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Abstract

Advanced oxidation processes (AOPs) are characterized by a common chemical feature: the capability of exploiting the
high reactivity of*OH radicals in driving oxidation processes which are suitable for achieving the complete abatement and
through mineralization of even less reactive pollutants. This paper reviews the use of sunlight to pfdueelicals. The
experimental systems necessary for performing pilot-plant scale solar photocatalytic experiments are described. It outlines the
basic components of these pilot plants and the fundamental parameters related to solar photocatalysis reactions. This papel
summarizes also most of the research carried out at Plataforma Solar ddaA{R8A) related with solar photocatalytic
degradation of water contaminants. A description is given of how solar photocatalysis could become a significant segment of
the wastewater treatment technologies related with the degradation of very persistent toxic compounds. It outlines also the
decomposition of organic and inorganic contaminants and different examples are also shown for better comprehension of the
ability of solar energy for carrying out oxidation and reduction processes. These examples include chlorophenols, chlorinated
solvents, pesticides and cyanide. Besides, the possibility of using the photo-Fenton reaction illuminated with solar light opens
the boundary where solar photocatalysis could be applied. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction elimination of particles in suspension, the biological
treatment is the ideal process (hatural decontamina-
The main causes of surface water and groundwa- tion). Unfortunately, all organic pollutants are not
ter contamination are industrial discharges (even in biodegradable and there is a class of products noted
low quantities), excess use of pesticides, fertilizers as bio-recalcitrant organic compounds. The last pro-
(agrochemicals) and landfilling domestic wastes. The gresses in the decontamination of water concern the
wastewater treatment is based upon various mechan-treatment of these compounds [1,2]. These meth-
ical, biological, physical and chemical processes. ods rely on the formation of highly reactive chem-
In fact, this is a combination of many operations ical species, which degraded the more recalcitrant
like filtration, flocculation, sterilization or chemical molecules into biodegradable compounds. These are
oxidation of organic pollutants. After filtration and called the advanced oxidation processes (AOPS).
These processes although making use of different
mondmg author. Tels 34-950-387940: reacti_ng systems [3—7] are all character?zed by same
fax: +34-950-365015. chemical feature: production of OH radicafOH).
E-mail addresssixto.malato@psa.es (S. Malato). These radicals are extraordinarily reactive species
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(oxidation potential 2.8V). They attack most of the The rate of degradation of organic pollutants with
organic molecules with rate constants usually in the Fenton-like reagents is strongly accelerated by irradi-
order of 16—-10°M~1s™1. They are also character- ation with UV=VIS light. This is an extension of Fen-
ized by a little selectivity of attack which is a useful ton process which takes advantage from UV-VIS light
attribute for an oxidant used in wastewater treatment irradiation at wavelength values higher than 300 nm.
and for solving pollution problems. The versatility of In these conditions, the photolysis offecomplexes
AOPs is also enhanced by the fact that they offer dif- allows Fé* regeneration and the occurrence of Fen-
ferent possible ways for hydroxyl radicals production, ton reactions due to the presence ¢f0d [16,17].
thus allowing a better compliance with the specific ~ PSA (a large European scientific installation and
treatment requirements. the largest European laboratory for solar energy ap-

A suitable application of AOP to wastewater treat- plications) is actively participating in demonstrative
ments must consider that they make use of expensiveapplications, both at national and international level,
reactants such as,B,, and/or Q and, therefore, it  of solar technology (www.psa.es). PSA is exploring
is obvious that their application should not replace, innovative uses of our oldest renewable source of en-
whenever possible, the more economic treatments ergy, solar energy, to drive photochemical processes
such as the biological degradation [8,9]. The poten- since early 1990s. One of the applications in which
tialities offered by AOP can be exploited to integrate PSA has been deeply involved is solar detoxifica-
biological treatments by an oxidative degradation tion with the use of solar photons to degrade haz-
of toxic or refractory substances entering or leaving ardous toxic compounds in water by photocatalytic
the biological stage. Another aspect concerning the processes. Although scientific research on these pro-
opportunity of AOP application is that referring to cesses has been conducted for at least the last three
the polluting load of wastes normally expressed as decades [18-21], industrial/commercial applications,
chemical oxygen demand (COD). Only wastes with engineering systems and engineering design method-
relatively small COD contents<2.0g 1) can be ologies have only been developed recently [22]. The
suitably treated by means of these techniques sinceexperience acquired on solar detoxification systems
higher COD contents would require the consump- at engineering level, particularly through EU projects,
tion of too large amounts of expensive reactants. led to the development and installation at PSA of
Wastes with higher pollutant contents can be more different pilot plants (with different collector fields,
conveniently treated by means of wet oxidation or see www.psa.es), which have been used successfully
incineration. This work evaluates two well-defined by many European Research Institutions. This paper
AOP systems of special interest because natural solarsummarizes the work done during the last decade.
UV-light [10-13] can be used: heterogeneous photo-
catalysis with TiQ and homogeneous photocatalysis
by photo_Fenton process. 2. Solar collectors for photochemistry

