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Abstract

The performance of a model photocatalyst (Degussa P25), immobilized onto quartz sand using a dry/wet physical deposition
method has been studied in a fluidized-bed reactor. A simple model substrate, dilute oxalic acid, was mineralized at room
temperature. For comparison purposes, a slurry of the powdery P25 was also used.

The reactor apparent captured power (PC) and the apparent quantum efficiency(ηVR) were taken as the main performance
criteria of both the free and the immobilized titania. The following variables were investigated: (a) degree of catalyst coverage
on the support, (b) aggregation state of the catalyst particles, (c) texture of the supporting surface.

Using increasing amounts of P25 deposited onto the support, the apparent captured power only grew moderately. Yet, the
ηVR of the slurried P25 could not be matched even for conditions in which the amount of photocatalyst inside the photoreactor
was eight times higher. Under those conditions theηVR of the fluidized bed was 41% of that of the slurry, but the specific
quantum efficiency was merely a 6% of that achievable with the free catalyst.

With the employed deposition method a high degree of surface roughness of the support, and usage of thoroughly deionized
water during the wetting step, are needed to prevent the coalescence of the titania during the immobilization. Otherwise, the
catalytic performance becomes negligible. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Much attention has been paid in recent years to the
study of the photo-oxidation of air and water pollu-
tants, catalyzed by semiconductor metal oxides. In par-
ticular, it has been shown that many toxic or hazardous
organic compounds undergo rapid mineralization, in
redox type reactions induced by electron–hole pairs
generated when near-UV radiation excites the band
gap of the semiconductor [1–4]. Indeed, with the aim
of commercializing this type of processes, research
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in this field has been intense and some TiO2-based
technologies are successfully competing in the mar-
ket place with a variety of conventional environmental
technologies, particularly for air treatment.

Two modes of catalyst availability are currently fa-
vored for these types of photocatalytic processes: (a)
as a finely divided, slurried powder, for the aqueous
media, or (b) as an immobilized coating on support
materials in a fixed or fluidized bed configuration,
both for air [5–8] and water [9–14] decontamination
systems. Focusing on the aqueous media and from an
engineering point of view, the immobilized catalyst
(usually TiO2, in anatase form) should be preferred,
to avoid downstream treatments (i.e., particle-fluid
separation and/or catalyst recycling).
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Nomenclature

C concentration (mol cm−3), also
(mM), also (ppm)

ea local volumetric rate of energy
absorption (LVREA) (Einstein cm−3 s−1)

L mean distance between the slurried
catalyst particles (nm)

P radiant power (W) also (Einstein s−1)
R reaction rate (mol cm−3 s−1)
Er position vector (cm)
t time (s)
V volume (cm3)
W mass of solid per unit volume

of reacting space (g (cm3 reaction
volume)−1)

Greek letters
η apparent quantum efficiency

(mol Einstein−1)
λ wavelength (nm)
ρ mass density (g cm−3)

Subscripts
Act relative to the actinometric

reaction space (outer annulus)
c relative to catalyst
C captured power
Fe2+ relative to ferrous ion
IN incoming radiation
Ox relative to oxalic acid
OUT out going radiation
p relative to catalyst or sand particles
R relative to reactor volume (for slurry:

546 cm3; for fluidized bed: 512 cm3)
s relative to sand
TiO2 relative to the photocatalyst
T relative to the reservoir in a

reaction loop
V relative to volume
λ relative to wavelength dependence

Because of the small particle size of the pow-
dered catalysts generally synthesized by the industry
(30–200 nm) the cost requirements of any downstream
separation stage impose severe economic constraints,
but on the other hand, the efficiency of slurry type

reactors appears to be generally higher than those
using immobilized photocatalysts [9–13].

Nevertheless, common bases to establish signifi-
cant, quantitative comparisons are so far not well es-
tablished, and in order to clarify this matter, it was
of interest for us in a foregoing work [15] to assess
the relative performances of a supported catalyst op-
erating in a fluidized-bed reactor vs. the same catalyst
slurried in its powdery form.

With this goal in mind, special attention was paid
to ensure in all cases controlled and comparable con-
ditions and so, firstly, both types of reacting systems
were operated as a fully irradiated photoreaction space
(FIP reactor) [16]. In other words, the reactor dimen-
sions and the catalyst concentrations were carefully
chosen in each case so that always a remnant flux
of energy leaving the reaction volume could be de-
tected after the light had gone through it. In order to
comply with the second requirement (identical cata-
lyst structure and texture) the same titania (Degussa
P25) was used in all cases and, accordingly, a previ-
ously made titania powder (PMTP) deposition method
was chosen to support the photocatalyst onto quartz
sand [17].

