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Abstract

The practical applicability of the double-skin sheet reactor (DSSR) for solar catalytic wastewater treatment has been
checked at laboratory scale, in Hannover, and at the outdoor test-field of the Plataforma Solar de Almerı́a (PSA), in Spain,
using dichloro acetic acid (DCA) as the standard test pollutant. This type of photoreactor has also been successfully used for
the treatment of biologically pretreated industrial wastewater on laboratory and pilot plant scale. To analyze the experimental
results, a first-order rate law in concentration and radiation density flux (assumed constant for each run) has been derived:
RV = k3(AR/VR)q̄UVc, wherek3 is a lump kinetic parameter,AR is the illuminated reactor area,VR is the volume of the
photoreactor,̄qUV is the time averaged radiation density flux of UV energy, andc is the concentration of the pollutant. It has
been observed that the integrated form of this rate law fits fairly well the experimental data obtained with a model compound
and solar energy, and that an expression derived from this rate can be used for an approximate scaling-up of a solar catalytic
wastewater treatment plant. ©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The pollution of surface and ground waters is a seri-
ous problem of industrial society. Therefore, it is very
important to develop processes for cleaning up pol-
luted aquifers, as well as to make them available for
industrial facilities. Photocatalytic detoxification, em-
ploying titanium dioxide, TiO2, is a promising method
for this purpose [1,2].

The concept of photocatalytic degradation is sim-
ple: an electron/hole pair is generated in a semicon-
ductor particle, provided that a photon with appropri-
ate energy is absorbed. If these charge carriers reach
the catalyst surface before recombination, they can be
used for chemical reactions, i.e., for oxidation or re-
duction of pollutants.

∗ Corresponding author.

Wavelengths shorter than 400 nm are essential for
the excitation of TiO2, at present the most suitable
semiconducting material for photocatalysis. In the so-
lar spectrum, the wavelength range that can be used
for the excitation of TiO2, i.e., the UV-A region be-
tween 300 and 400 nm, approximately 50 W m−2 radi-
ation from the sun is reaching the surface of the earth
under AM 1.5 conditions [3].

To ensure efficient conversion of incident photons
to charge carriers, the appropriate design of a solar
reactor is of utmost importance. For example, it has
been reported that light concentrating systems, such
as parabolic-trough reactors, do not necessarily ex-
hibit advantages over non-light concentrating systems
[4–8]. It is well known that in the wavelength range
of the solar spectrum that can be used for the exci-
tation of TiO2, the diffuse and direct portion of the
solar radiation (AM 1.5) reaching the surface of the
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earth are almost equal [3]. This means that a light
concentrating system cannot employ much more than
half of the solar radiation available for catalyst acti-
vation. Moreover, Brandi et al. [9] have also shown
that, even under the most favorable operating condi-
tions for a parabolic-trough reactor, its solar radiation
collection efficiency cannot be larger than 70% of that
corresponding to a flat-plate reactor of the same pho-
ton harvesting area.

In this paper, the attention will be focused on a
new type of a non-light concentrating photoreactor,
namely, the Plexiglas® double-skin sheet reactor
(DSSR). The DSSR has been introduced recently
[10–15], and is now available commercially (SolAcryl
Gesellschaft für regenerative Energiesysteme GmbH,
Elsenfeld, Germany). It consists of a flat and transpar-
ent structured box made of polymethylmethacrylate
(Plexiglas®). The suspension containing the pol-
lutant(s) and the photocatalyst is pumped through
a meandering channel inside the reactor. Once the
degradation process is completed, the suspended pho-
tocatalyst has to be removed from the liquid. This
type of reactor can utilize both the direct and the
diffuse portion of the solar radiation.

The practical applicability of this type of reactor
has been checked at laboratory scale in Hannover [10]
and at the outdoor test-field of the Plataforma Solar de
Almeŕıa (PSA), in Spain [11,12], using dichloro acetic
acid (DCA) as the standard test pollutant. Recently, the
DSSR has also been used for treatment of biologically
pretreated industrial wastewater at laboratory [13,14]
and pilot plant scale [15].

A very simplified mathematical approach for the
kinetic analysis of photocatalytic experiments is pre-
sented. Experimental results obtained with the DSSR,
which have been published recently [10–15], are an-
alyzed in terms of this method. The suitability of this
model for an approximate scale-up of a solar catalytic
wastewater treatment plant from laboratory-scale ex-
periments is also discussed.

2. Kinetic analysis

To compare different photocatalytic experiments,
often an apparent photonic efficiencyζ has been used
in the literature [10].

ζ = RV,0VR

AR
∫
λ
qλdλ

(1)

Eq. (1) is defined in terms of the initial photocatalytic
degradation rateRV,0 and the radiation density flux∫
λ
qλdλ arriving at the photocatalytic reactor (in units

of moles per Einstein). Apparent photonic efficiencies
are useful for laboratory experiments, because, under
these circumstances, the photon flux should be con-
stant and well known, and very often the degradation
rate can be determined by the slope of the concentra-
tion versus time profile. However, for comparing solar
outdoor experiments under fluctuating radiation con-
ditions, the photonic efficiency cannot be used in a
straightforward manner.

Besides, photonic efficiency, reaction rate or a ki-
netic constant determined directly from the slope of
the concentration–time profile do not provide enough
information for scaling-up a solar catalytic wastewa-
ter treatment plant from laboratory-scale experiments.
For this purpose, a useful kinetic approach has to in-
clude (i) the pollutant concentration or related variable
(e.g., TOC, COD), (ii) the photon density flux reach-
ing the reactor area, (iii) the total volume of the sus-
pension to be treated, (iv) the light harvesting area, (v)
the photoreactor volume, and (vi) the irradiation time
as the minimum design variables.

Consider a typical degradation unit made of a
solar-irradiated reactor (volumeVR) and a storage
tank (volumeVT) forming the main parts of a batch
recirculating system containing a total suspension
volume VS. When the reactor operates under low
conversions per pass inside the loop of a well-mixed
batch system, it can be shown that [16]

RV = − VS

VR

dc

dt
(2)

where dc/dt is the change in concentration measured in
the tank. In photocatalytic water degradation systems,
this equation will be more valid when the recirculat-
ing flow rate is high. This condition is usually ac-
complished to maintain uniform concentration of the
catalyst throughout the water suspension. The real
challenge when working with real wastewaters, and
usually variable solar irradiation rates, is the formu-
lation of the left-hand side of Eq. (2); particularly, if
one tries to keep the mathematical complexity of the
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model in line with the type of information that will be
available for its application.

