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� Three reactor configurations were
evaluated for the degradation of
clofibric acid.

� The energy absorbed by the catalyst
was computed for each reactor
configuration.

� Performances of reactors were
evaluated by using photonic and
quantum efficiencies.

� The slurry reactor was the most
efficient configuration assayed.

� The fixed-bed reactor rendered a
satisfactory value of quantum
efficiency.
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The efficiency of three photocatalytic reactor configurations for the degradation of the micropollutant
clofibric acid in water was assessed. The following reaction systems were tested: (i) a slurry reactor with
suspended TiO2 particles; (ii) a fixed-film reactor with TiO2 immobilized onto the reactor window; and
(iii) a fixed-bed reactor filled with TiO2-coated glass rings. The influence of the catalyst concentration
in the suspended system and the number of the catalyst coatings in the immobilized systems were eval-
uated. The performances of the reactors, under the experimental condition of highest reaction rate for
each configuration, were compared with the aid of two parameters: (i) the photonic efficiency (g), which
is the ratio of the reaction rate to the rate of incident photons; and (ii) the quantum efficiency (gRxn),
which is the ratio of the reaction rate to the photon absorption rate. The obtained values of gRxn were
4.59, 2.96 and 2.02% for the slurry reactor, the fixed-bed reactor and the fixed-film reactor, respectively.
Although the slurry reactor was the most efficient configuration, the fixed-bed reactor rendered a value of
quantum efficiency only one third lower than the suspended system, making this configuration very con-
venient for photocatalytic reactions. The analysis of the reaction rate, the photon absorption rate and the
quantum efficiency are essential to rationally improve the design, configuration and experimental condi-
tions of photocatalytic reactors.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction poses. The main advantage of these reactors is the high specific
Photocatalytic slurry reactors with suspended TiO2 particles are
the most common type of reactors employed for research pur-
surface area of catalytic particles in suspension. However, for prac-
tical applications, reactors with immobilized TiO2 are preferred;
they allow operation under continuous mode, no separation of cat-
alyst particles is needed, and catalytic supports can be reused for
several cycles. The main drawback of immobilized systems is the
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Nomenclature

Acat catalytic area (cm2)
Aproj total sum of the projected area (cm2)
Aw reactor window area (cm2)
C molar concentration (mol cm�3)
CA clofibric acid
d diameter of the rings (cm)
ex direction cosine (dimensionless)
ea local volumetric rate of photon absorption

(Einstein cm�3 s�1)
ea;s local surface rate of photon absorption (Einstein

cm�2 s�1)
FBR fixed bed reactor
FFR fixed film reactor
g asymmetry factor (dimensionless)
LR reactor length (cm)
l length of the rings (cm)
MC Monte Carlo
MFP mean free path of photons (cm)
Nrings number of rings in the reactor
nph number of photons
qf,in local radiative flux that reaches the TiO2 film (Ein-

stein s�1 cm�2)
qf,tr local radiative flux transmitted through the TiO2 film

(Einstein s�1 cm�2)
qf,rf local radiative flux reflected by the TiO2 film (Ein-

stein s�1 cm�2)
qw incident radiation flux (Einstein s�1 cm�2)
SR slurry reactor
R reflectance (dimensionless)
Ri random number
r reaction rate (mol cm�3 s�1)
rs surface reaction rate (mol cm�2 s�1)
T effective transmittance (dimensionless)
tTiO2

average thickness of the coatings (cm or lm)
t time (s)
V volume (cm3)

x axial coordinate (cm)
x position vector

Greek letters
a fraction of energy absorbed by the TiO2 films (dimen-

sionless)
b spectral extinction coefficient (cm�1)
n length of flight (cm)
u normalized fraction of radiation that reaches the coated

window (dimensionless)
j spectral volumetric absorption coefficient (cm�1)
g photonic efficiency (mol Einstein�1)
gRxn quantum efficiency (mol Einstein�1)
q reflectivity (dimensionless)
h spherical coordinate (rad)
r volumetric scattering coefficient (cm�1)
x albedo (dimensionless)

Subscripts
abs absorbed
CA clofibric acid
f relative to a property of the TiO2 film
fg relative to a property of the TiO2 film + glass
g relative to a property of the bare borosilicate glass plate
k dependence on wavelength
R reactor
T total
Tk tank
0 initial condition

Special symbols
hi denotes average value over a given space
Dx length of the cells employed in MC simulations (cm)
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low area-to-volume ratio, which can lead to mass transfer limita-
tions and low reaction rates [1]. This disadvantage could be over-
come by a proper reactor design, which should tend to maximize
catalyst illumination and avoid mass transfer limitations [2,3].

