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a b s t r a c t

A comprehensive kinetic model for the photooxidation of oxalic acid (C2O4H4) in a fluidized bed (FB) of a

TiO2/quartz sand composite, in a UV-fully illuminated photoreactor, was developed and correlated with

experimental results. A proper solution for the mass balance of the reacting system was achieved by

combining the complete radiation field profile and the most recent and updated pathway for the

adsorption and photodecomposition of oxalic acid onto TiO2 (Mendive et al., 2007), which was

employed to determine the kinetic expression and model parameters.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The degradation of water pollutants by photo activated
fluidized beds (FB) of a composite made of titanium dioxide
supported on quartz sand is being systematically investigated by
our group as an alternative to the slurried systems of finely
powdered photocatalysts that, in most cases, require the addi-
tional cost of downstream separation steps. In both situations the
description and evaluation of the radiation field inside the
reaction volume is a prerequisite for achieving a significant
kinetic modeling of the photocatalytic process and/or for reactor
design purposes.

In a previous work (Pozzo et al., 2006), a methodological
approach to determine the radiation field profile in a FB of the
titania–quartz sand composite was presented. As a result, a
functional dependency between the specific volumetric optical
parameters (that is, the spectral absorption and scattering
coefficients) with bed height was proposed and validated, by
assuming a perfect size-classification model for the FB (viz.: only
one particle size can exist at each FB level). Furthermore, the local
volumetric rate of photon absorption (LVRPA) was calculated by
solving the radiation transfer equation (RTE), using a two-
dimensional (2D) model. The reacting system was a rectangular
ll rights reserved.

ar (R.L. Pozzo).
prismatic space confined between two parallel optical windows.
The optical coefficients of differently expanded narrow-path FB of
the same photocatalyst, at given pre-specified FB heights, were
previously evaluated by means of a unidirectional and one-
dimensional (1DD) model of the RTE (Pozzo et al., 2005).

Along these lines, a similar methodological approach was used
in the present work, in order to assess its capability to model the
intrinsic reaction kinetics of the photodecomposition of oxalic
acid (C2O4H4) inside a batch, recirculating photocatalytic FB
reactor, because fluidized beds are well-known devices capable
of minimizing mass-transfer limitations. Oxalic acid, a well-
known by-product in the process of mineralization of many water
pollutants, was chosen as a suitable model reactant, given its
relatively simple decomposition chemistry (to CO2) in an
oxygenated solution, without lasting intermediates.

The experimental reactor design of our former set up (namely:
a fully illuminated FB photoreactor with a well-characterized
LVRPA field) was kept. Yet, because of the low initial concentra-
tions of oxalic acid that were employed, 10–40 ppm (i.e. under the
saturation range of titania, Pozzo et al., 2006), the concentration
profiles in the reactor had to be modeled as dependent on both
time and reactor height.

The most recent and updated pathway for the adsorption and
photodecomposition of oxalic acid onto titanium dioxide, pre-
sented by Mendive et al. (2006, 2007), was adopted as the basic
mechanistic scheme to determine a kinetic expression useful for
modeling purposes.

www.elsevier.de/ces
dx.doi.org/10.1016/j.ces.2009.10.002
mailto:rpozzo@intec.santafe-conicet.gov.ar
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Fig. 1. (a) Plane photoreactor: (1) FB compartment, (2) glass beads compartment,

(3) lamp-reflector illumination device, (4) sliding hatch, (5) FB transversal area,

and (6) Teflons mesh. (b) Experimental set-up: (7) reservoir tank, (8) photoreactor,

and (9) peristaltic pump.

R.L. Pozzo et al. / Chemical Engineering Science 65 (2010) 1345–13531346
2. Experimental set up

All the experiments were carried out by using a slender planar
reactor/cell with a 7.0 mm optical gap constituted by a pair of optically
clear 3.0 mm thick Tempaxs borosilicate glass walls, each one
respectively attached to both sides of a hollow frame of aluminum.
The cell was horizontally divided into two compartments by a Teflons

mesh, and a fluidized bed of the TiO2–quartz sand catalyst composite
was allowed to develop in the 21 cm high upper one, while the lower
space was filled with glass spheres (dia.=2 mm) for reducing jet
formation in the bed zone immediately above the mesh. A bed of 20 g
of the catalytic composite was expanded seven times its unexpanded
volume in all the tested oxalic solutions. A schematic representation of
the reactor is shown in Fig.1. For each run, fresh aliquots of the catalyst
stock were used. A constant hydrostatic pressure generation device
was used to stabilize the FB, by maintaining a relatively high liquid
flow rate of about 2.2 cm3 s�1. This device consisted of two ‘open-
atmosphere’ recirculating loops that included two reservoir tanks,
labeled as tank 2 (80 cm3) and tank 3 (200 cm3) in Fig. 1. Mechanical
agitation in the bigger reservoir tank assured a uniform concentration
of the solute (oxalic acid) in the recirculating system, outside the
reactor cell. A constant concentration of dissolved O2 was achieved by
air bubbling throughout each experimental run. Additional
information about the FB recirculating system is given in a previous
work (Pozzo et al., 2005).

