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a b s t r a c t

The photocatalytic activity under UV, visible and UV–visible radiation of two commercial catalysts for
water remediation are evaluated and compared in a slurry reactor. Bisphenol A (BPA) was employed as
the model pollutant. The activities of the carbon-doped, TiO2 catalyst Kronos vlp 7000 and, as a reference,
the undoped catalyst Aeroxide P25 are compared by means of efficiency parameters: the overall photonic
efficiency and the quantum efficiency. For the evaluation of the radiation absorbed by the catalyst sus-
pensions, the optical properties of TiO2 Kronos vlp 7000 between 300 and 550 nm were measured and
reported, as well as the properties of TiO2 Aeroxide P25 in the range 400–550 nm. Kronos catalyst exhib-
its absorption in the visible range and was almost three times more efficient than Aeroxide for BPA deg-
radation under this condition. However, under UV radiation, Aeroxide P25 quantum efficiency was about
1.5 times the corresponding value of Kronos. Similar BPA photonic and quantum efficiencies were
obtained under UV–visible radiation with both commercial catalysts.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Heterogeneous photocatalysis has been extensively applied to
remove refractory pollutants from the aquatic environment. TiO2

is one of the most widely used photocatalysts because it is stable,
inexpensive and nontoxic. However, to be excited and capable of
photo-oxidation, TiO2 must be irradiated with UV light. Because
UV radiation only accounts for 4% of the solar spectrum, the
photocatalytic efficiency of pure TiO2 under sunlight is very low.
To extend the use of TiO2 to the visible light region (which repre-
sents 45% of the solar spectrum) and take advantage of solar
energy, different strategies have been developed [1]. One alterna-
tive is the doping of the catalyst with carbon, which produces
new energy states in the TiO2 band gap and allows photo-activa-
tion with visible light [2–6]. Recently, the degradation of a cyano-
toxin under UV and visible light has been investigated using
undoped, nitrogen-doped and carbon-doped TiO2 catalysts [7].
Nevertheless, comparison of photocatalysts employing efficiency
parameters has not been reported until now. The calculation of
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Nomenclature

Aw reactor window area (cm2)
BPA bisphenol A
C molar concentration (mol cm�3)
Cm catalyst mass concentration (g cm�3)
ea local volumetric rate of photon absorption (Ein-

stein cm�3 s�1)
EDC endocrine disrupting chemical
g asymmetry factor (dimensionless)
I radiation intensity (Einstein cm�2 sr�1 s�1)
LR reactor length (cm)
p scattering phase function
qw incident radiation flux (Einstein s�1 cm�2)
RTE radiative transfer equation
r reaction rate (mol cm�3 s�1)
t time (s)
V volume (cm3)
x axial coordinate (cm)
x position vector (cm)

Greek letters
b volumetric extinction coefficient (cm�1)
b� specific coefficient of extinction (cm2 g�1)
e hold-up (dimensionless)
g overall photonic efficiency (mol Einstein�1)
gRxn quantum efficiency of reaction (mol Einstein�1)
gAbs photon absorption efficiency (dimensionless)
j volumetric absorption coefficient (cm�1)
j� specific coefficient of absorption (cm2 g�1)
l direction cosine of the ray for which the RTE is written

l0 direction cosine of an arbitrary ray before scattering
l0 cosine of the angle between the direction of the incident

and the scattered rays
lc cosine of the critical angle
r volumetric scattering coefficient (cm�1)
r� specific coefficient of scattering (cm2 g�1)
Cw global reflection coefficient of the reactor windows
h spherical coordinate (rad)
hc critical angle (rad)
s optical thickness of the reactor (dimensionless)
x albedo (dimensionless)
X unit vector in the direction of radiation propagation

Subscripts
BPA bisphenol A
k dependence on wavelength
HG Henyey and Greenstein
L liquid phase
R reactor
T total
Tk tank
0 initial condition; also, relative to the reactor window at

x = 0

Special symbols
hi denotes average value over a given space

Table 1
Physical properties of the catalysts.

Photocatalyst Mean particle
size (nm)

Specific surface area
(BET) (m2 g�1)

Crystal structure

TiO2 Aeroxide
P25

21 50 ± 15 Anatase (80%) and
rutile (20%)

TiO2 Kronos
vlp 7000

15 >250 Anatase
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efficiency parameters involves the measurement and computation
of the radiation reaching the catalyst particles and the radiation
effectively absorbed by them [8–13].

