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This study presents a kinetic model for the photocatalytic degradation of an organic pollutant in a fixed-
film reactor for water treatment. The pharmaceutical drug clofibric acid (CA) was chosen as the model
compound. Experiments were carried out employing TiO, Aeroxide P25 immobilized on the glass win-
dow of a laboratory scale reactor under UV radiation. A kinetic model to represent the degradation of
CA was proposed, which explicitly takes into account the absorption of radiation by the catalytic film.
Experimental results for different irradiation conditions and different number of TiO, coatings were used
to estimate intrinsic kinetic parameters. External and internal mass transfer limitations were found to be
negligible under our operating conditions. Good agreement was obtained between experimental data and
model predictions, with a root mean square error of 9.9%.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Heterogeneous photocatalysis with titanium dioxide (TiO,) is
an advance oxidation process that has been extensively studied
to remove organic pollutants from water streams. One of the main
advantages of photocatalysis is that it can mineralize organic mole-
cules and/or transform initially biorecalcitrant compounds into
biodegradable intermediates.
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Up to now, most research on the application of heterogeneous
photocatalysis for water treatment has been carried out in slurry
reactors, where TiO, particles are suspended in aqueous solution.
This configuration provides high surface area for adsorption and
reaction but it requires the separation of the particles after
reaction, which is undesirable from a practical and economic
standpoint. This limitation can be overcome by immobilizing
the catalyst over a suitable support, although mass transfer
problems outside and/or inside the TiO, film are likely to
occur [1-3].

Intrinsic kinetic parameters, useful for the design and opti-
mization of photocatalytic devices, can be obtained from carefully


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2015.08.060&domain=pdf
http://dx.doi.org/10.1016/j.cej.2015.08.060
mailto:alfano@santafe-conicet.gov.ar
http://dx.doi.org/10.1016/j.cej.2015.08.060
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej

A. Manassero et al./Chemical Engineering Journal 283 (2016) 1384-1391 1385

Nomenclature

Acat catalytic area (cm?)

G bulk concentration of species i (i=CA, X) in terms of
carbon content (mol cm™3)

D. effective diffusion coefficient (m? s 1)

e’ surface rate of photon absorption by the TiO, film
(nEinstein s~! cm~2)

k apparent kinetic constant (s~ 1)

H thickness of the TiO, film (pim, m)

N number of experimental data

G in local radiative flux that reaches the TiO, film

(nEinstein s~! cm~2)
Qfir local radiative flux transmitted through the TiO, film
(nEinstein s~ cm~2)
1 local radiative flux
(nEinstein s~! cm2)

reflected by the TiO, film

r surface degradation rate (mol s~! cm™2)
R reflectance (dimensionless)

t time (min, s)

T transmittance (dimensionless)

Vr total volume (mL)

X organic intermediates

Acronyms

CA clofibric acid

LSRPA  local surface rate of photon absorption
(nEinstein s~! cm2)

RMSE root mean square error

TOC total organic carbon

Greek letters

o fraction of energy absorbed by the TiO, films
(dimensionless)

a;(i=1....5) intrinsic kinetic parameter

Q, normalized fraction of radiation that reaches the coated
window at wavelength A (dimensionless)

D Thiele modulus (dimensionless)

Subscripts

y) relative to a specific wavelength

exp experimental value

f relative to a property of the TiO, film

fg relative to a property of the TiO, film + glass

g relative to a property of the bare borosilicate glass plate

Special symbol

O average

planned experiments and accurate models that take into account
the influence of radiation, mass transfer and fluid dynamics on
the reaction rate. When modeling reactors with immobilized cat-
alyst, different approaches have been reported to incorporate the
effect of radiation on reaction rate expressions. Nevertheless,
most of them only consider the incident radiation at the catalyst
surface [4,5] or assume monochromatic radiation although poly-
chromatic radiation is used [6]. The most accurate approach
involves the calculation of the radiation effectively absorbed by
the photocatalytic film in the whole range of wavelengths
employed.