In formulating RV, two approximations will be
made: (i) it is directly proportional to the volume and
time averaged photon absorption rate〈〈ea〉VR〉τ , and
(ii) it is directly proportional to the concentration of
the organic pollutantc (determined as total organic
carbon, TOC, in this work).

RV ∼= k1

〈〈
ea〉

VR

〉
τ

c (3)

The two approximations used in Eq. (3) are not
always valid. First-order dependence with respect to
the photonic absorption rate has been reported when
the irradiation rate is low (below 1 sun is the order of
magnitude usually referred to). First-order dependence
with respect to the organic compound has been found
usually at low pollutant concentrations (a limiting case
of the more general apparent Langmuir–Hinshelwood
(L–H) kinetics).

The volume averaged photon absorption rate is
given by an additional simplification in terms of the
photon density flux arriving at the reactor surface:

〈
ea〉

VR
∼= AR

∫
λ
αλ k∗

λ qUV,λ dλ

VR
(4)

The dimensionless parameterαλ (αλ ≤ 1) is related to
the ability of a reactor system to use the available light,
and takes into account the losses of the photon energy
due to scattering, reactor wall reflection and absorp-
tion, etc. Again, this assumption is only approximate
because it does not consider variations of the photon
absorption rate with the reactor depth. Additionally,
scattering, as well as reactor wall reflection and ab-
sorption, can hardly be well modeled with a single
constant.

We can further assume that the irradiation is
pseudo-monochromatic (i.e.,k∗

λαλ = k2α) and Eq.
(4) can be rewritten as

〈ea〉VR
∼= k2 α

AR

VR
qUV (5)

In Eq. (5), k2 is the value ofk∗
λ for λ = 350 nm, and

qUV an average value over the wavelength range of
the useful radiation density flux. Once again, this is
an approximation. For the case of solar irradiation in
the 300–400 nm range, the radiation density flux ar-
riving at the surface of the reactor decreases when one

moves towards the shorter wavelengths [3]. On the
other hand, titanium dioxide absorption has just the
opposite trend [17]. Thus, some form of compensation
effect may be possible. Unfortunately,qUV not only
varies with wavelength, it is usually not constant along
the day of a typical solar reactor operation [18,19].
Instead, an average value over the exposure time will
be used. Then, the time and volume averaged photon
absorption rate is given by

〈〈
ea〉

VR

〉
τ

=
∫
τ
〈ea〉VR

dt∫
τ

dt
∼=

∑n
i=1 〈ea〉VR,i

n
(6)

or, after inserting Eq. (5), by

〈〈
ea〉

VR

〉
τ

= k2 α
AR

VR

∑n
i=1qUV,i

n
(7)

Substituting this expression into Eq. (3) yields the re-
action rate per unit suspension volume:

RV = k1 k2 α
AR

VR

∑n
i=1qUV,i

n
c (8)

Inserting this result into Eq. (2), and using the abbrevi-

ationsk3 = k1k2α andq̄UV =
∑n

i=1qUV,i

n
finally yields

the time rate of change of the pollutant concentration
in the tank:

dc

dt
= − k3

AR

VS
q̄UV c (9)

For constant radiation fluxes, Eq. (9) is equivalent to a
first-order rate law in concentrations. After integration
within the limits c= c0 at time t = 0 andc= c at time
t, the usual exponential expression is obtained:

c = c0exp − (k3
AR

VS
q̄UV t) (10)

Analogous expressions to Eqs. (9) and (10) have re-
cently been derived by Sagawe [20], Sagawe et al. [21]
and Bahnemann et al. [12], originating from similar
assumptions.

Rearrangement of Eq. (10) yields an expression to
calculate the kinetic parameterk3:

k3 = VS

AR

1

q̄UV

1

t
ln

(c0

c

)
(11)

Note that the kinetic parameterk3 is not a true kinetic
constant. On one hand, it was obtained under the fol-
lowing assumptions: (i) the reaction is first order with
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respect to the photon absorption rate; (ii) the reaction
is first order with respect to the ‘pollutant’ concen-
tration; (iii) for complex reaction mixtures, the pollu-
tant concentration can be well represented by a single
‘composition’, indicated by the TOC; (iv) the radiation
is pseudo-monochromatic; (v) a simplified expression
is used for the time average of the reactor volume av-
erage photon absorption rate; (vi) the photon absorp-
tion rate is represented by the flux of arriving photons
affected by a constant to account for all non-absorbed
photons; and (vii) this constant is the same for all re-
actors, independent of wavelength. On the other, this
very simple kinetic model does not take into account
(i) the type of catalyst; (ii) the catalyst concentration;
(iii) the molecular oxygen concentration in the reac-
tor; (iv) pH effects; and (v) those effects on the re-
action derived from the existence of impurities in the
incoming stream of fluid.

This simplified model can be substantially improved
provided that the experiments are carried out exclu-
sively with model compounds and solar radiation sim-
ulators or solar illumination on some specially selected
days. (See, for example, Alfano et al. [22] or Rossetti
et al. [23]). However, our present knowledge in rela-
tion to these processes will lead us to an useless effort
if one considers that solar fluxes are not constant —
even in short time intervals — and real wastewaters
have variable and very often not well-defined com-
position. Nevertheless, with many limitations, crude
approximation, like the one presented here, may be
useful for comparing performances of different solar
photocatalytic reactors analyzed under equivalent op-
erating conditions.

3. Experiments with dichloro acetic acid

3.1. Laboratory experiments

In the experiments performed using the DSSR,
the degradation of dichloro acetic acid (DCA) in
illuminated aqueous TiO2 suspensions was investi-
gated, varying the kind of the TiO2 photocatalyst
(Degussa P 25 or Sachtleben Hombikat UV 100), its
concentration, and the content of molecular oxygen.
DCA has been used to characterize and compare
the performance of different types of solar reactors

and photocatalysts in small-scale laboratory experi-
ments and during several experimental periods at the
PSA since 1992 [24–27]. DCA can be conveniently
used since it has a very low vapor pressure and is
soluble in water at any concentration. DCA is a rela-
tively strong organic acid (pKA = 1.29) and therefore
present in its anionic form at all pH values employed.
Moreover, DCA is also an environmentally relevant
pollutant, as it can be found anywhere in nature today,
because it is a non-biodegradable metabolite of dif-
ferent chlorinated substances, such as trichloroacetic
acid, perchloroethylen and others [26]. The photocat-
alytic degradation of DCA in TiO2 slurries obeys the
following stoichiometry [26]:

CHCl2COO− + O2 → 2CO2 + H+ + 2Cl− (12)

In the laboratory studies, an experimental setup
was used, which consisted of a modified Plexiglas®

double-skin sheet (SDP 16/32, Röhm GmbH, Darm-
stadt (Germany), length = 1400 mm, height = 980 mm,
30 interconnected channels of 28.5 mm× 12 mm) as
the photoreactor and a reservoir (30 l) connected by
PVC tubes. In all experiments, this system was op-
erated in a recirculation mode. A centrifugal pump
provided the flow of contaminated water. The flow
rate was 11.8 l min−1, i.e., the residence time in the
photochemical reactor was 87 s. This flow rate re-
sulted in Reynolds numbers of about 9000; therefore,
the flow conditions were turbulent.