In this paper, Bisphenol A (BPA), a known endocrine disrupting
chemical (EDC), is employed as the model compound in degradation
experiments. BPA is used in the fabrication of polycarbonate plastics,
food cans, plastic packaging, dental sealants and water pipes [14]. It
is released into the aquatic environment from industrial discharges,
landfill leachate and water streams containing plastic debris [15].
Several studies have reported that exposure to BPA is potentially
harmful to human health [16]. Because many EDCs, including BPA,
can only be partially removed by conventional water treatment sys-
tems, there is a need to evaluate alternative treatment processes to
prevent the release of EDCs into natural waters [17]. Previous stud-
ies have demonstrated the effectiveness of heterogeneous photoca-
talysis for removing BPA in aqueous media employing UV radiation
[18–22]. Furthermore, different approaches to remove BPA under
visible radiation have also been reported. In this sense, TiO2 doped
with non-metals was used to extend the absorption of TiO2 to the
visible light region [23,24].

The aim of this paper is to objectively compare the degradation of
BPA under UV, visible and UV–visible radiation using undoped and
carbon-doped TiO2 in a slurry reactor. Two commercial catalysts
were assayed: Aeroxide P25 and carbon-doped Kronos vlp 7000.
The performances of both catalysts were evaluated by two parame-
ters: the overall photonic efficiency (g), which relates the moles of
BPA degraded per mol of incident photons, and the quantum
efficiency of reaction (gRxn), i.e. moles of BPA degraded per mol of
photons absorbed. To calculate the photon absorption in the reactor,
the optical properties of the catalysts are needed. The optical prop-
erties of Aeroxide P25 in the UV range have already been measured
[25,26]. However, the optical properties of Kronos vlp 7000 in the
UV–visible range have not yet been published, and are presented
in this work. Additionally, the properties of Aeroxide P25 in the
visible range are also measured and reported. Photon absorption
was calculated by solving the radiative transfer equation (RTE).
2. Materials and methods

2.1. Materials

Bisphenol A (BPA) was obtained from Aldrich (P99%, molecular
formula C15H16O2). The commercial photocatalysts used in this
study were: TiO2 Aeroxide P25 (Evonik Degussa GmbH, Germany)
and TiO2 Kronos vlp 7000 (Kronos Titan GmbH, Germany). The phys-
ical properties of the catalysts are summarized in Table 1. Deionized
and doubled-distilled water was used to prepare all solutions.
2.2. Experimental set up and procedure

A total of six experiments, by duplicate, were conducted to eval-
uate the efficiency of both photocatalysts under three irradiation
conditions: UV, visible and UV–visible.



Fig. 1. (a) Schematic representation of the experimental setup: 1-reactor, 2-filter, 3-lamp, 4-pump, 5-tank, 6-thermometer, 7-oxygen and 8-thermostatic bath. (b) Coordinate
system for the one-dimensional, one-directional radiation model.

380 A. Manassero et al. / Chemical Engineering Journal 225 (2013) 378–386
The experimental set up is schematically represented in Fig. 1a.
Experiments were carried out in a cylindrical glass reactor with
two circular flat windows. The illuminated window was made of
borosilicate ground glass. Radiation was provided by a halogenated
mercury lamp Powerstar HQI from OSRAM, with emission in the UV
and visible range (350–550 nm), placed at the focal axis of a
parabolic reflector. The distance between the lamp and the reactor
was 24 cm. The reactor was operated in a closed recirculating circuit
driven by a peristaltic pump (Masterflex�, flow rate 1.5 L min�1).
The system was completed with a storage tank equipped with a
water-circulating jacket to ensure isothermal conditions during
the reaction time (20 �C). The tank contained a device for with-
drawal of samples, a thermometer, and a gas inlet for oxygen supply.
A filter containing a solution of CoSO4 or NaNO2 was interposed be-
tween the reactor and the lamp to alternatively avoid visible or UV
radiation, respectively. The length of the filter container was
12 cm. Fig. 2 shows the spectral distribution of radiation at the reac-
tor window with the different filters. UV radiation that reached the
reactor when the filter compartment was filled with CoSO4 was
comprised between 350 and 420 nm, and represented ca. 25% of
the total emission of the lamp. When the NaNO2 filter was employed,
visible radiation that reached the reactor was comprised between
410 and 550 nm, representing almost 75% of the total energy emit-
ted. To carry out experiments employing the whole lamp spectrum
(UV and visible range), the filter holder was filled with distilled
water. Table 2 summarizes the dimensions of the reactor and the
characteristics of the lamp.