The present work focuses on the development of a kinetic
model to represent the degradation of an organic compound
in a fixed-film photocatalytic reactor. The TiO, film was depos-
ited over the flat, glass window of a cylindrical reactor, placed
inside a batch recycling system and irradiated from one side by
a UV lamp. Clofibric acid (CA) was chosen as the model pollu-
tant. CA is the active metabolite of clofibrate, a pharmaceutical
widely employed as blood lipid regulator. Due to its polar char-
acter, CA is poorly adsorbed in the subsoil and it can easily
spread in surface water and groundwater. CA is also resistant
to biodegradation and it has a very high persistence in the
environment [7].

Experiments were carried out by varying the liquid flow rate,
the irradiation intensity, and the TiO, film thickness. The influence
of internal and external mass transfer on the reaction rate was also
evaluated.

The rate of photon absorption by the TiO, film, which is explic-
itly included in the kinetic expressions, was computed from a radi-
ation model and spectrophotometric measurements of TiO, coated
plates. The mass of catalyst immobilized over the window and the
thickness of the films were also assessed.

Finally, intrinsic kinetic parameters were calculated by fitting
the model with experimental data. The model predicts the evolu-
tion of CA and its organic intermediates as a function of the irradi-
ation time.

2. Materials and methods
2.1. Experimental setup

Photocatalytic experiments were carried out in a recirculating
batch system consisting of a glass photoreactor, a peristaltic pump
(Masterflex) and a storage tank with a sampling valve. The volume
of the reactor was 54 mL and the total volume of the reacting solu-
tion in the system was 1000 mL (Vr). The isothermal condition
(25 °C) was achieved by the incorporation of a water-circulating
jacket to the storage tank. The reactor was cylindrical with two cir-
cular flat windows. It was illuminated through one of the windows,
made of borosilicate ground glass, by a halogenated mercury lamp
(150 W Powerstar HQI-TS from OSRAM). The lamp, with emission
in the UV and visible range (350-780 nm), was placed at the focal
axis of a parabolic reflector. In order to block the entrance of visible
radiation to the reactor, a container with a solution of CoSO4 was
interposed between the reactor and the lamp. The wavelengths
of the resulting radiation that arrives at the reactor window were
comprised between 350 nm and 410 nm. Fig. 1 shows a schematic
representation of the reactor and irradiation system. Optical
neutral filters were used to carry out experiments at different
irradiation levels: 100%, 62%, and 30%. These filters attenuate the
incident radiation without altering the spectral distribution of
the lamp. The incident radiation fluxes at the reactor window,
experimentally measured by ferrioxalate actinometry [8], were
0.152 nEinstein s™! cm™2, 9.39 nEinstein s~'cm™2, and 4.58
nEinstein s~' cm~2 for 100%, 62%, and 30%, respectively.

2.2. Catalyst immobilization

The catalyst (TiO, Aeroxide P25, Evonik Degussa GmbH, Ger-
many) was immobilized over the inner face of the illuminated
reactor window by the dip-coating technique. The surface of the
window was grounded to improve the adherence of the catalyst
to the glass. The dip coating is a technique widely employed to
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Fig. 1. Schematic representation of the reactor and irradiation system.

immobilize TiO, onto different supports [9]. This method basically
consists of immersing the glass to be coated in a catalyst suspen-
sion and then withdrawing it at a controlled speed. Previous to
the coating procedure, the window was washed with a solution
containing 20 g of potassium hydroxide, 250 mL of isopropyl alco-
hol, and 250 mL of ultrapure water. The window remained in con-
tact with the washing solution for 24 h and then for 2 h under
sonication. Then, it was heated at 500 °C for 8 h to remove all
traces of organic material.

A suspension of 150 g L™! of TiO, in ultrapure water at pH 1.5,
adjusted with HNO3, was employed for the coatings [10]. The glass
window was dipped into the TiO, suspension at room temperature
(25°C) and extracted at a constant withdrawal speed of
3 cm min~!. Afterwards, the coated window was dried in an oven
at 110 °C for 24 h and then calcined at 500 °C for 2 h at a heating
rate of 5°Cmin~. To increase the number of coatings over the
window, the dipping/calcinations steps were repeated.

