
All the experiments were carried out at the same MPG concentration of around 530 mg
L. All the experiments were performed at the same initial concentration of MPG,
selected because the main purpose of the work was to assess whether it was possible to
achieve biodegradability by photo-Fenton. This means converting MPG (known to be
non-biodegradable) into other biodegradable organic compounds. As clearly shown in
the results, when MPG has disappeared, considerable mineralisation has been attained.
Under these circumstances, it was necessary to perform tests at a high enough initial
concentration for the Z-W test, as Directive 88/302/EEC recommends testing at 400
mg/L > TOC > 50 mg/L to evaluate properly the biodegradability. The mass balance of
the treatment of this compound by photo-Fenton process is based on equation 4, where
the combination of the mineralization reaction (equation 2) and the decomposition of
hydrogen peroxide (equation 3) are considered:

organic pollutant + O, O ,co 5 +H,O +mineral acids (2)
HzOz —)HzO-i—%OZ (3)
a - methylphenylglycine : @)

C,H,,NO, + 20 H,0, — NH, +9CO, + 24 H,0

Figure 3 a, shows the degradation and mineralization of MPG during both photo-Fenton
processes, as well as the hydrogen peroxide consumption corresponding to each test. It
can be observed that when 20 mg L™ of Fe** was employed, mineralization was almost
complete (97% decrease in TOC), while using a smaller amount of catalyst (2 mg L™),
the treatment time necessary for the same mineralization percentage appeared to be
several times longer. Furthermore, the significant compound degradation attained
during “dark Fenton” (with the collectors covered, from point 2 to t3py = 0), in both
photo-Fenton tests, although it was much more pronounced with the higher catalyst
concentration (20 mg L) is worthy of mention.
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Figure 3 (a). MPG degradation and mineralization by photo-Fenton at 2 mg L™ and 20
mg L' of Fe*" with distilled water. Point 2 refers to the first addition of H,O, (see
subsection “experiment set-up” for details). (b) Inorganic ions released during photo-
Fenton at 20 mg L™ of Fe*".

Kinetic studies of these two photo-Fenton processes were performed to support these
results. Assuming that the reaction between the *OH radicals and the pollutant is the
rate-determining step, MPG degradation may be described as a first-order reaction
(equation 5):

r=kou|"OHc =k,,C 5)

Where C is the MPG concentration, Koy is the reaction rate constant and Kp is a pseudo
first order constant. This was confirmed by the linear behaviour of Ln (Co/C) as a
function of tj,, for both tests performed (see table 1). An appreciable difference
between photo-Fenton experiments performed at the two iron concentrations (around
eight times faster with 20 mg L™ of Fe®"), was clearly observed (see table 1) not only
with regard to the required treatment time, but also to the kinetics rate constant (kp),
and initial reaction rate (r,). However, at the beginning of the process TOC
mineralization was slow until at t3p,, = 20 min (for Fe* =20 mg L'l) and t3pw = 115 min
(for Fe’" =2 mg L"), when mineralization rate increased considerably. This effect could
be explained by the partial MPG oxidation at the beginning of both treatments and the
later complete oxidation of the intermediates generated to CO,, and/or the formation of
more efficient iron-carboxylic complexes (hydrogen peroxide consumption was also
accelerated at those points), as described below.

Hydrogen peroxide consumption was very similar (around 40 mM) for both photo-
treatments until 50% of the initial TOC was eliminated (i.e. TOC = 175 mg/L). These
experiments were performed with an excess of H,O», so the drawback of the hydrogen
peroxide self-decomposition reaction must be taken into consideration (equation 3 ).
The incorporation of the dissolved oxygen (from atmosphere and hydrogen peroxide
decomposition) in the reaction mechanism by equations 6 and 7 produces a peroxyl
radical, which can then further participate in the reaction mechanism, generating an
additional hydrogen peroxide molecule (equation 8). When MPG degradation proceeds,
the ratio of hydrogen peroxide to pollutant increased and the reaction of the radicals
generated with hydrogen peroxide (equation 9) were favoured, leading to the much less
reactive "HO, [30]:
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‘R+ 02 —— R02 (6)

*RO, + H,0 - ROH +* HO, @)
2'HO, - H,0, +0, (8)
"OH +H,0, - H,0+" HO, ©)
(1)
MPG tsow'?o Kap R? ro? H,02cons®
min min™ mg.L ™ .min mM
Fe=2mgL" 202 0.019 0.999 10.26 32
Fe=20mgL* 22 0.158 0.971 84.01 45

@ Treatment time necessary to eliminate approximately 50% of initial TOC. @ Initial degradation rate from the
beginning of the process to t3p, = 0 min (tye = 30 min for 20 mg L™ and t,, = 90 min for 2 mg L™). © Amount of

hydrogen peroxide consumed to eliminate approximately 50% of initial TOC.

Table 1. Kinetic parameters and consumption of hydrogen peroxide to eliminate
approximately 50% of initial TOC.

Depending on the ligands, the ferric iron complex has different light adsorption
properties and reactions have different quantum yields at different wavelengths.
Consequently, pH plays a crucial role in the efficiency of the photo-Fenton reaction,
because it strongly influences which complexes are formed, this is why the pH of 2.8
was frequently postulated as optimum for photo-Fenton treatment [24, 25]. At this pH,
there is still no precipitation, and the dominant iron species in solution is [Fe (OH)*,
which is the most photoactive ferric iron-water complex [26]. In fact, ferric iron can
form complexes with many substances and undergo photoreduction. Of special
importance are carboxylic acids because they are frequent intermediates during the last
stages of an oxidative treatment. Such ferric iron-carboxylate complexes can have much
higher quantum yields than ferric iron-water complexes. Therefore the reaction typically
shows an initial lag phase, until intermediates which can regenerate ferrous iron more
efficiently are formed, accelerating the process.

Because of the low solubility of ferric iron hydroxide (K = 10™7), precipitation starts at
pH 2.5-3.5, depending on the iron concentration and temperature. The precipitation
process starts with the formation of dimeres and oligomeres, which then gradually
further polymerise, and lose water until finally forming insoluble iron hydroxides (e.g.
goethite or hematite). This ageing process is slow [27, 28], but precipitation and ageing
processes are also temperature dependent. Higher temperatures yield to faster and
higher precipitation of the monomer content [29] (no significant change detected during
1 day at 4°C but a decrease of the 4% was observed at 28°C). The tests reported here
were performed at higher temperatures (30°C) than those described by Krysova et al.,
[29], and therefore, most of the initial Fe*" (2 mg L) may have been lost after 2-3
hours of photo- treatment. Ammonium and nitrate ions release from the initial MPG
molecule were measured in different relative concentrations during the photo-Fenton
(Fe*" = 20 mg L") experiment, (figure 3 b). Ny is the combination of total nitrogen
released as ammonia and nitrate from MPG degradation, which present a molar ratio of
NH,/NO;™ = 28 at the end of the process (tzow = 212 min). This ratio changed during
phototreatment, since at shorter treatment times the organic nitrogen was released as
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ammonia and high NH," concentrations were detected, but afterwards it was slowly
transformed into nitrate at the end of the process. However, the nitrogen mass balance
was incomplete, as only 77% of the theoretical amount appeared after almost complete
mineralisation. Other researchers [31] have found that the fate of nitrogen in
photocatalytic systems depends on the initial oxidation state. When present in the -3
state, as in amino groups (the case of MPG), nitrogen spontaneously evolves as NH4"
cations with the same oxidation state (equations 10 and 11), before being slowly
oxidized into nitrate. This is exactly what was observed in the photo-Fenton treatment
of MPG.