For each experiment, the suspension was prepared by dissolving
a defined mass of BPA and photocatalyst (Aeroxide P25 or Kronos vlp
7000) in a total volume of 500 cm3. The initial BPA concentration
was always 20 mg L�1 and the catalyst concentration was
0.5 g L�1. The solution pH was adjusted to 7.0 by adding the appro-
priate volume of NaOH 0.1 N [27]. The suspension was sonicated
for 30 min and then it was added to the tank. The reacting mixture
was circulated in the reactor for 120 min to achieve the adsorption
equilibrium between BPA and the catalyst. During this time, the sus-
pension was saturated with pure oxygen by intense bubbling and
the lamp was turned on to achieve stabilization of the radiation
emission. To prevent the arrival of radiation at the reactor, a shutter
was placed between the lamp and the reactor window. When the
system was stabilized and adsorption equilibrium was reached,
the first sample was taken (t = 0) and then the shutter was removed.
Throughout the reaction, the system was maintained under over-
pressure of oxygen to guarantee the renewal of the oxygen con-
sumed. A control experiment to verify the absence of BPA
evaporation in the system was carried out. The suspension was
recirculated and bubbled with oxygen during 6 h. No detectable
changes in the concentration of BPA were observed. Each



Fig. 2. Spectral distribution of radiation with different filters: (a) CoSO4 filter; (b) NaNO2 filter; and (c) water filter.
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experiment lasted 450 min and sampling was done every 90 min.
TiO2 suspension samples were separated out by centrifugation and
filtered through a 0.02 lm (Anotop 25) to remove the catalyst parti-
cles before analysis. A set of control experiments was carried out to
evaluate direct photolysis under the three irradiation conditions
employed in the study. No significant changes were detected in
the concentration of BPA after 450 min of irradiation.
2.3. Analysis

The BPA concentration was measured by HPLC with a UV detec-
tor using a Waters chromatograph provided with a RP C-18 column
(XTerra�). The mobile phase was a binary mixture of acetonitrile–
water (50:50) at a flow rate of 1 mL min�1. Absorbance detection
was made at 278 nm [27].



Table 2
Dimensions and main characteristics of the reactor and lamp.

Component Parameter Value

Reactor Inner diameter (cm) 5.0
Length (cm) 2.75
Volume (cm3) 54
Suspension volume (cm3) 500

Lamp Nominal power (W) 150
Height (mm) 132
Diameter (mm) 23
UV radiation flux (Einstein s�1 cm�2) (350–
420 nm)

1.52 � 10�8

Visible radiation flux (Einstein s�1 cm�2) (410–
550 nm)

4.20 � 10�8

UV–visible radiation flux (Einstein s�1 cm�2)
(350–550 nm)

5.88 � 10�8
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3. Calculation of efficiency parameters

In photocatalytic reactions, the overall photonic efficiency g
relates the number of molecules of pollutant degraded with the
number of incident photons during a defined period of time, over
a defined spectral range. In real situations, not all the incident radi-
ation is absorbed by the catalyst. Photons might be scattered out of
the reactor and lost. This type of loss can be quantified by the
photon absorption efficiency gAbs which relates the number of
photons effectively absorbed by the catalyst with the total number
of incident photons [10]:

gAbs ¼
eaðxÞh iVR

VR

hqwðxÞiAw
Aw

ð1Þ

where eaðxÞh iVR
is the local volumetric rate of photon absorption

(LVRPA) averaged over the reactor volume, VR, and hqwðxÞiAw
repre-

sents the incident radiation flux averaged over the reactor window
area, Aw.