The solar heterogeneous photocatalytic detoxifica-
tion process consists in utilizing the near-UV part of 2.1. Concentrating collectors
the solar spectrum (wavelength shorter than 380 nm),
to photoexcite a semiconductor catalystinthe presence Contrary to solar thermal processes, which are
of oxygen. In these circumstances oxidizing species, based on the collection of large quantities of photons
either bound hydroxyl radical*©OH) or free holes, of all wavelengths to reach a specific temperature
which attack oxidizable contaminants, are generated range, solar photochemical processes are based on
producing a progressive breaking of molecules yield- the collection of only high-energy short-wavelength
ing to CQy, H2O and dilute inorganic acids. The most photons to promote photochemical reactions. Most
commonly used catalyst is the semiconductor sTiO of the solar photochemical processes use UV or
(cheap, non-toxic and abundant product) [14,15]. The near-UV sunlight (300-400 nm), but in some photo-
solar homogeneous photocatalytic detoxification pro- chemical synthesis processes, up to 500 nm sunlight
cess (photo-Fenton) is based on the productidOd can be absorbed and photo-Fenton heterogeneous
radicals by Fenton reagent {8, added to F&" salts). photocatalysis uses sunlight up to 580 nm. Sunlight
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at wavelengths over 600 nm is normally not useful in first engineering-scale solar photochemical facility
any photochemical process. Nevertheless, the specificfor water detoxification in Europe was developed by
hardware needed for solar photochemical applications CIEMAT [25] using 12 two-axis PTCs (see Fig. 1),
has much in common with those used for thermal each consisting of a turret and a platform supporting
applications. As a result, both photochemical sys- four parallel PTCs, with an absorber at the focus of
tems and reactors have followed conventional solar each collector. The platform has two motors con-
thermal collector designs, such as parabolic troughs trolled by a two-axis (azimuth and elevation) tracking
and non-concentrating collectors. At this point, their system. Thus, the collector aperture plane is always
designs begin to diverge, since: perpendicular to the solar rays, which are reflected
by the parabola onto the reactor tube (concentrating
ratio ~ 10) at the focus through which circulates the
contaminated water to be detoxified.

Typical overall optical efficiencies obtained in this
PTC were around 50% [26,27]. Parabolic-trough col-
lectors make efficient use of direct solar radiation
and, as an additional advantage, the thermal energy

— the fluid must be directly exposed to solar radiation
and, therefore, the absorber must be transparent to
the photons, and

— temperature usually does not play a significant role
in photochemical processes, so no insulation is re-
quired.

The original solar photoreactor designs for pho-
tochemical applications were based on line-focus
parabolic-trough concentrators (PTCs). In part, this
was a logical extension of the historical empha-
sis on trough units for solar thermal applications.
Furthermore, PTC technology was relatively ma-

collected from the concentrated radiation could simul-
taneously be used for other applications. The reactor
is small, while receiving a large amount of energy per
unit volume. The flow is turbulent and volatile com-

pounds do not evaporate, so that handling and control
of the liquid to be treated is simple and cheap. The

ture and existing hardware could be easily modi- main disadvantages are that the collectors (i) use
fied for photochemical processes. The first outdoors only direct radiation, (ii) are expensive, and (iii)
engineering-scale reactor developed (in USA) was have low optical and quantum efficiencies (at least
a converted solar thermal parabolic-trough collector for TiO, applications) [28]. Several different sub-

in which the absorber/glazing-tube combination had stances have been successfully degraded with these
been replaced by a simple pyrex glass tube through collectors: chromium(VI) [29], dichloroacetic acid
which contaminated water could flow [23,24]. The [30-32], phenol [33,34], 4-chlorophenol (CP) [35],