As a result of the previously cited work, it was
found that the photocatalytic performance of the im-
mobilized catalyst, as measured by its apparent quan-
tum efficiency [15], was significantly poorer (about
5–6 times lower) than that obtained with the powdered
form. Several factors were targeted as potential con-
tributors to this lower performance of the anchored
catalyst: (1) reduction of available specific surface
area resulting from the binding with the supporting
surface, (2) significant radiation extinction (absorption
and scattering) by the support, or (3) catalyst agglo-
meration (surface clumping) during fixation, among
others.

On the basis of these findings, and aimed at elu-
cidating the reasons for such a significant loss of
photo-catalytic activity upon fixation, a new research
program was carried out focused on gaining further
knowledge of the impact upon the apparent quantum
efficiency of the following variables: (a) significant
increments (4–8 times) of the degree of catalyst cov-
erage on the support, (b) aggregation state of the
catalyst particles, and (c) texture of the supporting
surface. The new results are reported and discussed
in the present work.
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2. Experimental work

2.1. Experimental set-up

The experimental set-up consisted of a recirculat-
ing, isothermal batch reaction system schematically
shown in Fig. 1. The photoreactor (1) was a multitube
device, with three concentric annuli made of Pyrex
glass and a tubular black light lamp (Philips TLD
18W/08; nominal output power: 18 W, having its
emission peak at 360 nm) placed at its axis. The cen-
tral annulus (7.5 mm of radial gap, 546.0 cm3 of total
volume) was the photoreactor; the outer one was an
actinometric space (8.0 mm of radial space, 615.0 cm3

of volume), to measure the exiting radiation outgoing
from the reaction vessel. The inner annulus was used
as an IR filter. Recycling systems were driven by
peristaltic pumps (Masterflex, model 2650 MG). A
thermostatic bath (MGW Lauda K4R) was employed
to ensure isothermal conditions. Further details can
be found elsewhere [15].

2.2. Materials and methods

Degussa P25 (Sg ∼= 50 m2 g−1; dp = 30–70 nm;
∼75% anatase;ρc = 3.8 g cm−3) and Aldrich quartz
white sand (Cat. No. 27,473-9;ρs = 2.4 g cm−3;

Fig. 1. Experimental set-up: (1) photoreactor, (2) watt-meter, (3)
lamp, (4) reservoir, (5) peristaltic pump, (6) heat exchanger, (7)
thermostatic bath; (TC) temperature controller, (I) refrigeration
loop, (II) reaction loop, (III) actinometric loop.

Dp = 250mm(+50–70 mesh)) were used as model
photocatalyst and support, respectively. The screened
sand, after being washed with acetone to remove
organic matter, was designated the “as received” sup-
porting material. Oxalic acid dihydrate (Carlo Erba
RSE, 99.9%) was chosen as the model substrate,
since this compound is not volatile, degrades without
stable intermediates and it is easily decomposed. A
standard aqueous solution prepared with ultrapure
water (5 × 10−4 mol cm−3), was employed through-
out the work. In all cases the titania photocatalyst was
dried at 393 K for 12 h before it was used. Water was
“ultrapure”, i.e., triply distilled, demineralised, free
of organic content and filtered (0.2mm membrane).

The photocatalyst was fixed onto the quartz sand
by thoroughly dry-mixing/tumbling in a rotavapor for
12 h, followed by humectation with ultrapure water
(pH 5.5), evaporation in vacuo and calcining overnight
at 673 K, following a previously well-tested protocol
[15]. From now on, this procedure will be designated
as the standard deposition method (SDM).

Five batches of titania-coated quartz sand, with in-
creasing degrees of nominal surface coverage (NSC)
of the sand with TiO2, were prepared and tested, with
0.3, 0.6, 1, 4 and 8 theoretical monolayers of titania,
respectively. For the purposes of this work the NSC
of a “monolayer” corresponds to the mass of the pho-
tocatalyst, modeled as a two-dimensional powder of
close-packed spherical particles (average diameter:
50 nm) necessary to fully cover the surface of the
quartz sand, ideally constituted by 250mm diameter
spherical grains of smooth surface. Thus, one mono-
layer (or NSC= 1) corresponds to about 1 mg of
TiO2/g sand. The amounts of photocatalyst actually
deposited onto the sand were found to be: 0.34, 0.64,
1.16, 5.0 and 10.1 mg TiO2/g sand, respectively, using
Jackson et al.’s spectroscopic method [18].