R-NH,+"H —»* R+ NH,
NH,+H" — NH,"

(10)
(11)

From these tests, it can be concluded that photo-Fenton treatment appears to be much
more effective with 20 mg L™ of Fe*" than with only 2 mg L™, especially when the
organic charge of the waste water was in the range of hundreds of mg L', making
photo-Fenton treatment times longer. For coupling with biological treatment, it would
not be necessary to settle and separate the catalyst, since a concentration of 20 mg L™ is
still low enough to ensure non-inhibitory effects.The main purpose of this work was to
find out whether it was possible to enhance MPG biodegradability by an oxidative
photo-Fenton pre-treatment for disposal in an aerobic biological process. Therefore,
taking previous studies into account [12], different stages of photo-Fenton treatment
were selected as a reference for evaluating waste water biocompatibility. In figure 4 a,
degradation and mineralization of MPG by photo-Fenton (at 20 mg L of Fe*"), is
shown against treatment time. In this case an H,O; limiting concentration (around 100
mg L") was maintained during the whole process to minimize hydrogen peroxide
consumption and for optimal Z-W biodegradability analysis conditions (little H,O, to
avoid toxic effect). While the theoretical hydrogen peroxide consumption for complete
degradation of 530 mg L™ of MPG (as calculated by equation 4) is 64 mM, the one
obtained by minimizing hydrogen peroxide consumption during the photo-Fenton
treatment was lower (58 mM), this would mean a significant reduction in the
corresponding operating costs. Concerning the biocompatibility analysis, a Z-W test
was performed taking four pre-treated samples (marked in figure 4 a), just after
complete disappearance of MPG. These results are evaluated below.

MPG is also known to be present in industrial saline waste water, so it was considered
of interest to test MPG degradation by photo-Fenton (at 20 mg L™ of Fe*", minimizing
H,0, consumption), in simulated seawater prepared by the addition of 35 g L™ of NaCl.
Therefore, two experiments with manually controlled addition of hydrogen peroxide
were performed, both in distilled water and in simulated seawater using 20 mg L™ of
catalyst (figure 4 a). As observed in figure 4 a, the pollutant was also successfully
degraded and mineralised (around 90% of TOC disappeared), but this time, the
treatment time required for substantial mineralization of MPG was three times longer
than in the previous experiment (see Figure 3) performed with distilled water. Table 2
shows a direct comparison between the two photo-Fenton processes (at 20 mg L™ of
Fe’"), in distilled water and simulated seawater with an H,O,-limiting concentration.
Kinetic studies show a similar first-order kinetic constant (k,p) and initial degradation
rate (r,) in both cases, which means that no significant negative effect was found in the
photo-Fenton treatment of MPG due to the characteristics of saline water. Nevertheless,
an important drawback related to the treatment time was detected when simulated
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seawater was employed. The treatment time necessary for 90 % mineralization was
around 3 times higher than for distilled water, leading to higher consumption of
hydrogen peroxide. The effect of chloride on Fenton and photo-Fenton processes was
recently reported in detail by De Laat et al. [32].

()]

t
MPG 30""'?0 Kap R2 ro? H202cons®
min min™ mg.L™~.min mM
Fe =20 mg L*? 121 0.219 0.939 112.83 58
Fe=20mgL'+35gL NaCl 385 0.176  0.959 94.74 154

@ Treatment time necessary to eliminate approximately 90% of initial TOC. ® Initial degradation rate from the

beginning of the process to t3p, = 0 for 20 mg L' + NaCl (t, = 60 min) and to t3, = 4.2 min for 20 mg L (to =t
min).

©® Amount of hydrogen peroxide consumed to eliminate approximately 90% of initial TOC.

Table 2. Kinetic parameters and consumption of hydrogen peroxide to eliminate 90% of
the initial TOC, when MPG was dissolved in distilled water and in simulated seawater

Figure 4 b, shows the percentage of biodegradability in each sample selected for the Z-
W test. First of all, the pH of the samples had to be adjusted to 6.5-7.5 (optimal pH for
biological systems) with NaOH, as the pH in the photo-Fenton process was around 2.8-
2.9. Then, the Z-W was started and maintained properly aerated and agitated for 28
days. As observed in the figure, the percentage of biodegradability in waste water with
the higher TOC (163.1 mg L™ and 124 mg L") pre-treated by photo-Fenton was only
between 40-50%. Degradation was more pronounced in the first 5 days of biotreatment,
but afterwards, no appreciable change was detected. The generation of non-
biodegradable (but non-toxic) intermediates during advanced stages of the photo-Fenton
treatment could be inferred from these low percentages. Biodegradability over 70% was
reached in the samples with lower TOC values in both cases. Biodegradability reached
80% in the sample with TOC = 46.9 mg L' in only 2 days and continued increasing
until complete biodegradation of TOC. After reaching the maximum, it decreased
because of the cell’s death (no feed was available) and organic carbon was released
from the inside of the cells. On the other hand, the sample with TOC = 92.7 mg L™,
reached only 70% biodegradability in around 5 days and remained the same for the rest
of the Z-W test. Samples with a biodegradability of 70% are already considered
biodegradable, so the best point for discharging the photo-Fenton effluent to an aerobic
biological system could be established as just when MPG was completely degraded and
the TOC decreased to around 90-95 mg L™.

In this sense, the integrated system was better for total mineralization of the photo-
treated solution, since using the photo-Fenton reactor alone is not economically
attractive for reaching satisfactory mineralization levels. For example, an increase of the
operating costs (mainly as hydrogen peroxide consumption) of approximately 20%
could be considered when photo-Fenton reactor is used alone. Moreover, the general
investment increase (m’ of collectors field needed for total mineralization), could be
estimated in approximately 50%.
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Figure 4. () MPG degradation and mineralization by photo-Fenton (Fe = 20 mg L™),
with limited additions of H,O,. Point 1 refers to the addition of the catalyst and point 2
to the first addition of H,O, (see subsection “experiment set-up” for details). The
surrounded part corresponds to the four samples selected for Z-W.(b) Zahn-Wellens test
applied to the samples marked in figure 4 (a).

