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Abstract

This paper presents a review of part of the work done on photocatalytic reactors. Being aware of the comprehensive reports
already existing on the chemistry of these reactions [A.M. Braun, L. Jakob, E. Oliveros, C.A. Oller do Nascimento, Adv.
Photochem. 18 (1993) 235; O. Legrini, E. Oliveros, A.M. Braun, Chem. Rev. 93 (1993) 671; D. Bahnemann, J. Cunningham,
M.A. Fox, E. Pelizzetti, P. Pichat, N. Serpone, in: G.R. Helz, R.G. Zepp, D.G. Crosby (Eds.), Aquatic and Surface Photochem-
istry, Lewis Publishers, Boca Raton, FL, 1994, p. 261; M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann, Chem. Rev.
95 (1995) 69; D. Bahnemann, in: P. Boule (Ed.), The Handbook of Environmental Chemistry, Part |, Vol. 2, Environmental
Photochemistry, Springer, Berlin, 1999, p. 285] we have focused our work on two main themes: (i) light absorption evaluation
when artificial light is used and (ii) description of reactor configurations and applications when solar radiation is employed. A
classification is proposed for both topics and typical examples have been chosen to illustrate the specified concepts. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction that a similar approach could be used for degrading
organic compounds present in water or air streams.
Almost 20 years ago photocatalytic reactions ir-  Photocatalysis by semiconductors is the result of
rupted into the scientific literature when they were pro- the interaction of electrons and holes generated in an
posed as a suitable way to promote the separation ofactivated solid with the surrounding medium. Acti-
molecular hydrogen and molecular oxygen from water vation is the consequence of light absorption; thus,
using solar illumination [6-8]. In the mid-1980s the electron—hole pairs are formed in the solid particle that
economic feasibility of this process was questioned can recombine or participate in reductive and oxida-
and, unfortunately, no significant progress has been tive reactions that lead to the decomposition of con-
made ever since. Almost at the same time, a second at-taminants. One of the concepts that has received an
tractive application was proposed; several papers pub-increasing degree of attention has been the use of tita-
lished by Ollis’ group [9-12] among others indicated nium dioxide as a catalyst for the light induced degra-
dation of pollutants [13-18].

. The degradation of many different model com-
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fax: +49-511-3585-0110. pounds has been studied and it has been clearly shown
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carbons, aromatic hydrocarbons, nitrogen-containing ods for reactor design for different reactor geometries
heterocycle compounds, hydrogen sulfide, surfac- and (3) the provision of adequate irradiation for the
tants, herbicides, metal complexes and many other whole reactor volume. The first problem, as indicated
compounds have been examined, particularly in water above, has been exhaustively addressed in previous
solution [23]. reviews [1-5]. An examination of the most important
Photocatalytic reactors differ from the more con- aspect related to the second one is dealt with in a pa-
ventional ones (of thermal or thermal-catalytic nature) per published in this issue [24]. For the third, evalu-
by the presence of a radiation field that produces the ation of light absorption and development of reaction
activation of the catalyst. The catalyst most widely kinetic expressions (that explicitly include true radi-
employed, titanium dioxide, absorbs radiation below ation absorption effects) are needed. This part of the
the visible range of the light spectrum; hence at least paper will mainly concentrate on this very distinctive

near UV light is needed. The light that gives rise to the
required radiation field can be produced by artificial
lamps or by solar irradiation. In both cases, the opti-
mization of this light activated step is, together with
the catalyst selection, very likely to be the key point
for the design of these reactors.

Though its fully destructive characteristics make
this process a very attractive oxidation technology,

aspect of photocatalytic reactors and with this objec-
tive a short description of some representative work
extracted from the international literature will be pre-
sented. Purposely, we have not included a long list of
references with all the published work, but only typical
examples of the different approaches that have been
used in the past, so as to be able to focus on the dis-
cussion of the different proposals and the underlying

several questions remain to be answered regardingconcepts.

the economical competitiveness of large-scale appli- A previous review on radiation models for hetero-

cations. At the same time, research has yet to succeedyeneous photochemical reactors was written by two

in developing a comprehensive and sound understand-of the authors back in 1986 [25] and this information

ing and description of all the involved phenomena, will not be repeated here. The work reviewed here has

with the challenge reaching its maximum manifesta- been summarized in Tables 1 and 2.

tion when real wastewater and varying solar illumina-  Hereafter, the different methods that have been used

tion become the implicated issues. to analyze the results of photocatalytic reactors acti-
Photocatalytic reactions and its applications have vated by artificial UV radiation (UV lamps) are briefly

been recently reviewed in several comprehensive pa-described. We will consider two main approaches: (i)

pers [1-5]. In order to keep the length of this work those based on different types of theoretical analyses

within reasonable bounds we have concentrated this using the radiative transfer equation (RTE) that led to

review in two main matters: (i) when artificial light simplified or rigorous mathematical models and (ii)

is used, an analysis of the different proposed meth- those based on experimental design.

ods to evaluate light absorption, as part of the attempt

to produce suitable quantitative results for reactor de-

sign and (i) when solar illumination is employed, a 2.1. Using the radiative transfer equation

description of the most significant reactor configura-

tions, considering that from the economical viewpoint,

this may be the most attractive application.

Since radiation absorption is the single, most dis-
tinct characteristic of photocatalytic reactors it is
possible to classify the most significant contribu-
tions to that form of quantitative work that can be
useful for reactor design, according to the way in
which this process is considered. With this purpose,

There are three central problems in designing a let us look at the radiative transfer equation (RTE)
photocatalytic reactor: (1) the analysis of the reaction in its most general formulation. Four processes may
(paths, mechanisms, products, efficiencies, etc.) to- be present. emission, absorption, out-scattering and
gether with the choice of the most efficient catalyst; (2) in-scattering (resulting from multiple scattering)
the analysis of the reaction kinetics and of the meth- [26]:

2. Photocatalytic reactors using artificial light
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Table 1

Analysis of photocatalytic reactors using the RTE

201

Main characteristics

Applications

References

Scattering phenomena not modeled
Radiation flux measurements at the

Water photolysis in agueous suspension of

reactor wall of radiation entrance using TiO; particles, annular photoreactor

detectors or actinometers

Homogeneous chemical actinometry

Photocatalytic reactors having mass
transfer limitations

Modeling scattering phenomena
Zero reflectance and Two-flux models

Random-walk model

Radiant field simulations with
Monte-Carlo technique

Solution of the RTE neglecting
scattering-in

Solution of the complete RTE using
the discrete ordinate method

Evaluation of radiant energy absorption in
aqueous TiQ dispersion

Photocatalytic degradation of phenol in
aqueous suspension of TiQarticles
Quantum and chemical yields of
photocatalytic reactions

Esplugas et al. [28]

Schiavello et al. [29],
Augugliaro et al. [30]
Yue [31]

Pichat [36]

Degradation of benzene and perchloroethylEurehi and Ollis [38]

by photoassisted heterogeneous catalysis
over TiOy

Quantum vyield of the photocatalytic chloroformBahnemann et al. [40]

degradation. Influence of radiation,
temperature and pH

Phenol degradation over TiCratalyst in a
continuous annular photoreactor

Radiative flux measurements of aqueous
suspension of Ti@ particles

Chemical actinometry with plastic beads,
porcelain particles and Toyura sands
photocatalytic reduction of Cr(VI) with
suspended Ti@ particles

Radiative flux measurements at the outer
wall of an annular reactor. Aqueous
suspension of Ti@ particles

Photocatalytic decomposition of chloroform
in aqueous suspension of Ti®inetics and
quantum efficiencies

Chemical actinometry with spherical par-
ticles of pure silica decomposition of
trichloroethylene in water solution
radiation field inside a flat-plate
photocatalytic reactor
radiation field inside an annular
photocatalytic reactor

Sclafani et al. [41]

Brucato and Rizzuti [42,43]

Yokota et al. [44-46], Cervera et al. [47]

Pasquali et al. [48]

Martin et al. [50-52]

Alfano et al. [53,55], Cabrera et al. [54,56],

Brandi et al. [59,60],

Romero et al. [61]

diy(s, 2,1)
4 + 1.8, ) L.(s, Q, )+oi (s, ) (s, 2, 1)
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- Efsz’zmrfx:MZUN(S, f)
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Emission In-scattering
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Normally, with the exception of work performed at
high temperatures, emission can be safely neglected;
hence, it will not be considered for the case of pho-
tocatalytic reactions in water systems. The first two
terms constitute the well-known Lambert—Beer equa-
tion for homogeneous media. When catalytic particles

are present, the participating medium is macroscop-
ically heterogeneous and scattering becomes impor-
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Table 2
Use of experimental design in photocatalytic reactors

Main characteristics Applications References

Optimal experimental design Pilot level titanium dioxide photocatalyzed oxidative degradation adakob et al. [62], Braun et al. [1]
organic pollutants contained in industrial wastewaters

Neural networks Large-scale actinometry in a continuous elliptical photochemical
reactor with a concentric annular reaction chamber, chemical
actinometer: photosensitized decomposition of an uranyl oxalate
homogeneous solution

Photocatalytic degradation of wastewater pollutants in a multi-lamp Jakob et al. [62]
immersion-type photoreactor; experimental points and neural network

simulated curves for different conditions

Braun et al. [1]

Empirical approximations Proposal of novel reactor configurations. Evaluation of reactor

performances

Mukherjee and Ray [65]

tant. The RTE is still a simple ordinary differential
equation if in-scattering is neglected. However, the
scattering coefficient, (st) cannot be easily mea-

2.1.1. Scattering phenomena not modeled
When scattering is not modeled, two main ap-
proaches have been used: (1) radiation flux measure-

sured with the same techniques employed in homoge- ments at the reactor wall of radiation entrance and (2)
neous spectrophotometry [27] and consequently evenhomogeneous actinometry inside the reactor as it is
out-scattering is difficult to compute. Then, it is of usually done with homogeneous reactions. In the first
no surprise that much work has been performed with- case, two different experimental techniques have been
out a quantitative consideration of scattering. Even reported: (1.1) using radiation detectors of different

if the scattering coefficient is known, in-scattering
turns the RTE into an integro-differential mathemati-
cal form that is not amenable to analytical solutions
for practical cases and difficult to solve numerically.
Hence, only few groups have included the complete
RTE in their studies of photocatalytic reactions and
reactors.
When Eq. (1) is solved from the valuesifs, L2, 1)

the local volumetric rate of radiation energy absorption
(LVREA, point valued radiation absorption rate per
unit reaction volume) can be readily obtained

e(x, t)=/exa(1, 1dr = /KA(L NGy (x, 1) dr
A A
_ / . 1) / Lls. Q). dod.  (2)
A A

Looking at Eqg. (1) an obvious and direct way of clas-
sifying the work that includes some sort of theoreti-
cal modeling is to divide these contributions in two
groups: (i) studies that do not include the modeling of

types; (1.2) using homogeneous actinometry. Recog-
nizing that these are not proper measurements of the
absorbed radiation by the photocatalyst, it is usually
stated that results obtained from these techniques pro-
vide only an approximation, which constitutes some
sort of an upper limit for computing absorbed radi-
ation. In this group of papers, and for completeness,
we have also included some studies on reactors that
have not modeled scattering and have been mainly
devoted to the analysis of a system with mass transfer
limitations (Table 1).