In indoor experiments, the DSSR was illuminated
by a custom-made illumination unit equipped with 16
fluorescent tubes (Cleo-Performance R 40 W, Phillips;
λmax= 355 nm). The illumination unit was aligned in
parallel to the reactor surface at a distance of 2.5 cm.
The illuminated reactor surfaceAR was 125× 69 cm2

(0.86 m2). It was irradiated with 5.9× 10−3 mol pho-
tons per minute, as determined by ferrioxalate acti-
nometry, corresponding to an area averaged, apparent
energy density flux of 38.5 W m−2. The illuminated
reaction volumeVR was 10.4 l, and the total volume
of the suspensionVS varied between 20 and 30 l. Solar
degradation experiments were performed in Hannover
in the beginning of May 1995. For this purpose, the re-
actor was adjusted to an inclination angle of 45◦. Dur-
ing the experiments, the whole surface of the reactor
was irradiated by the sun (AR = 1.34 m2, VR = 14.4 l,
VS = 25 l).
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Fig. 1. TOC versus illumination time during the laboratory
experiments of the photocatalytic degradation of DCA. The lines
have been calculated using Eq. (10) and the data given in
Table 1. (Experimental conditions: (–d–—) 5.0 g l−1 P 25 (Run
14); (---s---) 5.0 g l−1 P 25, oxygenated suspension (Run 16);
(–·–·–j·–) 7.5 g l−1 Hombikat UV 100 (Run 4); (–··–··h–··–··–)
7.5 g l−1 Hombikat UV 100, oxygenated suspension (Run 6).

The change of TOC versus illumination time in
some typical experiments is shown in Fig. 1.

In all cases, an apparent first-order rate law with re-
spect to the TOC ‘hypothetical composition’ can de-
scribe the rate of disappearance of the TOC. Similar
results have been shown recently [24]. From the ob-
tained experimental data and using a parameter esti-
mator,k3 can be calculated by application of Eq. (10).
For each experiment, the initial degradation rate was
calculated using Eq. (8) (with the initial DCA con-
centration), while the initial photonic efficiencyζ was
calculated using Eq. (1).

Results fork3 and ζ are presented in Table 1, to-
gether with the relevant experimental details.

With artificial light and when no oxidant was pur-
posely added, photonic efficiencies varying between
0.03 and 0.12 were obtained, depending on the kind
and concentration of the photocatalyst employed. The
photocatalytic degradation of DCA was more effective
with Sachtleben Hombikat UV 100, than with Degussa
P 25 employed as photocatalyst, in good agreement
with data from small-scale laboratory studies [27].
With both photocatalysts, and usually passing through
a maximum, the efficiency increased with increasing
catalyst concentration, as it has also been shown in
laboratory experiments using a 50 ml stirred-tank re-
actor and artificial illumination [27]. It should be men-
tioned that, as should be expected, this increase is not
linear with catalyst concentration. However, employ-
ing the DSSR, photonic efficiencies in aerated suspen-

sions were lower (about 0.1 with Sachtleben Hombikat
UV 100 and about 0.06 using Degussa P 25) than un-
der idealized small-scale laboratory conditions, where
photonic efficiencies up to 0.22 have been found us-
ing Hombikat UV 100 [27]. Qualitative measurements
of the photon flux, with a luxmeter behind the reac-
tor, have shown that a part of the incident UV light
passed through the photoreactor when a photocatalyst
concentration of 1 g l−1 was used. Also, it has been
shown [28] that back-scattering losses may be very
important in flat-plate reactors. Thus, these low pho-
tonic efficiencies, obtained in terms of apparent pho-
ton absorption rates, can at least partly be explained by
an incomplete absorption of photons and the existence
of higher reflection losses in the DSSR configuration
(i.e., α is not the same for both reactor types).

Purging the suspension with molecular oxygen re-
sulted in an increase in the photonic efficiencies. From
this observation, it can be concluded that using the
DSSR unit with a rather large reaction volume, there
is a partial limitation in the DCA degradation rate by
a depletion of molecular oxygen in some parts of the
reactor space. Since these results have been obtained
under turbulent flow conditions, one can safely say that
oxygen concentration will be an important component
in a more complete representation of real reacting sys-
tems. This is plausible since molecular oxygen is a
reactant necessary for the photocatalytic degradation
of DCA (Eq. (12)).

It has been reported that the photonic efficiency of
the photocatalytic DCA degradation decreases consid-
erably as the light intensity is increased [27]. Run No.
7 is a typical example of this behavior. Thus, the linear
dependence for the photonic absorption rate cannot be
extrapolated to very low irradiation rates.

Under illumination with artificial UV light,k3 val-
ues between 5.5× 10−8 and 42.9× 10−8 m3 W−1 s−1

were obtained. The lines in Fig. 1 represent the expo-
nential curve fits to the respective experimental data,
calculated with the thus-derivedk3 values, according
to the rate law given in Eq. (10). As can be seen from
these plots, this rate law fits most of the experimental
data fairly well.

As expected, the values ofk3 show the same depen-
dencies as the values of the photonic efficienciesζ ,
i.e., in all cases, the values of the kinetic parameterk3
are significantly lower for Degussa P 25 when com-
pared with Sachtleben Hombikat UV 100 for a given
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Table 1
Experimental data and kinetic parameters (k3) of the laboratory experiments of the photocatalytic degradation of dichloro acetic acida

Run No. Catalyst ccat (g l−1) Vs (l) Gas TOC0 (mg l−1) k3 × 108 (m3 W−1 s−1 V) ζ × 103

1 Hombikat UV 100 1.0 25 – 21.5 7.4± 0.1 45
2 Hombikat UV 100 5.0 30 – 20.6 11.2± 0.7 66
3 Hombikat UV 100 5.0 30 – 22.1 9.5± 0.4 60
4 Hombikat UV 100 7.5 20 – 21.4 18.8± 1.6 115
5 Hombikat UV 100 7.5 25 air 17.3 20.6± 1.0 101
6 Hombikat UV 100 7.5 25 oxygen 17.7 42.9± 2.2 216