Taking into account previous similar studies [12,13] and the results above, several batch
photo-Fenton experiments were performed (at 20 mg L' of Fe’") until complete
degradation of MPG and a corresponding TOC of around 95 mg L™, to provide enough
photo-treated water to the biological reactor. First of all, the Immobilised Biomass
Reactor was inoculated with 150 L of activated sludge from a municipal waste water
treatment plant, and recirculated between the conditioner tank and the IBR for nearly
two weeks in order to ensure optimal fixation of the sludge on the polypropylene
supports. The total suspended solids, TOC and inorganic ions concentration (mainly
ammonia and nitrate) were measured daily.

The analysis of total suspended solids (TSS) was used to assess bacteria fixation on the
supports during IBR inoculation, a variation from 0.42 g L' to 0 in approximately 10
days was detected. That is when the IBR could be considered in adequate condition for
the biological treatment of waste water from the photo-Fenton pre-oxidation process.

Afterwards, the solution pre-treated with photo-Fenton flowed directly into the
neutralisation tank of the biological system and following the procedure explained in
the subsection on “experiment set-up” (biological reactor system), the pH was adjusted
roughly to 7. Only a few grams per batch of iron sludge were produced because of the
low concentration of iron. Then the effluent was pumped to the conditioner tank, where
pH was kept between 6.5-7.5, and dissolved oxygen between 4 mg L™ and 6 mg L™
The mineral medium specified in the Z-W test protocol to ensure proper metabolic
activity of the bacteria, was also added considering the ammonia concentration already
present in the photo-treated effluent. The biological system was operated in batch mode
and recirculated between the conditioner tank and the IBR until the solution TOC
remained constant from around 20 mg L to 30 mg L™, which characteristically
correspond to background noise from the physiological bacteria activity found in
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conventional biological media. Total mineralization was therefore impossible (TOC
below 20 mg L") in this biological degradation system.

Figure 5 shows the evolution of TOC in both photochemical and biological treatments.
It may be observed that the solar system was able to remove 76% of the TOC from an
initial load of 430 mg L™ after 3.5 hours of photo-oxidation. Then the pre-treated
solution was discharged to the biological process where complete mineralization was
achieved in around 3 days, indicating that the photo-pretreatment was able to produce a
biocompatible solution. The global efficiency of this combined system was 95%
removal of the initial TOC. Figure 5 also shows the TOC from MPG only. This was
calculated by taking the MPG concentration measured by HPLC and transforming it
into TOC values. Total elimination of the pollutant before the pre-treated effluent was
discharged to the biological system was clearly demonstrated.
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Figure 5. MPG degradation and mineralization by the combined system. Inorganic ions
measured in the immobilised biomass reactor are also shown.

Ammonia and nitrate concentrations were also measured during the biological process
and plotted against treatment time (see figure 5). As it may be observed, nitrification
was detected during biotreatment (equations 12 and 13), meaning that nitrification
bacteria consumed the nitrogen from NH," for its metabolic activity, and transformed it
into NOs’, which was excreted to the media. A decrease in nitrogen concentration from
NH;" of around 16.0 mg L™ (corresponding to 20.6 mg L' of ammonium), was
measured, while the nitrogen concentration from NO5’, increased to around 13.1 mg L™
(57.9 mg L™ of nitrate). Nevertheless, this increase was lower than expected if all the
nitrogen from ammonia had been transformed into nitrate. According to these results,
there seemed to be slight denitrification in the last step of the biological process leading
to disappearance of around 2.94 mg L™ of total nitrogen as N, and also because of an
uptake by bacteria for their growth. This slight elimination of nitrogen occurred because
fixed biomass systems have a dissolved oxygen deficiency in the inner wall of the
biofilm fixed on the supports, due to the extremely low oxygen transfer to the inner
layers of biomass. These anoxic conditions made nitrate became an electron acceptor
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(instead of oxygen) for organic carbon oxidation leading to N, generation, which was
eliminated into the atmosphere (equation 14, where HOAc corresponds to a carbon
source, for example acetate).

NH, +§o2 — NO, +H,0+2H"

2 (12)
NO, +lO2 — NO,~

2 (13)

5CH,COOH +8NO; — 4N, +10CO, +6H,0+80H"  (14)

Denitrification only appeared at the end of the biotreatment as older biomass is required
for this process. On the other hand, slight denitrification was detected in the bioreactor
due to the low organic carbon source (electron donors) remaining at the end of the
biological process.

4. CONCLUSIONS

It has been demonstrated that MPG dissolved in distilled water can be treated
successfully by photo-Fenton in a reasonable length of time. Moreover, Photo-Fenton
treatment with 20 mg L' of Fe*" was efficient enough, and no catalyst separation was
required in the combined system, as the concentration was low enough to ensure non-
inhibitory effects on the activated sludge. Photo-Fenton (at 20 mg L) in simulated
seawater was also found to have been successful, but with longer treatment times than
for distilled water.

Evaluation of the combined photocatalytic-biological system developed has
demonstrated that in batch mode operation, photo-Fenton pre-treatment completely
removed the pollutant (MPG) and enhanced its biodegradability, producing a
biocompatible effluent which was completely mineralized by the biological system in
an Immobilised Biomass Reactor. The combined system was able to totally mineralise
95% of initial TOC of over 400 mg L.

The beneficial effects of this two-steps field treatment has therefore been confirmed at
pilot scale. Photo-Fenton under sunlight using CPC reactors was able to remove the
biorecalcitrant compound and produce biocompatible intermediates required for further
biological treatment. These results indicate that a combined solar photocatalytic-
biological process is an effective approach for the treatment of biorecalcitrant pollutants
present in water.
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Waste water treatment by advanced oxidation processes (solar photocatalysis in
degradation of industrial contaminants). Case Study II: industrial plant.
Sixto Malato
Plataforma Solar de Almeria-CIEMAT. Carretera Senés km4, Tabernas (Almeria).

04200-Spain. Telf. 34- 950387940. Fax. 34-950365015. e-mail: sixto.malato@psa.es

1. INTRODUCTION

Chemical pollution of surface water can perturb aquatic ecosystems, causing loss of
habitats and biodiversity. Humans are exposed to pollution of the aquatic environment
by consuming fish or seafood, drinking water and possibly in recreational activities.
Pollutants from various sources (e.g. agriculture, industry, incineration) may be released
to the environment as products or as unintended by-products, and they may be historical
or used daily in household products. In the European Union, water policy is constantly
being adapted to protect and improve the quality of Europe’s fresh water resources.
Article 16 of the Water Framework Directive 2000/60/EC (WFD), for instance, sets out
a strategy for dealing with chemical pollution of water.