A pair of tubular black light lamps (Philips TLD 18W/08;
nominal output power: 18 W; superficial emission from 340 to
400 nm, with a peak at 365 nm) was employed as the UV
irradiation system. The lamps were situated lengthwise, one at
each side of the cell, concurrent with the focal
axis of two parabolic reflectors made of an aluminum sheet,
specularly finished (Alzac treated) to concentrate the
rays (Fig. 1). Within the lamp radiation spectral span, the
calculated specific scattering and absorption coefficients were
practically constant; i.e.: the FB behaves practically as a gray body
with respect to both parameters (Pozzo et al., 2005). In this way,
both reactor windows were ‘quasi uniformly’ irradiated. The
incident radiation power from each lamp to the reactor windows
was determined via actinometry by recirculating a 6�10�6 mol
cm�3 solution of potassium ferrioxalate through the reaction
space. More details on these actinometric determination proce-
dures can be found in a previous report of some of us (Pozzo et al.,
1999).

The catalyst composite was prepared by low-temperature
CVD-plasma coating of Aldrich white quartz sand [Cat. no. 27,473-
9, Lot no. 06313JN]; rs=2.4 g cm�3; Dp=250mm (+50–70 mesh)
with a thin, compact film of TiO2 (by using Ti t-butoxide as
precursor) in a vacuum-operated circulating fluidized bed reactor.
Detailed information about the preparation method and catalyst
characterization is given elsewhere (Morstein et al., 2002). The
TiO2 loading was determined by dissolving the films in a 10 wt%
solution of (NH4)2SO4 in concentrated H2SO4 and subsequent
quantification by elemental analysis.

A 2020i model Dionex ion chromatograph equipped with an
AS4A-SC analytic column was used to monitor the photocatalytic
degradation of oxalic acid (Carlo Erba RSE, 99.9%) in highly dilute
aqueous solutions, which were prepared using nominal concen-
trations of C2O4H4 equal to 4.9, 2.1 and 1.1�10�7 g mol cm�3 (45,
20 and 10 ppm, respectively) in ultra pure water. Triplicate runs
were made for each nominal concentration. The precision of ion
chromatography for this concentration level is 3–5%; all determi-
nations were made in triplicates and averaged. The initial pH of
the solutions, naturally determined by the corresponding oxalic
acid concentration, was 3.570.1). Steady state temperature and
lamp operation conditions were set prior to initiating any
experimental run.
3. Local electron–hole generation rate and FB features

An efficient activation of electron–hole pairs on the catalyst
surface is the key step in any photocatalytic reaction. Its local
generation rate, rgðxÞ, is directly proportional to the catalyst
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radiation absorption efficiency, which is a convoluted function of
the spectral local volumetric rate of photon absorption, ea

lðxÞ, and
the spectral quantum yield, Fl, of the photocatalyst. In practice, it
is generally assumed (Alfano et al., 1997; Imoberdorf et al., 2007)
that

rgðxÞ ¼F
X
l

ea
lðxÞ ¼FeaðxÞ ð1Þ

where F is a special wavelength averaged primary quantum yield,
representing the yield of separated carriers reaching the catalytic
surface, excluding the external surface recombination rate, and
eaðxÞ is the local volumetric rate of photon absorption (from now
on, LVRPA).

To evaluate the LVRPA, it is necessary to model the radiation
field in the entire reaction volume. Thus, the unavoidable
segregation suffered by the particles of the photocatalyst
composite (which have a given size distribution) must be taken
into account. First of all, as already shown in a previous work
(Pozzo et al., 2006), the local optical properties of the FB become
affected by axial changes in the solid hold-up because, as the
voidage of the fluidized bed steadily increases toward the upper
zone (where the smaller particles predominate), the light energy
is then able to penetrate further (low volumetric extinction).
Conversely, in the lower region of the FB, featuring a smaller bed
voidage and a higher concentration of coarser particles, the light
extinction intensifies, so that the penetration depth of the
radiation is much smaller. Likewise, the local volumetric con-
centration of the active catalyst (TiO2) also depends on the
particle size distribution of the composite and, consequently, is a
function of bed height as well.

With our experimental set up, it can be expected that the
radiation field will strongly vary both vertically along the FB (x
direction), due to ‘particle-size-distribution related’ anisotropy,
and transversally (y direction), because of the radiation extinction
through the thickness of the reaction volume. By design, due to
the uniformity of the incident radiation flux and assuming a
negligible incidence of border effects, no significant changes
would occur, instead, along the width (z direction, horizontal) of
the reactor.

Briefly, by assuming a perfect size-classification model for the
FB (viz.: only one particle size can exist at each FB level), the
integro-differential radiation transfer equation (RTE), was solved
and validated in a previous work (Pozzo et al., 2006). The
corresponding ea (x, y), that is, the LVRPA at position x, y in the
reactor (see Fig. 1) could be determined, by using the functional
dependency upon bed height of both, the spectral optical
coefficients of light absorption and scattering: klðxÞ and slðxÞ,
respectively, already established in an earlier investigation (Pozzo
et al., 2005).

By assuming that complete lateral mixing is achieved in this
segregated FB, a one-dimensional flow (in the x direction) would
suffice to write the mass balance of oxalic acid inside the reaction
volume (see below). Therefore, to assess the impact of particle
segregation on photon availability along the FB, area-averaged
values of the square root of LVRPA, /½eaðx; yÞ�1=2S, were calculated
by averaging

ffiffiffiffiffiffiffiffiffiffiffi
eaðxÞ

p
through the transversal area (AT) at each axial

position, x, of the reactor height. These area-averaged values are
depicted in Fig. 2, together with the FB voidage, eh, and the
particle size, Dp, as a function of FB height.
4. About the kinetic model

Several kinetic models have been proposed for the hetero-
geneous photocatalytic mineralization of organic water contami-
nants. The key step involves the photogeneration of hole–electron
pairs in the catalyst particle (usually TiO2), which migrate to the
surface, thus giving place to a competition between their
recombination versus the interfacial charge transfer to adsorbed
species: electron donors for the holes (oxidation process) and
electron acceptors for the electrons (reduction process). In natural
waters, there is general consensus in that oxygen is the main
electron acceptor. However it is still a matter of debate whether
the oxidation process proceeds via OH � radicals, after hole
trapping of OH� or water molecules (Kosanić, 1998), or via direct
hole transfer to an adsorbed reductant (Krýsa et al., 2006;
Bahnemann et al., 1997; Bahnemann, 1999; Zalazar et al., 2005).