With respect to the group of papers that have em-
ployed radiation flux measurements we can mention
first one study of Esplugas et al. [28]. They have made
an experimental investigation of the water photolysis
reaction in a batch annular reactor; the catalyst em-
ployed was Ru@Pt/TiO,. Two types of actinometric
measurements were performed: (i) placing one uranyl
oxalate actinometer inside the reactor in order to
measure the radiation flux entering the reactor from
the top (also the lamp emission per unit lamp-length)

scattering and (i) studies that include the representa- combined with (ii) locating another actinometer

tion of scattering. In each of these groups the analy-

(potassium ferrioxalate) in different positions around

ses made by different authors have a wide range of the reactor external wall and at the reactor bottom

approximations and/or mathematical complexities.

to evaluate the non-absorbed radiation escaping from
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all these reactor walls. With this system the radi-
ation absorption rate by the photocatalytic mixture

was estimated; they reported an apparent (minimum)

overall quantum yield of 0.00165 mol Einstetfor
the production of molecular hydrogen.
Schiavello et al. [29] and Augugliaro et al. [30] also

proposed an experimental technique to measure the
radiation flux absorbed and reflected-out by an aque-

ous suspension of different titanium catalysts. A small
cylindrical reactor was used; the sides of the walls
were covered with aluminum foil (to reflect back into

the reactor the out-scattered radiation). Actinometry

was used to measure the incoming radiation at the

wall of radiation entrance and the outgoing radiation

at the opposite face of the reactor. They proposed the

following radiation balance for the reactor:

©)

In Eq. (3)q; is the radiation flux entering the reactor
at the top,g, the absorbed radiation by the solid sus-
pension inside the reactay, the reflected radiation at
the reactor top ang the transmitted radiation through
the reactor bottom. The authors measuge@nd g;

for different operating conditions; from these results
they evaluated), and g,. This method was then ap-
plied to the analysis of the photocatalytic degradation
of phenol in a batch reactor under different experimen-
tal conditions and using different types and brands of
catalysts.

In 1993, Yue [31] proposed a method to evaluate ra-
diation absorption in a photocatalytic reactor and ap-
plied it to an annular reactor (the lamp placed at the
reactor’'s central axis). He used a silicon photodiode
connected to a radiometer/photometer. The following
measurements were carried out: (i) at the inner wall
of the reactor lo); (ii) at the outer wall of the re-
actor having the reaction mixture without the catalyst
inside M1) and (iii) at the outer wall of the reactor
having the complete reacting suspension inshdg)(
The volumetric rate of energy absorption was calcu-
lated according to

Ja_ AngaMo @
Vv

whereq is a constant that relates the incident radiation
(Einsteinnm2s~1) with the radiation flux (W m?)
and¢ is the fraction of the light absorbed by the cat-
alytic particles;p was calculated according to

qi = qa~+qr + qt

203

. Aou(M1 — M>)

AinMo (5)

This method was used to study the photocatalytic
decomposition of phenol in water using Degussa P25
titanium dioxide. A batch, annular photoreactor was
employed having a tubular, actinic type lamp inside.
Lea and Adesina [32] and Dadydov et al. [33] have
used similar methods. This approach — or minor mod-
ifications of it — has been widely used according to
the reports in the literature dealing with photocatalytic
reactions; another typical and very recent example is
the work of Rideh et al. [34].

Even if not directly related to light evaluation pro-
cedures, a good addition to the understanding of the
liquid phase operation of these catalytic systems is the
proposal of an approximate method for the analysis of
photocatalytic reactors that has been presented by Ol-
lis and Turchi [35]. They have not taken into account
scattering (they use Lambert—Beer’s equation for ho-
mogeneous systems instead) and, consequently, this
may be an appropriate place to include their contribu-
tion. The paper summarizes current rate equations for
the photocatalytic destruction of multiple water pollu-
tants as well as simplified convective transport equa-
tions that are based on a rather simplified analysis.
The authors consider this approach to be appropriate
for photocatalytic reactor design. They also describe
an approximate method for treating simultaneous het-
erogeneous (photocatalyzed) and homogeneous (pho-
tolytic) reactions. Published in 1990, this is the first
paper — that we know of — that has proposed one
photocatalytic design method based on the fundamen-
tals of chemical reaction engineering.

A different approach was presented in a review pa-
per by Pichat [36]. This work concerned the photo-
catalytic oxidation of organic compounds in aqueous
and organic liquid phases. Pichat presented an analy-
sis of several aspects of these reactions; among them
the measurement of photocatalytic quantum yields de-
fined as the ratio of the number of desired product
molecules produced in the reaction and the radiation
guanta absorbed by the photocatalyst. According to
Pichat, the absorbed radiation can be calculated from

(6)

Herenph is the number of photons that could be ab-
sorbed by the catalyst (calculated from the catalyst ab-

na = nph(qi — g(1—R)
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sorbance values, the spectral distribution of the lamp order to evaluate radiation absorption in the range
emission power and the spectral transmission of the 310-370 nm exclusively. These measurements were
employed filters)g; the incident radiation flux (mea- used to investigate the effect of radiation intensity
sured with a calibrated photometeq), the transmit- (actually the incident radiation) on the reaction rate.
ted radiation flux andR is the catalyst reflectivity. The  Within the explored range of experimental variables
same author had proposed a similar approach severaland at pH=7.2 a square root dependence of the re-
years before [37]. action rate on the incident radiation was observed.
The second group listed in Table 1 considered that The effect of incident radiation, pH and temperature
the absorbed radiation is that resulting from a properly were also studied; these findings were reported in
performed homogeneous actinometry inside the reac-terms of the overall quantum yield for the chloroform
tor. A typical representation is the work of Turchi and degradation. Under low irradiating conditions (ab-
Ollis [38]. They have used this method to evaluate the sorbed radiationc<10~° Einstein L1 s~1) the overall
absorbed energy in an annular reactor irradiated with yield increased with increasing pH. On the other
seven UV lamps (one at the reactor’s central axis and hand, for rather high values of the absorbed radiation
the other six surrounding the external wall). Potassium (>6x10~° Einstein L s~1) the overall yield was low
ferrioxalate was the actinometer. As the authors indi- and almost insensitive to changes in pH. For rather
cated, this method overestimated the absorbed radia-high values of radiation absorption a negative temper-
tion energy because: (i) it does not account for the loss ature coefficient was observed, i.e., the reaction rate
of photons produced by scattering and (ii) the used decreased with increasing temperature.
actinometer collects all the emitted radiation but the  The third group classified in Table 1 corresponds
catalyst only absorbs energy below 380-390 nm. This to the case of photocatalytic reactors that undoubtedly
approach was applied to the mineralization of a binary worked under mass transport limitations. A typical
reacting system containing perchloroethylene (PCE) example is represented by a contribution of Sclafani
and benzene in water using Degussa P25 titanium et al. [41]. They studied the oxidation of phenol and
dioxide as the photocatalyst. The initial reaction rate employed TiQ in a fixed bed, continuous, annular
data were well represented by a mathematical equationphotoreactor irradiated by a high-pressure mercury
equivalent to Langmuir—Hinshelwood kinetics. Appar- UV lamp. The employed catalyst consisted of large
ently PCE decomposed without significant concentra- particles (average diamete®.12 cm) of the anatase
tions of reaction intermediates while the interpretation variety of titanium dioxide. Experiments were made
of the kinetic data from the benzene oxidation de- for different phenol concentrations and several flow
manded the inclusion of a minimum of two reaction rates. The reaction rate was found to be strongly de-
intermediates. Important interferences were also ob- pendent on the feed flow rate, i.e., reactant diffusion
served: relatively high concentrations of benzene pro- played an important role in the process kinetics; then,
duced a retarding effect on the PCE decomposition the authors concluded that under all their experimental
while the presence of PCE had almost no effect on the conditions the reaction was controlled by mass trans-
benzene oxidation rate. A similar approach had been port. The interpretation of the results was made with
used in the past by Pruden and Ollis [39] to study the a simple model that accounts for phenol and oxygen
complete mineralization of trichloroethylene in water mass transport from the liquid to the solid. For low
employing titanium dioxide and a reactor having the phenol concentrations the mass transfer limitation cor-
same characteristics as the one used by Turchi and Ol-responded mainly to phenol slow diffusion. On the
lis [38]. When used for estimating quantum efficien- other hand, for high phenol concentrations the mass
cies, results obtained with this method have usually transport limitation was clearly due to a lack of the re-
been named: “apparent” values. guired amount of molecular oxygen at the reaction site.
The same method was also used by Bahnemann
et al. [40] when they studied the photocatalytic de-
composition of chloroform in aqueous solution with 2.1.2. Modeling the scattering phenomena
Degussa P25 being the photocatalyst. They em- In this case we can distinguish four groups of
ployed a different actinometer: Aberchrome 540 in contributions: (i) simplified models; (ii) a random-
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walk model; (iii) radiation field simulation with  a cubic reactor; radiation entered through one face;
Monte-Carlo techniques and (iv) solution of the RTE using a potassium ferrioxalate actinometer solution
using the discrete ordinate method (DOM). the scattered radiation through the opposite and lat-
Two simplified models were presented in a two-part eral faces was measured. Different scattering centers
paper by Brucato and Rizzuti [42,43]: the first is were used: spherical transparent plastic beads, white
a zero-reflectance model and the second a two-flux opaque porcelain particles and brownish translucent
model. Both models are representative of two limit- sands. This work was published simultaneously with
ing conditions for the photon-particle interaction. The a direct application to a photo-oxygenation reaction
authors have considered that when a photon impinges[45]. The random-walk model was applied to evaluate
on the surface of a catalytic particle one can have: (i) the influence of the photon absorption rate on the ox-
total absorption (zero-reflectance model) and (ii) re- idation of 2,3-dimethyl-2-butene using dye-supported
flection in a purely back scattering direction (two-flux solid particles as photosensitizers. Afterwards, Yokota
model). It should be noted that notwithstanding that et al. [46] proposed mathematical correlations to
the zero-reflectance approach does not model scat-relate the two adjustable parameters to the optical
tering it has been included in this group because it properties of the liquid and the solid particles. Finally,
may give an approximate representation for the case Cervera et al. [47] used the random-walk model to es-
of negligible scattering. Both models lead to very timate the radiation absorption rate when they studied
simple formulations that are amenable of analytical the photocatalytic reduction of Cr(VI) employing an
solutions. These models, even if obtained with rather aqueous suspension of Degussa P25 titanium dioxide.
unrealistic assumptions, provide simple results for This work was carried out in the laboratory (with a
first order estimates in photocatalytic reactor design. Xe lamp) and in pilot plant size with solar radiation
The first model overestimates the photon absorption (“Plataforma Solar de Almé”, Spain).
rate (all the impinging energy is absorbed) and the In 1996 Pasquali et al. [48] published a rigorous
second underestimates the photon absorption rate bework that deals with the simulation of the radiation
cause it computes reflection (a sort of macroscopic field inside a photocatalytic reactor. This research
scattering) with its maximum influence. Since each followed a previously published theoretical paper
of the models represents almost opposite situations, it from the same group [49] that constitutes the first at-
is stated by the authors that the real performance of tempt to apply fundamental radiation transport theory
a heterogeneous system may lie somewhere betweerto heterogeneous photochemical systems. Pasquali
both predictions. et al. evaluated the radiation field in a cylindrical,
Yokota et al. [44] proposed a random-walk model two-dimensional, participative and reacting medium,
for describing scattering in a liquid—solid system. where absorption and scattering coexist. An annular,
Results were obtained with Monte-Carlo simulation continuous photocatalytic reactor, having a tubular
to evaluate the radiant energy distribution inside the UV lamp at its central axis was studied (Fig. 1). The
reactor. The model incorporated two adjustable pa- lamp was modeled as a linear source with diffuse
rameters that represented anisotropic scattering andemission. Scattering at the particles was considered
absorption by the solid particles. This proposal was specular or diffuse, giving rise to the application
based on the following assumptions: (i) the reaction of two different phase functions: (i) the isotropic
space is divided into many small cubes of equal specular distribution and (ii) the diffuse distribution
volume; each cube contains only one particle and (anisotropic with preferential scattering to the back).
consequently the probability of the photon—particle To avoid the complete solution of the RTE (Eq. (1)) in
interaction is uniform; (ii) one photon can travel ex- curvilinear coordinates, the authors used direct simu-
clusively along the six directions corresponding to a lation with the method of Monte-Carlo. The objective
three-dimensional Cartesian coordinate system andwas to calculate the LVREA at every point inside the
(iii) anisotropic scattering is accounted for by assign- reaction space. Essentially, this method consists in
ing to one direction a given probability of traveling and following a statistically significant number of photon
a different — but equal — probability to all the other beams from their emission point (the lamp) until they
five remaining directions. The model was applied to are either absorbed by the solid or escape from the
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neglect scattering-in. Then, the problem looses its
integro-differential mathematical structure.
SCATTERED Martin et al. [50-52] solved the RTE neglecting
PHOTON scattering-in under very restricted experimental condi-
> tions. They studied the photocatalytic decomposition
of chloroform in aqueous solution employing poly-
el chromatic light. An annular reactor (Fig. 2) placed
~d at the focal axis of a cylindrical reflector of ellipti-
cal cross-section was used; at the other focal axis a
PH%‘BE;SAT in tubular UV lamp was located. Under very stringent
ABSORBED "|\_ T geometrical limitations, this system permits fairly
| > uniform irradiation of the reactor from outside. The
______ reactor itself was constructed with three concentric
£ cylinders: (i) the external annular space was used
S~ ~ for keeping the reaction space at uniform and con-
\ stant temperature; (ii) the intermediate annular space
; served two purposes: actinometric measurements
/ (with uranyl oxalate) and photocatalytic reactions
(substrate-water-catalyst) and (iii) the inner cylinder
used also for actinometric measurements. Applying a
parallel planes incident radiation model, the LVREA
Fig. 1. Schematic representation of Monte-Carlo method of cal- at any positionr( inside the reactor can be calculated
culation for the modeling of an annular photocatalytic reactor. from