7b Hombikat UV 100 7.5 25 – 12.7 77.5± 12.9 280
8 Hombikat UV 100 10.0 25 – 22.2 10.3± 0.9 65
9 Hombikat UV 100 10.0 25 – 22.3 8.5± 0.2 54

10 Hombikat UV 100 15.0 25 – 13.6 15.7± 1.9 61
11 Hombikat UV 100 15.0 25 – 13.3 7.0± 0.6 26
12 P 25 1.0 25 – 21.9 5.5± 0.2 34
13 P 25 2.5 25 – 19.6 7.6± 0.1 42
14 P 25 5.0 25 – 22.9 9.6± 0.2 63
15 P 25 5.0 25 air 22.6 10.1± 0.4 65
16 P 25 5.0 25 oxygen 21.0 12.3± 0.5 74

a Experimental conditions: DCA; pH 3; ambient temperature;q̄UV = 38.5 W m−2; VR = 10.4 l, AR = 0.86 m2, V̇ = 11.8 l min−1.
b Solar experiment;̄qUV = 17.2 W m−2 (Hannover, Germany, 4 May 1995, 2:00–6:00 p.m.);VR = 14.4 l; AR = 1.34 m2; V̇ = 11.8 l min−1.

catalyst concentration; they increase with increasing
catalyst concentration and with increasing concentra-
tion of molecular oxygen present in the suspension.
Run No. 7 gave a surprisingly highk3 value. This is a
result that was also observed in other experiments, re-
ported below, when the radiation density flux was low,
clearly contradicting the linear dependence included
in the simplified model. However, no improvements
were obtained using a kinetic expression with a square
root dependence of the photonic efficiency on the ra-
diation density flux being incorporated into it.

3.2. Field studies at the Plataforma Solar de Almerı́a

During May 1996, solar experiments using the
DSSR have been performed at the Plataforma Solar
de Almeŕıa (PSA) in Spain [11,12]. The photocat-
alytic reactor setup used at the PSA consisted of
two or three DSSRs connected in series, which were
joined by PVC tubes to a reservoir. A DSSR con-
sisted of a modified double-skin sheet (SDP 16/32),
manufactured by the Röhm GmbH, Darmstadt. One
photoreactor had a length of 1395 mm, a width of
950 mm, and contained 30 interconnected channels,
each of which had an opening of 27 mm× 12 mm.
The total illuminated volume of one DSSR added up
to 13.6 l; the illuminated surface area was 1.33 m2.

During all experiments, the complete upper surface
of the DSSRs was exposed to the sun. The inclina-
tion angle was adjusted to 37◦, with the face of the
reactor facing south. The suspension was recirculated
by means of a centrifugal pump. The flow rate was
adjusted to 12.0 l min−1. In all experiments, the TiO2
catalyst powder was added to the stock container with-
out any additional treatment. The concentration of the
photocatalyst was varied between 0.2 and 5 g l−1. In
a typical experiment with DCA being the model pol-
lutant, its concentration was adjusted to 2.5 mmol l−1

(60 mg l−1 TOC) after the photocatalyst was added.
For comparison, the photocatalytic degradation of

DCA was also investigated using a cascade of up to
six compound parabolic collecting reactors (CPCR)
in parallel experiments under identical experimental
conditions. A CPCR is a trough reactor without light
concentrating properties. It differs from a conventional
parabolic-trough reactor by the shape of its reflect-
ing mirrors. A reflector of a parabolic-trough reac-
tor has a parabolic profile, with the reaction pipe in
its focal line. Consequently, only direct, as opposite
to diffuse, light entering the parabolic-trough can be
focused into the reaction pipe, and a sun-tracking sys-
tem is required. The shape of a CPCR’s reflector usu-
ally consists of two half portions of parabolic cylin-
ders set side by side. The reaction center is located
close above the union of the two parabolic profiles.
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This geometry enables light entering from almost any
direction to be reflected into the ‘center’ of the CPCR,
i.e., most of the diffuse light entering the module can
also be employed for the photocatalytic reaction. Due
to this geometry, a CPCR exhibits only a small con-
centration factor. (The CPCR installed at the PSA has
a concentration factor of 1.15, i.e., this type of reactor
has practically no light concentrating properties [29].)
Moreover, due to its geometry, a CPCR must not nec-
essarily track the sun. The azimuth should be adjusted
to the complementary angle of the geographical alti-
tude, and the pipes should be aligned south and per-
pendicular to the horizon.

At the PSA, two CPCR modules are joined together
forming one CPCR unit [30,31]. Three units are con-
nected in series, but each of it can be by-passed. The
CPCRs used at the PSA were produced by the Indus-
trial Solar Technology Corporation, Denver, CO, USA.
One CPCR-module consists of eight parallel reflectors
made from polished aluminum. A single reflector has
a length of 1220 mm and a width of 152 mm, i.e., the
effective light-harvesting area of one module, consist-
ing of eight reflectors, adds up to 1.48 m2. A reaction
pipe, made of a transparent fluoro polymer (Teflon),
is fixed at the ‘center’ of each CPC reflector, through
which the suspension containing the photocatalyst and
DCA as the model pollutant circulates. The reaction
pipe is as long as the reflector (1220 mm), has an inner
diameter of 48 mm, and, consequently, an illuminated
volume of 2.21 l. The overall illuminated volume of
one module adds up to 17.7 l. The connectors between
the absorber pipes are made of polypropylene. The
angle of incidence was adjusted to 37◦. The suspen-
sion was recirculated by means of a centrifugal pump
through the CPCR units and a tank with a flow rate of
approximately 33.3 l min−1. The tank and the connect-
ing pipes (40 mm inner diameter) between the CPCR
units and the tank were made of polyethylene tubing.

More details concerning the illuminated reactor ar-
easAR and the reactor volumesVR, reflecting the num-
ber of photoreactors used in the different experimen-
tal runs, the total volume of the suspensionVS treated
in each experiment, and the initial concentration of
the pollutant (determined as TOC), are presented in
Table 2.

In Fig. 2, typical experimental results of the pho-
tocatalytic degradation of DCA, using P 25, as well
as Hombikat UV 100 slurries in the DSSR and the

Fig. 2. Flux of UV energy and TOC versus illumination time
during the outdoor experiments of the photocatalytic degradation
of DCA at the PSA. The lines in the lower diagram have been
calculated using Eq. (10) and the data given in Table 2. (Exper-
imental conditions: 5.0 g l−1 P 25 (Run 28): (–—j–—) CPCR,
(-----d-----) DSSR, (r) corresponding UV flux; 5.0 g l−1 Hom-
bikat UV 100 (Run 21): (-·-·-·h-·-··) CPCR, (-··−s··−··−) DSSR,
(e) corresponding UV flux.