To investigate any possible effect of clumping
of the powdered titania particles upon catalyst per-
formance, another batch of material was prepared
by replacing water with a dilute solution of HNO3
(pH = 3) for the humectation step. Also, and in order
to appraise the influence of the surface texture of the
support upon the fixed catalyst behavior, a further
batch of supported titania was made with the quartz
sand previously treated with a concentrated solution
(12 N) of nitric acid at 450 K. In this case the ensu-
ing supporting material was calcined at 740 K before
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catalyst deposition, to eliminate possible residual
traces of nitrate on sand surface. Both of these addi-
tional batches had one monolayer NSC of titania.

The surface texture of the support as well as the
distribution of the photocatalyst on each one of the
resulting materials were analyzed by scanning electron
microscopy, using a JEOL model JSM-35C at 25 kV
of accelerating voltage and with secondary electron
detection. The micrographs were taken on samples of
sand — with and without deposited titania — bonded
with silver paint to metal holders and covered with a
film of gold by vapor deposition in argon atmosphere.

To make sure that the immobilization procedure had
not altered in any way the properties of the after-fixed
titania, samples of dry (“as is”), calcined (673 K,
12 h) and wetted, then calcined P25 were compared
by X-ray diffraction. It was verified that after these
calcining treatments the degree of crystallinity of the
TiO2 did not change and that the anatase to rutile
ratio was preserved as well.

Also, to rule out possible artifacts associated with
the catalyst support being a participative radiation
absorption medium in the system, diffuse reflectance
measurements were carried out on an aliquot of the
“as received” quartz sand, which was ground and
sieved through a 400 mesh screen (38mm nominal
aperture size). The diffuse reflectance spectrum (from
λ = 300 to 400hm) was determined, relative to a ba-
rium sulfate white standard, with a Cary 17, UV–Vis
double beam spectrophotometer furnished with an in-
tegrating sphere. The measured reflectance values of
a sample layer of infinite optical thickness (R∞) were
a constant, flat function of the radiation wavelength,
which according to the Kubelka–Munk theory for
finely divided powders [19], indicates that no radia-
tion absorption phenomena take place by interaction
of the light with the supporting material within the
spectral range of the lamp.

In our former work it was found that other factors
being kept constant, the higher the bed expansion into
the fluidized reactor the higher is the apparent quan-
tum efficiency of the immobilized photocatalyst [15].
Therefore, a fixed value of the bed expansion, close
to the maximum but still granting a stable operation
of the reactor (e.g., 7.0 times the unexpanded bed vol-
ume) was used throughout all the present work. For
this bed expansion and for an NSC of a monolayer, the
catalyst concentration in the illuminated reaction vol-

ume was 250 ppm, with a total mass of sand in the bed
of about 110 g. Accordingly, a suspension of the free
catalyst containing 250 ppm P25 was also used and
taken as the yardstick for performance comparisons.

An additional run, pointed at clarifying further the
role played by the support inside the radiation field
was also included, by recirculating a slurry of 250 ppm
TiO2 through a 7 times expanded fluidized bed ofbare
quartz sand. Also, in order to take into account the
role played by the pH and/or the specific adsorption of
anions upon any possible photocatalyst agglomeration
mechanisms, the radiation extinction properties of a
slurry with the same concentration of P25, in acidic
water (brought to pH 3.5 with HCl), were measured.

The mineralization of oxalic acid was followed by
analyzing total organic carbon (TOC SHIMADZU
analyzer 5000A). Actinometric measurements were
carried out with 0.006 M potassium ferrioxalate, by
conventional techniques [20], but employing our own
method for interpreting the results.

2.3. Experimental procedure

To achieve isothermal reaction conditions, prior to
initiating any experimental run, thermostatized ultra-
pure water was circulated through the reactor inner
annulus (Fig. 1) for 2–3 h, during which time the lamp
was also lit to ensure the stability of the radiative flux
as well.

A suitable actinometer (potassium ferrioxalate, 6×
10−7 mol cm−3) was recirculated between the outer
annulus of the reactor (Fig. 1) and a reservoir,V III

T ,
containing 1760 cm3 of this solution. The device was
used to measure the radiation going out from the re-
action space (the reactor intermediate annulus) when
either a fluidized bed of titania immobilized onto the
sand or a recirculating slurry of free powdered catalyst
was inside the reaction volume,VR.