In slurry reactors, the catalyst concentration is one of the most
important design parameter because it affects the radiation distri-
bution and, therefore, the photocatalytic activity. Above a certain
catalyst dosage, the penetration of the photons in the reactor
decreases and thereby, the reaction rate. In the literature, optimal
TiO2 catalyst loading for different systems and reactors has been
reported [4–7]. Similarly, in immobilized systems, the thickness
of the films is crucial because it directly affects the amount of
the light absorbed. This factor has been rigorously analyzed by dif-
ferent research groups [8–10]. Two different illumination configu-
rations are possible in fixed-film reactors: light can be introduced
from the support side or from the solution side. In the first config-
uration, an optimal film thickness renders the maximum reaction
rate. Increasing the film thickness beyond the optimal value would
be detrimental for the reactor performance. In the second configu-
ration, the reaction rate increases with the film thickness up to a
specific value. Further increase in the film thickness does not
enhance the reaction rate.

Efficiency parameters are the most adequate tools to evaluate
the performance of different reactor configurations [11]. Without
them, objective comparison of results from different research stud-
ies is not possible. The photonic efficiency (g) is the most fre-
quently reported parameter to compare immobilized and
suspended photocatalytic systems. g relates the moles of reactant
molecules degraded per mol of incident photons [12,13]. Dijkstra
et al. [2] employed this parameter to compare the performance
of a tubular reactor with suspended and immobilized TiO2. The
comparison was made under optimal experimental conditions for
each configuration, and similar efficiencies were obtained in both
systems. Ochuma et al. [14] also employed the photonic efficiency
to compare the performance of reactors with suspended titania
and titania supported on a reticulated foam monolith. For this
comparison, equivalent TiO2 content in each reactor was employed
(e.g. 18.58 g/L in the slurry system and 10 wt.% in the immobilized
reactor). Under these particular conditions, higher efficiencies
were obtained with supported TiO2. However, the authors recog-
nize that the opposite situation may take place if TiO2 concentra-
tion in the slurry system is optimized.

In addition, new-defined performance parameters have also
been reported in the literature for comparison purposes. Li et al.
[15] compared the performance of suspended and immobilized
systems based on a ratio between initial reaction rates. More
recently, Leblebici et al. [16] compared 12 photocatalytic reactor
designs with a new benchmark measure: the photocatalytic
space-time yield.

It is important to note that the photonic efficiency considers the
amount of photons that arrives at the reactor window or catalytic
surface. Taking into account that only the absorbed photons are
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employed in photocatalytic reactions, the quantum efficiency
parameter is more appropriate to evaluate the performance of pho-
tocatalytic systems [17]. The quantum efficiency (gRxn) relates the
moles of pollutant degraded per mol of photons absorbed by the
catalyst.

In this study, reactors with three different catalyst configura-
tions were compared: a system with suspended TiO2 particles
(slurry reactor, SR) and two immobilized systems: (i) with TiO2

supported on the illuminated reactor window (fixed film reactor,
FFR), and (ii) with TiO2 immobilized over the surface of glass rings
used to fill the reactor (fixed bed reactor, FBR). The same experi-
mental set up was employed in the suspended and immobilized
systems. The performances of these configurations were evaluated
by means of the photonic efficiency and the quantum efficiency
parameters. To the best of our knowledge, this is the first paper
to report a rigourous analysis of the radiation absorption and the
calculation of the quantum efficiency to objectively compare the
performance of a single reactor set up with three different catalyst
configurations.

Calculation of the fraction of energy effectively absorbed by the
catalyst involves the measurement of the optical properties of the
absorbing material and the resolution of radiation models, taking
into account the phenomena of absorption and scattering of radia-
tion by TiO2. In the present work, radiation models in each reactor
configuration were solved by the Monte Carlo (MC) method and by
the ray tracing technique.