Although conventional biological treatment is often the most cost-effective alternative,
industrial wastewater containing toxic and/or non-biodegradable organic pollutants
cannot be treated by biological systems. Therefore, new powerful, clean and safe
decontamination technologies must be developed. Among the different treatments
available for industrial effluents containing recalcitrant pollutants, Advanced Oxidation
Processes (AOPs) have been widely proven to be highly efficient'>. AOPs are
characterized by the production of hydroxyl radicals (*OH), which are able to oxidise
and mineralise almost any organic molecule, yielding CO, and inorganic ions. Due to
the reactivity of hydroxyl radicals, their attack is unselective, which is useful for the
treatment of wastewater containing many different contaminants®. The use of AOPs for
wastewater treatment has been studied extensively, but UV radiation generation by
lamps or ozone production is still expensive. Therefore, research is focusing on AOPs
which can be driven by solar radiation (photo-Fenton and heterogeneous catalysis with
UV/TiO,), making their development very attractive for practical applications " '°. The
photo-Fenton process, which combines Fenton (addition of H,0, to Fe** salts) and UV-
Vis light'!, has been demonstrated to be the most promising such technology for
treating wastewater containing pollutants at concentrations'>'® over 10 mg L™, as the
reaction rate is usually much faster than TiO, photocatalysis and separation of iron is
very often unnecessary''. The major drawback of AOPs is that their operating costs
exceed those of biological treatment. One of the most attractive approaches for process
optimisation in this sense is coupling AOPs with a biological treatment'*?’. In these
integrated systems, AOPs are usually employed as a pre-treatment to enhance the
biodegradability of waste water containing recalcitrant or inhibitory pollutants.
Recently, very attractive combined systems have been proposed to treat different kinds

. . 21-25
of industrial wastewater .

This work evaluates the technical feasibility of pre-industrial combined solar photo-
Fenton/aerobic biological treatment of a highly saline industrial wastewater containing
around 600 mg L™ of a non-biodegradable compound (o-methylphenylglycine, MPG)
and 400-700 mg L™ total organic carbon (DOC). The purpose of this treatment strategy
was to achieve sufficient biodegradability of the photo-oxidized effluent to allow its
discharge into an aerobic Immobilised Biomass Reactor (IBR). Based on results in pilot
plant treatment of the non-biodegradable pollutant (MPG) dissolved in distilled water,
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model highly saline (NaCl 35 g L") water'’ and real wastewater’®, a new hybrid
photocatalytic-biological demonstration plant with a 4-m’ daily treatment capacity was
designed and erected on the grounds of a pharmaceutical company located in the south
of Spain”’. Pre-industrial-scale results are compared with those found at pilot plant scale
(MPG dissolved in real wastewater) and the overall efficiency of the combined
treatment is evaluated.

2. MATERIALS AND METHODS

2.1. Chemicals.

Technical-grade o-methylphenylglycine (MPG, CoH;NO,, 100% purity), a bio-
recalcitrant by-product produced during synthesis of pharmaceuticals, was used in this
study as received (see MPG chemical structure inserted in Figure 3 (a)) at a
concentration of 600 mg L™ (DOC = 393 mg L") dissolved in the real effluent from an
industrial pharmaceutical plant. The composition of this wastewater (without MPG) is
typically NH; = 0-40 mg L', NO3= 200-600 mg L™, COD = 40-400 mg L™, DOC =20-
200 mg L™, suspended solids = 20-100 mg L™ in seawater C1=19 g L™, SO,/=2.7 gL’
''Na=11gL' Mg=13gL"', Ca=05gL"' K=04gL", Conductivity = 55 mS).
Photo-Fenton experiments were performed using iron sulphate (FeSO4.7H,0, 20 mg L™
Fe®"), reagent-grade hydrogen peroxide (30% w/v) and sulphuric acid for pH adjustment
(around 2.3-2.5), all provided by Panreac. The pH of the photo-treated solutions was
neutralized prior to bio-treatment and maintained during the biological treatment by
automatic adjustment with NaOH (reagent grade, Panreac).

2.2 Analytical determinations.

MPG concentration was analysed using reverse-phase liquid chromatography (flow rate
0.5 ml min™") with a UV detector in an HPLC-UV (Agilent Technololgies, series 1100)
with C-18 column (LUNA 5 um, 3 mm x 150 mm from Phenomenex). The mobile
phase composition employed for detecting the pollutant was phosphoric acid at 50 mM
adjusted to pH 2.5 with NaOH, at a wavelength of 210 nm. Mineralization was
monitored by measuring dissolved organic carbon (DOC) by direct injection of filtered
samples into a Shimadzu-5050A TOC analyser provided with an NDIR detector and
calibrated with standard solutions of potassium phthalate. Samples were filtered through
0.22-pum-pore size PTFE syringe-driven filters (Millipore Millex® GN). Ammonium,
nitrate and nitrite concentrations in the outlet of the biological treatment were measured
by Merck kits (ref: 1.14658.0001 for NH,", ref: 1.14542.0001 for NO; and ref:
1.14657.001 for NO;). Hydrogen peroxide in the photo-Fenton experiments was
analysed by iodometric titration.

2.3. Experimental set-up.

The demonstration plant designed and erected for the combined solar photo-Fenton /
biological treatment of saline non-biodegradable industrial wastewater is made up of a
photo-Fenton plant and an aerobic biological system. It was erected on the grounds of a
pharmaceutical company located in the south of Spain (see Figure 1).
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Figure 1. Views of the combined solar photo-Fenton /biological demonstration plant.
Solar collector field (left), conditioner tank and Immobilised Biomass Reactor (right).

2.3.1. Solar photo-Fenton plant.
The solar photo-Fenton reactor consists of a 3000-L buffer or recirculation tank, a
centrifugal pump (A4-stainless steel Grunfoss, recirculation flow rate of 11 m® h™"), and
100-m” solar collector field made up of three rows of Compound Parabolic Collectors
(CPCs) specially developed for photo-Fenton applications. 15 CPC modules were
arranged in each row and 50-mm-diameter glass absorber tubes were mounted on an
aluminium frame tilted 37° (see Figure 1 (left)). The total system volume is 4000 L
(1260 L of illuminated volume), with three in-line sensors, pH (Sensolyt probe, WTW),
dissolved oxygen (Trioximatic 700IQ probe, WTW) and hydrogen peroxide
concentration (H,0, Electrode & controller support, ALLDOS, 0-2000 mg L™), in the
polypropylene piping (see diagram in Figure 2). The pH and oxygen probe insertions in
the piping are PVC-C. The buffer tank is a conical-bottomed vessel for settling and
removing suspended solids when necessary. Solar ultraviolet radiation (UV) was
measured by a global UV radiometer (KIPP&ZONEN, model CUV 3) mounted on a
platform with the same tilt as the collectors. The system is completed by an electric and
electronic instrument panel in the field and a PC for on-line data acquisition. With
Equation 1, combination of the data from several days’ experiments and their
comparison with other photocatalytic experiments is possible.