Fig. 1. Two-axis parabolic trough.
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dichlorophenol (DCP) [36], pentachlorophenol (PCP) e
[37], atrazine [35], and industrial wastewaters [38,39].
The pilot-plant experiments described in these refer-
ences processed hundreds of liters of water with tens
of milligrams per liter of substrates and 200 mg |
TiO> slurries (the optimum concentration found for
this reactor [40]). In all cases, the photonic efficien-
cies (moles of substrate degraded/incident moles of e
photons inside the reactor) were about 1%. Another

Environmental 37 (2002) 1-15

Free-falling film: the process fluid falls slowly over

a tilted plate with a catalyst attached to the surface,
which faces the sun and is open to the atmosphere
[32,42].

Pressurized flat plate: consists of two plates between
which the fluid circulates using a separating wall
[43-45].

Solar ponds: small, shallow on-site pond reactors
[34,46].

small PTC (3, one-axis) has also been tested [41]

for degrading lindane. Results were similar to those Although one-sun collectors are simple, the design
obtained with the two-axis PTCs. of a robust one-sun photoreactor is not trivial, since

they must be weather-resistant, chemically inert and
UV-transmissive. In addition, flow in non-concen-
trating systems is usually laminar, which presents
One-sun (non-concentrating) collectors are, in prin- Mass transfer problems and vaporization of reactants.
ciple, cheaper than PTCs as they have no moving partsConsequently, the use of tubular photoreactors has a
or solar tracking devices. They do not concentrate decisive advantage because of the inherent structural
radiation, so that efficiency is not reduced by fac- efﬁqency of tubgs, whlch.are also available in a Iarge
tors associated with concentration and solar tracking. Variety of materials and sizes and are a natural choice
Manufacturing costs are cheaper because their com-for @ pressurized fluid system
ponents are simpler, which also means an easy and
low-cost maintenance. Also, the non-concentrating 2.3. Compound parabolic concentrator (CPC)
collector support structures are easier and cheaper
to install and the surface required for their installa-  CPCs, extensively employed for evacuated tubes,
tion is smaller, because, since they are static, they are an interesting cross between trough concentrators
do not project shadows on the others. An extensive and one-sun systems and are a good option for so-
effort in the design of small non-tracking collec- lar photochemical applications. Among the collectors
tors, has resulted in the testing of several different currently available, they constitute our choice for op-
non-concentrating solar reactors: timal possibilities [47—49]. CPCs are static collectors

2.2. Non-concentrating collectors
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Fig. 2. Schematic drawing of a CPC.
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with an involute reflective surface around a cylindri- both transparent to UV-light and resistant to its de-
cal reactor tube (see Fig. 2). They have been found to structive effects is limited. Temperatures inside solar
provide the best optics for low concentration systems photochemical reactors can easily reach 40:&0
and can be designed with a concentrating ratio close Therefore, photochemical reactors must be able to
to one, thus having the advantages of both PTCs andwithstand summer temperatures of 70280 Fur-
one-sun collectors [33,46,50] since these static collec- thermore, reactor material must be inert to chemicals

tors can capture both direct and diffuse UV-sunlight
[24,36,51,52].