CPCR are shown. The corresponding global UV ra-
diation qUV in the 300–400 nm wavelength region
is given in the same figure. In all cases, the TOC
decreased significantly during the illumination with
solar UV light. Using P 25 (5 g l−1) as the photocata-
lyst in the DSSR and the CPCR, the TOC decreased
within 240 min from the initial 56.8 mg l−1 to a final
value of 19.2 mg l−1, and from initial 57.8 mg l−1

to 30.4 mg l−1, respectively. The respective decrease
within 150 min was from 51.1 mg l−1 to 16.8 mg l−1,
and from 51.6 mg l−1 to 18.4 mg l−1 when Hombikat
UV 100 (5 g l−1) was used as the photocatalyst. These
results confirm that Hombikat UV 100 is more active
than P 25 as a photocatalyst for the degradation of
DCA. Working with the DSSR configuration, and
comparing the results obtained in Run Nos. 24 and
25, an increase of the apparent rate constant was ob-
served again when the photonic absorption rate was
decreased. The same effect was not equally observed
using the CPCR arrangement.
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A whole series of experiments, similar to those pre-
sented in Fig. 2, have been performed in the DSSR and
the CPCR using DCA as the model pollutant as well
as different catalysts and concentrations (cf. Table 2).
For these experimental runs performed at the PSA,
initial photonic efficiencies varying from about 0.1 to
about 0.2 for P 25, and from about 0.19 to about 0.3 for
Hombikat UV 100 have been determined (cf. Table 2).
These values are even higher than those reported for
laboratory experiments using a 50 ml stirred tank re-
actor and artificial illumination [27]. When comparing
photonic efficiencies calculated from the results of the
experiments with the DSSR with those reported by
Lindner et al. obtained under small-scale laboratory
conditions [27], it should be noted that illumination
intensities in the experiments reported here are sig-
nificantly lower than in the experiments described in
[27].

The lines in the lower part of Fig. 2 represent the
exponential curve fits of the experimental data, cal-
culated with thek3 values provided by the parameter
estimator, according to the rate law given in Eq. (10).
As can be seen from these plots, this rate law yields
a fairly good fit of the experimental data. More com-
plete information is compiled in Table 2.

Under the experimental conditions employed at the
PSA, thek3 values obtained in the DSSR were higher
(within the experimental error) than the values ob-
tained in the CPCR in almost all cases. As expected,
an influence of the catalyst type and its concentra-
tion on thesek3 values was observed. For both types
of photoreactors, this dependence is graphically pre-
sented in Fig. 3. For comparison,k3 values obtained in
the laboratory experiments, reported in the foregoing
section, are also presented in this figure.

The k3 values for the degradation of DCA, ob-
tained in the outdoor experiments at the PSA us-
ing Hombikat UV 100 as the photocatalyst, start
at 13.3× 10−8 m3 W−1 s−1 in the DSSR, and at
11.9× 10−8 m3 W−1 s−1 in the CPCR at the lowest
catalyst loading of 0.25 g l−1, increasing quickly up
to about 23× 10−8 m3 W−1 s−1 at a catalyst concen-
tration of 2.5 g l−1, where maxima of thek3 values
are observed. In both types of photoreactors, thek3
values decrease to about 20× 10−8 m3 W−1 s−1 when
the Hombikat UV 100 concentration is increased to
5 g l−1. This decrease of the kinetic parameterk3
was not observed in the laboratory experiments using

Fig. 3. Influence of the photocatalyst and its concentration on the
kinetic parameterk3 (s) Hombikat UV 100; (d) P 25).

the DSSR under artificial illumination and catalyst
concentrations up to 7.5 g l−1. The k3 values for the
degradation of DCA using P 25 as the photocatalyst
start at 6.8× 10−8 m3 W−1 s−1 in the DSSR and at
7.2× 10−8 m3 W−1 s−1 in the CPCR at a catalyst
loading of 0.5 g l−1, increasing quickly up to a cata-
lyst concentration of 1–2.5 g l−1 to reach a maximum
value of about 10× 10−8 m3 W−1 s−1. The subse-
quent increase of thek3 values above this catalyst
loading is much slower. In the CPCR,k3 even de-
creases to about 6× 10−8 m3 W−1 s−1 at a catalyst
concentration of 5 g l−1. This behavior is similar to
that observed in the laboratory experiments with the
DSSR, and in experiments with a small-scale pho-
toreactor [27].

Comparing thek3 values obtained with the DSSR
during the outdoor experiments at the PSA and the
foregoing laboratory studies in Hannover, a fairly good
agreement is observed when Degussa P 25 was used
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(see, for example, runs performed with a catalyst con-
centration of 5 g l−1). It should be noted that these runs
were carried out at very similar irradiation rates (40.5
and 38.5 W m−2, respectively). With Sachtleben Hom-
bikat UV 100, however, and comparing data for the
same catalyst concentrations (5 g l−1), such an agree-
ment does not exist. A difference by a factor of 2
was observed. A partial explanation is clear: irradia-
tion rates were very different (27.4 and 38.5 W m−2,
respectively), and, as pointed out before,k3 values ex-
hibit a definitive increasing trend when radiation fluxes
are decreased. However, unless some disguised exper-
imental failure is present, this argument is not suffi-
cient to explain the differences of the results observed
in Run Nos. 1 and 19.

In Table 2, the ratiok3,CPCR/k3,DSSR is also given.
This ratio, which reflects the different ability of the
photoreactors to utilize the available light, is (within
experimental error) smaller than 1 in almost all cases.
Thus, it can be concluded that the DSSR is slightly
more efficient than the CPCR in utilizing the solar ra-
diation impinging on the reactor surface. It is known
that in the spectral range from 295 to 387 nm, the re-
flection efficiency of polished aluminum used for the
reflectors of the CPCR, is 83.2%. The transmissivity
of the Teflon pipes in the spectral range under con-
sideration is 76.8% [29]; so, at the most 63.9% of
the total UV light falling on the reflecting surface can
be utilized in the reaction pipe of the CPCR. How-
ever, with a few exceptions, the observed results are
not showing such a high decrease in efficiency of the
CPCR, as compared with the DSSR. Two arguments
can explain this result: (i) back-scattering losses that
are much more significant in the flat-plate configura-
tion of the DSSR, and (2) a more effective turbulent
flow regime (Re≈ 15,000) used in the CPCR result-
ing in more favorable mixing conditions for catalyst
activation and catalyst surface oxygenation.