town = Liownn +At, %VL;, At, =t -t )]
Where t, is the experimental time for each sample, UV is the average solar ultraviolet
radiation measured during At,, and t3ow is a “normalized illumination time”. In this case,
time refers to a constant solar UV power of 30 W m™ (typical solar UV power on a
perfectly sunny day around noon). Photo-Fenton experiments were carried out by filling
the whole plant with saline industrial wastewater (from the pharmaceutical company’s
wastewater treatment plant), adjusting the pH to 2.3-2.5 (with H,SO,), and adding the
pre-dissolved non biodegradable MPG until the desired concentration of 600 mg L™
was achieved. Although it is widely known that the optimal pH for photo-Fenton
experiments is 2.8-2.9, in this particular case it was reduced to 2.3-2.5 in order to avoid
a pH over 2.9 during the treatment, due to MPG nitrogen released as ammonium (see
comments in Section 3.1). This mixture was properly homogenized by turbulent
recirculation for half an hour. Then the ferrous iron salt was added (20 mg L of Fe*")
and after another 30 minutes of homogenisation, the amount of hydrogen peroxide
required according to previous pilot plant experiments (16 litres which corresponds to
35 mM), was added”. Hydrogen peroxide was measured frequently and consumed
reagent was replaced (6 litres which corresponds to 13 mM H,0,) when around 40% of
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initial DOC was mineralised (see Figure 3 (a)). The collectors were always uncovered
during homogenisation. Therefore it was not possible to differentiate the quick Fenton
reaction at the beginning (when all the iron was as Fe*") from photo-Fenton. In any
case, with such a strong concentration of organics (hundreds of mg L™ of DOC) and
such a low concentration of iron, the effect of the Fenton reaction at the beginning was
not very relevant. Indeed, the reaction rate was governed mainly by the slower
photochemical reactions, as described in Results and Discussion section with regard to
Figure 3.

2.3.2. Immobilised activated-sludge biotreatment plant.

The aerobic biological demonstration plant for combined photo-Fenton/Biological
experiments consists of three modules, a 5000-L neutralisation tank, a 2000-L
conditioner tank and a 1000-L Immobilised Biomass Reactor (IBR) (Figure 1 (right)).
All the tanks were made in polypropylene.The IBR is a flat-bottomed vessel filled with
700 L of polypropylene Pall® Ring supports (nominal diameter 15 mm, density 80 kg m"
3, specific area 350 m* m™, void fraction 0.9 m® m™), colonized by activated sludge
from the wastewater treatment plant installed at the pharmaceutical company itself. This
bioreactor is also equipped with two air diffusers supplied with compressed air through
independent pipes regulated with ball valves. Each diffuser can supply up to 10 N m’ h™!
of air. On-line pH and dissolved oxygen sensors are also placed in the conditioner tank
return pipe. Both are connected to an automatic controller for automatic conditioner
tank pH adjustment between 6.8 and 7.5 and dissolved oxygen between 4-6 mg L™ in
the IBR by acting on two pneumatic valves that feed air diffusers. The pH probe also
has a Pt-100 sensor for monitoring the water outlet temperature (Figure 2).

This biological system was operated directly in continuous mode, because the purpose
was to maintain the immobilised activated-sludge reactor working under the real
conditions prevailing in a conventional wastewater treatment plant. It was operated in
batch mode only during the start-up phase (IBR inoculation, bacteria fixation and
growing, etc) (see Section 3.2). The industrial saline wastewater partially oxidized by
photo-Fenton was discharged into the neutralisation tank (in Figure 2, valve (1) closed
and (2) opened), which is a conical-bottomed vessel where water was roughly
neutralised with concentrated NaOH and iron was settled and removed when necessary.
Then the photo-pre-treated effluent was transferred to the conditioner tank, where the
pH was automatically adjusted between 6.8 and 7.5 with 5% w/v NaOH throughout the
biotreatment by a peristaltic pump. Then the effluent was pumped to the IBR, entering
through a T-joint at the bottom, and water was sprayed up through the packed rings. The
recirculation flow rate between the conditioner tank and the IBR was set at 1.2 m’ h™'
and the neutralised pre-treated effluent was continuously pumped from the
neutralisation tank to the conditioner tank by a centrifugal pump (0.6-2 m’ day™). Once
stationary state was reached between the conditioner tank and the IBR, the completely
treated effluent (DOC between 40-60 mg L', characteristic biological system end
values for such industrial wastewater) was continuously discharged from the IBR.

During continuous biological operation, in which dissolved oxygen was kept between 4-
6 mg L, it was possible to calculate the volumetric gas (air)-liquid oxygen transfer
coefficient (Kpa), a characteristic parameter commonly used in the description of
aerobic biological reactors, using automatic data acquisition. During this stage,
dissolved oxygen clearly showed two-step consumption-absorption cycles, which made
it possible to find Ky a from the liquid-phase oxygen mass balance (Equation (2)).
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[dCLj: KLa(Cs—CL)—X'qO
dt : @)
Where dC,/dt is the oxygen accumulated in the liquid phase, K a (Cs-C,) is the gas-to-
liquid oxygen transfer rate, Cs is the concentration of oxygen in saturated conditions
(8 mg L"), C_ is the concentration of oxygen in the liquid phase at time t, X is the
biomass concentration and (o3 is the specific oxygen consumption.
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Figure 2. Simplified flow diagram of the demonstration combined photo-
Fenton/aerobic biological plant.

3. RESULTS AND DISCUSSION.

3.1. Solar photo-Fenton treatment.

Prior to the combined photo-Fenton/biological treatment of MPG dissolved in an
industrial wastewater, several studies had been performed to compare the pilot plant
results (kinetics, hydrogen peroxide consumption, illumination time), with those from
the pre-industrial-scale plant. The non-biodegradable compound*®, MPG, was always
dissolved in wastewater received from the pharmaceutical company where the
demonstration plant was erected. This company uses sea water as process water so the
wastewater is highly saline (for composition see Section 2.1). It is important to note that
the MPG concentration of around 600 mg L' corresponded to a DOC of 393 mg L™, but
DOC for the total mixture (MPG + wastewater) was around 400-600 mg L. The DOC
of the industrial wastewater changed continuously depending on the ongoing factory
process, but it was always approximately between 20 and 200 mg L.
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Figure 3. (a) Degradation and mineralization of MPG dissolved in saline industrial
wastewater by photo-Fenton with 20 mg L™ of Fe*". Hydrogen peroxide consumption is
also shown. (b) Temperature and global UV radiation during the experiment.