Mao et al. (1991), by using a combination of photocatalytic and
radiation chemistry studies, showed that the OH� channel
appears to be the favored reaction path for the photodegradation
of halogenated organic compounds. On the other hand, they found
that the oxidation of carboxylic acids, in particular of oxalic acid,
proceeds primarily via direct hole trapping (photo-Kolbe type of
reaction mechanism), in agreement with some other workers
(Choi and Hoffmann, 1995; Peill and Hoffman, 1996).

As regards the adsorption processes of C2O4H4, a Langmuir–
Hinshelwood type of pattern was put forward in earlier reports, by
assuming a single and uniform Langmuirian adsorption of the
dicarboxylic acid (Matthews, 1987; Al-Ekabi and Serpone, 1988;
Sabate et al., 1991). However, it was not still clear whether
radiation affected adsorption and, therefore, photoadsorption
phenomena were—in general—ignored as likely or significant
factors in their proposed reaction mechanisms.

More recent research showed that, at least in the case of oxalic
acid, things were somewhat more intricate. For instance, Jiang et
al. (2004), by using a transient photoelectrolytic technique, were
able to reveal the formation of three thermodynamically distinct
types of oxalic acid complexes on the TiO2 surface and—at
least—two different decomposition kinetic regimes, one clearly
faster than the other. In correspondence with these findings, 10
years earlier Hug and Sulzberger (1994) had already found by
using FTIR-ATR spectroscopy that sulfates, acetates, and oxalates,
adsorb as a variety of surface complexes on TiO2 (Degussa P-25,
mostly anatase).

At similar conclusions arrived Weisz et al. (2001), Mendive et
al. (2005) and Araujo et al. (2005) in a series of systematic works
devoted to the analyses of the heterogeneous photocatalytic
oxidation of salicylic and oxalic acids and their salts on the surface
of TiO2, and characterization of the reaction intermediates, using
FTIR spectroscopy. Some of them also reported a transient
redistribution of adsorbed oxalate complexes on the titania
surface upon UV irradiation (Mendive et al., 2006, 2007).
Essentially, what they claim is that in aqueous solution the
oxalate ions reach adsorption equilibrium with TiO2 in the form of
two kinds of surface complexes: a more stable bidentate structure
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(named species A hereafter) and a more labile one (named species
B hereafter), with the sigma carbon–carbon bond either parallel or
perpendicular to the TiO2 surface, respectively. Lastly, in what
perhaps was their most significant finding, they also were able to
show that, upon illumination, the adsorption equilibriums were
modified in such a way that the surface coverage of TiO2 by
species B declined with time, whereas the area occupied by
species A incremented, instead.

According to these authors, this substitution process would be
favored by the photodegradation of the sterically more exposed
species B. Even more, they put forward that species B would be
readily attacked, via a faster OH � mechanism, as compared to the
sluggish direct hole transfer oxidation process for species A, an
inner-sphere complex in intimate contact with the TiO2 surface.

This mechanistic scheme proposed by Mendive et al., char-
acterized by two parallel, simultaneous kinetic pathways,
emerged as the most promising to model our results for the
photodegradation of oxalic acid on the quartz-supported TiO2

photocatalyst and, therefore, it was adopted in the present work.
An outline of the complete reaction scheme including both, the
fast reaction pathway (via OH � attack) and the slower one (via
direct hole-transfer) is detailed in Table 1.
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vs. reaction time.
5. Results and discussion

5.1. Experimental results. Preliminary analysis

The time-evolution of the oxalate ion concentrations, referred
to the initial values ð½Ox��sol=½Ox��0solÞ, are depicted in Fig. 3, for
½Ox��0sol ¼ 10, 20, and 40 ppm, respectively. It is apparent, from the
mere observation of these concentration profiles, that associating
a simple Langmuir–Hinshelwood type of kinetics to the
photocatalytic decomposition of oxalic acid is impracticable.
Rather, two different tendencies can be clearly observed in all
three cases: an initial, relatively faster temporal evolution
followed by a clear-cut slowing down of the reaction.
Table 1
Reaction scheme for the heterogeneous photodecomposition of oxalic acid on TiO2.

Reaction step Equilibrium consta

Activation (common to both pathways)

TiO2�!
hu

hþ þe�

Adsorption (species A) on dark/illumination conditions

[site]+C2O4H�(sol)2C2O4H�(ads)A K0
A=KA

Adsorption (species B) on dark/illumination conditions

[site]+C2O4H�(sol)2C2O4H�(ads)B K0
B=KB

Adsorption of oxygen

[site]+O2(sol)2O2(ads) K3

Hole trapping (via OH � ) and s bond rupture (fast kinetics)

(OH�)ads+h+2OH �

C2O4H�(ads)B+OH �-CO2H �(ads)B+CO2+OH�

Hole trapping (direct) and s bond rupture (slow kinetics)

C2O4H�(ads)A+h+-CO2H �(ads)A+CO2

Final mineralization (common to both mechanisms)