Clofibric acid (CA), the active metabolite of a pharmaceutical
employed as blood lipid regulator, was chosen as the model pollu-
tant. Experiments were carried out by varying the catalyst concen-
tration in the slurry reactor and the number of catalyst coatings
over the glass supports in the immobilized systems. The reactors
were irradiated with UV lamps and TiO2 P25 was used as catalyst.
2. Experimental

2.1. Reagents and catalytic film preparation

The pharmaceutical clofibric acid (CA, >97%) was obtained from
Aldrich. Commercial TiO2 Aeroxide P25 (Evonik Degussa GmbH,
Germany) was employed as photocatalyst.
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Fig. 1. Schematic representation of the experimental setup: (1) reactor, (2) filter
solution, (3) lamp and reflector, (4) pump, (5) tank, (6) thermometer, (7) oxygen
and (8) thermostatic bath.
2.2. Catalyst immobilization

FFR: A circular, flat piece of borosilicate glass of 5 cm diameter
was employed as the reactor window, on which the catalyst was
immobilized in the FFR. The inner surface of the window, in con-
tact with the liquid, was grounded to improve the adherence of
the catalyst to the glass. The external face of the window was cov-
ered with tape during the coating procedure.

FBR: Borosilicate glass rings of 0.5 cm (diameter) � 0.5 cm
(height) were used as support to immobilize the catalyst in the
FBR.

Before the immobilization procedure, the glass pieces (window
and rings) were immersed in a washing solution containing 20 g of
potassium hydroxide, 250 mL of isopropyl alcohol, and 250 mL of
ultrapure water for 24 h. Other remaining traces of organic mate-
rial were removed by heating at 500 �C for 8 h.

The immobilization of the catalyst over the inner face of the
reactor window and over the glass rings (internal and external sur-
faces) was made by the dip-coating technique. The suspension
employed for the coatings was prepared by adding 150 g of pow-
dered TiO2 in 1000 mL of deionized water with a pH value of 1.5
(adjusted with HNO3). The glass pieces were dipped into the sus-
pension at room temperature and extracted at a constant with-
drawal speed of 3 cmmin�1 [18]. Afterward, they were dried at
110 �C for 24 h and calcined at 500 �C for 2 h with a heating rate
of 5 �C min�1. This procedure was repeated to increase the number
of TiO2 coatings over the supports.

In the case of the rings, the coating procedure involved an addi-
tional step. After the withdrawal from the catalyst suspension, the
glass pieces were immediately dipped into distilled water to
remove the excess of catalyst. This step provided more uniform
coatings over the rings.

The adherence of the coatings to the supports was evaluated by
recirculating deionized water through both immobilized systems
for 6 h. At the end of the tests, no suspended particles of TiO2 were
detected in the water by absorbance measurements, suggesting
that the TiO2 films prepared by the described procedure present
good adherence to the glass supports.
2.3. Experimental set up

Experiments were carried out in a batch recirculating system
that consists of a glass photocatalytic reactor, a tank with a sam-
pling port, a recirculating pump and a thermostatic bath. Oxygen
was supplied through a sparger in the tank. The same experimental
set up was employed in the suspended and immobilized systems.
The reactor was cylindrical (diameter: 5.00 cm; length: 2.75 cm)
with two circular flat windows. It was illuminated through one
of the windows, as shown in Fig. 1, by a halogenated mercury lamp
(Powerstar HQI-TS 150W/NDL from OSRAM). The lamp, with emis-
sion in the UV and visible range, was placed at the focal axis of a
parabolic reflector. In order to block the entrance of visible radia-
tion to the reactor, a container with a solution of CoSO4 was inter-
posed between the reactor and the lamp. The wavelengths of the
resulting radiation that arrive at the reactor window were com-
prised between 350 and 410 nm. The incident radiation fluxes at
the reactor window in this wavelength range are shown in Table 1.
The volume of the empty reactor was 54 mL and the total working
volume was 1000 mL. For the SR and FBR, a circular piece of bare
borosilicate glass was employed as the reactor window. In the
FFR, the bare glass window was replaced by a coated window. A
total of 310 coated rings were used to fill the FBR reactor .

Experiments were carried out with different catalyst concentra-
tions and different number of coatings in the suspended and
immobilized system, respectively. Experimental conditions are
presented in Table 2.



Table 1
Radiation fluxes at the reactor window.

Wavelength (nm) Radiation flux � 109

(Eins s�1 cm�2)
Radiation flux
(mW cm�2)

350 0.39 0.13
360 0.89 0.29
370 1.75 0.57
380 2.09 0.66
390 2.82 0.86
400 2.80 0.84
410 3.15 0.92

Table 2
Experimental conditions.