4. Experiments with biologically pretreated
industrial wastewater

4.1. Laboratory studies

The promising results of the photocatalytic degra-
dation experiments with the model pollutant DCA

obtained in the DSSR encouraged us to investigate
the photocatalytic degradation of organic compounds
present in biologically pretreated effluents. Samples
from Volkswagen AG production plants in Wolfsburg
(Germany) and Taubaté (Brazil) were tested using the
DSSR and artificial UV light in the laboratory [13,14].
In these laboratory experiments, P 25, Hombikat UV
100, and a self-prepared platinized Hombikat UV 100
[32] were used as photocatalysts. In all experiments,
the catalyst concentration was adjusted to 5 g l−1. The
experimental setup comprised one DSSR (modified
SDP 16/32, Röhm GmbH, Darmstadt) either with
AR = 1.34 m2 and VR = 14.4 l, or with AR = 0.67 m2

andVR = 7.2 l, which was connected to a tank with a
pipe forming the loop of a recirculating batch system.
The reactor was illuminated with the custom-made il-
lumination unit described above. The averaged energy
flux q̄UV was 45 W m−2, as determined by a luxmeter.
In some experiments, the surface of the photoreactor
was covered with a commercially available polymer
sheet, thus lowering the available energy flux. In two
experiments, the reactor surface was covered to ex-
clude all light from the illumination unit, except for a
window with an area of 50× 50 cm2 (AR = 0.25 m2,
VR = 3.1 l). The suspension (VS = 10 l or 20 l) was
recirculated with a flow rate of 17 l min−1 by means
of a centrifugal pump. To investigate the cleaning-up
of greater amounts of wastewater, two experiments
were performed employing three DSSR units con-
nected in series (modified SDP 16/32;AR = 4.02 m2,
VR = 43.2 l), and adjusted to an inclination angle of
45◦. The reactors were illuminated with solar light
or with three illumination units (Solarien H 541,
Philips, each equipped with eight UV-A lamps Cleo
Performance 100 W). In these experiments, the sus-
pension (VS > 200 l) was recirculated with a flow rate
of 5 l min−1.

More experimental data, and the values calculated
for the kinetic parameterk3 are compiled in Table
3. As can be seen from this table, thek3 values ob-
tained in these experiments vary between 0.5× 10−8

and 21.0× 10−8 m3 W−1 s−1.
It should be noted that the discussion of these results

is complicated by the fact that different real wastewater
samples were used in this study. Thus, the initial TOC
was not always the same (cf. Table 3), and, to some
extent, the chemical nature and surely the concentra-
tions of the pollutants present in the water changed
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Table 3
Experimental data and kinetic parameters (k3) of the laboratory experiments of the photocatalytic treatment of a biologically pretreated
industrial wastewatera

Run No. Catalyst q̄UV (W m−2) VS (l) VR (l) AR (m2) TOC0 (mg l−1) k3 × 108 (m3 W−1 s−1)

29 Hombikat UV 100 45 20 14.4 1.34 8.2 0.80
30 Hombikat UV 100, platinized 45 20 14.4 1.34 12.8 1.4± 0.2
31 P 25 45 20 14.4 1.34 9.2 0.5± 0.0
32 P 25 45 10 7.2 0.67 5.5 3.1± 0.2
33 P 25 45 10 7.2 0.67 4.8 4.4± 0.3
34 P 25 45 10 7.2 0.67 6.9 5.1± 1.4
35b P 25 45 20 14.4 1.34 9.0 2.5± 0.2
36c P 25 3.9 20 14.4 1.34 7.9 8.7± 1.9
37 P 25 45 20 3.1 0.25 6.8 11.8± 1.8
38 P 25 22.5 20 3.1 0.25 7.0 21.3± 1.4
39d P 25 33.4 230 43.2 4.02 7.9 7.7± 0.2
40d,e P 25 18.5 280 43.2 4.02 9.3 9.1± 0.9

a Experimental conditions: biologically pretreated industrial wastewater;ccat = 5 g l−1; natural pH; ambient temperature;V̇ = 17 l min−1.
b Oxygenated suspension.
c Solar experiment (Hannover, Germany, 28 August 1997, 9:45 a.m.–3:45 p.m.).
d V̇ 5 l min−1.
e Solar experiment (Hannover, Germany, 9 September 1997, 11:30 a.m.–4:30 p.m.).

from one sample to the next. It is well known that the
photocatalytic degradation rate depends on the chem-
ical structure of the existing pollutants.

This effect is apparent while analyzing the results
obtained in Runs 32–34, which were performed un-
der the same operating conditions, except for the ini-
tial TOC. The influence of the wastewater constituents
on the value of the parameterk3 is clearly observed.
(cf. Table 3). Moreover, comparing the results of Run
Nos. 33 and 34 with the oxygenated suspension (Run
No. 35), it seems clear that in some cases the ef-
fect of the liquid composition may even prevail over
that expected from a better-oxygenated catalyst. In
spite of the limitations resulting from undefined pollu-
tant concentrations, some qualitative observations and
well-defined trends can be derived from this simple
analysis of the experimental results.

The effect of decreasing the irradiation rates is
clearly observed in Run Nos. 36, 38, and 40. Ef-
fects described in previous sections are also clearly
observed here. When the DCA experiments were
analyzed, the need for a better account of the ex-
isting oxygen concentration in the reaction volume
(illuminated reactor) became apparent. This effect is
also qualitatively observed in these runs: comparing
Run No. 34 with Run No. 37, the dioxygen concen-
tration decreased from an initial value of 8.6 mg l−1

to a final value of 2.9 mg l−1 within 3 h in the first

case, and from initially 6.9 mg l−1 to a final value of
4.2 mg l−1 after 7 h of illumination in the second case.
Consequently, the kinetic parameter for Run No. 37
is calculated to be more than two times larger than
that of Run No. 34. A similar effect is obvious when
Run Nos. 38 (Re∼= 13,000) and 40 (Re∼= 4000) are
compared. The more favorable mixing conditions for
catalyst activation and catalyst surface oxygenation
in the first case lead to an increase in the observed
kinetic parameter by more than a factor of two.

Using thek3 values obtained in these experiments,
the reactor areaAR necessary for the treatment of a
suspension volumeVS can be calculated by Eq. (13):

AR = VSln(c0/c)

k3q̄UV t
(13)

which is derived after rearrangement of Eq. (11).
Using this equation andVS = 1 m3, k3 = 12× 10−8 m3

W−1 s−1, and q̄UV = 20 W m−2, it can be calcu-
lated that an illuminated reactor area of 33 m2 will
be necessary to degrade 90% of the TOC, initially
present in the wastewater, within 8 h (t = 28 800 s) of
illumination.