Through the reaction space were recirculated,
alternatively, in a closed loop:
1. A suspension (250 ppm) of titania in the air-satura-

ted solution of oxalic acid, or slurried in ultrapure
water whenever only actinometric measurements
were made. For these experiments, the volume of
solution in the reservoir wasV II

T = 4400 cm3.
2. The solution of oxalic acid, saturated with air,

through the fluidized beds of the different prepa-
rations of bare or titania-coated quartz sand. The
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circulation flow rate was chosen to allow a stable
fluidized bed operation while at the same time the
annular space could be filled up to the predeter-
mined level, with the fluidized bed kept at the pre-
viously mentioned bed expansions (7.0 times the
unexpanded bed volume). For these runs the liquid
volume in the reservoir wasV II

T = 1400 cm3.

3. Results and discussion

3.1. General approach for data analysis

To ascertain a correct assessment of the absorbed
radiation, in order to compute and compare efficien-
cies inside a heterogeneous photoreactor, the know-
ledge of the absorption and the scattering coefficients
of the system is required. These coefficients, which
are necessary to solve the integro-differential radiative
transport equation [21,22] are, however, very difficult
to measure for a fluidized bed operation.

An evaluation of these optical parameters for dif-
ferent brands of powdered titania in aqueous suspen-
sion has been recently published [23]. Yet, equivalent
data regarding fixed titania either on sand or on other
supports are not available. Alternatively, and only for
comparison purposes, an apparent percent captured
power (PC%) can be defined, in terms of the illumi-
nating incident power onto the reacting space (PIN)
and of the remaining power leaving the reaction space
after said interaction has taken place (POUT) [15]:

PC% =
(

PIN − POUT

PIN

)
× 100 (1)

The character of “apparent” specifically refers to
(PIN), since not all the incident power effectively
enters into the reaction volume, due to the (surely
significant) back scattering phenomenon.

With the same objective, anapparent percent quan-
tum efficiencycan also been defined in terms of the
ratio of the initial rate of decomposition of oxalic
acid per unit volume of reactor vs. the corresponding
captured power by the reacting volume:

ηVR = 〈R0
Ox(Er)〉VR

PC/VR
× 100 (2)

Also, for comparison purposes it is appropriate to
consider thespecificinitial reaction rate (i.e., per unit

mass of titania inside the device)

〈R0
Ox(Er)〉TiO2

VR
= 〈R0

Ox(Er)〉VR

[CTiO2]VR

(3)

and, accordingly, to define aspecificapparent quantum
efficiency of the photocatalytic decomposition:

η
TiO2
VR

= ηVR

[CTiO2]VR

(4)

3.2. Oxalic acid decomposition

An apparent zero-order reaction with respect toCOx
was observed in all cases, even for the highest concen-
tration of titania inside the reaction volume (1900 ppm
of TiO2), at least up to about 20% conversion. With
this same photocatalyst (Degussa P25) in a slurry con-
centration of 2500 ppm, Herrmann et al. [24] also re-
ported zero-order reaction in the photo-oxidation of
oxalic acid, albeit for a substrate concentration 10
times higher (480 ppm) than the one used in this work.

Nevertheless, the adsorption isotherm of oxalic acid
on P25 at room temperature shows a saturation value
of Γs = 1.2×10−6 g mol oxalic acid m−2 at pH= 3.5
[25]. Hence, the immobilized titania in equilibrium
with a 50 ppm oxalic acid solution(pH = 3.5) is ei-
ther fully saturated or close to saturation (93.5% for
NSC = 8) right at the beginning of all of our runs,
since these recent experimental data also show that
the adsorption equilibrium is reached almost
immediately [25].

The adsorption behavior of this substrate, then, por-
trays a situation where aninitial pseudo-zero-order
reaction rate of decomposition can still be expected.
These reaction rates were determined in all cases
by measuring the time evolution of the oxalic acid
concentration in the liquid phase. Data treatment is
detailed in Appendix A.