(adapted from Spadoni et al. [49]).
a * r2
e(r) = fdk k" Ce {G)L,w,r2 (7)
X

reactor boundaries due to successive scattering by the x exp[—Br*Celra — r)] } (7)
particles. Pasquali et al. [48] found that the value of

the optical thickness of the systenw (fx)As) must wherex,* and 8,* are the specific (per unit mass)
be close to unity to achieve a complete utilization of spectral absorption and extinction coefficients, respec-
the whole reactor volume. A second conclusion was

that for a better performance, at a constant absorption

coefficient, it is more convenient to employ catalysts [ = i
having a minimum albedoo{(o +«)). The authors , ‘
also made some experiments: they measured (with
a UV radiation detector) the radiation flux coming
out of the external surface of the annular reactor
and compared these values with predictions from ! AR
the Monte-Carlo simulation; the data were fitted rea- 1‘ | /REACTOR /

sonably well if a value of 0.5 was adopted for the LAMP EE]EEPET({%;L{

TiO,—water albedo. 1 g
___;__
na

ANNULAR SPACE

LAMP

Finally, among the different proposals for a het- 4z
erogeneous photoreactor design based on theoreti-
cal analyses that model scattering, we can mention I_%]_l
those methods that solve the RTE. According to the =
assumptions that are set forward one can obtain a

mathematical (or numerical) problem of different rig. 2. schematic representation of the annular photocatalytic
complexity. The most evident simplification is to reactor used by Mdir et al. (adapted from Mdrt et al. [51,52]).
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tively, ro the reactor external radius an@, . r, rise to a change in the measured reaction rate for the
is an experimentally measured boundary condition homogeneous reaction.

(with the actinometer in the intermediate annular A one-dimensionalX), one-directional 4) mathe-
space). matical model was used to evaluate the heterogeneous
Using this method for calculating the LVREA the radiation field. Azimuthal symmetry was imposed on

photocatalytic chloroform decomposition was studied; the irradiating condition of the experimental system
it was found that the quantum efficiency: (i) increases (diffuse emission). In this way, the RTE can be re-
with increasing substrate concentration; (ii) is inde- duced to the following form:

pendent of the initial concentration of molecular oxy-

gen provided that excess dioxygen is present and (iii) M_A + B L(x, )

increases when the reactor volume averaged absorbed X

radiation de.c_reases. The reaction kinetics were .al_so _ ﬂ/ L, 1), i) did! (8a)
investigated; it was found that the reaction rate is: (i) 2 J=—1

first order with respect to the substrate concentration;

(ii) zero order with respect to the dioxygen concen- LO.w =1os, (>0 (8b)
tration (molecular oxygen was always present in ex- [, (L, u) =0, (u < 0) (8¢c)

cess with respect to the stoichiometric demand) and , )
(iii) order one half with respect to the reactor volume Where u=cosd. The discrete ordinate method was
averaged LVREA. used to solve the RTE numerically. With the obtained

Alfano et al. [53] studied scattering in a heteroge- values of intensities the LVREA was calculated ac-

neous photochemical reactor; they used a flat plate €Ording to
reactor (Fig. 3). The experimental device was a con- 1
tinuous, perfectly mixed reactor inside the cycle of a e%(x) = KAZJT/ Lu(x, p) du 9)
batch system. It was illuminated with a tubular UV ®
lamp and a parabolic reflector. The window for the ra-  This model was used by Cabrera et al. [54] to
diation entrance was made of ground glass to producecarry out a parametric study of scattering effects in a
diffuse emission. Inside the reactor a well-known ho- heterogeneous photoreactor. Among the different in-
mogeneous reaction (uranyl oxalate decomposition) vestigated variables three were more deeply analyzed:
produced the no-scattering condition; then, different (i) concentration of transparent scattering centers;
concentrations of artificial scattering centers (inert, (ii) concentration of radiation absorption species and
transparent silica beads or inert transparent latex (iii) effects produced by the adoption of different
spheres) were incorporated into the system giving phase functions. It was shown that in a perfectly