Figure 3 (a) shows the degradation and mineralization of MPG dissolved in the
industrial wastewater. The complete disappearance of MPG was attained after tyo =
54 minutes of photo-Fenton treatment (Fe’" = 20 mg-L™") and DOC mineralization
continued until t3p,, = 105 min, at which moment the mixture was biodegradable, as
demonstrated in previously published pilot-plant-scale studies***’. Quick decay of MPG
and DOC at the beginning of the test (from t3ow = 0 to approximately t3pw = 10 minutes)
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was also observed. This decay was attributed to the formation of large amounts of foam
from the carbon dioxide bubbles produced by pH adjustment at the beginning of the test
(pHo = 2.3-2.5). This foam retained large quantities of MPG and as foam disappeared
during the photo-Fenton treatment, MPG redissolved. This strong decay may also have
been caused by the Fenton reaction, as during the first minutes of the process it was
governed mainly by Reaction 3, when the elimination of MPG was very fast. However,
it was not possible to differentiate clearly between the disappearance of MPG retained
by the foam or degraded by the Fenton reaction. In any case, it could be surmised that if
76 mg L' of DOC have been eliminated (from 410 mgL"' to 334mgL™), the
corresponding MPG concentration should be 116 mgL", but 267 mgL" of MPG
actually disappeared from the water (Figure 3 (a)). It should be remarked that during the
first minutes of the process, mineralization should be very slow, as at the beginning of
AOPs, organics are oxidised to other degradation products, but not mineralised.
Therefore, the 76 mg L of the above-mentioned DOC eliminated corresponding to
116 mg L' of MPG must all be retained in the foam. Therefore, 464 g of MPG were
retained in the foam. This means that 151 mg L™ were really decomposed (but not
mineralised) during the first minutes of the treatment, mainly by Reaction 4. Once the
Fe*" was oxidised to Fe’* the process was governed mainly by the slower Reaction 5
and Fe’" reduction thermal reactions (Reaction 6) (see also comments in Section 2.3.1).

The kinetics of MPG degradation has also been studied assuming that the reaction
between the °OH radicals and the pollutant is the rate-determining step. MPG
degradation may be described as a first-order reaction (Equation 3):

r =Koy |"OH [ =k,,C 3)

Where C is the MPG concentration, Kon is the reaction rate constant, Kap is a pseudo
first-order constant, and [*OH] is considered constant. This was confirmed by the linear
behaviour of Ln (Co/C) as a function of t3oy. The kinetic parameters found for MPG
degradation are Kap = 0.07 min” and the initial reaction rate is ro = 44.4 mg L' min™ (R?
=0.98). This is much lower than in the pilot-plant tests with MPG dissolved in pure sea
water (Kap = 0.16 min” and ro = 84.0 mg L' min™)*. This is because, on one hand, the
MPG was dissolved in an industrial wastewater containing other unknown organics (20-
200 mg DOC L") which were rivals of MPG for ‘OH radicals and therefore,
degradation of MPG was slower than when dissolved in pure sea water. On the other
hand, the formation of large amounts of foam caused the same effect of retarding
pollutant elimination by retaining MPG, which then leached out slowly (as explained
above). Therefore, in industrial wastewater, the formation of foam could be highly
detrimental to any AOP and should always be taken into account.

Fenton : Fe*' + H,0, — Fe’* +OH™ +OH" )
Photo — Fenton : [Fe(IINL["" —— Fe’* + L’ ®)
Fe*' +H,0, > Fe’* + HO; + H'

(6)

organic pollutant LH‘—>C02 + H,0O +inorganic compounds 0
H,0, - H,0 +102

2 ®)

o —methylphenylglycine : C;H,,NO, +20H,0, - NH, +9CO, +24H,0 ©)
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In all the pre-industrial-scale experiments performed, the required amount of hydrogen
peroxide was added at the beginning of the process, as it has been demonstrated in pilot-
plant tests to be the technically simplest dosing option for this industrial wastewater.
Three different ways of dosing H,O, for the treatment of wastewater containing MPG
had been studied at pilot-plant scale”®: (i) the whole amount added at the beginning of
the experiment, (ii) maintaining the H,O, concentration at 50 mg L™ and, (iii) at
400 mg L. An automatic PI feedback-control H,O, dosing system was used to keep the
H,0, at a predefined concentration. The results showed a similar reaction rate with all
three options. This was probably due to the fact, that in this particular case, the
intermediate degradation products were strongly coloured (see Figure 1 (left)), which
provoked some inner filter effect towards the dissolved iron, that is, because of the
absorption of the wastewater, the photochemical reactions involving dissolved iron were
inhibited. Hence, the photochemical reduction of Fe’™ to Fe*" was hindered in the
catalytic iron cycle (Reaction 5) and parallel thermal reduction reactions of Fe** gained
in importance (formation of [Fe(IIT)(HO,)]"" complex). These thermal reactions became
the main reaction pathway for the rate-limiting reduction of Fe’”, so a low hydrogen
peroxide concentration negatively affected the overall degradation rate. When
wastewater lost colour, the photo-reduction of F e’ complexes again became the rate-
limiting step, as clearly seen in Figure 3 (b).

Based on the results explained above, the technically simplest solution was used for all
the demonstration plant experiments. Otherwise, the concentration of H,O, was always
measured at the end of each photo-Fenton test in order to ensure its complete
consumption during the process.The consumption of hydrogen peroxide during photo-
oxidation is also shown in Figure 3 (a). The mass balance of the MPG degradation
reaction is based on Reactions 7-9, where the combination of the mineralisation reaction
(Reaction 7) and the decomposition of hydrogen peroxide (Reaction 8) are shown.
According to Reaction 9, 72 mM of hydrogen peroxide should be consumed to
mineralise 600 mg L of MPG, while 27 mM of hydrogen peroxide must be consumed
for complete disappearance of the parent compound (Figure 3 (a)). When MPG was
decomposed, a large amount of the organic content of MPG still remained in the water
in the form of more oxidised organic compounds. It is worth mentioning that the
demonstration-scale H,O, consumption (27 mM) necessary for complete MPG
degradation was similar to pilot-plant scale®® (30-35mM, 520mgL" of MPG),
although the ratio of g H,O, consumed to g MPG degraded is one and a half times lower
in the demonstration plant (1.5 g H,0, g MPG™") than in the pilot plant experiments (2.5
g H,0, ¢ MPG™). From Reaction 8 it may be demonstrated that the nitrogen present in
the MPG molecule was released mainly as ammonium (approximately 4 mM), which
increased the solution pH from 2.3-2.5 at the beginning to 2.9 at the end of the
treatment. The initial pH was therefore lower (2.3-2.5) than optimal for Photo-Fenton
tests (2.8-2.9), avoiding Fe’" precipitation at pH higher than 3.

Temperature in the demonstration plant rises from dawn to become almost constant
around afternoon, and decreases again during the evening (t;pw = 0 was around 10:30
and t3ow = 105 min was around 17:00). In Figure 3 (b), it may be observed how water
temperature varied from 21 to 37°C, at the same time global UV irradiation increased
form 16 Wm? to 30 Wm™ (partly cloudy from 12:00 to 13:30). Under these
conditions, the photo-Fenton reaction rate varied during the treatment. Other authors
have described” differences of up to five times between 20 and 40°C. In recent work
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with model waste water by our group’’, we found a similar effect (2.5 times faster at
35°C than at 20°C). It should also be mentioned that as temperature control is not
economically feasible in a large-size solar photocatalytic plant, the effect of temperature
and not just variation in solar UV power on the photo-Fenton reaction rate should be
taken into account. This could lead to difficulties in the design of an adequate control
system (for example, in determining the treatment time necessary before discharging to
the biotreatment as a function of UV power and temperature) for solar photo-Fenton
photocatalytic plants.