In turn, the quantum efficiency of reaction (gRxn) is the ratio
between the number of molecules of pollutant degraded to the
number of photons absorbed by the photocatalyst, during a defined
period of time and over a defined range of wavelengths. The quan-
tum efficiency of BPA can be expressed as [10]:

gRxn;BPA ¼
hrBPAðx; t0ÞiVR

heaðxÞiVR

ð2Þ

where hrBPAðx; t0ÞiVR
is the initial volumetric rate of BPA degradation

averaged over the reactor volume.
Particularly, the overall photonic efficiency for the BPA photo-

catalytic degradation gBPA can be expressed as follows [13]:

gBPA ¼ gAbsgRxn;BPA ¼
hrBPAðx; t0ÞiVR

VR

hqwðxÞiAw
Aw

ð3Þ

In the present study, hrBPAðx; t0ÞiVR
was obtained from experi-

mental information. For this purpose, we considered the BPA mass
balance in the system, making the following assumptions [10]:

(i) there is a differential conversion per pass in the reactor,
(ii) the system is perfectly mixed,
Table 3
BPA degradation rates for TiO2 Aeroxide P25 and Kronos vlp 7000 under differen

Aeroxide P25

Irradiation range hrBPAðx; t0ÞiVR
� 1011 (mol cm�3 s�1) R

UV 1.87 ± 0.19 0
Visible 0.32 ± 0.08 0
UV–visible 2.90 ± 0.36 0
(iii) there are no mass transport limitations, and
(iv) the chemical reaction occurs only at the solid–liquid

interface,

Therefore, the mass balance for BPA is:

eL
dCBPAðtÞ

dt

����
Tk

¼ �VR

VT
hrBPAðx; tÞiVR

ð4Þ

where eL is the liquid hold-up (eL � 1), CBPA is the molar concentra-
tion of BPA, t denotes the reaction time and Tk refers to the tank.
From the mass balance, it can be derived the expression for calcu-
lating the initial reaction rate:

hrBPAðx; t0ÞiVR
¼ �eL

VT

VR
lim
t!t0

CBPAðtÞ � CBPAðt0Þ
t � t0

� �
Tk

ð5Þ

For every experimental run, CBPAðtÞ�CBPAðt0Þ
t�t0

� �
Tk

was obtained from
the initial slope of the plot of CBPA versus time.

Besides, hqwðxÞiAw
was experimentally measured by potassium

ferrioxalate actinometry [28].
The LVRPA was calculated by solving the RTE in the heteroge-

neous reactor. To solve the RTE, it is necessary to know the optical
properties of the photocatalysts suspensions: the spectral absorp-
tion coefficient (jk), the spectral scattering coefficient (rk) and
the scattering phase function (pk) [29,25]. The Henyey and Green-
stein phase function (pHG,k) was adopted [30]:

pHG;kðl0Þ ¼
1� g2

k

ð1þ g2
k � 2gkl0Þ

3=2 ð6Þ

where gk is a free parameter called the asymmetry factor, and l0

represents the cosine of the angle between the direction of the
incident and the scattered rays.

4. Optical properties of the photocatalysts

The optical properties of TiO2 Aeroxide P25 from 300 to 400 nm
were previously reported [26]. The properties of Aeroxide P25 in
the visible range, from 400 to 550 nm, and those corresponding
to Kronos vlp 7000 from 300 to 550 nm, were determined for the
first time in this study. The procedure involved experimental
measurements and theoretical modeling.

Experimental measurements of absorbance, diffuse reflectance
and diffuse transmittance of the TiO2 suspensions were made by
an Optronic OL series 750 spectroradiometer equipped with an
OL 740-70 integrating sphere reflectance attachment. Rectangular
quartz cells with an optical path (L) of 1 mm were employed.
Suspensions of different catalyst concentrations were prepared in
distilled water, ranging from 0.1 to 0.5 g L�1. The catalysts were
previously oven-dried at 120 �C for 3 h. Readings were recorded
every 10 nm.

4.1. Calculation of the extinction coefficient

For each wavelength and each catalyst concentration, the
extinction coefficient bk (bk = rk + jk) was calculated from absor-
bance readings (ABSk) of the TiO2 suspensions as bk = 2.303 ABSk/
L. Measurements were carried out under specially designed
t irradiation conditions.