=1
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Fig. 3. Schematic representation of the unidimensional, flat plate photocatalytic reactor. (adapted from Alfano et al. [53]).
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mixed photoreactor, increasing scattering always pro- of 1 cm, the optimal catalyst concentration was about
duces a decrease in the reaction yield. This effect is: 0.5 g/l.
(i) mild for a low absorbing medium; (ii) moderate Finally, just recently, Romero et al. [61] solved the
for a highly absorbing medium and (iii) maximum RTE for a cylindrical geometry. They studied an an-
for a system with moderate radiation absorption nular reactor having a lamp at its centerline. Different
characteristics. scattering centers were used (transparent silica beads,
Using the same model and the same reactor, Alfano transparent latex spherical particles and Aldrich and
et al. [55] evaluated the LVREA for a photocatalytic Degussa P25 Ti@ catalysts). The employed model
system. They published a comparative study of dif- was a two-dimensionalr ( 2), two-directional ¢, ¢)
ferent methods employed to evaluate the photon ab- representation of the radiation field. Emission by the
sorption rate (radiation flux at the wall of radiation lamp — with no restrictions — was described with
entrance, homogeneous actinometry, solution of the the extended source, voluminal emission model [26].
RTE, etc.). They concluded that neglecting scattering  Radiation profiles along theand thez coordinates
would lead to significant errors. In particular, it will were found to be highly non-uniform. The last obser-
produce an important overestimation of the absorbed vation (direction) is the result of using a lamp hav-
radiation. ing the same length as the reactor length. Conclusions
Cabrera et al. [56,57] and Alfano et al. [58] used about an optimal catalyst concentration — from the
the same concepts to analyze experimentally over- radiation point of view — coincide with those reported
all quantum efficiencies in a heterogeneous pho- by Brandi et al. [59] for the flat plate reactor.
tocatalytic reactor. The studied reaction was the
TiO,-catalyzed decomposition of trichloroethylene in  2.2. Experimental design
water. With proper evaluation of the absorbed radi-
ation energy (accounting for in- and out-scattering)  The experimental design approach is a methodol-
the main conclusion was that in most situations scat- ogy quite different from those described previously.
tering must be computed if serious underestimation Recognizing that too many parameters affect the per-
of quantum efficiencies are to be avoided. A key formance of a photocatalytic reactor, particularly with
point in obtaining these results was the development substrates of complex composition, an experimental
of special experimental techniques to obtain separate approximation that can be useful to orient future labo-
values for specific (per unit mass) absorption and ratory work and even the design of actual applications
scattering coefficients as a function of wavelength was devised. In these cases, usually the photon ab-
[27]. sorption rate is only implicitly included in the design
Along the same lines of work, Brandi et al. [59,60] methodology.
made a significant improvement in the method. They  Three unrelated methods have been used in pho-
managed to release the model from the restriction tocatalytic reactors (Table 2): (i) one based on the
of working with devices having azimuthal symmetry well-established optimal experimental design; (ii) the
in the irradiating condition. The new model was a second is based on artificial neural networks and (iii)
two-dimensional X, y), two-directional ¢, ¢) repre- the third is based on an empirical approximation.
sentation. It was applied to a bench scale, flat plate, Jakob et al. [62] and Braun et al. [1] applied the ideas
continuous photocatalytic reactor irradiated with two of optimal experimental design to analyze the per-
tubular UV lamps and two parabolic reflectors; this formance of an immersed multi-lamp photochemical
system emulated a solar collector having an almost reactor. The authors proposed to carry out carefully
constant radiation flux at the reactor wall facing the selected experiments in order to obtain the best op-
lamps. The appropriate mathematical solution were erating conditions for a given reaction and with a
obtained employing the DOM. For two different ti- pre-established objective. They applied these ideas
tanium dioxide photocatalysts (Aldrich and Degussa to the photocatalytic decomposition of a mixture of
P25) the model permitted the proper evaluation of different organic compounds (mainly nitroaromatics
LVREA profiles inside the reactor. From the radiation resulting from industrial wastewater) using Bi@s
point of view, and for a reactor having a thickness a catalyst. Based on the previous knowledge of the
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complex-system chemistry five variables were se- and Mukherjee and Ray [65] to analyze different reac-
lected: initial TOC concentration, wastewater flow tor configurations in order to improve light distribution
rate into the reactor, provision of an electron acceptor inside the reactor space. The authors proposed the use
(air or pure molecular oxygen), catalyst concentration of a “reactor specific parametew (hat represents the
and temperature. After application of a factorial de- illuminated catalyst surface area in contact with the
sign (&), the authors generated a three-dimensional reaction liquid inside the reactor volume {m~3))
representation of the reaction rate as a function of and a “reaction specific parametef( representing
the initial TOC and catalyst concentration at different the average mass destruction rate (mofsr 1)) to
constant temperatures. They concluded that the maxi- discuss the different reactor performances.
mum reaction rate could be obtained working &t®0 In order to complete this partial review, we are in-
with 5 g/l of catalyst and an initial TOC of 4500 ppm. cluding here a contribution to photoreactor analysis
Artificial neural networks constitutes a different that does not fall into the previous categories but de-
method for the same type of objective. This technique serves mention related to the proposal of a new type
does not require the previous knowledge of a math- of thin-film reactor and its approximate mathematical
ematical representation of the process performancemodel. In this proposal the volume of a thin slurry
and it has the ability to “learn and record” the system of the solid suspension is bounded by one wall of a
behavior (linear or non-linear responses with respect cylindrical reactor. A falling film descends along the
to the operating variables) from the information pro- internal side of this column and is irradiated by a lamp
vided by a set of experimental data. axially mounted in the middle. This design is partic-
This method was used by Braun et al. [1] to analyze ularly good for avoiding the well-known problem of
a well-known photochemical reaction: the photode- reactor wall fouling by titanium dioxide, the model
composition of uranyl oxalate. The reaction space (an has been validated with experiments published in a
annular, continuous reactor) was placed at one of the second paper by the same authors [66,67].
foci of an elliptical reflector. The following variables
were selected: flow rate, reactor inner diameter and re-
actor length (or reactor volume). After several experi-
mental runs, the “learning step” by the neural network
was completed and the reactor performance could be3 1 Main issues
simulated. Then the authors made a scale-up of the
system. Afterwards they compared the experimental Several comprehensive articles have been published
data from the larger size reactor with predictions ob- during the last years discussing the design of solar
tained with the neural network simulator. Conversion photocatalytic reactors and solar wastewater treatment
vs. flow rate results yielded good agreement. plants [68—71]. It seems therefore appropriate to con-
Jakaob et al. [62] used atrtificial neural networks to centrate our effort on the most important topics con-
study the degradation of the same complex organic cerning their applications.
mixture quoted above (wastewater in an immersed Two of the major design issues for solar photore-
multi-lamp reactor). actor systems are: (i) whether to use a suspended or a
After the learning procedure with experiments, the supported photocatalyst and (ii) whether to use con-
authors produced a set of predictions with the sim- centrated or non-concentrated sunlight.
ulator. Data of reaction rates vs. catalyst concentra-  Until now, the majority of tests of solar photocat-
tion indicated that 2 g/l of titanium dioxide rendered alytic reactors and treatment plants have been using
the optimum performance (although a plateau from 2 small particles of the photocatalyst (usually titanium
to 10 g/l observed). With a response surface obtained dioxide) suspended in the contaminated water. The
from simulation results, the following conditions for main advantages of these slurry systems are: (1) low
optimal degradation rates were obtained®*®02 g/l pressure drop through the reactor; (2) better availabil-
of TiO, and 5000 ppm for the TOC. ity of the catalytic surface area for adsorption and re-
A third approach based on an empirical approxima- action and (3) good mass transfer of the wastewater
tion was used by Ray and Beenackers [63], Ray [64] contaminants from the fluid to the photocatalyst. The

3. Solar photocatalytic reactors for wastewater
treatment plants
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major disadvantage of systems containing suspendedlarger than in a concentrating one because the photore-
solids is the need to remove the photocatalyst from actor in a one-sun system is both the solar collector
the cleaned water after the treatment. Most of the ti- and the photocatalytic reactor. (2) A non-concentrating
tanium dioxide powders used in photocatalysis con- photoreactor requires a large area of weather resistant,
tain submicron-sized particles. As a consequence, thechemically inert, UV-transmitting glazing when a con-
potential inexpensive separation by sedimentation or tainment of volatile wastewater pollutants is necessary.
filtration of the suspension is troublesome and treat- Such a large surface necessitates the use of relatively
ing very large volumes of water is almost impossible. inexpensive building material for this containment. (3)
Systems using a supported photocatalyst eliminate the The materials which best meet these requirements are
need for a catalyst separation step. However, it has certain types of plastics. However, most plastic mate-
been frequently reported that the process efficiency is rials possess lower tensile strength than the rigid glass
reduced when the catalyst is fixed [72—75] and it has pipes used in concentrating reactors, thus reducing the
recently been shown that for the same catalyst load- pressure capability of the photoreactor system. This
ing slurry reactors are more effective than fixed-bed combination of pressure limitations, large volume de-
systems [76]. mand, need to keep the photocatalyst suspended, and
Light concentrating systems in which the solar light requirement of high fluid to solid mass transfer rates
is concentrated in a photocatalytic reactor by a reflect- enforces a careful design of the reactor’s hydrodynam-
ing surface have the important advantage that, for the ics and of the respective flow control.
same light harvesting area, the reactor volume may be A solar wastewater treatment facility may be op-
smaller than in a non-concentrating system. This al- erated either in a continuous and single-pass mode
lows the use of more expensive components for the (once through) or in a batch mode. In the single-pass
reactor without adversely affecting the overall cost. In mode (Fig. 4a) the irradiated reactor area and the flow
general, stronger reactors, which are able to withstand rates have to be designed ensuring that the desired de
higher pressures and possess the possibility of em-struction of the water contaminants is achieved in a
ploying costly supported catalysts, can be built. More- single-pass. Since the solar flux density varies through-
over, they can be operated at much higher flow rates out the day, the flow rate through the solar reactor
improving mass transfer rates. must therefore be varied following the flux density of
On the other hand, non-concentrating (“one sun”) the solar energy. As the UV flux density decreases,
systems have other advantages: (1) The lack of a re-the flow rate through the solar reactor must be de-
flective surface reduces optical losses. (2) One-sun creased (alternatively, the number of reactors has to be
systems can use more sunlight as they are able to capincreased, an economically unacceptable solution) in
ture the diffuse UV light as well as direct solar beams. order to maintain the same final concentration of the
The diffuse component can make up to 50% of the pollutants in the treated wastewater. On the other hand,
total available UV light even on a clear day because in the discontinuous batch mode (Fig. 4b) the wastew-
the shorter wavelengths UV photons are more read- ater is stored in a tank and continuously recirculated
ily scattered within the atmosphere. Additionally, un- through the solar reactor until the desired final con-
der cloudy conditions, only the diffuse solar UV light centration of the pollutants is achieved. However, this
is available, and — unlike a focusing system — a operating form —as typical of batch processes— sets
non-concentrating system can continue its operation. restrictions to the flexibility of the volume of wastew-
(3) One-sun reactors are able to use the light more ef- ater which can be treated. Up to now most solar pho-
ficiently than concentrating systems. This is supported tocatalytic wastewater treatment plants have been op-
by experimental results which show that the efficiency erated in the batch mode.
of most photocatalytic processes decreases as the UV
energy flux density increases [4,5]. 3.2. Reactors for solar photocatalytic wastewater
Although one-sun systems possess important ad-treatment
vantages when compared with light concentrating sys-
tems, there are also some disadvantages: (1) The re- As mentioned above, the major design issues for
actor in a non-concentrating system is usually much solar photoreactor systems are whether to use a sus-
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Fig. 4. Schematic representation of design concepts for solar wastewater treatment plants: (a) a once-through reactor and (b) batch operation.

pended or a supported catalyst and whether to use con-in the plug flow mode. The reflector has a parabolic
centrated or non-concentrated sunlight. Consequently, profile with the reaction pipe in its focal line (Fig.
very different reactors for the solar photocatalytic wa- 5a). Consequently, only direct radiation entering the
ter treatment have been developed and tested in recenparabolic trough normal (or almost normal) to its aper-
years. They are summarized in Table 3. ture can be focused into the reaction pipe and a one or
The reactors most often used are (1) parabolic two-axis sun-tracking system is required. A PTR con-
trough reactors (PTRs); (2) compound parabolic col- centrates the direct rays of the photocatalytically active
lecting reactors (CPCRs); (3) other tubular reactors UV part of the solar spectrum by a factor of 20-50.
with and without reflectors; (4) the double-skin sheet It should be noted that under air mass 1.5 conditions,
reactor (DSSR) and (5) the thin-film fixed-bed reactor the diffuse Eqit(300-400 nm=24.3 Went?) and direct
(TFFBR). These reactor types will be described in (Edir(300_400nm=25.owcm_2) portion of the solar ra-
more detail below. diation reaching the surface of the earth are almost
A parabolic trough reactor consists of a reaction equal [93]. This means that a light concentrating sys-
pipe and a light reflecting trough and can be character- tem can, in principle, only employ half of the solar
ized as a typical tubular reactor that could be operated radiation available in this particular spectral region.

Table 3
Preponderant types of solar reactors
Light-concentrating properties Photocatalyst
Suspended Supported
Concentrating reactors Parabolic trough reactor [70,77-81] Parabolic trough reactor [70]

Falling film reactor [77,78]

Non-concentrating reactors with reflector Compound parabolic collecting reactor [70,80,81]  Tubular reactor [82]
Fiber optic cable reactor [83]

Non-concentrating reactors without reflector ~ Solar pond [81,84,85]
Tubular reactors
Inflatable tube reactor [71]
Pressurized tube reactor [70,86]

Flat plate reactors Flat plate reactor
Trickle-down flat plate reactor [87] Trickle-down flat plate reactor [87]
Double-skin sheet reactor [88,89] Thin-film fixed-bed reactor [90-92]

Falling film reactor [71]




212

Reactor
| tube ~1 ¥
\y/ \\!/
Y N/
\ %

(a)

(b)

Fig. 5. Geometric profile of: (a) a Parabolic trough reactor (PTR)
and (b) a compound parabolic collecting reactor.
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troughs was covered with a reflective polymer film
(laminated onto an aluminum back sheet) designed
to enhance reflection of UV light. The UV reflec-
tivity of this film was approximately 85%. The ef-
fective concentration ratio, including optical losses,
was approximately 20 [69]. Usually titanium diox-
ide slurries were used with this reactor type, but this
trough system was also used to test the performance of
two different supported photocatalysts (titania coated
on a stainless steel screen, which was folded into
a tubular accordion shape, and titania bonded onto
fiberglass strands) [69]. Another type of PTR, which
is controlled by a two-axial (azimuth and elevation)
tracking system, has been developed from the helio-
stat “Helioman” built by MAN, Germany, (Fig. 6)
[79]. Here the solar rays are concentrated by parabolic
trough mirrors (aperture area: 3Znwith an alu-
minized UV-reflective surface and focused on borosili-
cate glass tubes, which are filled with the contaminated
aqueous Ti@-suspensions. Due to losses caused by
reflectivity, translucence and system errors the yield of
the UV light photons reaching the contaminated sus-
pensions is about 58% of the original light intensity
entering the aperture plane of the heliostat.