3.2. Immobilised Activated-Sludge biotreatment.

Before beginning treatment of industrial wastewater containing MPG with the
combined solar photo-Fenton / aerobic biological plant, the IBR must be equipped for
biomass degradation of the photo-Fenton by-products. Optimal biological system
conditions for continuous treatment of pre-oxidised effluents were implemented in
batch mode. Based on previous studies’ =7, the IBR was inoculated with 1.5 m’ of
concentrated activated sludge from the aerobic tank of the pharmaceutical company’s
wastewater treatment plant and suspended in wastewater with a DOC of around
160 mg L-' and an ammonia concentration of 98 mgL'. Recirculation was then
maintained between the conditioner tank and the IBR for several days in order to ensure
optimum fixation of the sludge on the polypropylene Pall® Ring supports (batch mode
operation). The total suspended solids (TSS), DOC, ammonium and nitrate
concentrations were measured daily. The TSS analysis assessed bacteria fixation on the
supports during IBR inoculation. In approximately eight days TSS = 0, so proper
bacteria fixation was assured. At that moment, the normal influent from the factory
wastewater treatment plant was added to the IBR in order to nourish and increase the
biomass concentration fixed on the supports, and to favour the growth of a bacteria
population specific to the pharmaceutical company’s wastewater treatment plant. Two
1.5m’ doses of 130 mg DOCL" (31 mgL™" of total nitrogen) and 260 mg DOC L™
(62 mg L' of total nitrogen) respectively, were added. In both cases DOC was degraded
down to a constant 60-65 mg L™ (in approximately two days), which is typical of
background noise from physiological bacteria activity in industrial wastewater
biological treatment. Furthermore, the nitrification process was working properly as
practically no ammonium was detected (0.3 mg L") at constant low DOC. Therefore,
correct bacteria fixation and biomass activity were proven.

Before starting continuous mode operation in the biological reactor, 0.5 m’ of the
system volume was replaced by the photo-Fenton pre-treated effluent twice (DOC =
210 mg L) in order to accustom bacteria to it, and avoid shock reducing future biomass
activity. According to previous lab and pilot-plant-scale biological tests performed®®?’,
biodegradability enhancement of industrial wastewater containing MPG by photo-
Fenton (Fe*" = 20 mgL") was accomplished when MPG was completely eliminated and
DOC was reduced to approximately 50% of the initial value (see Figure 3 (a)).
Therefore, the photo-Fenton treatment was continued in the demonstration plant to the
same level (i.e., MPG completely degraded, 50% of initial DOC, t3ow = 105 min), at
which point, the pre-oxidised effluent was transferred to the neutralisation tank (see
Figure 2) where the pH was manually adjusted to 7. Then, the biological system was
drained and refilled twice with the effluent, where the DOC fell to the desired value
(around 60 mg L', and TSS = 0) after around 4 or 5 days of biotreatment in batch
mode. No mineral medium was added to the photo-Fenton pre-treated effluent as the sea
water matrix and the amount of ammonium generated from the degradation of MPG
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(approximately 4 mM), fulfilled the required C and N, P (8-10 mg/L depending on
wastewater composition), Fe (from photo-Fenton) and Ca ratios for conventional
biological systems as published elsewhere®®: C:N:P of 100:20:5 and C:Fe:Ca of 100:2:2.
Moreover, the demonstration biological plant was intended to simulate a real
wastewater treatment plant based on supported biomass, so therefore, no additional
mineral solution was used so conditions would be as realistic as possible. That is also
the reason why inoculation and maintenance of activated sludge in the IBR was carried
out under the same conditions as in the pharmaceutical company’s wastewater treatment
plant.

3.3. Combined solar photo-Fenton-aerobic biological system.

Once demonstrated that the Immobilised Activated Sludge was able to eliminate the
remaining DOC from the photo-Fenton pre-treated wastewater containing MPG, semi-
continuous operation of the combined system began. Solar photo-Fenton treatment was
always performed in batch mode, while the biological reactor was operated
continuously. This mean that several photo-Fenton batches were carried on under the
same conditions shown in Figure 3 and fed to the neutralisation tank, from which the
effluent was continuously pumped to the conditioner tank and through the IBR. As
explained in Section 2.3.2., in stationary-state conditions, the completely treated
effluent (at DOC around 60 mg L', TSS = 0) was continuously discharged from the
IBR at the same flow rate as the inlet from the neutralisation tank.

Figure 4 shows the specific volumetric organic load to the IBR, the DOC removed in
the biological treatment and the variations in continuous flow (from 0.6 to 2 m® day™).
The DOC load and the DOC removed are calculated taking into account the continuous
inlet flow (L day'), inlet DOC (g m™), outlet DOC (g m™) and the volume occupied by
Pall ring® supports in the IBR (0.7 m’), which is a volume representative of the amount
of active biomass in the reactor.
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Figure 4. Specific volumetric organic load of IBR, continuous flow from the

neutralisation tank to the conditioner tank and DOC removed per m’ occupied by
polypropylene supports in the IBR.
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The biological system started to operate in continuous mode on Day 21, and until Day
81 (600-800 L day™ from Day 21 to 64), the specific volumetric organic load of the IBR
always remained around 200 g m™ day™'. From Day 64 to 95, it was attempted to keep
the continuous flow from the neutralisation tank to the conditioner tank between 800
and 1000 L day™'. After Day 81 the initial MPG concentration dissolved in the industrial
wastewater was raised to 1 gL previous to the photo-oxidation step to achieve
significantly higher organic loads in the IBR (from 360 to approximately
1000 ¢ m™ day™") without having to increase the number of batch treatments in the solar
photo-Fenton stage proportionally. These photo-Fenton batches required more hydrogen
peroxide (35 L, corresponding to a 77 mM concentration) at the beginning of the
process and a longer illumination time (t3p = 180 min), to enhance the biodegradability
of the pre-treated effluent (removal of 50% of initial DOC). Finally, from day 95 to 100,
the continuous flow was doubled to 2000 L day™ in only five days. This last 20-day
stage from Day 80 to 100 made it possible to determine the biological system’s
maximum treatment capacity. As observed from Figure 4, the amount of DOC removed
in the biological system could generally said to be around 2/3 of the incoming DOC.