3.3. Apparent quantum efficiency and catalyst
loading onto the support

Table 1 details the experimental conditions together
with the apparent captured power, initial reaction
rates and apparent quantum efficiencies in the de-
composition of oxalic acid for a representative set of
experimental runs. In every case FIP conditions were
achieved.
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Table 1
Photocatalytic decomposition of oxalic acid: experimental conditions and results

Reacting
system

Support
treatment

NSC
(%)

[CTiO2]
(ppm)

Captured
power (PC%)

〈R0
Ox〉VR

a ηVR
b 〈R0

Ox〉TiO2
VR

c η
TiO2
VR

d

Slurrye NA NA 250 79.3 163.8 2.92 655 105.0
Fluidized bede,f None 30 73 62.2 24.6 0.47 336 64.4
Fluidized bede,f None 60 138 67.5 26.1 0.46 189 33.3
Fluidized bede,f None 100 250 71.5 27.8 0.47 110 18.8
Fluidized bede,f None 400 950 79.8 53.2 0.75 56 7.8
Fluidized bede,f None 800 1900 86.4 94 1.22 49 6.4
Fluidized bede,f None 100g 250 71.5 Negligible Negligible Negligible Negligible
Fluidized bede,f HNO3 washed 100 250 65.5 Negligible Negligible Negligible Negligible
Fluidized bede,f None Bare sand NA 28 NA NA NA NA
Fluidized bede,f HNO3 washed Bare sand NA 21.4 NA NA NA NA
Slurry+ fluidized bede,f None NA 250 95.3 619 11.1 2476 399
Slurry in water, pH 5.5 NA NA 250 79.3 NA NA NA NA
Slurry in a HCl sol, pH 3.5 NA NA 250 83.7 NA NA NA NA

a [(Moles oxalic acid reacted att = 0)/(cm3 reaction volume) (s)] × 1012.
b [(Moles oxalic acid reacted att = 0)/Einstein]× 100.
c [(Moles oxalic acid reacted att = 0)/(g TiO2) (s)] × 109.
d [(Moles oxalic acid reacted att = 0)/(Einstein) (g TiO2)] × 100.
e 0.5 mM oxalic acid solution.
f Fluidized bed expansion= 7.
g Wetting at pH 3 w/HNO3.

The incident radiation onto the inner surface of the
photoreactor was measured by circulating the actino-
metric solution through the intermediate annulus (i.e.,
the reaction space) in closed circuit; for this setting
PIN = 4.34× 10−6 Einstein s−1. Details on how the
actinometric data were processed are given in Ap-
pendix A and in Ref. [15].

It readily emerges at first sight that the increases in
the apparent captured power at higher surface cover-
ages of the quartz sand are rather moderate. Namely,
this increment is of only 40% when going from one
third to 8 times a nominal monolayer coverage, which
represents a 27-fold growth on catalyst concentration
inside the reaction volume. The dispersion of P25
onto the sand was always good, though, as shown in
Fig. 2.

It is also meaningful to compare thePC% of the
suspension of free titania with that corresponding to
the 7 times expanded fluidized bed of sand with the
highest surface coverage(NSC= 8). Even though this
last system was made 8 times more concentrated in
titania inside the reaction volume (1900 vs. 250 ppm)
it was only 9% more effective as a radiation capturing
material, and remained within the limits where the
fully illuminated reactor concept still applies.

In other words, since a highly expanded bed of
catalyst-covered sand particles captures almost the
same radiation power than a several times less con-
centrated slurry of the same catalyst, this would imply
that by supporting the photocatalyst one could signifi-
cantly increase the amount of photocatalytic material
working inside the reaction volume without falling
outside of the FIP conditions. According to this, FIP
operation with an immobilized catalyst can be sus-
tained either: (a) with the same annular photoreactor,
by using more photocatalyst inside the reaction vol-
ume (higher surface coverage) than with a slurry type
reactor, or (b) with a larger annular gap, with the same
radiation source and lower surface coverage where,
then, larger flow rates of polluted solutions could be
processed.

However, this seeming advantage is misleading, as
none of the fluidized beds prepared using increasing
amounts of immobilized titania could match the ap-
parent quantum efficiency of the slurried P25, even
though their apparent captured power was similar. At
best, for instance, theηVR for the highly coated sand
(NSC = 800) was only 42% of the one given by
the free catalyst suspension (see the 7th column of
Table 1).
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By focusing now on the fluidized bed results, it
comes out that the reaction rate and also the appar-
ent quantum efficiency can be effectively increased
at higher NSC. These performance parameters almost
doubled when the percent NSC was raised from 100
to 400%, and increased more than threefold when said
coverage was 800%. However, at NSC under one no-
minal monolayer these performance parameters were
about equal for the different preparations, which is
probably due to the noticeable superficial roughness of
many areas of the ’as received’ quartz sand, as shown
by the SEM micrographs (Fig. 3a). Thus, it would be
necessary to reach a certain level of catalyst cover-
age in order to fill “blind-to-direct radiation” craters,
pits and crevices on the sand surface before any extra
deposited material could signify a real increment of
photocatalyst effectively exposed to light activation.