C2O4H �(ads)+O2-O2H � +CO2

Electron capture

O2ðadsÞ þe�-O
�

2ðadsÞ

Hole–electron recombination

e� +h+-heat

Complementary (assumed fast) reactions

O
�

2ðadsÞ ðadsÞ þHþ-O2H�

2O2H �-H2O2+H2O

H2O2-H2O+O2

After Mendive et al. (2005, 2006, 2007).
This ‘progressive-freezing’ effect over the reaction cannot be
assigned to external or internal mass transfer limitations inside
the photocatalytic reactor, as the dynamic conditions of the
fluidized bed grant an estimated liquid–solid mass transfer
coefficient of about 2.6�10�2 cm s�1 (Nikov and Karamazov,
1991) and the compactness of the plasma-deposited titania onto
the quartz sand was explicitly verified (Morstein et al., 2002)
excluding, consequently, internal limitations. It can be observed in
Fig. 3, also, that the slowing down of the reaction did not occur at
a similar reaction time for all the conditions: it came about later,
the higher the initial oxalic concentration was.

Certainly, an initial zero order reaction rate with respect to
½Ox��sol is not appreciable from our experimental data (in such a
case, the higher the initial concentration were made the slower
the time-evolution would be, which is exactly the opposite to the
nt Reaction rate code Kinetic rate constant Reaction step Nbr

rg (S0)

r0
1=r1 (S1)

r0
2=r2 (S2)

r3 (S3)

r4 k4 ; k4� (S4)

r5 k5 (S5)

r6 k6 (S6)

r7 k7 (S7)

r8 k8 (S8)

r9 k9 (S9)
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observed behavior, nor a first order kinetics (well-suited to an
oxidation mechanism via hydroxyl radicals) is perceived. In such a
case, the same time evolution of the non-dimensional concentra-
tion of oxalic acid, ð½Ox��sol=½Ox��0solÞ would be obtained which,
again, is not in agreement with the experimental observations.
Likewise, a square root time-dependence of the oxalic concentra-
tion (obtained by a simple regression of the raw data), which is
compatible with a direct hole transfer as the determining
mechanism step, did not qualify as a good representative of the
photoreaction for the complete time span.
(2)

(3)

(4)

(5)

(6)
5.2. The kinetic equation

In view of the foregoing discussion, it is evident that a more
complex pathway than such as those based on a single Langmuir-
ian-type of adsorption site on the catalyst surface, needs to be
postulated to properly model the observed reaction kinetics. An
alternative option emerges by taking into account the mechanistic
implications of the reaction scheme put forward by Mendive et al.
(2006, 2007), which considers the titania surface consisting of two
well differentiated areas, with different adsorptive and (photo)-
catalytic properties, where oxalate ions adsorb on TiO2 as two kinds
of surface complexes (already presented as species A and B in the
‘About the kinetic model’ section of the present work).

On the basis of said reaction scheme, the following assumptions
were made in the present investigation to obtain an expression of
the local (intrinsic), overall reaction rate inside the photocatalytic
reactor: (1) hole trapping by adsorbed oxalic acid (reaction 4) and
bond rupture by OH � (reaction 6) are believed to be the rate
controlling steps in the slow and in the fast kinetic pathways,
respectively (Turchi and Ollis, 1990); (2) a Langmuirian type of
adsorption equilibrium is assumed for both species A and B, either
under dark or illuminated conditions; (3) in the dark, the areal
fraction of the titania surface occupied by species B, at equilibrium,
is assumed to be proportional (quasi-linear zone of the adsorption
isotherm of species B) to the concentration of oxalic acid in the
aqueous phase, while the area occupied by species A is considered
as independent of said concentration (saturation zone of species A
isotherm), respectively. Also, according to Hug and Sulzberger
(1994), K0

A bK0
B for the whole range of oxalic acid concentration

used in the present work; (4) as the fraction of the catalyst surface
occupied by species B diminishes along the photooxidation process,
the spaces left are re-occupied by species A (the species being
photo-oxidized at a slower rate), thus maintaining approximately
constant the total catalyst area occupied by adsorbed oxalate
species. (In what follows it will be also assumed, as a first
approximation, that the decreasing occupation of the TiO2 surface
by species B is a linear function of time and the LVRPA.); (5) the
concentration of adsorbed oxygen on the titania surface is taken as
proportional to the concentration of oxygen in the solution (Zalazar
et al., 2005), which was kept constant in all the experimental runs
by bubbling air into the aqueous solution; (6) also, and according to
Blanco et al. (2001) it can be postulated that oxygen adsorbs in
different sites than oxalate ions do; (7) the steady state approxima-
tion may be applied for unstable reaction intermediates such as
hydroxyl and other radicals, electrons and semiconductor holes, (8)
the local generation rate of the hole–electron pairs, rg, can be
adequately established by the 2D radiation field modeling in the FB
given by Pozzo et al. (2006), as briefly outlined above.

Thence, according to the reaction scheme and the above-
mentioned assumptions, it is possible to arrive at the following
general expression for the local, overall reaction rate at each axial
position (x) of the reactor height, as a function of the local
electron–hole generation rate ðrgðxÞÞ, the concentration of relevant
adsorbed reactants on the catalyst surface, the local mean particle
diameter (Dp), and the local fluidized bed voidage (eh) as it is
shown in detail in Appendix A (Eq. (A.33)):

roxðx; tÞ ¼
kByðtÞ½Ox��BFeaðxÞ

1

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

kB
0

DpFeaðxÞ

f0 ð1�ehÞ½O2 �ads

r þ
½1� yðtÞ�FeaðxÞ

1

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

DpkAFeaðxÞ

f0 ð1�ehÞ½O2 �ads ½Ox��A

r ð2Þ

By introducing assumption 2 (Langmuirian adsorption) for the
reaction system under illumination and assumption 5 (partitioned
adsorbed oxygen concentration), Eq. (2) can be rewritten as
follows:

roxðx; tÞ ¼
kByðtÞKB½Ox��sat

B ½Ox��solFeaðxÞ

ð1þKB½Ox��solÞ
1

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

kB
0

DpFeaðxÞ

f0 ð1�ehÞK3 ½O2 �sol

r !