Kronos vlp 7000

2 hrBPAðx; t0ÞiVR
� 1011 (mol cm�3 s�1) R2

.9964 1.46 ± 0.14 0.9706

.9918 1.13 ± 0.12 0.9989

.9973 3.10 ± 0.43 0.9468



Fig. 3. Spectral distribution of the specific absorption and scattering coefficients for
Aeroxide P25 and Kronos vlp 7000.
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conditions to minimize the collection of the scattered rays by the
detector [25]. Then, the extinction coefficients per unit catalyst
mass concentration Cm (i.e., specific extinction coefficients, b�k)
were obtained from the slope of a standard linear regression of
the plots of bk versus Cm.

4.2. Calculation of the absorption and scattering coefficients and the
asymmetry factor

Diffuse reflectance and diffuse transmittance measurements of
the TiO2 suspensions were made following the procedure
described in [26]. Experimental information was then compared
with modeling results. Simulation values were calculated by solv-
ing the RTE in the spectrophotometric sample cell, with two
unknown parameters: the spectral albedo xk = rk/bk and gk. A
nonlinear, multiparameter regression procedure (a modified
Levenberg–Marquardt method) was employed to adjust theoretical
values to experimental information. The optimization program
rendered the values of xk and gk that minimize the differences
between model predictions and experimental data. Therefore,
knowing that xk = rk/bk and using the values of bk obtained exper-
imentally, rk was determined for each wavelength and catalyst
concentration. Finally, through the relationship bk = rk + jk, jk

was obtained. The specific coefficients of absorption (j�k) and scat-
tering (r�k) were calculated from the slopes of the standard linear
regressions of the plots of jk and rk versus Cm.

5. Radiation model in the reactor

To calculate the local volumetric rate of photon absorption
inside the photoreactor, the RTE was solved. For this purpose, the
following assumptions were made (Fig. 1b) [31]:

(i) The catalyst particles produce the extinction of radiation
mainly along the axial coordinate x; thus, the propagation
of the radiation can be modeled with a single spatial
variable.

(ii) The ground glass window ensures diffuse incoming radia-
tion at the reactor. Therefore, radiation can be modeled with
one angular variable (h).

These assumptions allow the application of the one-dimen-
sional, one-directional radiation transport model to solve the RTE
inside the photocatalytic reactor:

l
bk

@Ikðx;lÞ
@x

þ Ikðx;lÞ ¼
xk

2

Z 1

l0¼�1
Ikðx;l0Þpkðl;l0Þdl0 ð7Þ

where Ik is the spectral radiation intensity; k represents the radia-
tion wavelength; l, the direction cosine of the ray for which the
RTE is written (l = cosh); and l0, the cosine of an arbitrary ray
before scattering.

The boundary conditions at the irradiated window (x = 0) and at
the rear window (x = LR) are:

Ikð0;lÞ ¼ Cw;kð�lÞIkð0;�lÞ 0 6 l < lc ð8Þ

Ikð0;lÞ ¼ I0;k þ Cw;kð�lÞIkð0;�lÞ lc 6 l < 1 ð9Þ

IkðLR;�lÞ ¼ Cw;kðlÞIkðLR;lÞ 0 6 l 6 1 ð10Þ

where Cw,k represents the global wall reflection coefficient, lc is the
cosine of the critical angle hc, and I0 corresponds to the intensity of
radiation coming from the lamp. Cw,k, was calculated as reported in
[32].

To obtain the spectral radiation intensity at each point and each
direction inside the photoreactor, the RTE was solved applying the
Discrete Ordinate Method (DOM). 3000 spatial points and 50 direc-
tions were used in the numerical solution. The DOM transforms the
integro-differential expression of the RTE into a system of finite
differences algebraic equations that can be solved by numerical
computation. Once the intensities were obtained, the LVRPA was
calculated according to:

LVRPA ¼ eaðxÞ ¼
Z

k
jk

Z
X¼4p

Ik;XðxÞdXdk ð11Þ

Finally, for the one-dimensional model, the local volumetric
rate of photon absorption averaged over the reactor volume was
computed as:

heaðxÞiVR
¼ 1

VR

Z
VR

eaðxÞdV ð12Þ
6. Results and discussion

6.1. Optical properties of the TiO2 suspensions

Fig. 3 presents the specific absorption and scattering coeffi-
cients for Aeroxide P25 and Kronos vlp 7000 as a function of wave-
length. For k < 380 nm (UV region), j�k of Aeroxide P25 is greater
than that of Kronos, and this difference increases at shorter wave-
lengths. In the visible region, the absorption of Aeroxide falls to
almost 0, while the absorption coefficient of Kronos decreases to
acquire a practically constant value (which is almost three times
greater than that of Aeroxide). It is important to remark that j�k
of Kronos never becomes zero in the wavelength range evaluated.
This behavior is attributed to the carbon doped modification that
makes TiO2 Kronos vlp 7000 capable of absorbing photons in the
visible range [2].