Table 1 also shows that both the specific (per unit
mass of catalyst) reaction rates and the specific appar-
ent quantum efficiencies obtained by using fluidized
beds of the “as received” P25-coated sand steadily
worsen as the NSC becomes higher. Yet, from a prac-
tical standpoint this should be of no concern, as the
extra loading into the reacting space of the inexpensive
titania would be more than offset by savings in down-
stream separation costs owing to the immobilization
of the photocatalyst.

Interestingly, thespecificperformance parameters
of the fluidized bed with the lowest percent NSC (30%)
are just half of those of the free, slurried catalyst. By
taking into account that a very low degree of mu-
tual occlusion was observed in the titania deposit in
this case (see SEM micrograph (a) of Fig. 2) one is
tempted to contrast the following modeling situations
to explain the data:
1. (Slurry) Uniformly distributed free catalyst par-

ticles, at a mean distance among them of about
1000 nm(Lc = dp[πρc/6Wc]1/3), immersed in a
dilute, isotropic scattering radiation field of spheri-
cal symmetry [26,27], receiving then equivalent in-
cident radiation from each hemisphere, via forward
and back scattering.

2. (Partially coated sand) Well dispersed, almost iso-
lated photocatalyst particles (because of the rela-
tively small quantity used), fixed onto the surface
of sand grains, located at a mean distanceLs from
each other about 450 times higher than in the slurry
(Ls = Dp[πρs/6Ws]1/3).

From a microscopical perspective, this last scenario
can be thought of as featuring a multiple mirror sys-
tem (the partially coated quartz grains) which gene-
rates a diffuse scattering, isotropic radiation field
where the immobilized catalyst particles, 2000 times
smaller than the support, can only “see” the light that
is coming from one hemisphere, their other hemi-
spheric areas being shaded by the (partially coated)
supporting grains. This model can, certainly account
for the doubling factor in the specific performance
when going from a sparsely coated sand to the free
slurried catalyst situation.

Between these two extreme situations, intermediate
ones will occur when the surface coverage is increased.
First, until the deposited amount is not enough to fill
the surface irregularities and so become a more ef-
fective radiation absorbent, the apparent quantum ef-
ficiency will not significantly improve. Consequently,
the specific performance parameters will steadily de-
crease. Then, if the NSC is made large enough to over-
come the “crevice filling limit”, the apparent quantum
efficiency of the coated sand can improve. However,
owing to a partial mutual occlusion of the P25 parti-
cles (see Fig. 2d), these increments inηVR are much
less than those on the catalyst loading so that the spe-
cific efficiency will still deteriorate.

3.4. Effects of catalyst agglomeration and surface
roughness of the support

As indicated in Section 1 of this paper, catalyst ag-
glomeration was initially pointed out as a possible
cause of the lower performance of the immobilized
P25. However, as shown by the micrographs of Fig. 2,
catalyst dispersion was always good and particle ag-
glomeration was relatively moderate when the SDM
was used, up to NSC= 8. If 50 nm is taken as the P25
mean nominal particle size [28], we could roughly say
that clumping — where it is present — involves, in
general, only a small cluster of titania particles.

Nonetheless, two variations to the SDM were pri-
marily thought as potentially performance-improving
strategies: (1) a previous chemical polishing treatment
of the sand, “washing” the grains with hot nitric acid,
and (2) humectation of the sand–catalyst dry mixture
with a dilute acid solution. In both cases, the intention
was to lessen even more the relatively low catalyst ag-
glomeration produced by the SDM.
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In fact, using these new batches of P25-coated sand
(NSC= 1) not only the catalytic performance did not
improve, but even more, no appreciable destruction of
oxalic acid could be registered in either case. As it
can be observed in the SEM micrographs of Figs. 3d
and 4, a high degree of catalyst particle clumping (a
priori non-expected) is responsible for the poor beha-
vior of these preparations. How these outcomes can be
rationalized?