2.3. Characterization of the photocatalytic films

The thicknesses of the TiO, films were calculated from SEM
images acquired by a Scanning Electron Microscope (JEOL, JSM-
35C) equipped with an acquisition system of digital images
(SemAfore).

The mass of TiO, immobilized per cm? of support was quanti-
fied by a spectrophotometric technique adapted from Jackson
et al. [11], which involves the acidic digestion of the catalyst fixed
on the glass support followed by the addition of H,0, to form a col-
ored complex, and a photometric detection at 410 nm. A detailed
description of the procedure can be found in Zacarias et al. [12].

2.4. Photocatalytic experiments and sample analysis

To prepare the reacting solution, 20 mg of CA were placed in a
volumetric flask. Ultrapure water was then added to dissolve the
pollutant, and the resultant solution was diluted to a total volume
of 1000 mL. The CA solution was added to the tank and circulated
in the reactor for 60 min to achieve the adsorption equilibrium
between CA and the TiO, film. During this time, the solution was
saturated with pure oxygen by intense bubbling and the lamp
was turned on to stabilize 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 the adsorption equilibrium was reached, the first sample was
taken from the tank (t=0) and then the shutter was removed.
Throughout the reaction, the system was maintained under

overpressure of oxygen to guarantee the renewal of the oxygen
consumed. Each experiment lasted 480 min.

CA concentration was measured by HPLC with a UV detector
using a Waters chromatograph provided with a RP C-18 column
(XTerra®). The mobile phase was a binary mixture of acidified
water (with 0.1% v/v phosphoric acid) and acetonitrile (50:50).
Absorbance detection was made at 227 nm [13]. The organic con-
tent of the reacting solution was assessed by total organic carbon
(TOC) analysis, employing a Shimadzu TOC-5000 A analyzer.

Experiments were carried out by varying the number of coat-
ings on the reactor window, the incident radiation level and the
flow rate. All experiments were performed at the same initial con-
centration of CA and the same initial pH. The operating conditions
are summarized in Table 1. The effect of the solution pH on CA
degradation was studied in previous experiments. A set of runs
was carried out at pH 2, pH 5 (natural), and pH 10. The highest
CA conversion was obtained at pH 5 and, therefore, natural pH
was selected as the initial condition [14]. The evolution of pH
was monitored throughout the experiments and no appreciable
changes were observed.

Additional experiments (each one involving 6 h of reaction)
were carried out to evaluate the possible loss of activity of the cat-
alytic film, employing the window with 3 TiO, coatings. Loss of
activity was not appreciable after four cycles of use of the catalytic
window.

3. Kinetic model

The kinetic model proposed for the photocatalytic degradation
of CA is based on a reaction scheme summarized in Table 2, which
involves the attack of CA molecules by hydroxyl radicals, generat-
ing a single family of organic intermediates (X), which, in turn, can
be mineralized by further radical oxidation. CA and X are assumed
to compete with the same adsorption sites of the catalyst. This
simplified approach considers that the mineralization of the origi-
nal pollutant is accomplished through one “ideal” intermediate

Table 1

Operating conditions.
Parameter Value
Initial concentration of CA (mol cm~3) 930 x 1078

pH Natural (5)

Number of TiO, coatings 1-3-5
Irradiation level (%) 30-62-100
Flow rate (L min~1) 0.6-1.0-1.5-2.0
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Table 2

Simplified reaction scheme for the photocatalytic degradation of CA.
Step Reaction
Activation TiO; +hv — e +h*

Recombination
Electron trapping
Hole trapping
Hydroxyl attack

h* + e~ — heat

e + Oz,ads - 'Og.ads

h* 4+ Hy0,4s — "OH + HT

CAygs +OH — X

Xads +*OH —— CO, + H,0 + HCl

[5,15]. At any moment, the total organic carbon in the reacting
solution is composed by the carbon due to CA and the carbon
due to the presence of the reaction intermediates X. TOC concen-
tration is calculated by TOC analysis and CA concentration is calcu-
lated by HPLC analysis. Therefore, the concentration of reaction
intermediates X can be estimated by subtracting the concentration
of carbon due to CA from the TOC concentration in solution.