Figure 5 shows DOC and nitrogen concentrations (from NH,") in the IBR outlet during
continuous operation of the biological system. It is important to observe how outlet
DOC remained between 55 and 70 mg L™ until day 90 (within the limits for background
noise from industrial wastewater bacteria activity), but from this point to the end, DOC
in the outlet increased to 110-120 mg L', At that moment, the specific volumetric
organic load was more than doubled (470 g m™ day™). There are two possible reasons
for this increase in DOC, either the heterotrophic bacteria had reached the limit of their
capacity and therefore, outlet DOC rose, or the more concentrated inlet contained more
non-biodegradable substances. In order to find out which of these two assumptions was
true, after Day 102 a batch was run with no further additions. During approximately 12
days of batch recirculation between the conditioner tank and the IBR, the DOC in the
system gradually fell to around 84 mg L. This indicates that less degradation by the
photo-Fenton treatment to increase the organic load fed to the IBR caused more hardly
biodegradable compounds to be formed. It is worth remarking that DOC outlet
concentration depends not only on the biodegradability of the effluent, but also on the
dimensioning of the biological plant and the mean residence time inside the biological
reactor. The mean residence time in the immobilised activated sludge bio-reactor
studied in this work was approximately 17 hours when operating at 1 m® day™ (day 27 —
95) and 8 hours at 2 m’ day™ (day 95 — 102). In this sense, the increase in the DOC
outlet demonstrated the need to scale up slightly the bio-treatment to make the residence
time in the biological reactor longer and allow fixed biomass to also degrade hardly
biodegradable by-products from photo-Fenton treatment. It is therefore indispensable to
thoroughly optimise these points for each real-size plant design based on the specific
wastewater to be treated.In the particular case of the demonstration plant and the real
wastewater specifically tested in this work, maximum specific volumetric DOC
degradation was found to be approximately 500 g m™-day™ (Figure 4), which was more
than three times higher than at pilot plant scale, mainly due to the strong increase in the
amount of active biomass in the demonstration plant.
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Figure 5. DOC and nitrogen from NH," in the IBR outlet during continuous operation.

Another important point in the aerobic biological treatment is that ammonia
concentration in the effluent dropped, especially when the wastewater contained large
amounts of NH;". MPG contains 8.5% nitrogen and its degradation intermediates in pre-
treated water would contain part of it. As mentioned in Section 3.1, nitrogen from the
MPG molecule was released mainly as NH,", and the wastewater in which MPG was
dissolved also contained NH,". The nitrogen from ammonium in the IBR outlet is also
plotted in Figure 5 where it can be observed that, from the first day to Day 71, the
nitrogen concentration was between 30-40 mg L™ occasionally rising to 70 mg L™.
During this phase of continuous operation, automatically controlled dissolved oxygen in
the IBR was kept between 4-6 mgL™ (see control description in Section 2.3.2),
according to the pilot-plant experiments™. However, contrary to the pilot-plant results,
in the demonstration plant, dissolved oxygen control was problematic, mainly because
the air diffusers (at the bottom of the IBR) occasionally got plugged up when aeration
stopped because the upper limit of oxygen concentration was reached. Consequently, air
pressure had to be raised to unplug the air diffusers, causing violent bubbling through
the immobilised biomass zone, and fixed biomass came unattached. Furthermore, the
most common reasons for the increase in residual NH4  concentration are inhibiting
substances, insufficient aeration and temperature too high. Temperatures in the IBR
were never above 29°C, so it was not this parameter that was causing the problem.
Therefore, automatic control of the dissolved oxygen was discontinued and was kept
saturated (8 mg L") in the IBR from Day 71 to the end of continuous operation. This
situation was not economically optimised. Only when the specific volumetric organic
load increased did the concentration of nitrogen rise, but after four days of biomass
adaptation, ammonia concentration fell again.

As mentioned at the end of Section 2.3.2., during continuous biological operation it was
possible to calculate the volumetric oxygen transfer coefficient (Kra), because to the
automatic control of dissolved oxygen kept it at 4-6 mg L™'.Since aeration is stopped in
the consumption phase and the oxygen transfer rate becomes null (Kpa(C-Cp)= 0),
solution of Equation 8 using the least squared error to fit the data gave a Kia of
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20+5 h™'. This result is similar to those found for fluidized bed bioreactors with 1 vvm
(volume per minute) and in stirred tank bioreactors at 400 rpm’*. Such bioreactors are
widely employed in biological systems for different purposes. Furthermore, continuous
dissolved oxygen measurements showed that it always remained between 2 and
8 mg L' when the automatic control was switched to continuous air supply. In fact,
when the organic load was increased, the concentration of dissolved oxygen was always
in that range. Otherwise, due to the polypropylene support packing inside the IBR,
dissolved oxygen transfer in the column was not homogenous, and air bubbles would
have to have preferred ways.

Finally, when the continuous flow was increased to 2 m’ day”, around 40 mg L™ of
NO, was detected, showing that the system was not working properly. Considering that
not only must DOC be degraded by the bio-treatment, but ammonia concentration must
also be decreased, the final specific volumetric DOC degradation in the IBR
(500 g m™ day™) is the maximum treatment capacity for this demonstration plant under
specific pre-treatment effluent conditions. Figure 6 shows the percentage of overall
DOC removed by each step of the combined solar photo-Fenton / aerobic biological
process, equivalent to the percentage of the initial DOC (100%) degraded in each step.
Overall efficiency was in the range of 85-95% elimination of initial DOC, of which 50-
65% was removed in the solar photo-Fenton treatment and 20-45% in the immobilised
activated-sludge bio-treatment. It should also be mentioned that overall degradation
efficiency depends not only on oxidation degree but also on the DOC inlet
concentration.
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Figure 6. Percentage of DOC removed by photo-Fenton and by biological treatment
(IBR). The percentage of DOC remaining in the IBR outlet is also shown.

4. CONCLUSIONS.

Compared to previously published pilot-plant-scale results for treatment of this saline
industrial wastewater’®’, demonstration solar photo-Fenton pre-treatment successfully
enhanced the biodegradability of the effluent in a reasonable length of time (t;pw =
105 min). In view of the difficulties for very precise demonstration-plant scale testing, it
should be mentioned that pilot plant tests are indispensable for accurate large-scale
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design parameters and operating procedures. It is also important for the demonstration
plant to be constructed using a photoreactor design as similar as possible to the pilot
plant so that results can be extrapolated. This is even more important with solar
irradiation, as the source of energy is not constant.

The aerobic biological treatment was then able to reduce the DOC from the pre-oxidised
effluent to specific bacteria activity (60-65 mg L) by means of saline activated sludge
fixed on propylene Pall ring® supports. The maximum specific volumetric DOC
degradation in the biological treatment of the wastewater studied in this work was found
to be 500 g m™ day” when a continuous flow rate of 2 m® day' was maintained.

This two-step field treatment was operated in semi-continuous mode (solar photo-
Fenton treatment in batch mode and the biological process in continuous mode), and
overall efficiency was in the range of 85-95%, of which 50-65% was removed in the
solar photo-Fenton treatment and 20-45% in the immobilised activated-sludge bio-
treatment. It may therefore be concluded that the following points must be taken into
account in future actual-size plants optimized for a specific industrial wastewater:

a. Foam formation must be considered highly detrimental to apply photo-Fenton
process.

b. Apart from variation in solar UV power, temperature also affects the photo-
Fenton reaction rate and should be taken into account in designing solar
photocatalytic plant control systems.

c. In the biological treatment, increased outlet organic content demonstrates the
need of scaling up the bio-treatment by lengthening the residence time in the
biological reactor to allow the fixed biomass to degrade part of the recalcitrant
biodegradable photo-Fenton by-products.
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