4.2. Pilot plant studies

Since the practical results of the laboratory studies
mentioned above were promising, a pilot plant for the
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solar catalytic treatment of a biologically pretreated
industrial wastewater was constructed. At its final lo-
cation at the automobile production plant in Taubaté
(VW do Brasil, Brazil), this pilot plant should re-
duce the TOC of pretreated wastewater from an initial
concentration of about 10 mg l−1 to a final concentra-
tion of less than 1 mg l−1, when charged with 0.5 m3

wastewater per day.
The pilot plant consists of twelve double-skin sheet

photoreactors (SDP 16/32, Röhm GmbH, Darmstadt,
manufactured by Solacryl Gesellschaft für regenera-
tive Energiesysteme mbH, Elsenfeld), which are ad-
justed to an inclination angle of 23◦ (corresponding to
the latitude of Taubaté) facing south. Two DSSR units
are connected in series, forming one reactor line. A
recirculation pipe (approx. volume, 1.1 m3) connects
to a reservoir six of these lines running in parallel.
The light harvesting reactor area of a single DSSR
is 245× 94 cm2 resulting in a total irradiated area
AR = 27.6 m2 and a total reactor volumeVR = 301 l.
Water (Vin = 500 l) coming from the biological treat-
ment plant is pumped into the reservoir. The solar
catalytic treatment starts after the reservoir has been
filled. The suspension (VS = 1011 l) is pumped by a
centrifugal pump from the reservoir into the photore-
actors and back through a reflux pipe into the reservoir
for the desired illumination time during the day.

For the experiments described below, the flow
rate out of the tank was varied between 83.3 and
133 l min−1, resulting in a flow rate between 13.9 and
22.2 l min−1 in the reactor sheets. In some experi-
ments, only six DSSRs, withAR = 13.8 m2, VR = 151 l,
andVS = 861 l, were used. After the desired time of the
solar catalytic wastewater treatment, the recirculation
pump was switched off and the water was pumped
out of the reactors and back into the reservoir. The
photocatalyst (5 g l−1, Degussa P 25) settled down in
the reservoir during the night. When sedimentation
was over, the supernatant liquid (Vout = 500 l) was
pumped out of the reservoir.

To test the performance of this pilot plant, it has
been installed at the production plant of Volkswagen
AG in Wolfsburg (Germany) in May 1998. Fig. 4
shows the results of a typical experimental run.

The variability of the UV(A)-intensity shown at the
top of Fig. 4 gives a clear indication of the usual oper-
ating conditions of a solar plant. Hence, in addition to
the difficulties of handling a liquid of variable and not

Fig. 4. Flux of UV energy and TOC versus time during the
photocatalytic treatment of biologically pretreated industrial waste-
water in the pilot plant. The lines in the lower diagram have been
calculated using Eq. (10) and the data given in Table 4 (Run 47).

well-known composition, the solar fluxes exhibit sig-
nificant variations during the course of the day. Vari-
ations of±50% around the mean are by no means
unusual.

The TOC values of the incoming wastewater were
determined to vary between 10.2 and 26.9 mg l−1. The
wastewater was slightly alkaline (pH 7.6± 0.2); the
initial dioxygen concentration was 8.5± 1.4 mg l−1.
By mixing the incoming wastewater with the catalyst
slurry that remained in the pilot plant after the su-
pernatant water treated during the previous day was
pumped out, the TOC decreased to initial values vary-
ing between 7.3 and 26.9 mg l−1.

During the solar catalytic treatment, a decrease
in the concentration of the organic pollutants, de-
termined as TOC, was observed in all cases. As an
example, the changes in TOC during a single run of
the pilot plant are given in the lower part of Fig. 4.
As can be seen from this figure, the TOC decreased
from an initial value of 16.7 mg l−1 to a final value
of 10.0 mg l−1 within 330 min of solar illumination.
The time averaged energy flux was 13.3 W m−2 (with
minimum and maximum peaks of 6 and 26 W m−2

approximately).
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Table 4
Experimental data and kinetic parameters (k3) of the pilot plant experiments of the photocatalytic treatment of biologically pretreated
industrial wastewatera

Run No. ccat (g l−1) V̇ (l min−1) q̄UV (W m−2) VS (l) VR (l) AR (m2) TOC0 (mg l−1) k3 × 108 (m3 W−1 s−1)

41 2.5 16.7 27.4 1011 301 27.6 29.1 9.9± 7.8
42 2.5 16.7 22.4 1011 301 27.6 14.9 5.8± 3.7
43 2.5 16.7 22.8 1011 301 27.6 15.4 7.8± 5.2
44 2.5 16.7 19.1 1011 301 27.6 10.2 4.0± 0.9
45 5 13.9 17.6 1011 301 27.6 10.4 6.1± 2.0
46 5 13.9 6.8 1011 301 27.6 11.8 3.5± 0.5
47 5 19.4 13.3 1011 301 27.6 16.7 10.2± 4.4
48 5 19.4 18.1 1011 301 27.6 13.1 2.5± 1.2
49 5 16.7 17.7 861 151 13.8 7.1 7.9± 2.0
50 5 16.7 26.7 861 151 13.8 9.4 2.8± 0.9
51 5 22.2 26.0 861 151 13.8 12.9 4.6± 1.3
52 5 22.2 26.1 861 151 13.8 10.2 6.1± 0.8
53 5 13.9 24.6 861 151 13.8 12.1 2.1± 0.6
54 5 13.9 15.2 861 151 13.8 13.3 5.1± 4.9
55 5 13.9 10.8 861 151 13.8 12.6 6.7± 3.3
56 5 13.9 13.0 861 151 13.8 17.0 2.1± 1.0
57 5 13.9 24.5 861 151 13.8 11.7 0.7± 0.3

a Experimental conditions: biologically pretreated industrial wastewater; TiO2 Degussa P 25; natural pH; ambient temperature; Wolfsburg,
Germany, 15 May–20 July 1998.

In this run, 85% of the totally eliminated organic
carbon was photocatalytically degraded within the first
180 min of irradiation. As a consequence of this ox-
idation process as well as due to the increase in the
reaction temperature, the dioxygen concentration in
the suspension, measured in the reflux pipe (between
the photoreactors and the tank) and inside the tank,
decreased from 8.8 and 8.0 mg l−1, respectively, to
7.0 and 6.5 mg l−1, respectively. This decrease in the
dioxygen concentration, as well as a decrease in the
concentration of inorganic carbon (IC: CO2, CO3

2−,
HCO3

−) was observed in all experimental runs per-
formed with the pilot plant in Wolfsburg. In most runs,
the pH of the suspension increased by 0.3 to 1.3 pH
units. In the particular run shown in Fig. 4, the pH of
the suspension increased from an initial value of 7.8
to a final value of 8.3.