The analytical expressions of the degradation rates of CA and X
on the surface of the catalytic film, rca(X,t) and rx(x,t), can be
obtained following a similar procedure as the one detailed in our
previous work [14]:

a0 =12 azca;fg (+t)a4cx(t) (_1 it “le?'s(x)) M
_ OCSCX(t) a,s
rX(X7 t) - 1 ¥ a3CCA(t) + OC4Cx(t) (71 + 1 + alef (x)) (2)

where o; (i=1...5) represents the kinetic parameters involved in
the photocatalytic degradation of CA, Cca and Cx are the bulk con-
centrations of CA and X in terms of carbon content, respectively, t
denotes irradiation time, X is the position vector, and ef* is the local
surface rate of photon absorption (LSRPA); that is, the amount of
photons absorbed per unit time and per unit area of irradiated
TiO,-coated surface. The area of irradiated TiO,-coated surface is
the area of the support that is coated by the catalyst and is
irradiated.

4. Results and discussion
4.1. Characterization of the photocatalytic films

Fig. 2 shows SEM images of the cross section of the glass win-
dow with 1, 3, and 5 coatings of TiO,. In Table 3, the average thick-
nesses of the TiO, coatings and the amounts of TiO, immobilized
on the glass supports, with the corresponding 95% confidence
intervals, are reported.

4.2. Calculation of the absorbed radiation by the TiO, films

The spectral LSRPA in the TiO; film (ef?}) can be calculated by a
radiation balance in terms of the local net radiation fluxes (Fig. 3):

ef>(X) = g, n(X) — Gp ¢ (X) — Gy 7 (X) 3)

where ¢y, ;,(X) is the local radiative flux that reaches the TiO, film,
qs(X) the local radiative flux transmitted through film, and
qs.¢(X) the local radiative flux reflected by the TiO, coating. Due
to the design characteristics of the irradiation system and reactor,
the coated window can be considered uniformly irradiated [14].
Therefore, averaged values of the radiation fluxes over the catalytic
area (Acat) may be used to obtain the rate of photon absorption:

(€ A = (r 2in) s — (e acse = (U A (4)

1-coating

3 coatings

» 5 coatings

e

!.
2
v
I
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r

Fig. 2. Cross sectional SEM images of the TiO, film over glass plates.

Table 3
Film thickness and mass of catalyst immobilized over glass plates for different
number of TiO, coatings.

Number of TiO, coatings Film thickness (pm) Mass of TiO, (mg cm™2)

1 0.65+0.07 0.23+0.01
3 1.70£0.20 0.61 £0.01
5 2.70 £0.50 1.01 +£0.02
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Fig. 3. Schematic representation of the radiation fluxes at the photocatalytic film.

The average surface rate of photon absorption can also be
expressed as a function of the incident radiation flux as:

a,s <qf/' tr>A (qf/" rf>A
e%s _ r 1 - At A A Arf A | y %,
< f,)Am <qf ‘.,m>Acat< <qf»/'.,in>Aca: <qf,/l.in>Ac;.t <qf V‘m>A(at f,

()

where oy, is the fraction of energy absorbed by the TiO, film at
wavelength /. Similarly, for polychromatic radiation:

(€ D = (Grindag D _%1 @ (6)

In Eq. (6), ¢, is the normalized fraction of radiation that reaches
the coated plates at wavelength Z and }_, the summation over the
useful wavelength range. ¢, takes into account the spectral emis-
sion of the lamps (given by the manufacturer), the cut-off effect of
the CoSOy filter and the slight modification of the lamp spectrum
produced by the absorption of the borosilicate glass window. The
average value of the incident radiation flux (qr;,),, Was experi-
mentally measured by ferrioxalate actinometry, as stated in
Section 2.1.