The beauty of the solar CPC system is its intrinsic
simplicity, while it is also cost-effective, easy to use,

and resistant to high or low pH. Quartz has excellent
UV-transmission and resistance to temperature and
chemicals, but its high cost makes it completely un-
realistic. Fluoropolymers are a good choice because

and requiring low capital investment. The reflector de-
sign enables almost all the UV-radiation arriving at ness [39]. One of their greatest disadvantages is that,
the CPC aperture (not only direct, but also diffuse) to in order to achieve a desired minimum pressure rat-
be collected and available to the process in the reactor.ing, the wall thickness of a fluoropolymer tube may
The light reflected by the CPC is distributed around have to be increased, which in turn will lower its
the back of the tubular photoreactor so that most of UV-transmittance. Glass is a natural alternative for
the reactor tube circumference is illuminated. Because photoreactors. Low iron-content borosilicate glass has
of the CPC aperture-to-tube diameter ratio, the inci- good transmissive properties in the solar range with a
dent light on the reactor is very similar to that of a cut-off of about 285 nm and therefore, would seem to
one-sun photoreactor. As in a parabolic trough, wa- be the most adequate [29,57,58]. Two undesired ef-
ter is easier to pipe in and to distribute than in many fects reduce the performance of a glass reactor for the
one-sun designs. All these factors contribute to excel- purposes of solar detoxification [59]: (i) absorption
lent CPC collector performance in solar photochemi- in the solar UV-range between 300 and 400 nm; (ii)
cal and photocatalytic applications [36,48,49,53-56]. a further decrease of the UV-transmissivity during
operation because of the damaging impact of solar
radiation (UV-solarization). Both effects are caused
by valence changes of transition metal cations. The
effect of Fe ions in glass is especially harmful, since
Most of the components of solar photochemical sys- Fe+ ions are oxidized into Fe by photons with

tems are made of standard materials with no special wavelengths shorter than 400 nm. Furthermoré; Fe
requirements, except for the reactor, the reflective sur- absorbs in the UV. It may be assessed that the en-
face and the catalyst/sensitizer, since almost all the hancement of transmissivity in the 300—400 nm region
solar photochemical processes require a catalyst or acan only be attained by a strong reduction in iron

of their good UV-transmittance and chemical inert-

3. Solar plant design and operation

sensitizer [10,51].
3.1. Absorber tube

The photochemical reactor must contain the work-

content down to 50 mg kgt [49].

3.2. Reflective surface

The requirements for the optical quality of reflec-

ing fluid, including the catalyst or the sensitizer, and tive surfaces in solar applications are usually related
must transmit solar UV-light efficiently with min-  to the solar concentration. In the case of solar pho-
imal pressure-drop across the system. It must alsotochemical applications, the strictest requirements
provide good mass transfer from the fluid stream to are those of PTCs. This is an important additional
an illuminated photocatalyst or a sensitizer surface. factor in favor of low or non-concentrating systems,
An adequate flow distribution inside the reactor must since lower quality means lower manufacturing cost.
be assured, since a non-uniform distribution leads With regard to the reflector/concentrator, aluminum
to a non-uniform residence time inside the reactor is the best option owing to its low cost and high
and to a decreased performance compared to thatreflectivity. The ideal reflective surface for solar pho-
of an ideal flow. The choice of materials that are tochemical applications must be highly UV-reflective,
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acceptably weather-resistant for long lifetime and catalysts have yet been achieved [71]. Moreover, an
reasonably priced. The surfaces currently available at important question is how long a supported cata-
PSA that best fit these requirements are electropol- lyst/sensitizer will last in the fluid stream. By con-
ished anodized aluminum [29,39,49,58] and organic trast, homogeneous and slurry configurations have the
plastic films with an aluminum coating. In both advantages of higher throughput, low pressure-drop
cases, a compromise between outdoor resistance andhrough the reactor and excellent fluid-to-catalyst
UV-reflectance must be achieved. Commercial coated mass transfer. After their use, titania powders can be
plastic films have been used successfully in parabolic agglomerated and sedimented [72-75].

troughs installed in PSA applications [37,57]. Be- Another important design parameter for tubular
cause of their lack of rigidity, these films must be photoreactors is the diameter, since in both homo-
bonded over a stiff substrate and about 2% reflectivity geneous or heterogeneous processes, all incident

is lost in this process. efficient photons must be kept inside the reactor and
not allowed to get through without intercepting an
3.3. Radiation absorption absorption target particle. The intensity of illumina-