þ
½1� yðtÞ�FeaðxÞ

1

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

DpkAð1þKA ½Ox��solÞFeaðxÞ

f0 ð1�ehÞK3 ½O2 �solKA ½Ox��sat
A ½Ox��sol

r ð3Þ

where yðtÞ ¼ b½Ox��0sol½1� aeaðxÞt� (see Eq. (A.4) in Appendix A).
To ease the kinetic analysis, the following bounding conditions

are assumed (Hug and Sulzberger, 1994; Pozzo et al., 2006):
(1)
 kBDpFeaðxÞ

f0ð1� ehÞK3½O2�sol
b0:25

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0 a

s

1

4
þ

kB DpFe ðxÞ

f0ð1� ehÞK3½O2�sol
b0:5
DpkAð1þKA½Ox��solÞFeaðxÞ

f0ð1� ehÞK3½O2�solKA½Ox��sat
A ½Ox��sol

b0:25
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

DpkAð1þKA½Ox��solÞFeaðxÞ

f0ð1� ehÞK3½O2�solKA½Ox��sat
A ½Ox��sol

s
b0:5
KB½Ox��sol51
KA½Ox��sol51
Then, the following simplified expression for the local, overall
reaction rate is obtained:

roxðx; tÞ ¼ kobs
B yðtÞ½Ox�1

�solþkobs
A ½1� yðtÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½Ox��sol

pn o ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� ehÞeaðxÞ

DP

s

ð4Þ

where

kobs
B ¼

kBKB½Ox��sat
Bffiffiffiffiffiffiffi

kB
0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f0FK3½O2�sol

q
and

kobs
A ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f0FðKA½Ox��sat

A K3½O2�solÞ

kA

s

From Eq. (4), it can be readily appreciated that the simplified
final expression of the local overall reaction rate resembles
the combined result of two mechanisms working in parallel
from the beginning of the heterogeneous photocatalytic process: a
first order kinetics, plus a square root kinetic dependence
with respect to the oxalic acid concentration in solution,
respectively. As the reaction time goes on, and y(t) tends to
zero, the second mechanism (governed by the square root
dependence) takes progressive control of the process, until it
prevails at the end. Interestingly, the characteristic square
root dependence with respect to the LVRPA appears as common
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Fig. 4. Oxalate ion concentration vs. time, at the three initial concentrations

tested.
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to both mechanisms, which is typical of well-irradiated reacting
systems.

5.3. The mass balance of the reaction system

The complete reaction system constitutes a closed recycling
loop, between the FB photoreactor and the reservoir tank, of a
dilute aqueous solution of oxalic acid. By design, the granular
particles of the photocatalyst are not dragged outside the FB
reactor, so that only the liquid phase enters the tank. Also, as the
outflow concentration of oxalic acid from the reservoir tank
becomes the ingoing concentration of the reactor, and vice versa,
the mass balances of both components of the recycling loop are
coupled.

The reservoir tank can be modeled as a perfectly mixed CSTR.
Yet, because the inlet concentration of oxalic acid to the tank is
continuously changing with time (permanent non-stationary
state) a time-dependent, uniform concentration exits the tank
volume as well. Under these assumptions, the mass balance for
the oxalic acid in the reservoir tank can be written as

d½Ox��out
Tk

dt
¼

Q

VTk
ð½Ox��inTk � ½Ox��out

Tk Þ ð5Þ

where ½Ox��out
Tk ðt¼ 0Þ ¼ ½Ox��0sol, Q is the recirculating liquid flow,

VTk is the reservoir tank volume ½Ox��out
Tk and ½Ox��inTk are the

outflow and inflow oxalic acid concentrations, respectively.
As a fairly uniform liquid flow could be achieved using the

Teflons separator/flow distributor mesh, and
ffiffiffiffiffiffiffiffiffiffiffi
eaðxÞ

p
was super-

ficially averaged, a one-dimensional flow (in the x direction)
suffices to write the mass balance of oxalic acid inside the reaction
volume. That is, the vertical variations in concentration are
regarded as more significant as compared to the lateral ones.
Also, because the FB operates under steady-state flow conditions,
the bed voidage is not a function of time but only a function of the
coordinate. Likewise, the superficial velocity, U0, can be supposed
as uniform because of the continuity equation. With these
hypotheses, the mass balance in the reactor can be written as

eh
@½Ox��R
@t

þU0
@½Ox��R
@x

¼/roxðx; yÞSAT
jt ð6Þ

where

/roxðx; yÞSjt ¼/roxðx; yÞSAT
jt ¼

1

AT

Z
AT

roxðx; tÞdy dz ð7Þ

½Ox��Rðx¼ 0; tÞ ¼ ½Ox��inR ðtÞ ¼ ½Ox��out
Tk ðtÞ ð8Þ

and

½Ox��Rðx; t¼ 0Þ ¼ ½Ox��0RðxÞ ¼ ½Ox��0sol ð9Þ

The temporal derivative can be approximated by using a finite
difference method. Thus, the mass balance becomes an ordinary
differential equation, which must be solved progressively using
small time increments, as follows:

U0
d½Ox��R

dx
ti
¼/roxðx; yÞS

�����ti
� eh
½Ox��Rðx; tiÞ � ½Ox��Rðx; ti �DtÞ

Dt

�����
ð10Þ

where

½Ox��Rðx¼ 0; t¼ tiÞ ¼ ½Ox��out
Tk ðt¼ tiÞ

and

½Ox��Rðx; t¼ 0Þ ¼ ½Ox��0sol ð11Þ

The system of equations is completed by using the expression
for the local, overall reaction rate given by Eq. (4) (averaged in AT

as per Eq. (6)), which is a function of both, the FB height and the
elapsed time (see Appendix A). It was numerically solved by
following the calculation procedure described in Appendix B.