A CPCR is a trough reactor without light concen-
trating properties. It differs from a conventional PTR
by the shape of its reflecting mirrors. The shape of a
CPCR reflector usually consists of two half cylinders
of parabolic profiles set side by side. The center line
(equivalent to a focal axis) is located closely above the
connection of the two parabolic profiles (Fig. 5b). This
geometry enables light entering from almost any direc-

Parabolic trough reactor types have been chosention to be reflected into the “focal” line of the CPCR,

for solar detoxification loops constructed in Colorado,
USA (by National Renewable Energy Laboratory,
NREL and subcontractors), in Albuquerque, USA (by
Sandia National Laboratories), in California, USA (by
Lawrence Livermoore National Laboratories) and in
Almeria, Spain (by the Plataforma Solar de Almeria,
PSA) [70,79-81,94-105]. While in the USA mainly

single-axis tracking parabolic trough reactors were
used, at the PSA a reactor with a two-axis tracking
trough has been installed.

A typical single-axis tracking PTR was developed
by Industrial Solar Technology, Denver, CO, USA.
This system consisted of 6.1 m long by 2.1 m wide
parabolic trough collectors with a 5.1cm diameter

i.e., most of the diffuse light entering the module can
also be employed for the photocatalytic reaction. Due
to this geometry a CPCR must not track the sun but
exhibits only a small concentration facter1.2). The
azimuth of the CPCR should be adjusted to the com-
plementary angle of the geographical altitude and the
pipes should be aligned south and from top to bottom.
As an example a schematic view on a CPCR manufac-
tured by Industrial Solar Technology is given in Fig.
7, while Fig. 8 shows a photograph of this CPCR in-
stalled at the PSA. This type of reactor has been tested
at the out-door test field of NREL in USA [69] and at
the PSA in Spain [80,81,101,102,106-111].

The CPCRs at the PSA have a concentration fac-

borosilicate glass receiver tube. The surface of the tor of 1.15, i.e., this type of reactor has practically
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Fig. 6. View of a parabolic trough reactor, type “Helioman”, installed at the PSA (Photo: Goslich).

no light concentrating propertiesvie supra. One 295-387 nm its reflection efficiency is 83.2%. A sin-
CPCR-module consists of eight parallel reflectors gle CPCR reflector has a length of 1.22 m and a width
made from polished aluminum. This material has of 0.152m, i.e., the effective light harvesting area of
very good reflection properties especially in the UV one module consisting of eight reflectors adds up to
region of the solar spectrum. In the spectral range of 1.48 nf. A reaction pipe made of a transparent fluo-

Liquid out wge

Liquid in

Angle of incidence

Fig. 7. Schematic representation of a single CPCR module installed at the PSA.
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Fig. 8. View of compound parabolic trough reactors installed at the PSA (Photo: Goslich).

ropolymer (Teflon) is fixed in the “focal” line of each  respectively. The wall thickness of the reactors was
CPCR reflector through which the suspension con- 0.16cm. The averaged sunlight transmittance of
taining the photocatalyst and the pollutant circulates. 0.32 cm thick M-® material was greater than 80%
The transmissivity of Teflon in the spectral range in the wavelength range 300-400nm. The reactors
under consideration is 76.8%, thus limiting the theo- were packed with a silica-supported titanium dioxide
retical reactor efficiency to 63.9%. The absorber pipe photocatalyst (Aldrich Ti@ on Aldrich 35x60 mesh
is as long as the module (1.22 m), has an inner diame- Davisil™ silica gel). The bed porosity of the packed
ter of 48 mm and consequently an illuminated volume reactor was 0.39. Up to four reactors were mounted
of 2.211 per pipe. The cylindrical reactor surface area in front of a flat plate metal reflector, 15cm apart
for eight tubes is 1.47 7 The connectors between from each other, and 8cm removed from the re-
the absorber pipes consist of polypropylene pipes.  flector. The flat metal plate reflected approximately
One-sun tubular reactors with a reflector and 80% of the UV portion of the solar radiation. The
packed with a supported photocatalyst were recently plate was placed facing the south tilted approxi-

introduced by Crittenden et al. [82,112,113] and mately 30 from the horizontal to maximize solar
tested at Tyndall Air Force Base, Florida, USA at a insolation.

fuel contaminated site. The photoreactors were con- A one-sun tubular reactor (SOLTG¥) with-

structed in a series of plastic tube segments madeout reflector was developed by American Energy
from M-7® plastic (American Energy Technologies, Technologies in conjunction with the University of
Green Cove Springs, Florida, USA). The inner di- Florida and installed for field testing at the same
ameters of the reactor tubes were 0.64 or 1.27cm, site at Tyndall Air Force Base [69,86,114,115].
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This reactor consists of a bank of transparent tubestor has been developed at the University of Florida
(0.64cm inside diameter) with a length of 2.4m. [71,116].
Sixty-six of these tubes run from a CPCR header One of the first solar reactors using a fixed photo-
to a similar downstream CPCR manifold (each with catalyst and not applying a light-concentrating system
3.8cm inner diameter) giving a total aperture area of for the photocatalytic process is the thin-film fixed-bed
1.0n? per sub-module. Two such sub-modules were reactor (TFFBR), depicted in Fig. 10 [90,104]. The
linked together with pipes to form a photoreactor most important part of the TFFBR is a sloping glass
module. plate (width 0.60 nxheight 1.20 m) coated with the
A new kind of a non-concentrating flat plate reac- photocatalyst (e.g., titanium dioxide Degussa P25 or
tor is the double-skin sheet reactor (DSSR) which has Sachtleben Hombikat UV100 [117]). The polluted wa-
been developed by R6hm GmbH Chemische Fabrik, ter flows along the inclined glass pane forming a very
Darmstadt, Germany and the Institut fuer Solaren- thin film (~100um).
ergieforschung GmbH, Hannover, Germany (ISFH).
The DSSR consists of a modified double-skin sheet 3.3. Comparison of different solar reactors
(SDP 16/32) manufactured by the Réhm GmbH
in Darmstadt, Germany which is now commer- Extensive degradation experiments have been per-
cially available (Solacryl Gesellschaft fir Regen- formed at the PSA in Almeria to compare the ef-
erative Energiesysteme mbH, Elsenfeld, Germany). ficiencies of the PTR (heliostat) and the TFFBR
PLEXIGLAS® (polymethyl methacrylate) is used to  [90,104,105], e.g., the complete stoichiometric degra-
produce the flat and structured box of the photoreac- dation of the model pollutant dichloroacetate (DCA)
tor [88,89]. The comparison of the spectral irradiance Was observed in both types of reactors and in
of the sun with the transmission spectrum of the agreement with laboratory results. The rate of the
plastic used to manufacture the double-skin sheets DCA-degradation was found to exhibit a linear de-
evinces that the UV-A portion of the solar spec- pendency on the light intensity at pt8 [90]. Since
trum below 400 nm nicely matches with the onset of the TFFBR is able to use also the diffuse part of
the PLEXIGLAS®-transmission [89]. Typically one the UV sunlight, its photocatalytic activit.y could
module has a length up to 2.50m, a width of 0.9 m €ven be observed on very cloudy days with almost
and contains 30 interconnected rectangular-shapedn© direct solar radiation. Moreover, within an initial
channels (2.85 cm1.2 cm). The inner structure of the  DCA-concentration range between 1 and 5 mmal|
reactor is schematically drawn in Fig. 9. The suspen- the TFFBR always reached a higher degree of degra-
sion containing the polluted water together with the dation than the parabolic trough reactor. For an ini-
photocatalyst is meandering through these channels.tial DCA-concentration of 1 mmoft, nearly 100%

Independently from the ISFH group, a similar reac- conversion could be achieved in a single path exper-
iment using the TFFBR [104]. It became apparent

from the comparison of these reactor types that it is
a major engineering problem of the PTR to main-
tain a sufficient concentration of molecular oxygen
throughout the reactor. Using small flow rates to
assure high residence times resulted in an accumu-
lation of oxygen bubbles in the tubes thus reducing
the illuminated volume and lowering the degradation
rates. Since electron scavengers such g3;Han be
dissolved in water without the formation of bubbles,
an enhanced DCA-degradation was observed in the
presence of b0, when molecular oxygen was absent
[90,104,105].

As an example of a real wastewater stream the
Fig. 9. Schematic representation of the inner layout of a DSSR. degradation of industrial wastewater from a phenolic
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Fig. 10. View on a TFFBR (Photo: Goslich).

resin factory has been investigated with both types it must be noted that in the case of the film reactor
of reactors [100,103,104]. These experiments were the authors observed a considerable decrease of the
performed in a closed loop simultaneously with both  TOC concentration without illumination which was
reactor types to ensure identical solar illumination explained by the vaporization of volatile components
intensities. While only 30% of the relative initial from the effluent water. This is a general problem of
total organic carbon concentration ((TOC)/(TGL) all open reactor systems due to the ready equilibration
were degraded after 250 min using the PTR, a de- with the surrounding atmosphere. Encapsulation of
composition of more than 70% was obtained after the the reactor presents a feasible yet rather costly means
same time with the TFFBR [90,103,104]. However, to overcome this disadvantage. However, in particular
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when gas injection units are used to ensure a sufficientof the pollutants. In many practical applications the
concentration of molecular oxygen in the wastewater mass of the organic pollutants contained in the treat-
stream, a partial volatilization of pollutant molecules ment plant at any specific time is often determined
with high vapor pressure can hardly be prevented and by recording the TOC content of the water in regular
must be solved, e.g., by separate waste gas purificationtime intervals and multiplying this value by the overall
systems. Nevertheless, this comparative study evincedvolume of the suspensioiv;. The solar light energy
that it is possible to achieve good photocatalytic detox- is usually applied to a limited surface area, namely
ification efficiencies without using light concentrating the aperture of the PTR or the CPCR, the glass pane
solar reactors. Furthermore, the TFFBR offers the ad- of the TFFBR or the PLEXIGLA® sheets of the
vantages of a less expensive construction and, whenDSSR, respectively. To account for these differences
the catalyst is properly fixed, reduced running costs the so-called “mass area rati®oc of the organic
as compared with the PTR. Also the fixation of the pollutant has recently been proposed by Goslich et al.
ultrafine photocatalyst particles solves the complex [109]. This has been defined as the overall mass of the
problem of the otherwise needed filtration unit for the pollutant degraded per unit surface area of the reactor,
separation of the catalyst from the purified wastewater. A,