The absorbed fraction of energy oy ; can be calculated as:

o, =1-=Tr, =Ry, (7)

where T;, and Ry, represent the fraction of energy transmitted and
reflected by the TiO, film at wavelength 4, respectively. Ty, and Ry ;
cannot be directly measured, but they can be computed from the
experimental values of diffuse transmittance (T) and reflectance
(R) of the coated and bare glass windows. The following expres-
sions, obtained by applying the Net-Radiation method [16] to the
coated plates, relate the values of transmittance and reflectance of
the TiO, film (f), the bare glass plate (glass, g), and the coated glass
plate (film + glass, fg):

Ry, =282 L2 8)
Tg-/i - ng,/iRg,/‘u
Tpy,
Tr; =7 (1 - RpRy) 9)
8.4

Diffuse transmittance and reflectance measurements of the
coated and bare plates were carried out with a spectrophotometer
Optronic OL series 750, equipped with a reflectance integrating
sphere (OL 740-70). A detailed description of the methodology
employed can be found in Zacarias et al. [12]. Fig. 4 shows data
acquired for the glass window with 1, 3 and 5 TiO, coatings and
for the bare glass.

Results of (ef*),., for the different irradiation conditions and
number of coatings calculated with Egs. (6)-(9), are presented in
Table 4.

1.0

|

0.8 -

0.6 -

R, T (dimensionless)

v

350 360 370 380 390 400 410
Wavelength (nm)

Fig. 4. Diffuse transmittance and reflectance of the coated and uncoated glass
window as a function of wavelength. Open symbols: diffuse reflectance; filled
symbols: diffuse transmittance. (O): 1 coating, (O): 3 coatings, (A): 5 coatings, (V):
uncoated glass.

Table 4
Absorbed radiation by the TiO, films under different experimental conditions.
Number of TiO, coatings Irradiation level (%) (") A
(nEinsteincm 2s1)
1 100 2.89
3 100 3.94
5 100 4.79
3 30 1.19
3 62 243
1.0 -
0.9 e @
m
g #
T 0.8+ @ o
i) R
2 \%
E
§ 0.7
<
(&)
0.6
0.5 — ———————— — T
0 50 100 150 200 250 300 350
Time (min)

Fig. 5. CA concentration vs. time for different flow rates. 0 0.6 Lmin~'; O
1.0Lmin~!, A 1.5Lmin"" and V 2.0 L min~".

4.3. Mass transfer limitations

When modeling photocatalytic reactors, especially in the case
of supported catalyst, mass transfer phenomena have to be consid-
ered both outside (external mass transfer) and inside the film
(internal mass transfer). External mass transfer limitations become
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Table 5
Estimated kinetic parameters.
Parameter Value +95% CI Units
5-Parameters model o4 (9.24+0.18) cm? s nEinstein~!
o (1.51+0.48) x 104 cms™!
o3 (1.31£0.68) x 102 cm? mol ™!
o4 (1.17£0.52) x 102 cm® mol !
s (2.26 +0.41) x 104 cms!
RMSE% 9.8
2-Parameters model o (4.58 £1.1) x 107* cm? s~'/2 pEinstein /2
otk (6.86+1.5)x 107 cm? s~'/2 nEinstein—'/?
RMSE% 9.9
important mainly when working at low flow rates, whereas inter- Cx(t=0)=0

nal mass transfer problems may arise when the thickness of the
photocatalytic film is considerable. Both kinds of limitations have
a direct effect on the reaction rate. Therefore, the modeling of a
photocatalytic reactor needs a preliminary step to evaluate these
phenomena.

To determine whether the reaction was limited by external
mass transfer, a set of experimental runs were carried out at differ-
ent flow rates employing the window with 3 TiO, coatings and
100% of irradiation level. The flow rate was increased from
0.6 Lmin~! to 2.0 Lmin~".

As shown in Fig. 5, the rate of degradation of CA does not vary
significantly with the flow rate. After 360 min of irradiation, the CA
concentrations obtained at 1.5 Lmin~! and 2.0 L min~' differ by
less than 1.8%, thus indicating that external mass transfer limita-
tions are negligible under these experimental conditions. The flow
rate employed in the kinetic experiments was 1.5 L min~".

On the other hand, the influence of internal mass transfer was
estimated by the Thiele modulus (®) [17]:

k
) —H\/D:e (10)

where H is the thickness of the film, k an apparent first order kinetic
rate constant and D, the effective diffusion coefficient. A small value
of the Thiele modulus indicates that internal mass transfer resis-
tance is negligible. Considering the information reported in the lit-
erature of D, for organic compounds in a porous TiO, film, a value of
1.0 x 107 m? s~ was adopted [2,18]. k was obtained from exper-
imental data and H was determined from SEM images (Fig. 2).