5.4. Estimation of kinetic parameters

To estimate the kinetic parameters of the model, a modified
Levenberg–Marquardt method was employed. This non-linear
optimization algorithm allows estimating the parameter values
that minimizes the sum of quadratic differences between the
model-predicted concentrations vs. the experimental data.

The model predictions for the time evolution of the C2O4H4

concentration are presented in Fig. 4 (solid lines), together with
the corresponding experimental data, for the three initial
concentrations that were tested. The root mean square error
(RMSE) of the estimation was 8%. A fair agreement between
computational results and experimental values can be observed in
every case. This agreement between experimental data and model
predictions, attained by combining two well-differentiated
approaches (the first one, mainly based on FTIR spectroscopy of
surface species, and the present one, supported on rigorous
photoreactor engineering using a fully illuminated FB reactor,)
strongly indicates that the surface-transient kinetic model based
upon two well-differentiated adsorption sites is most appropriate
to model the photocatalytic oxidation of oxalic acid on TiO2. It also
offers a promising approach to account for the observed
photoreactivity of other adsorbed substrates featuring
dicarboxylic acid groups, such as fulvic or humic acids.

The mean values for the relevant kinetics parameters obtained
by means of the NLLS regression routine, together with their
corresponding 95% confidence interval, are given in Table 2. As it
can be readily appreciated, the fast kinetic rate constant ðkobs

B Þ is
almost three orders of magnitude bigger than the slow kinetic rate
constant ðkobs

A Þ, which is consistent with the notorious differences
in the reaction rates observed at the beginning of the
photodegradation process, as compared to the ones observed at
further reaction times.
6. Conclusions

By adopting a reaction mechanism based on the dual-site
adsorption scheme proposed by Mendive et al. (2006, 2007) a new
reaction kinetic model for the photocatalytic oxidation of oxalic
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Table 2
Numeric values for the kinetic parameters.

Kinetic parameter kObs
B kObs

A
a b

Units m3 mol�1 s m3 mol�1 s Einstein�1 m3 cm3 mol�1

Parameter value (3.0670.54)�10�5 (1.4570.30)�10�10 (1.970.9)�10�3 (1.670.6)�10�1
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acid in dilute aqueous solutions using TiO2/quartz sand, was
proposed and successfully correlated with experimental data. A
rigorous treatment of the radiation field inside a fully illuminated
fluidized bed of the photocatalytic composite and of the mass
balance of reaction system was employed. To accomplish these
goals, former data regarding the relevant optical properties of the
photocatalytic composite, as well as the fluid dynamics of the
segregated fluidized bed were employed. The relevant kinetic
constants were thus estimated.

Briefly, the overall reaction rate can be thought of as a
combination of two pathways working in parallel, each one
associated to a different adsorptive fraction of the TiO2 surface,
characterized by the following observable kinetic regimes: A
relatively faster first order kinetics with respect to [Ox�]sol,
associated with hole trapping, via OH � , by more labile adsorbed
oxalate ions, and a slower square root dependence with [Ox�]sol,
in which direct hole trapping by more stable adsorbed oxalate
ions prevail. As the reaction progresses, though, a progressive
substitution of the surface concentration of reactive, labile oxalate
ions sets in so that a just a square root dependency is observable
at longer reaction time.
Notation
Dp
 nominal mean particle diameter, mm

ea
 local volumetric rate of radiative energy absorption,

Einstein m�3 s�1
h+
 semiconductor valence band hole

k
 reaction rate constant, units depends on the

considered step

K
 equilibrium adsorption constant, m3 mol�1
Ox�
 oxalate ion

Q
 circulating liquid flow rate, m3 s�1
rg
 rate of electron-hole generation, mol s�1
rox
 reaction rate, mol s�1
Sv
 specific volumetric area, m2 m�3
t
 time, s

U0
 superficial velocity, m s�1
V
 volume, m3
Wc
 local catalyst concentration, g m�3
Greek letters

�3
a
 constant, Einstein m
b
 constant, m3 mol�1
eh
 fluidized bed voidage, dimensionless
y
 fraction of the catalyst surface occupied by species B
l
 wavelength, nm
rs
 quartz sand density, g cm�3
F
 quantum yield, mol Einstein�1
j
 sphericity factor, dimensionless
Subscripts and superscripts
0
 indicates initial time value

A, B
 indicates type of adsorbed species

obs
 refers to the observed kinetic constant
R
 refers to the FB reactor

sol
 indicates species in solution

Tk
 refers to the reservoir tank

x
 indicates position in the x, y, z coordinates system
x, y,
z

directional coordinates
Special symbols
/ S
 represents an averaged value over a reactor
transversal area
[=]
 means has units of
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Appendix A. An expression of the reaction rate from the
proposed kinetic mechanism