Let us start by focusing on the SDM of catalyst
fixing onto the sand. At first, during the dry-mixing
operation, superficial electrostatic charging with op-
posite signs appears on the quartz sand and on the
titania powder, respectively. As a result, attractive
forces arise between titania and quartz, together with
repulsive ones among the TiO2 particles in com-
petition with the tendency of the finely powdered
catalyst to agglomerate. These combined processes
favor a relatively good dispersion of the catalyst on
the supporting surface, which would not change sub-
stantially after wetting the mixture with ultrapure
water (a strong electric insulator) in the 5.5–6.0 pH
range. This pH is close, but still on the side of posi-
tive charging of P25 (pHPZC = 6.3–6.6 [29,30]), and
on the negative side of quartz (pHPZC = 2.0 [31]).

The highly rugged surface, full of microsized chips
of the “as received” quartz sand (Fig. 3a), would also

Fig. 4. Scanning electron micrograph of quartz sand coated with P25, 100% NSC. Wetting of the dry-mixed titania and quartz sand was
made with diluted aqueous HNO3 (pH = 3).

constitute an impediment to the migration of cata-
lyst particles during the vacuum-drying step, mostly
via capillary forces, facilitating a homogeneous de-
posit with fewer clumping. On the contrary, the chemi-
cally cleaned, smoothened sand surface (Fig. 3c), can-
not impede particle migration and agglomeration, as
clearly shown in the last micrograph of Fig. 3.

On the other hand, when the dry mixture of titania
and sand is wetted with a nitric acid solution of pH=
3 (lower than the PZC of TiO2) one could have reason-
ably expected that the repulsive forces among the posi-
tively charged titania particles would increase, thus
preventing any coalescence or agglomeration. How-
ever, as shown by the SEM micrograph of Fig. 4, a
highly agglomerated deposit results by following such
a wetting procedure. Unfortunately, specific adsorp-
tion of the nitrate ions onto the titania surface seems to
prevail in this case [32], so that the positively charged
particles of titania get neutralized by the anions of the
solution and easily agglomerate.

In this respect, it is appropriate to point out that
specific adsorption of the oxalate ions also occurs in
this reacting system. So, as shown in the last portion
of Table 1, thePC% of a slurry of 250 ppm P25 in
ultrapure water(pH = 5.5) is identical to that mea-
sured with the same slurry in a 50 ppm oxalic acid
solution(pH = 3.5), suggesting a similar aggregation
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state for the catalyst particles in both systems. Here, it
is the adsorption of the oxalate anions which acts as a
surface charge-neutralizing agent, as in the previously
discussed case regarding the nitric acid solution.

Peill and Hoffmann [33] have also noticed the spe-
cific adsorption of the oxalate anion on titania in the
photocatalytic destruction of oxalate at different pHs
with a P25-coated “fiber optic cable reactor”. Like-
wise, in a recent publication O’Shea et al. [34] have
reported that some inorganic ions such as nitrate and
oxalate induce the coagulation of the TiO2 particles.
Indeed, when the powdered titania was slurried in a so-
lution of HCl at pH= 3.5, thePC% was higher (83.7)
than in the previously mentioned situations, indicating
a lower degree of particle agglomeration. These results
are in agreement with those reported by Martı́n et al.
[35], who found a lower tendency for P25 to floc when
slurried in HCl(pH = 3) than in ultrapure water.

To further explore the impact of particle agglomera-
tion on the catalytic performance, a slurry containing
250 ppm of P25 was recirculated through the fluidized
bed of bare quartz sand. Again, oxalic acid (0.5 mM)
was the model substrate. The apparent captured power
into the reaction volume rose to 95.5%, and the ap-
parent quantum efficiency was 11.1%, almost fourfold
higher than by just using the powdered photocatalyst.

In this composite medium, these extra non-absorbing
and diffuse scattering centers (the bare quartz sand
grains) contribute to further re-distribution of the
incoming radiation inside the reaction space. Also,
as these massive grains are continuously colliding
among themselves and against the titania particles
in the fluidized bed, they may serve to break up any
agglomerates of P25 that tend to form during the
experiment, which would, according to our previous
results, lead to greater efficiency.

Although this last hypothesis has yet to be studied,
certainly the state of aggregation of aworking pho-
tocatalyst is nowadays considered a key parameter in
any design or intended application of this advanced
oxidation technology.

4. Conclusions

The performance of a model photocatalyst (De-
gussa P25), immobilized onto quartz sand using a
dry/wet physical deposition method has been studied

in a fluidized-bed reactor. To this end, a simple model
substrate (dilute oxalic acid) was mineralized at room
temperature, and full illumination of the entire reac-
tion volume was ensured at all times (FIP conditions).