Recently Malato Rodguez et al. [80] have com-
pared the PTR installed at the PSA witha CPCR using g = TOCx Wi (10)
real wastewater obtained from a chemical company At

specializing in the synthesis of phenolic resins and a ¢ change 0Broc with time (dSroc/dt) yields the
distillatipn residue from a pharmaceutical company, ofective degradation rate for a specific reacRy,
respectively. Degussa P 25 was used as the photocatyyhere d can be replaced by the effective experimental
alyst and peroxydisulfate as an additional oxidant. In time texp Provided that the degradation rate is found

comparison with the PTR, the CPCR always exhibited (4 pe reasonably constant over the duration of the ex-
the better performance.

g ] periment
Moreover, Richter et al. [102] reported their re-
sults of a comparison between a concentrating R — dStoc _ AStoc _ Stoc (11)
and a non-concentrating solar reactor performing = Atexp fexp

simultaneous degradation experiments employing » o
dichloroacetic acid as the model pollutant. The €. Reit Specifies the degraded mass per unit time in-
concentrating system was a two-axis sun-tracking terval a_md per unit surfape area of the irradiated reac-
PTR (Helioman) with an overall aperture area of (©Or- This mass area ratio will be strongly dependent
29.1n? and an irradiated volume of 441. The ©n theincident light energy, i.e., it will depend on the
non-concentrating system consisted of six CPCRs illumination time. To account for the fluctuations of
with an overall aperture area of $mand an irra- the spectral solar irradiance with time it is reasonable

diated volume of 1101. The CPCRs were fixed and (© divide the mass area ratio of the pollut&hbc by
tilted at an inclination of 37 The performances the total UV radiationEyy tor, accumulated at a spe-
of these systems were compared by calculating the cific time of the experiment weldmg the “efficiency”,
overall organic carbon degradation rate per collector " Of the reactor under consideration [109]
aperture area (mg carbonh~1) during the initial
phase of the simultaneous experiments. The CPCRs" =
showed a performance in the range 300—600 mg car-
bon ni2h~1, approximately fivefold higher than that  This efficiencyy relates the degraded mass of the pol-
of the PTRs [102]. lutant to the irradiation energy reaching the reactor
To quantify the influence of the applied irradiation surface and hence represents a lower limit for the ef-
on an experiment it is necessary to correctly evaluate ficiency of a reactor, as it does not take into account
the amount of radiation that has been absorbed by theany losses of the photon energy due to reflection, scat-
suspension at any specific time of the experiment as tering, absorption in reactor walls, etc. The efficiency
well as the corresponding changes in the concentrationn is comparable to the apparent photonic efficiency

Stoc
Euv ot

12)
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with the difference that has the dimensions of mol  (2.0x10-2°mg). This conversion leads to an apparent
(of degraded compound) per Einstein, whergdsms photonic efficiency; of 5.1% for the degradation of
the dimensions of mass (of degraded compound) per dichloroacetate employing P25 at a catalyst concentra-
unit of accumulated energy arriving at the reactor. The tion of 0.25g! and of 11.7% for Hombikat UV100
determination of; seems to be particularly useful in  atidentical concentration, both values measured in the
the case of fluctuating radiation conditions, e.g., for CPCR [109]. These values are also quantitatively al-
solar reactors. Recently, Goslich et al. [109] have de- most identical to those obtained in laboratory experi-
terminedn for the photocatalytic degradation of the ments using 50 ml reactors and artificial illumination
model pollutant dichloroacetate, DCA, at different cat- [118].
alyst concentrations to compare the efficiencies of the Itis a surprising result of the study by Goslich et al.
CPCR and the DSSR under identical solar illumination [109] that the reactor efficiencies obtained from the ex-
conditions at the PSA. The reactor efficiency for the periments performed in the DSSR are always slightly
degradation of DCA in the presence of Degussa P25 better than those measured in the CPCR since no spe-
was found to range from about Ju@ J-! at the lowest cial efforts had been made to optimize the overall re-
catalyst concentrations employed (0.25¢)Ito about actor concept of the DSSR [89]. The CPCR, on the
3.0ngJ 1 at a catalyst concentration of 1gl The other hand, presents a reactor design in which efforts
increase in efficiency above 17l was found to be have been especially made to optimize the collection
much slower; in the CPCR even decreased to about of diffuse and direct sunlight.
2.5ugJ 1 at a catalyst concentration of 59l P25.
This behavior is similar to that observed in laboratory
experiments [118]. It was therefore concluded that it 3.4. Solar photocatalytic treatment of contaminated
is not necessary to use catalyst concentrations exceedwater
ing 1 g1 to sufficiently degrade this model pollutant
when P25 is employed [109]. Furthermore, the authors  Despite its obvious potential for the detoxification
pointed out that laboratory experiments could be used of polluted water, there has been very little commer-
as an “order of magnitude” approximation for the be- cial or industrial use of photocatalysis as a technology
havior of real pilot installations. The same effect was so far. The published literature shows only a few
observed using Sachtleben Hombikat UV100 as the engineering scale demonstrations for the solar photo-
photocatalyst [109]. catalytic treatment of polluted groundwater, landfill
The comparison of the results obtained on the pilot leachates, and industrial wastewater in USA and in
plant scale [109] with recent laboratory data evinces Europe. First engineering scale field experiments have
that a plot of the reactor efficienayas a function of been conducted in 1991 by the National Renewable
the catalyst concentration yields a similar shape as thatEnergy Laboratory (NREL) and the Sandia National
of the photonic efficiency determined in laboratory  Laboratories at a California Superfund Site located at
experiments [118]. This qualitative similarity isagood Lawrence Livermoore National Laboratory (LLNL)
indication for the ease and usefulness of the definition treating ground water contaminated with chlorinated
of n. Moreover, when the concentration of the organic solvents, mainly trichloroethylene (TCE) [95-97].
pollutants is monitored by a TOC measurement the This field system comprised of two drive strings of
reactor efficiency, can be converted into the photonic commercially available single-axis tracking parabolic
efficiency¢ via [109] trough reactors (Solar Kinetics). The reflective sur-
¢ = 2801y (13) faces of the collectors consisted of a highly reflective
) aluminized film (SA-85, manufactured by 3 M). Each
provided that; is given in mg TOC 3. The conver- drive string was 36.5m long and 2.1 m wide. The
sion factor has the dimension of J g considering total aperture area of the pilot plant was 15% ifihe
that all photons entering the reactor have an averagetroughs were aligned on an east-west axis and con-
energy of 5.610719J (assuming a mean illumination trolled to automatically track the sun. The reactor
wavelength of 355nm) and establishes the relation consisted of a 5.1 cm internal diameter borosilicate
between this energy and the mass of a carbon atomglass pipe. The effective concentration ratio of this
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configuration, including reflective and transmissive the solar detoxification loop with its parabolic trough
losses, was calculated to be approximately 20. Prior reactors installed at the PSA (Spain) since 1991.
laboratory tests had shown that the reaction rate was Fig. 11 shows a schematic flowsheet of the in-
lowered by the high bicarbonate concentration of the stallation at the PSA [79]. The PTR detoxification
groundwater under investigation (500 ppm). There- loop consists of 12 parabolic trough modules (type
fore, tests were performed with and without the ad- “Helioman”, MAN) connected in series and con-
dition of acid to the contaminated groundwater. The trolled by a two-axial tracking system. The solar
flow rate was adjustable between 15 and 114 thin rays are concentrated by parabolic trough mirrors
The system was operated either in a once through (total aperture area: 384%n with an aluminized
(single-pass) or in a batch mode. Water from the pol- UV-reflective surface and focused on borosilicate
luted aquifer was pumped out of monitoring wells glass tubes [79] which are filled with the contami-
into a 5701 tank. In single-pass runs, the water from nated aqueous Ti3suspensions moving at flow rates
the tank was mixed with a slurry containing the 3i0  between 250 and 35001h The total loop volume is
catalyst (Degussa P25), passed through the PTR and838I. Research with this large experimental plant ini-
reached the settling tanks directly where the catalyst tially focused on the destruction of single compounds
was removed [95-97]. When the system was oper- and mixtures prepared on-site [90,98,99,102-111] but
ated in the batch mode, the water was pumped from recently the loop has also been used for the treatment
the tank through the PTR and back into the same of real wastewaters. Using the PSA detoxification
tank. In single-pass runs the flow rate was held at ap- loop, Blanco and Malato [99] conducted an engi-
proximately 15Imin?® resulting in a residence time neering scale field demonstration of the treatment
of 10min. A TiO, slurry metering pump provided of industrial wastewater from a resins factory. This
a catalyst loading of approximately 0.8 to 0.9¢ 1 effluent contained organic contaminants such as phe-
(Degussa P25). With this relatively low titanium diox- nol, phthalic acid, fumaric acid, maleic acid, glycols,
ide content, the TCE concentration was reduced from xylene, toluene, methanol, butanol and phenylethy-
107 to 10ppb at pH 7.2 and from 106 to less than lene amounting to a total of 600ppm TOC. Em-
0.5ppb at pH 5.6 [95,97]. Batch experiments were ploying 0.1gI! Degussa P25 as the photocatalyst
performed varying the flow rate, the pH, the catalyst and 7mmolt! sodium peroxydisulfate (N&,Og)
loading and the solar UV energy flux density. The as the additional oxidizing agent besides molecu-
data from these experiments showed that solar photo-lar oxygen, the authors observed a complete TOC
catalytic water treatment can reduce trichloroethylene degradation within 44 min of illumination of a dilute
in groundwater to levels below those required to meet solution (initial TOC: 56.3 ppm; solar irradiation:
drinking water standards [97]. The major conclusions 36.1 W n12). Recently, Malato Rodguez et al. [80]
from the batch experiments were: (1) the reaction ki- reported first results of the photocatalytic degrada-
netics are strongly dependent on the pH, with higher tion of the pollutants of three different wastewaters
rates obtained at lower pH; (2) the reaction rates are obtained from chemical companies specialized in
weakly dependent on the catalyst loading in the range the synthesis of phenolic resins (initial TOC: 600,
0.3-1.0gt?! and (3) the reaction rates are indepen- 3600 and 11800mgf) and a distillation effluent
dent of the flow rate [96,97]. By positioning the PTR  (initial TOC: 3—6 mgt?, mainly amino acids, alco-
horizontally (pointed straight up) the system was hols, and phenols) from a pharmaceutical company,
operated under one-sun conditions. It was observedrespectively. Degussa P25 or Sachtleben Hombikat

that this configuration was roughly eight times more
efficient than the concentrating configuration when
the experimental results were normalized to the light
harvesting area [97].