As already said in the main text, at least two different types of
oxalate ions chemisorb onto the active sites of the TiO2–quartz
sand photocatalyst composite, as oxalate complexes: type A
(sigma–sigma carbon bond of the oxalate ion parallel to the
catalyst surface, associated to a slow kinetics) and type B (sigma–
sigma carbon bond perpendicular to the catalyst surface,
associated to a fast kinetics), their interconversion being negli-
gibly slow, as per Mendive et al. (2006, 2007). Therefore, for
modeling purposes the photocatalyst can be virtually conceived as
two inter-related ones working in parallel via its corresponding
fraction of the catalyst active surface, each one with its specific
physicochemical and catalytic properties. This would imply, for
instance, that the adsorbed surface concentrations at equilibrium
for each of the A and B oxalate types (either at dark or under
illumination) might not be the same on each type of adsorbing
sites, although their total surface concentration remains approxi-
mately constant. With this image in mind and the reaction
scheme presented in Table 1, a general expression for the overall
(intrinsic), local reaction rate can be written as follows:

rox ¼ k5yðtÞ½Ox��B½OH��Bþk6½1� yðtÞ�½Ox��A½h
þ
�A ðA:1Þ

where y(t) stands for the fraction of the catalyst surface that is
able to produce type B sites and the sub indices (A) and (B) stand
for the surface concentrations of the referred, adsorbed reactants
on type A or type B sites, respectively.

According to the kinetic model outlined in the main text, the
declining evolution of the concentration fraction of type B sites is
assumed (as a first approximation) as a decreasing linear function
of the elapsed reaction time (t) from its dark value, y0

B (i.e., the
initial concentration, at t=0), with a slope proportional, by a factor
a, to the LVRPA:
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yðtÞ ¼ y0
B½1� aeaðxÞt� ðA:2Þ

Pursuant to assumption (4), the initial concentration fraction
of type B sites can be considered as a linear function of the initial
(i.e., prior to illumination) oxalic acid concentration in the
aqueous solution:

y0
B ¼ b½Ox��0sol ðA:3Þ

Now, by introducing y0
B from (A.3) into (A.2), the following

relationship is obtained:

yðtÞ ¼ b½Ox��0sol½1� aeaðxÞt� ðA:4Þ

In addition, from Eqs. (S5) and (S6) in Table 1

rOH� ¼ k4½OH��ads½h
þ
�B � k4½OH��ads � k5½Ox��B½OH��ads ðA:5Þ

and, by using the steady-state approximation for [OH � ], we get

½OH��ads ¼
k4½OH��ads½h

þ
�B

k4þk5½Ox��B
ðA:6Þ

Given the low concentrations of oxalic acid in the aqueous
phase and assuming the surface concentration of bound OH� ,
½OH��ads, as nearly constant (Turchi and Ollis, 1990), Eq. (A.6) can
be written as follows:

½OH��adsffi
k4½OH��ads

k4�

½hþ �B ðA:7Þ

The concentration of holes and electrons on type B sites can be
obtained from their corresponding balances between generation
and disappearing rates, according to the reaction scheme shown
in Table 1 and by taking into account Eq. (A.7), as follows:

rhþ ¼ rg � k4½OH��ads½h
þ
�B � k9½e

��½hþ �B ¼ k4
0 ½hþ �Bþk9½e

��½hþ �

where

k4
0 ¼
ðk4Þ

2

k4�

½OH��ads ðA:8Þ

re ¼ rg � k9½e
��½hþ �B � k8½O2�ads½e

�� ðA:9Þ

Using now the steady-state approximation, for holes

rg ¼ k4
0 ½hþ �Bþk9½e

��½hþ �B ðA:10Þ

The substitution of (A.10) in (A.9) results in

re ¼ k4
0 ½hþ �B � k8½O2�ads½e

�� ðA:11Þ

Employing then the steady-state approximation for electrons:

½hþ �B ¼
k8

k4
0
½O2�ads½e

�� ðA:12Þ

and introducing (A.12) into (A.10) a quadratic equation is
obtained:

rg ¼ k8½O2�ads½e
��þ

k9k8

k4
0
½O2�ads½e

��2 ðA:13Þ

which can be solved for [e�]:

½e�� ¼
k4
0

2k9
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

4rg

k4
0 k8

k9
½O2�ads

vuuut
0
BBB@

1
CCCA ðA:14Þ

Now, by introducing (A.14) into (A.12) and rearranging, an
expression for [h+]B can be written as

½hþ �B ¼
rg

k4
0

1

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

k9rg

k8k4
0 ½O2�ads

s ! ðA:15Þ

Likewise, from Eqs. (S0), (S4), (S8) and (S9) of Table 1, the
balances for [h+]A and [e�] result as follows:

rhþA
¼ rg � k6½Ox��A½h

þ
�A � k9½h

þ
�A½e

�� ðA:16Þ
re ¼ rg � k9½h
þ
�A½e

�� � k8½O2�ads½e
�� ðA:17Þ

Using again the steady-state approximation, for [h+]A and
[e�]:

rg ¼ k6½Ox��A½h
þ
�Aþk9½h

þ
�A½e

�� ðA:18Þ

rg ¼ k9½h
þ
�A½e

��þk8½O2�ads½e
�� ðA:19Þ

and solving for [h+]A:

½hþ �A ¼
k8½O2�ads½e

��

k6½Ox��A
ðA:20Þ

Introducing (A.20) into (A.19), a new quadratic equation is
obtained:

k9
k8½O2�ads½e

��2

k6½Ox��A
þk8½O2�ads½e

�� � rg ¼ 0 ðA:21Þ

which can be solved for [e�]:

½e�� ¼
k6

2k9
½Ox��A 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

4k9rg

k6k8½O2�ads

s" #
ðA:22Þ

Next, introducing (A.22) into (A.20) and rearranging, an
expression for [h+]A can be written as

½hþ �A ¼
rg

k6½Ox��A
1

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

k9rg

k6k8½O2�ads½Ox��A

s" # ðA:23Þ

and, by substituting Eqs. (A.7), (A.15) and (A.23) into Eq. (A.1), a
first general rate expression for the local (intrinsic), overall
reaction rate results:

rox ¼
k5yðtÞ½Ox��Brg

k4�

1

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

k9rg

k8k4
0 ½O2�ads

s ! þ ½1� yðtÞ�rg

1

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

k9rg

k6k8½O2�ads½Ox��A

s

ðA:24Þ

On the other hand, since the relevant reactions in the proposed
mechanism are heterogeneous processes occurring on the surface
of the photocatalytic composite, it is of interest to cast the
reaction rate in terms of the relevant parameters of the fluidized
bed. The local specific volumetric area of the active catalytic
surface (Sv) in the segregated FB can be expressed as a function of
the catalyst particle size (Dp), the catalyst density (rc), and either
the local catalyst concentration (Wc) or the fluidized bed voidage
(eh) by assuming spheroid particles for the titania-quartz sand
composite composite, as follows:

SV ¼
6f
rCDp

Wc ¼
jð1� ehÞ

Dp
where f0 ¼ 6f and SV ½ ¼ �m

2 m�3

ðA:25Þ

where f is the sphericity factor of the particles.
And consequently, all the reaction kinetic constants in

Eq. (A.24) can be rearranged as

k5 ¼ k0
5ðSV Þ ¼ k0

5

f0ð1� ehÞ

Dp
where k0

5½ ¼ �mol�1 m2 s�1 ðA:26Þ

k6 ¼ k0
6ðSV Þ ¼ k0

6

f0ð1� ehÞ

Dp
where k0

6½ ¼ �mol�1 m2 s�1 ðA:27Þ

k8 ¼ k0
8ðSV Þ ¼ k0

8

f0ð1� ehÞ

Dp
where k0

8½ ¼ �mol�1 m2 s�1 ðA:28Þ

k9 ¼ k0
9ðSV Þ ¼ k0

9

f0ð1� ehÞ

Dp
where k0

9½ ¼ �mol�1 m2 s�1 ðA:29Þ

k4
0 ¼ k

00
4 ðSV Þ ¼ k

00
4

f0ð1� ehÞ

Dp
where k

00
4 ½ ¼ �s

�1 ðA:30Þ
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k9

k8k4
0
¼

k0
9

k0
8k
00
4

ðSV Þ
�1
¼

k0
9Dp

k0
8k
00
4 f0ð1� ehÞ

where
k0

9

k0
8k
00
4

" #
½ ¼ �s ðA:31Þ

k9

k8k6
¼

k0
9

k0
8k0

6

ðSV Þ
�1
¼

k0
9Dp

k0
8k0

6f0ð1� ehÞ
where

k0
9

k0
8k0

6

" #
½ ¼ �mol m�2 s

ðA:32Þ

Hence, by introducing Eqs. (A.25)–(A.32) into Eq. (A.24), the
latter can be written as

rox ¼
kByðtÞ½Ox��Brg

1

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

kB
0 Dprg

f0ð1� ehÞ½O2�ads

s þ
½1� yðtÞ�rg

1

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
þ

DpkArg

f0ð1� ehÞ½O2�ads½Ox��A

s

ðA:33Þ

where

kB ¼
k0

5

k0
4

; kB
0 ¼

k0
9

k0
8k
00
4

; and kA ¼
k0

9

k0
6k0

8

Appendix B. Calculation procedure

(i) The oxalic acid concentrations in the recirculating tank,
[Ox]Tk, and the FB reactor, [Ox]R, are initialized at zero time (t=0).
Prior to the removal of the lamp shutters the solution recirculates
‘in the dark’. Therefore, both initial concentrations are equal to the
concentration of oxalic acid introduced into the system,
½Ox��0R; ½Ox��0Tk ¼ ½Ox��0sol; t¼ 0. (ii) A first time increment is
introduced (i.e.: t becomes equal to t+Dt). (iii) The mass balance
in the tank is then solved for a time period between t�Dt and t.
The incoming concentration to the tank at t�Dt (which is equal to
the outgoing reactor concentration) is taken as the initial
condition. In this step, the concentration at the tank exit is at
time t is obtained. (iv) The material balance in the reactor is
solved at time t, by utilizing as the inward reactor concentration
the outgoing tank concentration obtained in the previous step
(step iii). The concentration profile and, as a result, the outgoing
concentration for the reactor at time t is obtained in this step. At
each time step the previous concentration profile in the reactor at
time t�Dt is required. (v) If the ‘elapsed time’ t were less than the
total run time the concentrations set must be updated. The former
concentrations are replaced by the ‘present’ concentrations at the
new time increment and the ‘former’ concentration profile inside
the reactor is the one that had been calculated in step (iv); the
calculation process goes back to step (ii), and so on. Otherwise, the
calculation procedure is finished.

This calculation scheme is straightforward whenever the
kinetic parameters are known in advance. Since this is not our
case, a non-linear least-squares regression routine for parameters
estimation was used to determine the parameter values that
minimize the sum of the quadratic differences between the
experimental and model obtained concentrations. The complete
set of experimental data was employed.
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