For comparison purposes, a slurry of the powdery
P25 was also used. The apparent captured power (PC)
of the devices, the apparent quantum efficiency(ηVR)

and thespecificapparent quantum efficiency(ηTiO2
VR

)

were taken as performance criteria of both the free and
the immobilized titania.

Using increasing amounts of P25 deposited onto the
support, the apparent captured power only grew mode-
rately and the FIP conditions could always be main-
tained. Yet, the apparent quantum efficiency of the
slurried titania could not be matched even for condi-
tions in which the amount of photocatalyst inside the
photoreactor was 8 times higher. Under those condi-
tions the NSC of the sand with P25 was about eight
monolayers and theηVR of the fluidized bed was 41%
of that of the slurry, while the specific quantum effi-
ciency was merely a 6% of that achievable with the
free catalyst.

SEM images showed that this was due to the
progressive filling of irregularities and crevices of
the rough surface of the quartz sand with the well-
dispersed particles of the titania, together with increas-
ing mutual occlusion of the particles, rather than to
progressive agglomeration onto the quartz surface.
Electrostatic repulsion forces between titania and
quartz during the dry step of the deposition procedure
appear to play a key role for maintaining such good
dispersity.

For this deposition method, a good degree of sur-
face roughness of the support is necessary, to prevent
the detrimental coalescence of the titania during the
humectation, prior to evaporation. Likewise, usage
of thoroughly deionized water during the wetting
step is required, to avoid specific anionic adsorption,
which also gives highly coalesced clumps of TiO2.
Unless these two requirements are satisfied, the
catalytic activity becomes negligible.
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Appendix A

The experimental results obtained by actinometry
in the outer annulus were analyzed by taking advan-
tage of the following design features of the experi-
mental setting: (a) differential per pass conversion
of the actinometer inside the isothermal reactor was
always achieved, (b) the actinometric reactor volume
was always smaller than the total volume of the re-
cycling system, and (c) all the energy entering the
actinometric reaction volume was absorbed by the
actinometer. Thus, the actinometric reaction always
proceeds into a continuous differential reactor inside
the loop of a batch recirculating system and so, under
steady operating conditions of the lamp, the following
relation applies [15]:

dCFe2+(t)

dt
= VAct

V III
T

〈RFe2+(Er)〉VAct (A.1)

For this actinometric reaction the ferrioxalate de-
composition is of first order with respect to the local
volumetric rate of energy absorption,ea

λ, and (for low
conversions, to avoid interference of the ferrous ion)
of zero order with respect to the oxalate concentration
[20,36], so that the following equation applies to the
local reaction rate:

RFe2+(Er) =
∫

λ

Φλe
a
λ(Er) dλ (A.2)

By taking a volume averaged reaction rate (be-
cause of the non-uniformity of the radiation field) and
recalling that the quantum yield of the potassium fer-
rioxalate reaction has a rather mild dependence with
wavelength in the 300–400 nm range [37], Eq. (A.1)
can be easily integrated and a final expression for
the measured radiation power coming out from the
reaction space can be expressed as follows:

POUT = VAct

∫
λ

〈ea
λ(Er)〉VAct = V III

T

〈Φλ〉λ
CFe2+(t)

t − t0
(A.3)

This equation allowed the direct estimation ofPOUT
from the linearCFe2+ vs. time relationships obtained
experimentally for each run. (For more details about
the treatment of this type of experimental data, see
[38].)

The oxalic acid decomposition reaction was con-
ducted in all cases under the following process and de-
sign conditions: (a) hydrodynamic and thermal steady
state, (b) perfect mixing inside the reservoir(V II

T ), (c)
negligible volume of the connecting lines, and (d) zero
reaction rate outside the illuminated reacting volume.
Furthermore, the system was always operated as a con-
tinuous differential reactor inside the loop of a batch
recirculating system so that the mass balance equation
for the organic substrate can be formalized as

dCOx(t)

dt
= − VR

V II
T

〈ROx(Er, t)〉VR (A.4)

Within the range of validity of the zero-order reac-
tion rate the former equation can be immediately inte-
grated, with just the initial condition:COx (t = 0) =
C0

Ox, to yield initial rate data:

〈R0
Ox(Er)〉VR = −V II

T

VR

(
COx(t) − C0

Ox

t − t0

)
(A.5)

(More details about this data treatment are given in
[15].)
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