Parallel to the work performed in USA under the
direction of NREL and Sandia National Laboratories,

several research groups from different European coun-

UV100 were used as alternative photocatalysts but
no significant differences in efficiency were ob-
served. The authors noted that the use of additional
oxidants besides air results in a significant increase
in the degradation rate with peroxydisulfate being
more efficient than hydrogen peroxide [80]. Similar
experimental results were obtained by Passarinho

tries, funded by the European Community, have tested et al. [107] who have used CPCRs installed at the
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Fig. 11. Flowsheet of the solar photocatalytic detoxification loop installed at the PSA.

PSA to investigate the solar-driven photocatalytic BTEX compounds (>2 mgt influent concentration)
degradation of polyphenols present in olive oil mill were destroyed within 6.5 min of operation [113].
wastewaters. Goswami and co-workers [114,115] conducted
Engineering scale demonstrations of the non- field tests with a slurry tubular reactor without reflec-
concentrating solar reactor technology were con- tor (SOLTOX™-reactor). Five modules connected
ducted at Tyndall Air Force Base, FL, USA, in 1992 in series with a total aperture area of 18 mwere
[86,112—-115] treating groundwater contaminated with used. The photoreactor array was set-up facing south
fuel, oil, and lubricants which was leaking from un- and tilted at an angle of 25from the horizontal.
derground storage tanks. Crittenden and co-workers The experiments were performed in a batch mode by
used a tubular photoreactor equipped with reflector recycling the contaminated groundwater between a
and packed with platinized titanium dioxide supported tank and the reactor array. While these field tests suc-
on silica gel. This system was used in a single-pass cessfully demonstrated the feasibility of destroying
mode for the photocatalytic degradation of benzene, benzene, toluene, ethylbenzene and xylenes (BTEX)
toluene, ethylbenzene and xylene (BTEX). Without in the groundwater, the observed reaction rates were
pretreatment fouling of the photocatalyst was ob- rather low. However, in a laboratory test with city wa-
served after less than 1 h of operation. lonic species ter spiked with the same amounts of BTEX as those
were found to be principally responsible for this foul- present in the groundwater and using the same reac-
ing of the photocatalyst and for the resulting inhibition tors under similar sunlight conditions, Goswami et al.
of the BTEX degradation. A pretreatment unit (filter, [115] observed reaction rates which were an order of
oxygenation unit, ion exchanger) was developed to re- magnitude higher. These results suggested that a care-
move ionic species and turbidity and to add oxidants. ful site treatability study and the establishment of an
By using this pretreatment unit, the photocatalytic appropriate pretreatment will be very important pre-
treatment plant operated efficiently, and no decreaserequisites for the successful field deployment of solar
in the photocatalytic activity was observed during 25 photocatalytic processes [119]. A very similar pilot
days of continuous operation. Even on a rainy day, plant has been used by Goswamiand co-workers [116]
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for the treatment of a BTEX contaminated ground-
water at Gainsville, FL, USA. The flat plate (DSSR)
type photoreactor used in this study was developed
from a double skinned acrylic panel. The size of the
reactor was 1.20w2.4m with a skin thickness of
0.32cm. The reactor had 39 channels (3chrB cm).
Headers were made from 0.64 cm thick cylindrical
tubes of 3.8cm inner diameter. The total solar treat-
ment loop (6 reactors and a 1.9 tank) was operated

in a batch mode. The titanium dioxide concentration
was 0.1%. Experimental results showed that 129 m
of water contaminated with 1000 ppb of BTEX can
be cleaned reaching a final concentration of 10 ppb in
about 3h provided that an average solar UV energy
flux density of 28 W nm2 is employed [116].

Several reports on the photocatalytic degradation
of explosives (e.g., TNT, RDX) present in ground-
water and wastewater (“pink water”) using non-solar
reactors and artificial illumination have been pub-
lished recently [120-125], while, however, only two
publications have appeared dealing with the solar
treatment of this important group of pollutants em-
ploying non-concentrating reactors [89,92]. Muradov
[92] used a TFFBR (0.8 Asurface area, covered with
approx. 1.5 mg cm? TiO, Degussa P25) for the pho-
tocatalytic degradation of nitroglycerine present in
contaminated water from a Navy ammunition storage
facility. The solar-driven photocatalytic degradation

221
T —
——e— Nitrobenzene
—_ —m— 2-Nitrotoluene
= 50 £~ —&—— 2-Amino-6-nitrotoluene
%_D Seal ~ - & = =2,6-Dinitrotoluene
S a - - ¥ - - Sum arom. Amines

= 40

= 4
2 ]
= 30¢% E
i o ]
E [ ]
o 20 F 3
o E ]
g C ]
S} 10 F 3

F ]
0
10 — .
r ——=— 2-Amino-3-nitrotoluene 1

—_— —&— 2-Amino-4-nitrotoluene i
= 8 ——— 2 4-Dinitrotoluene N

oD - - & - - Trinitrotoluene ]
= - - w - - Trinitrobenzene ]

- L 4

=] 6 ]
] L 4

= 4
= L 4

= 4 7

[

> J Ry

g L i
o 2 .

0 60 120 180 240 300 360 420

Illumination Time [min]

Fig. 12. Photocatalytic degradation of nitroaromatic compounds
in a polluted groundwater (Degussa P25, air-saturated suspension,
natural pH, ambient temperature, 0.23 m Einstefmhin=1).

process resulted in a decrease of the nitroglycerine the Volkswagen AG in laboratory and bench-scale ex-

concentration (initially 500 ppm) by more than 99%
within 3 h of exposure to the sun (average total solar
radiation flux from 900 to 700 W rr?). Employing
the DSSR van Well et al. [89] performed photocat-
alytic detoxification experiments with groundwater
contaminated with nitroaromatic compounds from
a World War ll-ammunition plant proving that this
reactor can indeed be employed for the solar detox-
ification of such a polluted water stream. Fig. 12
is taken from this work and shows the decrease of
the individual concentrations of some nitroaromatic
contaminants as a function of the illumination time
[89]. More than 75% of all identified contaminants
were degraded within 6 h of irradiation and photonic
efficiencies similar to those obtained previously in
laboratory studies were calculated [124,125].
Recently, Dillert et al. [126,127] have treated bi-
ologically pretreated industrial wastewaters from the
factories Wolfsburg (Germany) and Taubaté (Brazil) of

periments. The results of the experiments, which have
been performed using the DSSR, were so promising,
that a pilot plant was installed in the Wolfsburg fac-
tory during the summer 1998 [128]. The flowsheet of
this pilot plant is given in Fig. 13, while Fig. 14 shows
a photograph of this plant.

This pilot plant which is operated in a recycle
batch mode consists of 12 double-skin sheet pho-
toreactors (manufactured by Solacryl) with a total
irradiated area of 27.6f These reactors are con-
nected by a recirculation pipe with a tank (approx.
1.1 n? volume). The water (5001) coming from the
biological treatment plant is pumped into the tank
and mixed with a catalyst slurry. The solar pho-
tocatalytic treatment starts after the tank has been
filled.

The suspension (total volume approx. 3)mecy-
cles between the tank and the DSSRs for 8 to 11h
during the daytime. The flow rate out of the tank can
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Fig. 13. Flow sheet of the pilot plant for the solar photocatalytic treatment of a biologically pretreated wastewater installed in Wolfsburg,
Germany.

be varied between 5000 and 8000 fresulting in a respectively. By mixing the incoming wastewater with
flow rate between 830 and 13001hin the reactor the catalyst slurry, which remained in the pilot plant
sheets. After the desired time of the solar photocat- after the supernatant water was pumped out, the COD
alytic treatment the suspension is pumped out of the and the TOC decreased. The initial values of the COD
reactors into the tank. The photocatalyst (5% De- and the TOC were determined to vary between 69.5
gussa P25) is allowed to settle down during the night. and 21.1 mgt! and 26.9 and 7.3 mgt, respectively.
After this sedimentation period the supernatant liquid During the solar-catalytic treatment a decrease of the
(5001) is pumped out of the tank and the treatment concentration of the organic pollutants, determined as
cycle can be started again by filling the tank with a COD and TOC, was observed in most cases. As an
new batch of wastewater. The COD and the TOC of example, the changes of the UV intensity, COD and
the incoming wastewater were determined to vary be- TOC during a single run of the pilot plant are given
tween 76.6 and 29.0 mgt and 26.9 and 10.2 mgt, in Fig. 15.
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Fig. 14. View on the pilot plant for the solar photocatalytic treatment of a biologically pretreated wastewater installed in Wolfsburg,
Germany (Photo: Volkswagen AG).

As a consequence of this oxidation process as well reaching the photoreactors per unit light-harvesting
as due to the increase of the reaction temperature, thesurface area ands being the total volume of the sus-
concentration of molecular oxygen in the reflux pipe pension in the system. While the values calculated
between the photoreactors and the tank as well as in-for the TOC reductionkroc) (for different catalyst
side the tank was decreasing. More than 50% of the brands and loading as well as for different illuminat-
organic pollutants initially present in the mixed water ing conditions) were found to vary between 0.03 and
inside the pilot plant could thus be degraded within 0.30 n¥ kW—1h~1, the values for the COD reduction
8-11 h of illumination. Naturally, the total mass of the (kcop) varied between 0.02 and 0.58kw-1h-!
degraded contaminants was found to depend on the[128]. The experimental results clearly demonstrate
initial pollutant concentration, the time of illumina- that real wastewater can be successfully treated in so-
tion, and, in particular, on the solar UV energy flux lar catalytic treatment plants using titanium dioxide as
density. To analyze the solar experiments performed the photocatalyst. From these results it was predicted
with this pilot plant the following kinetic expression that at its final location at the Volkswagen factory in

was used [128]: Taubaté (Brazil) this pilot plant will be able to achieve
k x Ar x [ quy dt a reduction of the TOC from an initial concentration
¢ = coexp (— ) (14) of 10mg I to a final concentration of 1 mgt when
Vs charged with 0.5 fhwastewater per day.
with ¢ initial concentration of the wastewater pollu- Bekbolet et al. [129] have recently applied the

tants (determined as TOC or CO[R)a kinetic param- photocatalytic degradation process to the destruc-
eter, AR the total illuminated (light-harvesting) area tion of biologically pretreated landfill leachate
of the photoreactors/ quv dr the total UV energy  effluent comparing Sachtleben Hombikat UV100 with



224 O.M. Alfano et al./Catalysis Today 58 (2000) 199-230

50
40 +
30 +

20 +

UV Intensity [W m?]

70
60 -
50 +
s+
30 1
20 T COD
I D\G‘ﬂﬂ—u‘g
10 TOC
I o L o ST

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

COD, TOC [mg L]

Time

Fig. 15. Change of the solar energy flux density, COD and TOC during a typical run of the solar photocatalytic treatment of a biologically
pretreated wastewater installed in Wolfsburg, Germany.