tion affects the relationship between reaction rate and

In a photochemical process, solar radiation is nor- catalyst/sensitizer concentration. The dispersion and
mally absorbed and transferred to the catalyst or to absorption of light causes photon density to diminish
the sensitizer that is excited by the solar photons. almost exponentially over the length of the optical
Some catalytic systems, different from TiGlurries, path within a catalyst suspension. At higher light
have been tested at PSA: photo-Fenton [60-63], de- intensities, the catalyst/sensitizer concentration can
catungstate anion [64-66], TiCattached to a glass be higher [33,43,47]. When catalyst/sensitizer con-
surface [31,32], TiQ@ attached to glass tubes [67], centration is too high, a “screening” effect produces
TiO, deposited on glass fibers [68] and Ti/BO  excessive solution opacity and the system efficiency
photoanodes [69,70]. Fixed catalyst/sensitizer con- is reduced [72]. The lower the catalyst/sensitizer

figurations [32,67—70] eliminate the need for cata- concentration, the less opaque the suspension. For ex-
lyst/sensitizer recovery, but reduce system efficiency ample, in the case of titanium dioxide photocatalysis,
considerably. Up to now, no efficient supported 1gl~! of TiO, catalyst reduces transmittance to zero

Fig. 3. Partial view of the demonstration plant based on CPCs.
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over a 10 mm path length with six-fold concentrated
light in a parabolic-trough collector [76]. Therefore,

in a tube with a wider diameter, only the outer layer
would be illuminated. This means that larger i.d. re-
actors allow lower optimum catalyst concentrations.
So the practical i.d. for tubular photoreactors must
be optimized to any specific process taking into ac-
count all the relevant factors. For TiGslurries in

rates without the semiconductor. Any side effect of
the photolytic reaction rate can be quantified and sub-
tracted from the global rate, to get the true photo-
catalytic reaction rate. A good model of this is the
case of acrinathrin [77]. Its spectrum slightly over-
laps with the solar spectrum in the 300-330 nm region
and, therefore, solar photons can produce photoalter-
ation processes after being exposed to the environ-

the photoreactors tested at PSA, the optimum reactor ment. But such natural photodegradation is very slow:

diameter is in the range of a few centimeters with a
few hundreds milligrams of Ti@per liter.

Q = 400kJ ! to reach 10% of the initial concen-
tration under aerobic well-illuminated conditiond.

Based on this accumulated experience in pilot-plant is the amount of energy collected by the reactor (per

design, construction and testing a full-size demonstra-

tion plant has been erected at the facilities of HIDRO-
CEN (Madrid, Spain). This plant was designed to treat
1 m?3 of water with 100 m of collector aperture area

(see Fig. 3). The CPC reflector is made of a highly re-
flective anodized aluminium sheet supporting 16 par-
allel 1.5m long tubes. A complete module is formed
by a series of collectors connected in a row. The fi-
nal prototype plant consists of E-W oriented paral-
lel rows of 21 collectors each. Final system design is

unit of volume) from the start up of the experiments
until each sampling:

A
Ouv,n = Ouv,n—1+ AtnUVG,nvtr»

Aty =ty —ty—1

@)

wheret, is the experimental time of each sample,
the radiation collecting surface of the photoreactor,
Vi the total pilot-plant volume an®Quy , is the cu-
mulated energy (per unit of volume, k3) having

completely modular. Collectors are connected in series entered the reactor for each sample taken during the
using HDPE quick connections between glass reactor experiment. Sometimes, it is useful (for those readers
tube absorbers. Water flows simultaneously through not interested in solar energy) to explain the results
all parallel tubes and there is no limit to the num- in terms of illumination time instead @y . For this
ber of collector components modules may have. As purpose, it may be assumed that the average solar-Uv
this plant is to be a demonstration of what a commer- (300—-400 nm) on a perfectly sunny day for 2 h around
cial plant would be like, operation is fully automatic noon is about 30\, m~2. Under these conditions
and maintenance requirements are minimum. Generaland using reactors similar to those shown in Figs. 2
plant design and operation has been previously de-and 3, 1kJt! is equivalent to 6.5min illumination
scribed [49]. This industrial-scale solar photocatalytic if A, = 9m? and V; = 2501. When this simplifica-
plant, designed and erected with commercially avail- tion is used, the illumination time calculated by this
able components according to previous pilot-plant re- procedure can be callegyw. In this case, 2600 min
sults, has demonstrated that the solar photocatalyticwere necessary for destroying 90% of 50 my bf
technology is sufficiently developed for industrial use. acrinathrin by photolysis. The same objective was
attained using Ti@but 50 times faster. Other photol-
ysis studies concerning different products have been