At wavelengths longer than 320 nm for Aeroxide P25 and
350 nm for Kronos, the scattering coefficients are greater than
the absorption coefficients. In addition, r�k of Aeroxide is always
greater than that of Kronos, being this difference more noticeable
at shorter wavelengths. Moreover, the spectral behavior of the
scattering coefficient is different for both catalysts: For Aeroxide
P25, this coefficient presents a maximum at 370 nm and then
slowly decreases at longer wavelengths. For Kronos vlp 7000, r�k in-
creases in the wavelength range between 320 and 370 nm and
then takes a practically constant value.

Finally, for the asymmetry factor gk, both catalysts present
positive values, comprised between �0.42 and �0.86, indicating
a preferential forward direction of the scattered radiation. The val-
ues of gk, along with the values of b�k, j�k and r�k, are presented in
Tables S1 and S2 (Supporting information).



Fig. 4. LVRPA profiles for TiO2 Aeroxide P25 (short dash lines) and TiO2 Kronos vlp 7000 (solid lines) under different irradiation ranges: (a) UV radiation; (b) visible radiation;
and (c) UV–visible radiation.

Table 4
Photon absorption rate and efficiencies for TiO2 Aeroxide P25 under different
irradiation conditions.

Irradiation
range

heaðxÞiVR
� 108

(Einstein cm�3 s�1)

gAbs

(%)
gRxn,BPA

(%)
gBPA

(%)

UV 0.37 67.0 0.51 0.34
Visible 1.04 68.2 0.031 0.021
UV–visible 1.45 67.9 0.20 0.14

Table 5
Photon absorption rate and efficiencies for TiO2 Kronos vlp 7000 under different
irradiation conditions.

Irradiation
range

heaðxÞiVR
� 108

(Einstein cm�3 s�1)

gAbs

(%)
gRxn,BPA

(%)
gBPA

(%)

UV 0.46 83.3 0.32 0.26
Visible 1.29 84.7 0.088 0.074
UV–visible 1.81 84.7 0.17 0.15

Fig. 5. Time evolution of BPA concentration under different irradiation conditions:
4: UV radiation, s: visible radiation, and h: UV–visible radiation. (a) TiO2 Aeroxide
P25. (b) TiO2 Kronos vlp 7000.
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6.2. Radiation distribution inside the reactor

The LVRPA profiles for both catalysts studied, at a concentration
of 0.5 g L�1, under UV, visible and UV–visible radiation, are shown
in Fig. 4. For the three irradiation ranges and for both catalysts, the
optical thickness s of the reactor (s = bLR) was sufficient to avoid
the lost of radiation through the rear window, i.e. no radiation
was transmitted through the reactor. In all cases, more than 90%
of the total absorbed radiation was achieved in the space
comprised between the irradiated window and x = 1 cm. In the
UV region, both catalysts presented similar absorption profiles.
On the contrary, when the reactor was illuminated with visible
and UV–visible radiation, Kronos catalyst presented higher absorp-
tion near the irradiated window, and a steeper decrease inside the
reactor. Aeroxide TiO2 absorption profiles were smoother, with
more penetration in the reactor space.

The photon absorption efficiency gAbs is mainly determined by
the albedo x and the optical thickness s. In the limit of an only-
scattering medium, x = 1 and the fraction of photons absorbed is
null (gAbs = 0). For an only-absorbing medium, x = 0 and, for a
value of s sufficiently high, the efficiency of absorption is maxi-
mum and all the incident radiation is absorbed (gAbs = 1). In this
study, the wavelength average value of �x for each catalyst did
not vary significantly with the irradiation range. Therefore, as
reported in Tables 4 and 5, the calculated efficiency of photon
absorption was around 68% for Aeroxide P25 and 84% for Kronos,
for the three irradiation ranges. In all cases, the radiation lost
was due to the scattering out through the front window.
6.3. BPA degradation

BPA degradation curves with TiO2 Aeroxide P25 and Kronos vlp
7000 are shown in Fig. 5. Experiments were carried out at a catalyst
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concentration of 0.5 g L�1. The plots CBPA versus time were fitted
with exponential equations (fittings are not shown in the figure)
and initial reaction rates were determined by calculating the slopes
of the fitting curves at time equals 0. The values of the reaction rates,
with the corresponding 95% confidence interval and R2 are
presented in Table 3.