Degussa P25 as potential photocatalyst. These ex-formed with the TFFBR using Hombikat UV100
periments were performed in a batch reactor at coated glass panes irradiated by fluorescent tubes,
pH 3. Both materials, especially Hombikat UV100, resembling the UV(A)-portion of the solar spectrum.
showed a strong adsorption of the organic pollutants; The highest degradation rate was observed between
the overall TOC-removal was almost the same for pH 3 and 7 with a maximum at pH 5, while at pH 9
both catalysts£70%) after 5h of irradiation with a and 11 the degradation was rather slow. Besides this
high-pressure xenon-lamp, the B@Onhcrease was pH-dependency, the influence of the initial pollutant
insignificant indicating that the water could still not concentration (dilution of the landfill leachate), the
be treated by conventional biological methods (BOD light intensity and the addition of oxidizing reagents
is defined as the biological oxygen demand during an (H2O, and Na$;0Og) on the degradation rate were
incubation period of 5 days at 3€ and thus repre-  examined [129]. A higher rate could be achieved by
sents a convenient measure for the biodegradability diluting the leachate, with a maximum rate noted
of a real wastewater). In addition to the detoxification at a moderate dilution (around 1:2v/v). No benefi-
experiments, the pH dependent adsorptive propertiescial effect was obtained by the addition ob®& or

of the pollutants present in the landfill leachate onto Na;S,0g. The addition of 0.5 or 1 mmott H,0;
Hombikat UV100 were examined. In good agree- (at pH 7) even resulted in an inhibition, while in
ment with the pH dependence of the photocatalytic the presence of N&Og (at the same concentra-
degradation of the leachate, a strong adsorption wastion) a dark degradation was observed. lllumination
observed between pH 3 and 8 with a maximum at with a reduced light intensity (50 W% instead of

pH 5, while at pH 11 the adsorption was much lower 100 W n12) resulted in a lower degradation rate, but
[129]. Additional degradation experiments were per- a higher photonic efficiency, i.e., a higher efficiency
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of the process than with maximum light intensity. Fi- Other investigations of real industrial wastewa-
nally, the TFFBR system was used in a recirculation ter treatment which have, however, not yet been
mode, and the dependence of the degradation rateconducted at an engineering scale demonstrate the
on the initial pollutant concentration was examined. potential of the solar photocatalytic water treatment
The highest photonic efficiency was obtained with process especially for problematic waters where con-
undiluted landfill leachate, while the highest relative ventional treatment methods are not successful. Thus,
photodegradation, and therefore the lowest half life the applicability of the solar photocatalytic oxidation
of the pollutants was measured with the most diluted could be shown for the treatment of wastewater from
sample (1:5v/v). Photonic efficiency and photoreac- a 5-fluorouracil (a cancer drug) manufacturing plant
tor efficiency as well as the kinetic parameters were [134]. Moreover, a simultaneous color and COD
calculated for the recirculation system. The photonic reduction was observed during the photocatalytic
efficiencies obtained were 0.3-1.0%, i.e., similar to treatment of a distillery wastewater that had been pre-
those determined for the single-pass experiments. Thetreated by anaerobic microbiological methods [135].
relatively low photonic efficiencies for the degrada- A laboratory study conducted by Turchi and Ollis
tion of the effluent water are not surprising, since it [136] has furthermore shown that wastewater from
is a well-known fact that the detoxification of real pulp and paper mills can also be treated conveniently
wastewaters by photocatalysis or other chemical oxi- by photocatalysis.
dation techniques yields considerably lower photonic
efficiencies than that of model systems. These ob- 3.5. Economic considerations
servations are, among other things, explained by the
presence of inhibiting anions in the real systems [130].  In most cases the economics of the solar photo-
However, it could be shown by the investigation by catalytic applications will determine the commercial
Bekbolet et al. [129] that photocatalysis is indeed viability of this process. According to Goswami
a feasible method for the successful cleaning-up of [119,137] an economic analysis should include the
landfill effluent water. This is especially important fixed capital costs, recurring operation and mainte-
as Weichgrebe [131,132] could demonstrate that by nance costs, as well as energy costs. Ollis [138] pre-
photocatalysis higher rates can be obtained for the sented an early comparative economic assessment of
degradation of landfill leachate than with other, more water purification by photocatalysis employing UV-
conventional wet oxidation methods (e.g., ozone or lamps, UV-ozone technology and activated carbon
hydrogen peroxide coupled with UV- irradiation). adsorption technology. He concluded that the cost of
Recently, Freudenhammer et al. [133] reported their treating contaminated water by the UV-photocatalytic
results from a pilot study using TFFBR reactors which system already approaches the treatment cost of the
was performed in various Mediterranean countries and activated carbon system provided that the costs of
showed that biologically pretreated textile wastewater spent carbon disposal are included. Turchi and Link
can be cleaned by solar photocatalysis with a max- [139] conducted a comparative economic assessment
imum degradation rate of 3g CODhm~2. More- of water treatment by solar photocatalysis (employ-
over, a comparison of reaction rates measured undering PTR reactors), activated carbon adsorption, and
artificial and under solar illumination, respectively, UV-hydrogen peroxide technology. They concluded
which was also performed during this study proved the that a fivefold decrease of the costs of solar water
necessity of outdoor experiments. It was concluded treatment would be required for this technology to
that photocatalysis should be a suitable technology asbe economically competitive with the established
the final stage of purification of biologically or phys- technologies and subsequently showed that such a
ically pretreated wastewater in particular in sun-rich cost reduction can be achieved by the deployment of
areas. However, it was also pointed out that industrial non-concentrating solar reactors [140]. In a recent
applications of solar wastewater treatment on a larger review Goswami [119] reported cost calculations for
scale is in strong demand for cheap photocatalysts the solar photocatalytic wastewater treatment ranging
of higher activity to be competitive with treatment from US $0.53m? all the way to US $27.57 m?
methods already established on the market [133]. based upon various literature sources. Obviously, the
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predicted treatment cost will strongly depend upon 4. Conclusions

the type of wastewater, the desired mode of plant
operation (i.e., continuous vs. discontinuous), the lo-

The following conclusions summarize our views

cation of the projected plant, and a variety of other concerning photocatalytic reactors and respective so-
individual factors. Thus, in each case an individual |ar technologies:

economic assessment will be required based uponi. Methods are now available for the correct evalu-

reliable experimental data, which have to be obtained
under realistic operating conditions to be able to com-
pare the costs with traditional technologies. Moreover, 2.
whenever the costs of the activated carbon adsorption
are used for such a comparison it will be important to
include also the costs for an environmentally safe dis- 3,
posal of the used and thus often highly contaminated

carbon adsorber.

It has been shown that the costs of the photocatalytic
reactors are contributing the main part to the overall
treatment costs [137]. In many cases the cost of the
land area required for the installation of a solar water
detoxification plant will add a significant portiontothe 4.
overall costs of the process. Therefore, it is important
to calculate the required illuminated reactor area as

accurately as possible.

Based on the efficiencies determined for solar g
detoxification reactors, van Well et al. [89] have re-
cently presented a calculation of the reactor area

required for a given pollution problem. Taking a con-
tinuous flow reactor and typical solar UV-A light

intensities the authors assumed a zero order reactiong

(in concentrations) with the rate being directly pro-
portional to the light intensity and the illuminated
surface of the photoreactok. Considering a total

degradation of the contaminants they calculated the

required illuminated reactor are as a function of

ation of true photon absorption rates in the most
commonly used reactor geometries.

Itis clear that the evaluation of the absorbed light in
suspended solid photocatalytic systems must take
into account scattering.

Photocatalytic processes employing solar illumi-
nation and slurry reactor operation have shown
to be a feasible technology for the treatment of
small to medium volumes of wastewaters. The
volume limitation mainly originates from the nec-
essary separation of the suspended catalyst after
treatment.

Flat plate reactors are an attractive design because
their efficiency is at least equal to other reactor con-
figurations and their construction offers economic
advantages.

Much work is needed to develop more precise
methods for modeling the kinetics of real wastew-
aters systems and to incorporate into them realistic
irradiation rates that are strongly dependent on
time and the prevailing weather conditions.
Photocatalytic technologies for water and wastewa-
ter applications, either using artificial or solar light,
will advantageously compete in the market, in par-
ticular, if more efficient catalysts are developed.

the incoming molar flow rate of the water pollutant(s) 5- Nomenclature

(7in), assuming a light intensity (actually a radia-
tion flux) of 60umol photonsm?s-1 and different
photonic efficiencies [89]. Taking an incoming mo-
lar flow rate ofzj, of 0.6 mmoltls (i.e., about

0.22molnr3h~1) these calculations showed that a ¢

total reactor area of 102.9%will be required at a flow
rate of 10nih~1 assuming a photonic efficiency of

¢=0.1[89]. This could, e.g., be realized by a cascade

of 75 Plexigla@ DSSR. A straightforward calcula-

tion evinces that this area requirement will have to be €

multiplied by a factor of 2.3 or 4.6, respectively, when

area (M)

photoreactor light harvesting area3m
total light harvesting area (fh
pollutant concentration (mol i or
mol1-1)

initial pollutant concentration
(molm=3 or molI-1)

catalyst concentration (gTd)

local volumetric rate of radiant energy
absorption (Einstein ms™1)

the destruction of the contaminants follows first order Euv.tot [,quv dt, total collected radiation energy

kinetics and 90 or 99% degradation, respectively, is

the desired result.

per unit area (J mf)
incident radiation (Einstein it s 1)
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I spectral radiation specific intensity
(Einsteinnr?2sr1s1)

k kinetic parameter (FkW—1h1)

M measurement of radiation flux
(Wm-2)

Na number of absorbed photons by the
photocatalyst (photons)

in molar flow rate (mmoltts=1)

Nph number of photons potentially
absorbable by the photocatalyst (photons)

p phase function (dimensionless)

q radiative density flux
(Einsteinm?s~1 or Wm2)

r cylindrical radial coordinate (m)

R catalyst reflectivity (dimensionless)

Reff effective degradation rate (mgrhh—1)

R reaction parameter (molm™s—1)

ra reactor external radius (m)

S linear coordinate along the direction
2 (m)

S mass/area ratio (mgm)

t time (s or h)

TOC total organic carbon (mg)

reactor volume (if)

total suspension volume @n
total reactor volume (fhor )
axial coordinate (m)

spatial position vector (m)
cylindrical axial coordinate (m)

N [= ><$m<<

Greek letters

o constant that relates the incident radiation
with the radiation flux (m?)

volumetric extinction coefficient (mt)

mass extinction coefficient (hy1)
spherical coordinate (rad)

volumetric absorption coefficient (M)

also, reactor parameter tmd) [62]

mass absorption coefficient ég—1)
wavelength (nm)

solar reactor efficiency (mg3)

the quantity co8 (dimensionless)
volumetric scattering coefficient ()
apparent photonic efficiency

(mol Einstein't)

spherical coordinate (rad); also fraction of the
light absorbed by the catalyst

*

*

QXTI PR AR AT

<
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Q unit vector in the direction of radiation
propagation (dimensionless)
Q solid angle (sr)

Subscripts

a absorbed radiation

i incident radiation

in relative to the inner wall

0 relative to the surface of radiation entrance or
initial concentration

ou relative to the outer wall

r reflected radiation

t transmitted radiation

w  value at the reactor wall

A a dependence on the wavelength
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