4. Basic photocatalysis parameters performed on atrazine [35] and PCP [37].

4.1. Direct photolysis 4.2. Radiant flux
Although organic pollutants absorb light over awide Since 1990, the kind of solar technology that
range of wavelengths, it is generally stronger at the should be involved in detoxification has been clarified
lower wavelengths. In any case, the focus here is on [28,33,36,40,48,49,51,78-80]. Experimental mea-
basic photocatalytic parameters and therefore, the pho-surements [32,34,40,43,47,48,81,82] have shown that
tolytic effect will be discussed from this point of view. above a certain UV photon flux (around one to two
Such tests are performed to find out the decomposition suns, i.e. 60-12@QEinstein nT2s1) the reaction rate
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Fig. 4. Mineralization of commercial pesticide®) TiO, alone; @) with H,O,, 25mM; (@) with S,0g2~, 10 mM. Both oxidants kept
at constant concentrations throughout the experimes®,HA) and $0g?~ ([J) consumption are also shown.

becomes proportional to radiation intensity square by-products appears to be unavoidable with photocat-
root. Adding a product that reduces the importance alytic degradation. Identification of those by-products
of electron/hole recombination may appreciably at- is the key to maximizing overall process efficiency.
tenuate this effect. When the electrons are trapped, Since hydroxyl radicals react non-selectively, numer-
recombination of &/h™ is impeded. Addition of ox- ous by-products are formed at low concentrations. On
idants can improve the efficiency of the process at the other hand, some of the DPs obtained may be
high illumination intensities. Moreover, this type of more toxic and persistent than the parent compound.
compounds can increase the quantum yield even atPilot-plant scale compound degradation pathway stud-
low irradiation levels owing to their strong oxidizing ies (using HPLC-UV-MS and GC-MS) have been
nature. The use of certain inorganic peroxides (hydro- performed with atrazine [35], PCP [40], imidacloprid
gen peroxide and sodium persulphate, see Fig. 4) has[96,97], CP [98], and pyrimethanil [99]. They all indi-
been demonstrated to remarkably enhance the rate ofcated a total disappearance of their corresponding DPs.
degradation of organic contaminants because they trap

the photogenerated electrons more efficiently than

07 [35,39,83-95]. The increase in the photocatalytic 5. Solar UV-photocatalytic degradation

reaction rate with these additives decreases the pho-of contaminants

toreactor dimensions proportionally and correlatively

decreases the overall investment costs. Up to now, practical applications of solar technolo-
gies have been studied and developed most intensively
4.3. Degradation pathways for heterogeneous TiOphotocatalysis and homoge-

neous photo-Fenton. In this context, treatment of in-

A variety of degradation products (DPs) are formed dustrial wastewater, in spite of inefficient production
during photocatalytic processes. Nevertheless, in mostof hydroxyl radicals and slow kinetics, which may

cases, no attention is paid to the possible formation of limit economic feasibility, seems to be one of the most
these DPs which, on the other hand, allow the degrada- promising fields of application of solar detoxification.

tion processes to be better understood and evaluatedThe only really general rule is that there is no general

Cost-effective treatment to complete compound min- rule at all, each real case being completely different

eralization is usually not feasible and the generation of [100]. Consequently, preliminary research is always
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required to assess potential pollutant treatments andefficiency (including the induction period) is 0.117,

optimize the best option for any specific problem, on

0.09 and 0.233 g of TOC per mole of photons for PCP,

a nearly case-by-case basis. In this section, an attemptDCP and CP, respectively in a total volume of 260 | of

will be made to summarize the results obtained with
different contaminants in solar pilot plants.