Variable Value

Initial concentration of CA (mol cm�3) 9.30 � 10�8

pH Natural (5)
Catalyst concentration in the SR (g L�1) 0.1, 0.25, and 0.5
Number of TiO2 coatings in the FFR and FBR 1, 3, and 5
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It should be remarked that additional experiments were carried
out to evaluate the effect of calcination on the performance and
characteristics of powder TiO2. Degradation of CA with 0.5 g L�1

of calcined and uncalcined TiO2 P25 for 6 h rendered similar results
with a difference in the initial reaction rate of less than 2%; i.e. cal-
cination at 500 �C did not affect the activity of the catalyst in the
degradation of CA. Additionally, similar percentages of anatase
and rutile phases, crystallinity and crystallite sizes were obtained
with calcined and uncalcined samples. Therefore, it can be assured
that the calcination procedure carried out in our experiments did
not alter the main characteristics of the catalyst, making valid
the comparison between suspended and immobilized systems.
2.4. Experimental procedure

Suspended system: The reacting suspension was prepared by
adding 20 mg of CA and a defined amount of TiO2 to a 1000-mL
volumetric flask and diluting to volume with ultrapure water. This
suspension was sonicated for 30 min and then placed in the tank.
At that time, the pump was switched on and the suspension was
recirculated in the system for 1 h to reach the adsorption equilib-
rium of CA onto TiO2. During this period, the solution was satu-
rated with pure oxygen by intense bubbling in the tank, and the
lamp was turned on to stabilize the radiation emission. By means
of a shutter, situated between the reactor and the lamp, the reactor
was kept in darkness. Then, the first sample was taken and the
shutter removed to start the reaction.

Immobilized systems: The reacting solution was prepared by dis-
solving 20 mg of CA with ultrapure water in a 1000-mL volumetric
flask and diluting to volume with the same water. Then, the solu-
tion of CA was added to the tank. The following steps were the
same as those described for the SR.
2.5. Analysis

CA concentration was measured using HPLC with UV detector
(Waters chromatograph provided with a RP C-18 column
X-Terra�). The mobile phase was a mixture of acidified water (with
0.1% v/v phosphoric acid) and acetonitrile (50:50), pumped at a
flow rate of 1.0 mL min�1. The injection volume was 20 mL and
the UV detector was set at 227 nm [19]. The samples taken from
the suspended system were first centrifuged and then filtered
through a 0.02 mm (Anatop 25) to remove TiO2 particles before
analysis.

In the immobilized systems, the mass of TiO2 per cm2 of support
was quantified by a spectrophotometric technique adapted from
Jackson et al. [20]. This technique involves the acidic digestion of
the catalyst fixed on the glass support followed by the addition
of H2O2 to form a colored complex and a photometric detection
at 410 nm. A detailed description of the procedure can be found
in Zacarías et al. [21].

The thicknesses of the films over the supports were calculated
from SEM images acquired by a scanning electron microscope
(JEOL, JSM-35C) equipped with an acquisition system of digital
images (SemAfore).

3. Theoretical

3.1. Efficiency parameters

The photonic efficiency relates the photocatalytic reaction rate
with the rate of incident radiation, according to:

g ¼ observed reaction rate
rate of incident radiation

ð1Þ

As photocatalytic reaction rates are usually reactant concentra-
tion dependant (with the exception of zero order reactions), the
initial rate is frequently employed in calculations [22].

For the suspended system, g can be expressed as

gsusp ¼ hrCAðx; t0ÞiVR
VR

hqwðxÞiAw
Aw

ð2Þ

where hrCAðx; t0ÞVR
i is the initial reaction rate averaged over the

reactor volume VR, and hqwðxÞAw i represents the incident radiation
flux averaged over the reactor window area, Aw (19.6 cm2). Simi-
larly, for the immobilized systems, the photonic efficiency can be
calculated as

gimmob ¼ hrsCAðx; t0ÞiAcat
Acat

hqwðxÞiAw
Aw

ð3Þ

where rsCAðx; t0Þ
� �

Acat
is the initial surface reaction rate averaged

over the catalytic area Acat . Acat represents the superficial area of
the support that is coated with the catalyst (the porosity of the film
or the roughness of the coating are not considered in the calcula-
tion). The value of Acat is 19.6 cm2 in the FFR (area of the circular
window) and 467.7 cm2 in the FBR (sum of the internal and exter-
nal surfaces of the rings).