For Aeroxide P25, degradation under visible light was very low
[6]. Considerably higher reaction rates were obtained with UV and
UV–visible radiation.

The results obtained with Kronos vlp 7000 demonstrated that
carbon-doped TiO2 is effectively activated by visible radiation.
Degradation of BPA under visible light was significant, yielding
similar reaction rates under UV and visible radiation. The initial
reaction rate of Kronos was over three times that of Aeroxide under
visible light.
6.4. Quantum efficiency and overall photonic efficiency

Tables 4 and 5 report the local volumetric rate of photon
absorption averaged over the reactor volume, and the correspond-
ing values of gAbs, gRxn,BPA and gBPA for each irradiation condition
(UV, visible and UV–visible) and for each catalyst assayed. The
overall photonic efficiency represents a sort of lower limit of the
quantum efficiency, given that the denominator of gBPA (incident
radiation) is always higher than that of gRxn,BPA (absorbed radia-
tion) [33]. In our particular case, because each catalyst absorbed
similar percentages of radiation under the three wavelengths
ranges, gBPA and gRxn,BPA presented equivalent variations, i. e. for
Aeroxide, photonic efficiency values were 68% of the quantum effi-
ciency. And for Kronos, gBPA represented 84% of gRxn,BPA. Therefore,
only results of quantum efficiencies are discussed here.

Although efficiency values are below 1%, they are in the range of
the expected values for the photocatalytic degradation of organic
compounds in water [1]. Under UV radiation, Aeroxide quantum
efficiency was about 1.5 times the corresponding value of Kronos.
The lowest efficiencies were obtained with visible radiation; how-
ever Kronos proved to be more efficient for BPA degradation under
this irradiation range, achieving a gRxn,BPA ca. three times greater
than Aeroxide. Although Aeroxide P25 absorbed almost 68% of
the incident visible radiation, only a low percentage of this energy
was employed in the photocatalytic process, giving a very low effi-
ciency value (0.031%). The slight visible absorption of Aeroxide P25
could be attributed to impurities in the catalyst because it is well
known that the absorption limits of pure TiO2 anatase and rutile
are 380 nm and 400 nm, respectively. Under UV–visible radiation,
both catalysts rendered similar efficiencies.

It should be stressed, that previous research [34] clearly showed
that photocatalytic activity is substrate-dependant. Therefore, the
performance of a photocatalyst to degrade a particular compound
cannot be extrapolated to substrates of different chemical struc-
ture and/or properties. Besides, equally important is the correct
assessment of the energy absorbed in the reactor, taking into
account the spectral distribution of the incident radiation and the
optical properties of the catalyst. If this information is not
provided, efficiency results obtained with different devices
(reactors, lamps, filters) cannot be compared.
7. Conclusions

Degradation of BPA using two commercial TiO2 photocatalysts
under UV, visible and UV–visible radiation was investigated.
zEfficiency parameters were computed to objectively compare
the performances of the catalysts. To evaluate the volumetric rate
of photon absorption averaged over the reactor volume, the optical
properties of TiO2 Kronos and Aeroxide P25 were measured. The
Kronos sample exhibits absorption in the visible region, and a
considerable photocatalytic activity was observed under this irra-
diation range. Nevertheless, the efficiency obtained was very low
compared to that achieved in the UV range. On the other hand, un-
der UV radiation, the BPA quantum efficiency with Aeroxide P25
was about 1.5 times that obtained with Kronos vlp 7000. Finally,
under UV–visible radiation, comparable photonic and quantum
efficiencies were obtained with both commercial photocatalysts.

Although considerable advances have been made, future
research efforts should be devoted to develop more efficient phot-
ocatalysts under visible light, thus making photocatalysis a
sustainable process employing solar energy.
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