The value computed for @ in the most unfavorable situation
(window with 5 coatings and 100% of irradiation level) is 0.001.
This low value of ® (® <« 1) allows assuming that the assumption
that the internal mass transfer resistance is negligible.

4.4. Kinetic parameters estimation
Taking into account the considerations made in the previous

section, the mass balances for CA and X in the reacting system with
their respective initial conditions take the following form [19]:

dCCA _ Acat
dr Uy T

_ f“% R ren O(:‘gcici e (((1+1+mer)),

Cea(t=0) = Ceap

dCx Aa
@ = v [reaha — (]

Aae %Cen — 05C
=V a iza;ém fotij)«_l + W>>A (12)

where (r),  (i=CA, X) represents the surface degradation rate of
the organic compound averaged over the catalytic area (Acac = 19.6 -
cm?). Egs. (11) and (12) are valid in a well-mixed system consider-
ing that direct photolysis is neglected and chemical reactions take
place at the solid-liquid interface.

The five kinetic parameters involved in Egs. (11) and (12) were
determined by fitting the model to the experimental data using the
Levenberg-Marquardt optimization method [20].

From the analysis of the parameters estimation values, it was
possible to neglect the terms o3Cca and o4Cx in the denominator
of Egs. (11) and (12) due to the fact that they were much lower
than 1. This means that, at the employed concentrations of CA
and X, there is an excess of catalytic adsorption sites in the film
and, therefore, the adsorption of one compound is not limited by
the adsorption of the other. Additionally, the term ocle}” was much
higher than 1 for all irradiation conditions. As a result, the term in
parentheses in the mass balances can be simplified to \/e}TS and the

equations take the following form:

dCCcA _ Aar , a5

a - *\TT“ZCCA<\/?>AM v
dCx A / d o
=T el — ) (e, "

where o, = 0/a7 and o = 05+/07.
The percentage root mean square error (RMSE%) of the model
estimations was calculated according to Eq. (15).

N 2
RMSE% = lz Cowi =G\ 100 (15)
N4 1 Cexpi
- ;

where N is the total number of concentrations evaluated (N = 80),
Cexp,i the concentration experimentally measured for CA and X,
and C; the corresponding concentration value predicted by the
model.

The values of the estimated kinetic parameters for the general-
ized (5-parameters) and simplified (2-parameters) models, with
the corresponding 95% confidence intervals and the RMSE%, are
presented in Table 5.

It is important to note that the reduction from 5 to 2 parameters
does not substantially increase the error of the estimations. Conse-
quently, the 2-parameter kinetic model has been chosen to repre-
sent the model results. Fig. 6 depicts the experimental data and
model predictions with the 2-parameters model for different
experimental conditions.

These results show that the proposed kinetic model can ade-
quately predict the evolution of the concentration of CA and of
the organic intermediates formed in the degradation process under
different conditions of irradiation and film thicknesses.
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Fig. 6. Experimental and predicted concentrations of CA and X vs. irradiation time for different experimental conditions. Experimental data: O: CA; O: X. Model results: solid
lines. (a) 1 coating and 100% of irradiation level; (b) 3 coatings and 100% irradiation level; (c) 5 coatings and 100% irradiation level; (d) 3 coatings and 62% irradiation level.

5. Conclusions

An intrinsic kinetic model was proposed and validated to repre-
sent the clofibric acid photocatalytic degradation in a fixed-film
reactor. This model was able to reproduce all the experimental
data with only two kinetic parameters. Reliable kinetic information
is essential to design efficient devices for water detoxification,
which should tend to achieve maximum interaction between radi-
ation, catalytic surface and pollutant molecules. In this study, the
absorption of radiation by the TiO, film was modeled and evalu-
ated; this information was explicitly included in the kinetic model
expressions. Therefore, the obtained kinetic parameters are inde-
pendent of the irradiation conditions or thicknesses of the films
(within the limits of the experimental conditions tested) and can
be applied to design, scaling-up, or optimize fixed-film photocat-
alytic reactors of different configurations.
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