The incident radiation flux hqwðxÞiAw , measured by ferrioxalate
actinometry, was 1.39 � 10�8 Einstein/(s cm2) in all experiments.

On the other hand, the quantum efficiency parameter relates
the photocatalytic reaction rate with the radiation absorption rate:

gRxn ¼ observed reaction rate
rate of photon absorption

ð4Þ

In slurry reactors, where radiation absorption occurs in the
whole reactor volume, gRxn can be expressed as

gSusp
Rxn ¼ hrðx; t0ÞiVR

heaðxÞiVR

ð5Þ

where heaðx; t0ÞiVR
represents the local volumetric rate of pho-

ton absorption averaged over the reactor volume VR.
In reactors with the catalyst immobilized over a surface, gRxn

takes the following form:

gImmob
Rxn ¼ hrsCAðx; t0ÞiAcat

hea;sðxÞiAcat

ð6Þ
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Fig. 2. Schematic representation of the coordinate system.
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In this case, hea;sðxÞiAcat
represents the local surface rate of pho-

ton absorption, averaged over Acat .
In the present study, the initial reaction rate of CA was calcu-

lated from experiments, whereas the photon absorption rate was
obtained by solving (i) a radiation model in the SR and FBR with
the Monte Carlo method or (ii) a radiation balance in terms of local
net radiation fluxes in the FFR.

3.2. Reaction rate

To compute the reaction rate, i.e. numerator of Eqs. (2), (3), (5)
and (6), the mass balance of CA in each system was considered,
making the following assumptions: (i) there is a differential con-
version per pass in the reactor, (ii) the system is perfectly stirred,
(iii) the chemical reaction occurs only at the solid–liquid interface
[23,24], (iv) direct photolysis is neglected, and (v) there are no
mass transport limitations. The most likely to be subjected to mass
transfer limitations was the fixed-film wall reactor. However, care-
ful analysis and experiments rendered that external and internal
mass transfer resistances were negligible [25]. As a result, the mass
balance for CA in the system takes the following form:

Suspended catalyst:

dCCA

dt

����
Tk

¼ �VR

VT
hrCAðx; tÞiVR

ð7Þ

Immobilized catalyst:

dCCA

dt

����
Tk

¼ �Acat

VT
hrsCAðx; tÞiAcat

ð8Þ

where CCA is the molar concentration of CA, t denotes reaction time,
and VT is the total system volume.

From Eqs. (7) and (8), the expression for calculating the initial
reaction rate in each systems can be derived:

hrCA x; t0ð ÞiVR
¼ �VT

VR
limt!0

CCAðtÞ � CCAðt0Þ
t � t0

� �
Tk

ð9Þ

hrsCAðx; tÞiAcat ¼ � VT

Acat
limt!0

CCAðtÞ � CCAðt0Þ
t � t0

� �
Tk

ð10Þ

The term limt!0
CCAðtÞ�CCAðt0Þ

t�t0

� �
Tk

was obtained from experimental

information by adjusting the data of CA concentration vs. reaction
time by an exponential equation and evaluating its derivative at t0.

3.3. Radiation absorption

3.3.1. Calculation of the photon absorption rate in the SR and FBR
Monte Carlo simulations were carried out to calculate the frac-

tion of radiation absorbed by the catalyst in the SR and the FBR. In
these simulations, a great number of photons are traced inside the
reactor until they are absorbed or scattered out, and the location of
the absorbed photons is recorded. Then, based on these results, it is
possible to calculate the spatial distribution of the rate of photon
absorption inside the reactor. The direction, length of the trajec-
tory, and fate of the photons are determined by random numbers
(Ri) between 0 and 1.

A 1-D radiation model was applied in the calculations. This sim-
plification is possible due to the configuration and dimensions of
the reactors: the incoming radiation at the reactor window is dif-
fuse, and the radiation extinction by the catalyst occurs mainly
along the longitudinal axis of the cylindrical reactor. Thus, the pho-
ton trajectories can be described with one spatial variable (x) and
one angular variable (h). Fig. 2 shows a schematic representation
of the coordinate system employed in the model.
The emission range of the lamp was discretized into 8 wave-
lengths and the reactor length LR was divided into small cells of
length Dx to store the position of the absorbed photons. The flow-
chart of the algorithm employed to calculate the photon absorp-
tion rate in both systems is shown in Fig. 3. The main events that
were taken into account in the photon tracking are described
below:

Photon direction (h) at the reactor window: Radiation at the inner
side of the reactor window is diffuse. Thus, the direction of a pho-
ton bundle, determined by the angle h, has the same probability in
all directions [26]:

h ¼ a sin ð2R1 � 1Þ ð11Þ
Length of the photon flight (n): The distance that a photon can

travel in the reacting medium without interactions is determined
by Eq. (12) in the SR [27] and by Eq. (13) in the FBR [28].

n ¼ � 1
bk

ln ð1� R2Þ ð12Þ

n ¼ �MFP ln ðR2Þ ð13Þ
where bk is the spectral extinction coefficient of the catalyst suspen-
sion at wavelength k, and MFP is the mean free path of photons
inside the FBR. The MFP was estimated as MFP ¼ VR=Aproj. Aproj rep-
resents the total sum of the projected area of the rings
(Aproj ¼ Nringsld, where Nrings is the number of rings in the reactor,
and l and d are the length and diameter of an individual ring).
The new position (xnewÞ of the photon bundle after traveling the dis-
tance n in the direction h is calculated taking into account the pre-
vious position of the photon inside the reactor (xoldÞ and the
direction cosine (ex) as follows:

xnew ¼ xold þ exn ð14Þ
Fate of the photon: The spectral albedo is defined as the ratio

xk ¼ rk=bk, where rk is the spectral scattering coefficient of the
catalyst suspension. In the SR, xk is employed to evaluate whether
a photon is absorbed or scattered when it strikes a catalyst particle
[26]. Thus, if

1�xk P R3 ð15Þ
the photon is absorbed. Otherwise, the photon is scattered and the
new direction is determined by the Henyey and Greenstein phase
function [29]. The cosine of the angle that determines the new
direction of the photon is given by [30,31]:
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Fig. 4. Profiles of the relative rate of photon absorption in the SR with 0.5 g L�1 of
TiO2 (solid line) and in the FBR with 5 catalyst coatings (broken line).
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cosh ¼ 1
2gk

1þ g2
k �

1� g2
k

1þ gkð2R4 � 1Þ
� �2

" #
ð16Þ

where gk is the asymmetry factor.
On the other hand, in the FBR, the reflectivity ðqkÞ of the ring

wall is employed to evaluate the reflection of photons. If qk is
higher than a new random number (R3), the photons are reflected.
Otherwise, the photons can be absorbed or transmitted. By using
the spectral absorption coefficient of the TiO2 film ðjkÞ and the
average thickness of the coatings ðtTiO2 Þ, the effective transmittance
(T) is calculated according to Eq. (17) [32].

TTiO2 coating
¼ expð�jktTiO2 Þ ð17Þ

If T is higher than a new random number R4, the photons are
transmitted; otherwise, the photons are absorbed.

In both systems, when the photons are absorbed, they are
stored in the corresponding spatial cell and the trajectory ends.
Conversely, if the photons are scattered, reflected or transmitted,
the length of the new trajectory is estimated with Eq. (12) in the
SR or with Eq. (13) in the FBR, and the sequence continues until
the photons are either absorbed or lost outside the reactor.

The local rate of photon absorption at each cell of length Dx is
calculated taking into account the number of photons of wave-
length k absorbed in the cell (nphk;abs) and the total number of pho-
tons considered in the simulation (nph;TÞ according to the following
equations:

For the SR:

eaðxÞ ¼
Xk¼410 nm

k¼350 nm

qwknphk;absðxÞ
nph;TDx

ð18Þ

For the FBR:

ea;sðxÞ ¼
Xk¼410 nm

k¼350 nm

qwknphk;absðxÞVR

nph;TDxAcat
ð19Þ

As an example, Fig. 4 shows the profiles of the relative rate of
photon absorption in the SR (for 0.5 g L�1) and in the FBR (for 5
TiO2 coatings). The relative rate of photon absorption is defined
as eaðxÞ=eaðx ¼ 0Þ for the SR and ea;sðxÞ=ea;sðx ¼ 0Þ for the FBR.

In the SR, more than 80% of the total absorbed radiation occurs
in the first 0.5 cm of the reactor, leaving a great volume of the
reacting solution in the darkness. In contrast, a smoother radiation
profile is obtained in the FBR, with a better distribution in the
whole reaction space.