More than 50% of the organic pollutants initially
present in the mixed water inside the pilot plant can,
thus, be degraded within 8–11 h of illumination. Natu-
rally, the total mass of the degraded contaminants will
depend on the initial pollutant composition and con-
centration, the time of illumination and on the avail-
able solar UV flux.

Thek3 values calculated for the TOC reduction from
all experimental runs, which have been analyzed in

detail, are summarized in Table 4, together with the
relevant experimental details.

Leaving aside results associated with an error limit
for the determination of the parameter estimator ex-
ceeding 40%, the values ofk3 are found to vary be-
tween 2× 10−8 and 6× 10−8 m3 W−1 s−1. The value
of about 12× 10−8 m3 W−1 s−1, observed in an ex-
periment with artificial UV light and used for the cal-
culation of the required reactor area for the treatment
of 1 m3 of wastewater (vide supra), was not reached
in any of these solar experimental runs. The observed
variations of the values ofk3 cannot be correlated with
the COD, TOC, or IC (CO2, CO3

2−, HCO3
−) of the

incoming wastewater, nor with the pH, the concentra-
tion of molecular oxygen dissolved in the suspension,
the mean UV light intensity during the day, the time
of illumination or the flow rate.

These variations might be mainly due to dif-
ferences in the compounds actually present in the
wastewater, which have not been determined analyti-
cally. As mentioned above, it is well known that the
reaction rate of the photocatalytic degradation of or-
ganic wastewater pollutants depends strongly on their
chemical nature, and it is expected that the values
obtained for the kinetic parameterk3 will reflect this
fact.
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In some runs (Run Nos. 45, 46, 47, and 49) a
leveling-off of the TOC disappearance was observed.
Such an effect could, for example, be explained by
the presence of some compounds of high molecular
weight that may be mineralized in a multi-step oxida-
tion process. This was concluded from the following
observations: (i) while the TOC remained nearly con-
stant, the COD further decreased under solar irradia-
tion, and (ii) in all cases when this behavior was ob-
served, the photocatalytic degradation process on the
following day, employing a new batch of wastewater,
but using the same catalyst, was not affected.

In any event, considering all the previously stated
limitations of the approximate model, as well as the
described difficulties of performing solar experiments
with real wastewaters, it should be taken as a con-
firmation of this model’s validity that all calculated
kinetics parameters are found to be within the same
order of magnitude (cf. Table 4).

5. Conclusions

The results reported above clearly demonstrate the
practical applicability of the double-skin sheet reactor
(DSSR) for the use in solar water treatment. It was
shown that this type of photoreactor offers an inter-
esting alternative for solar catalytic water detoxifica-
tion plants, especially because its basic components
are readily available industrially.

Using DCA as the model pollutant, an excellent
qualitative and, in some cases, quantitative agreement
between the results from the studies described here
and previous laboratory experiments performed with
a 50 ml stirred-tank reactor has been observed.

A newly derived pseudo first-order rate law in pol-
lutant concentration and apparent irradiation rate (Eq.
(8)) can be used to analyze the experimental data ob-
tained with artificial UV illumination with a constant
flux of photons, as well as under fluctuating radiation
conditions in solar outdoor experiments. The model
has a single parameter that can be estimated from
these experiments (Eq. (11)). After integration and re-
arrangement, the rate law can be used for an approx-
imate scaling-up of a pilot plant for solar catalytic
wastewater treatment.

Results with the model pollutant DCA indicate
that the main variables that affect the defined single

kinetic parameter are (i) the concentration of molec-
ular oxygen, (ii) the type of photocatalyst, (iii) the
catalyst loading, and (iv) the irradiation level. The
model does not account for the first three parame-
ters. Furthermore, the last parameter, included in the
model in form of a linear dependence, does not seem
to be useful for extrapolating significant changes in
the irradiation rates.

However, the derived expression has proved to be
a valid tool for comparing performances of differ-
ent photocatalytic reactors under equivalent operating
conditions.

Therefore, it seems reasonable to use a sequential
method for future scale-ups. As a first step, using real
wastewaters, laboratory experiments should be per-
formed changing the kind and the concentration of the
photocatalyst. Ak3 value for a given catalyst and cata-
lyst concentration, calculated from these experiments,
should be used to approximate the illuminated reac-
tor areaAR required for the treatment of a suspension
volumeVS. The latter conditions should then be used
in subsequent bench-scale experiments employing so-
lar irradiation. These experiments must maintain the
type of photocatalyst and the catalyst concentration
previously selected. The resulting value of the kinetic
parameterk3 obtained from this second set of exper-
iments can be applied for the proper designing of a
solar catalytic wastewater treatment plant having the
same reactor thickness, similar hydrodynamic operat-
ing conditions and oxidant concentrations.

We are optimistic that the design of future solar
water treatment plants can be based upon the scale-up
of results obtained with such a small set of laboratory
experiments.

6. Nomenclature

AR total illuminated (light-harvesting) sur-
face area of the photoreactor(s) (m2)

c concentration (g m−3 or mol m−3)
〈ea〉VR volume averaged photon absorption

rate (Einstein m−3 s−1)〈〈ea〉VR

〉
τ

time averaged and volume aver-
aged photon absorption rate (Ein-
stein m−3 s−1)

kλ constant
(kλ = 8.359 Einstein W−1 s−1 m−1)
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k∗
λ = kλ × λ the conversion factor from W to

Einstein s−1 at a givenλ
(Einstein W−1 s−1)

k1 kinetic constant (Eq. (3)) (m3

Einstein−1)
k2 = kλ × λ the conversion factor from W to

Einstein s−1 for λ = 350× 10−9 m
(Einstein W−1 s−1)

k3 = k1k2α kinetic parameter (m3 W−1 s−1)
qλ density flux of photons with wave-

length λ per unit area and unit time
(Einstein m−2 s−1)

qUV density flux of UV energy per unit area
and unit time (W m−2)

qUV,λ density flux of UV energy with wave-
length λ per unit area and unit time
(W m−2 s−1)

q̄UV time averaged density flux of UV
energy per unit area and unit time
(W m−2)

RV reaction rate per unit suspension vol-
ume (mol m−3 s−1)

t time (s)
VR total illuminated volume of the photo-

reactor(s) (m3)
VS total volume of suspension (m3)
V̇ flow rate (m3 s−1)
αλ, α factor reflecting the ability of a

photoreactor to use the available light
ζ photonic efficiency (moles Einstein−1)
λ wavelength (m)
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