5.1. Single compound degradation
by UV-irradiated TiQ slurries

Some chlorophenols have been successfully de-
graded [36,37,40,43,47,76,83,98,101,102] by photo-

water in a 32 rf collector. It may be assumed that the
mean solar UV-radiation during 2 h around noon on
a perfectly sunny day is about 30¢/m~—2. Under
these conditions and in the reactor used in this work,
4.14 mol of photons are equivalent to 1 h illumination.
Therefore, the “mineralization treatment capacity” of
the photoreactor for each type of chlorophenol can
be expressed in grams of TOC removed per hour

catalysis and CP, DCP and PCP are presented here aand per square meter of collector. It was found equal

representative of this family of priority pollutants and
how solar pilot-plant experiments can be very use-
ful for obtaining “design parameters”. Chlorophenols
have been tested at around 20mylusing TiG
slurries (200mgt!) in a two-axis parabolic-trough
photoreactor (see Fig. 1, total volume 2601, total solar
collector surface 32 R). Fig. 5 shows the degradation
of these three typical contaminants as a function of
the photonic energy entering the photoreactor.
Mineralization only occurs when the last step of
the oxidation process yields GOThe mineralization

to 0.015, 0.012 and 0.030g TOChm—2 for PCP,

DCP and CP, respectively. Taking into account the
stoichiometric ratios between TOC and the various
contaminants, this correspond to 0.053, 0.027 and
0.053¢g of pollutant mineralized per hour and per
square meter for PCP, DCP and CP, respectively.
The treatment capacity, calculated for a mean inten-
sity of 30 Wyy m~2, is very useful for extrapolating

experimental results to other volumes and ambient
conditions. Information concerning degradation of
other single compounds at pilot-plant scale using

reaction rate must be related to the solar photon flux solar collectors is available: phenol [33], atrazine
reaching the collector surface. The process efficiency [35], 2,4-dichlorophenooxyacetic acid and of benzo-

could be explained in terms of grams of mineralized
TOC per mole of incident photons. In this case, the

furan [103], chlorinated solvents [49,104], imidaclo-
prid [96,97,105], pirimicarb [105], acrinathrin [77],

30

0.04

30

- 25

- 20

- 15

- 10

0.08 0.10 0.12

Qh‘; Moles of photons L-!

Fig. 5. Solar photocatalytic degradation of CR)( DCP @), and PCP @) with a catalyst amount of 0.2g}. TOC corresponding to

each compound is also shown (open symbols).
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lindane [41,55], butiphos and EPTC [55], cyanide parameters”. Since the reaction is not expected to fol-
[87], methamidophos [84], oxamyl [88], pyrimethanil low simple models like first or zero order kinetics,
[99], dichloroacetic acid [31,43], and Cr(VI) [29,57]. overall reaction rate constants cannot be calculated.
Preliminary results have also been obtained in water Therefore, another parameter has been chosen. The

disinfection [55]. maximum gradient of the degradation curve, which is
the gradient of the tangent at the inflection poim )

5.2. Real wastewater treatment by UV-irradiated is employed to obtain a practical point of comparison

TiOz slurries for different experiments, since it has a zero order rate

constant (mgkJ! instead of mgmint) and, there-

Solar photocatalytic degradation technology may be fore, appears easy to handle. Furthermore, this gra-
considered as feasible for the treatment of wastew- dient can be roughly considered as the initial rate of
aters containing hazardous contaminants for which the mineralization reaction, because it is preceded by
biological waste treatment plants are impossible at a period of nearly constant TOC. This parameigb
medium or low pollutant concentrations. The technol- is referred to as the “maximum rate”. In the graphic
ogy may be considered as linearly dependent on theinset in Fig. 6, it may be observed that the initial rate
energy flux and, therefore, the associated investmentis steady from 20-30 mg of TOC per liter. At this con-
is also linearly dependent on the collector surface. centration, saturation occurs and the reaction rate be-
Reasonable orders of magnitude for inflow into typi- comes constant.
cal treatment plants would be in the range of several Once the optimum initial concentration for degra-
dozens up to a few hundreds of cubic meters per day dation is known, a model for predicting plant behavior
[39,53,56,89,106,107]. The results shown in Fig. 6 are is necessary. This model should enable one to cal-
examples of experiments carried out with real wastew- culate the solar collector area required for treating
aters at different initial concentrations and will be used water contaminated with different amounts of pesti-
to explain the general procedure for obtaining “design cides. A previously developed model [40], which has
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Fig. 6. Decontamination of wastewater containing pesticides at different initial concentrations. “Maximum rate” as a function of maximum
TOC is shown in the inset.
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Fig. 7. Application of the proposed kinetic model for mineralization
of a pesticide mixture.