Finally, the average value of the photon absorption rate in the
reactors is computed as

heaðxÞiVR
¼ 1

LR

Z x¼LR

x¼0
eaðxÞdx ð20Þ

hea;sðxÞiAcat ¼
1
LR

Z x¼LR

x¼0
ea;sðxÞdx ð21Þ



Table 3
Apparent kinetic constants and mass of TiO2 in the SR for different catalyst
concentrations.

Catalyst concentration (g L�1) k � 103 (min�1) Mass of TiO2 (mg)

0.1 1.92 5.4
0.25 2.63 13.5
0.5 3.26 27.0

Table 4
Apparent kinetic constants, mass of TiO2 and film thickness for the different number
of catalyst coatings in FFR and FBR.

Number
of TiO2

coatings

FFR FBR

k � 103

(min�1)
Mass
of TiO2

(mg)

Film
thickness
(mm)

k � 103

(min�1)
Mass
of TiO2

(mg)

Film
thickness
(mm)

1 1.05 3.5 0.65 0.60 7.9 0.11
3 1.23 12.5 1.70 0.87 20.1 0.27
5 1.28 21.2 2.70 1.12 36.5 0.44

Table 5
Efficiency evaluation among SR, FFR and FBR.

Reactor Condition Reaction
rate � 109

(mol s�1)

Photon absorption
rate � 108

(Einstein s�1)

g (%) gRxn (%)

SR 0.5 g L�1 5.0 10.9 1.68 4.59
FFR 5 coatings 1.9 9.4 0.64 2.02
FBR 5 coatings 1.6 5.4 0.54 2.96
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3.3.2. Calculation of the photon absorption rate in the FFR
In order to calculate the ea;s in the FFR, a radiation balance in

terms of the local net radiation fluxes in the TiO2 films is postu-
lated as:

hea;sf ;kiAcat
¼ hqfk;iniAcat

� hqfk;triAcat
� hqfk;rf iAcat

ð22Þ

where qfk;in is the local radiative flux that reaches the TiO2 film, qfk;tr

the local radiative flux transmitted through film, and qf k;rf the local
radiative flux reflected by the TiO2 coating. Since the coated win-
dow is uniformly irradiated, averaged values of the radiation fluxes
over the catalytic area can be employed in calculations. Then,
hea;sf ;kiAcat can be expressed as a function of the incident radiation flux:

hea;sf ;kiAcat
¼ hqfk;iniAcat

af ;k ð23Þ

where af ;k is the fraction of radiation absorbed by the film at wave-
length k.

For polychromatic radiation, Eq. (23) can be expressed as:

hea;sf iAcat
¼ hqf ;iniAcat

X
k

af ;kuk ð24Þ

where uk is the normalized fraction of radiation that reaches the
coated plate at wavelength k, and

P
k
is the summation over the use-

ful wavelength range. The spectral emission of the lamp, the cut-off
effect of the CoSO4 filter and the modification of the lamp spectrum
produced by the absorption of the borosilicate glass window were
taken into account to obtain uk. It should be noted that
hqf ;iniAcat � hqwðxÞiAw .

The fraction of radiation absorbed by the catalytic film can be
calculated as:

af ;k ¼ 1� Tf ;k � Rf ;k ð25Þ
where Tf ;k and Rf ;k represent the fraction of radiation transmitted
and reflected by the TiO2 film at wavelength k, respectively.

By applying the Net-Radiation method [29] to a coated plate,
the values of Tf ;k and Rf ;k can be computed as:

Rf ;k ¼
Rfg;kT

2
g;k � T2

fg;kRg;k

T2
g;k � T2

fg;kR
2
g

ð26Þ

Tf ;k ¼ Tfg;k

Tg;k
ð1� Rf ;kRg;kÞ ð27Þ

where the subscripts f, g and fg represent the TiO2 film, the bare
glass plate and the coated glass plate, respectively. Rfg;k, Rg;k, Tfg;k

and Tg;k were obtained experimentally from diffuse reflectance
and transmittance of the coated and bare plates. A detailed descrip-
tion of this methodology can be found in Zacarías et al. [21].
4. Results and discussion

Control experiments were carried out to evaluate direct photol-
ysis of CA and dark reactions in each reactor. No detectable
changes occurred in the CA concentration after 5 h of irradiation
without catalyst. Additionally, CA was not degraded in the pres-
ence of catalyst without illumination, indicating that dark reac-
tions did not take place in the reactors.

Tables 3 and 4 present the values of the apparent kinetic con-
stant k obtained from the exponential fitting of the curves of CA
concentration vs reaction time CCAðtÞ ¼ CCAðt0Þ expð�ktÞ, under dif-
ferent experimental conditions, for the three reactor configura-
tions. The mass of TiO2 in the reactors is also reported in the
tables. Additionally, Table 4 includes the film thickness of the coat-
ings in the immobilized reactors.
For fair comparison among the three configurations, the condi-
tion of maximum reaction rate in each reactor was selected. Maxi-
mum reaction rate was reached with 0.5 g L�1 of TiO2 in the SR, and
with 5 catalyst coatings in both immobilized systems. The corre-
sponding values of the reaction rate, calculated as hrCAðx; t0ÞiVR

VR

and hrsCAðx; t0ÞiAcat Acat; the rate of photon absorption, calculated as
heaðxÞiVR

VR and hea;sðxÞiAcat
Acat; and the values of the photonic and

the quantum efficiency, calculated with Eqs. (2), (3), (5) and (6),
are presented in Table 5. It is interesting to note that the mass of
TiO2 in the three reactors, under the selected conditions, is compa-
rable: 27.0 mg in the SR, 21.2 mg in the FFR, and 36.5 mg in the FBR.

As observed in Table 5, the photon absorption rates calculated
in the SR and in the FFR were similar. However, the value of gRxn

obtained in the SR was more than twice the value of the FFR. This
situation clearly demonstrates that the photons absorbed in the SR
are more efficiently employed to degrade CA. The lower interfacial
area available for photocatalytic reactions in the FFR could be the
reason for the reduction of the efficiency in this reactor.

Considering both reactors with immobilized catalyst, similar
reaction rates and photonic efficiencies were obtained. Neverthe-
less, the value of the photon absorption rate in the FFR was almost
twice the value obtained in the FBR. The higher thickness of the
TiO2 film and the more direct illumination in the FFR enhance
the absorption of photons and therefore increase the value of the
absorbed energy in the reactor. But the FBR offers a higher catalytic
area (467.7 cm2 vs 19.6 cm2) and a fairly uniform distribution of
radiation in the reaction space. As a consequence, the quantum
efficiency of the FBR is almost 1.5 times higher than that corre-
sponding to the FFR. This result means that, although the absorbed
energy in the FBR is lower than in the FFR, it is more efficiently
employed for the photocatalytic reaction.

If we consider the SR and the FBR, the reaction rate obtained in
the former reactor triplicates the rate obtained in the second one
but, because the absorbed energy in the SR is twice the value of
the FBR, the quantum efficiency is only 1.5 times higher. This result
suggests that, if we can improve the absorption of photons in the
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FBR, we could obtain reaction rates similar to the SR. It is well
known that the porosity, the total surface area and the light
absorption coefficient of the catalyst are factors that influence
the photocatalytic efficiency of a immobilized system. However,
the thickness of the films plays a dominant role in the performance
of these reactors [3]. Several research studies have shown that the
reaction rate increases when increasing the thickness of the films
up to an optimum value [8,33,34]. Particularly, in both immobi-
lized systems evaluated in this work, the reaction rate was acceler-
ated when increasing the number of TiO2 coatings. Therefore, one
possible strategy to increase the reaction rate in the FBR is to
obtain thicker TiO2 films over the glass rings, and thus increase
the absorption of radiation. This strategy would permit the use of
the advantages of the FBR with respect to SR ones and, simultane-
ously, the achievement of comparable quantum efficiencies.

5. Conclusions

In this work, the performance of three reactor configurations for
the photocatalytic degradation of CA is rigorously analyzed. Exper-
imental conditions of maximum reaction rate in each reactor were
selected for the comparison.

The lower interfacial area available for photocatalytic reactions
in immobilized systems results in a reduction of the efficiency of
these reactors in contrast with the suspended system, making
the SR the most efficient configuration. Nevertheless, a satisfactory
value of the quantum efficiency was obtained in the FBR. Consider-
ing all the benefits of the immobilization of the catalyst, the FBR
represents a very convenient configuration for photocatalytic
reactors.

It is important to remark that an analysis involving only the
reaction rates or photonic efficiencies cannot be considered
exhaustive to compare different reactor configurations. The analy-
sis of the absorbed radiation is essential to understand the phe-
nomena occurring in photocatalytic reactors and to make
improvements in the reactors design.
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