the analytic form of a Langmuir—Hinshelwood equa-
tion, has been preferred to the direct use of the L—-H
model ¢ = kKC/(1 + KC)) for fitting experimental

11

56.4 kJ 1 will be necessary to reduce the TOC from
25to 1 mgtL. Considering 5000 Rof wastewater per
year, 28 x 10°kJ per year of solar UV-energy will
be necessary. Considering a yearly mean UV-radiation
as measured for the PSA (latitude®S37 longitude
2°21', 500 m above sea level) of 18.6)/m~2 (4380
sunny hours per year),. 23 x 10°kJm 2 per year
are available. Therefore, the treatment plant would
have a collector surface of 100¢mnformation con-
cerning real wastewater degradation is available in
[38,39,83-85,89,106-109].

5.3. Solar photo-Fenton

The Fenton reactant (described by Fenton at the
end of the 19th century) consists of an aqueous
solution of hydrogen peroxide and of ferrous ions
providing another important source of hydroxyl rad-
icals (Eg. (4)). Under acidic conditions (pH 2-4),
this reactant is readily a powerful oxidant of organic

data in large solar photocatalytic plants, by approx- compounds [4,12,16,110,111], and when the pro-
imate solution of the general photocatalytic kinetic cess is complemented with UV-VIS radiation, the

system. With these considerations, the rate of TOC degradation rate increases significantly [112-115].
disappearance is given by Although the oxidizing power of the combination of

p1[TOC] Fe?™ with H,O; (i.e. the Fenton reaction, Eq. (5))
r0.0 = : T @) has been known since more than 100 years, the fact
P2+ Bs[TOClmax that the reaction can be enhanced by UV-VIS irradi-

The experimental results shown in Fig. 6 were used ation . < 580 nm) was only discovered a few years

to calculate the constantg;) by inversion of Eq. (2).  @go. The so-called photo-Fenton reaction (Eg. (5))

Using these values, experimental results and the cor-Produces additional hydroxyl radicals and leads to

responding lines of fit are shown in Fig. 7. The lines reduction of the photocatalyst by the irradiated light.

of fit were drawn with: A very simplified description is given in Egs. (4)—(6).
The main advantage of the photo-Fenton process is

i {52|n (M‘) + B3([TOClmax its sensitivity to light up to wavelengths600 nm

B1 [TOC] (see Fig. 8). Light penetration is deep and the contact

between pollutant and the oxidizing agent is intimate,

because of the homogenous phase. Disadvantages are

. ] ] ~ the low pH required (usually below pH 4) and the
This equation enables one to predict TOC degradation need to remove iron after the reaction:

as a function of the initial TOC and of the available

—[Tocp} — ow @)

radiation energy, and reciprocally, to predict the inci- FEt + HyO2 — FE¥ + OH™ + *OH (4)
dent energy on the reactor necessary to reach a specific_ 5, . L e

degree of mineralization. Nevertheless, UV-radiation ﬁ:e3 +H20 + hv — Fe* + H* + *OH (5)
data for the final plant location must be available. The [FE3TL,] + hv — [FETL, 1] +L° (6)

inset in Fig. 6 shows 20-30mg of TOC per liter as

the initial steady state rate. So 25 mg of TOC per liter The use of sunlight instead of artificial light for the
has been chosen as the initial concentration for pho- photo-Fenton reaction would dramatically lower the
tocatalytic treatment plant design. Applying Eq. (3), costs of the process and, thus, provide a major step
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Fig. 8. PSA typical solar spectrum compared to the optical density
(O.D., optical path length 1 cm) of a H&Oy)3 solution (0.25 mM
as Fe) and the absorption spectrum of Jigbwder.

towards industrial application [53]. The feasibility
of the photo-Fenton process for treating highly con-

taminated wastewaters has been demonstrated during

experiments with CP [61], metobromuron and isopro-
turon [116], p-nitrotoluenee-sulfonic acid [117], and
a mixture of 10 pesticides [60].
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