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ABSTRACT: This paper analyzes the effect of some properties of different catalysts on the photocatalytic
activity. The efficiency has been determined for two different processes: NOx abatement and self-cleaning for
Rhodamine B and tobacco extract being, the TiO, based photocatalyst, supported as coatings on white mortar.
Eight different catalysts were tested, seven commercial ones and one home-made catalyst with improved visible
light absorption properties. Additionally, some of them were submitted to exposition to water and/or calcina-
tions to alter their physical properties. A kinetic approach was used to evaluate the photocatalytic activity, being
the first reaction constant (for NO) and just empirical constants (for self-cleaning) the parameters used for the
comparison of the different materials. As a result, the efficiency, even for ranking, is dependent on the type of
contaminant used in the experiment. In general, NO oxidation and tobacco followed similar trends while no
clear relations were found for Rhodamine B.
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RESUMEN: Fotocatdlisis heterogénea en materiales de construccion: efecto de las propiedades de los cataliza-
dores en la eficiencia de degradacion de NOx y autolimpieza. En este trabajo se analiza el efecto de las propie-
dades de distintos catalizadores en la actividad fotocatalitica de degradacion de NOx y autolimpieza, para
Rodamina By extracto de tabaco. Se han ensayado ocho fotocatalizadores, basados en TiO,y soportados sobre
mortero blanco; siete de ellos comerciales y uno sintetizado en el laboratorio con absorcion mejorada en el vis-
ible. Adicionalmente, las propiedades fisicas de algunos de ellos se alteraron mediante tratamientos con agua y/o
por calcinacion. La actividad fotocatalitica se ha evaluado mediante aproximacion cinética, siendo la constante
de reaccion de primer orden (para NO) y constantes empiricas de ajuste (para autolimpieza) los parametros de
comparacion entre materiales. Como resultado, la eficiencia depende del contaminante utilizado en el experi-
mento de evaluacion. En general, en este estudio, oxidacion de NO y de extracto de tabaco presentan tendencias
similares mientras para Rodamina B no se encontroé correlacion clara ninguna.

PALABRAS CLAVE: TiO,; Propiedades opticas, cristalograficas y microestructurales; Degradacion de NOx; auto-
limpieza; Rodamina B; Extracto de tabaco; Materiales de construccion
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1. INTRODUCTION

Photocatalysis is classified as an advanced oxida-
tion process. It is equivocal when and who started
utilizing first such a photochemical power of TiO,
to induce chemical reactions. However, it was in the
early 1970s when this discipline becomes more pop-
ular with Fujishima and Honda (1) and Wrighton
et al. (2) that reported the photocatalytic split-
ting of water on TiO, and Sr-doped TiO, respec-
tively. The application of photocatalytic materials
has increased rapidly in construction materials, try-
ing to profit of the extensive surfaces that they can
provide, for environmental protection, self-cleaning,
self-sterilizing materials, antifogging mirrors and
windows. The photocatalytic activity of TiO, en-
riched building materials has been reported to pro-
vide promising results for the degradation of air
contaminates such as VOC (3-5), NOx (6-9) and for
self cleaning (10, 11) and the expectations of their
possibilities increase every day. As an example, very
recently, the possibility of using heterogeneous pho-
tocatalysis to diminish the allergenic airborne pollen
has been reported (12).

TiO, based catalysts commonly found in the lit-
erature have very different catalysts properties so,
sometimes is very difficult to compare the results
achieved in different trials. Therefore, is important to
consider and understand the influence of the differ-
ent catalyst properties on the photocatalytic activity.
Additionally, as in construction activity TiO, can be
dispersed into other materials, as cement, the influ-
ence of the interactions of both and the resulting
microstructure is also important (11, 13-15).

Concerning the first aspect, several papers can be
found in literature, mainly on the influence of the
crystal size on the optical properties and on the effi-
ciency of the photocatyst.

It is known that the band gap of a crystalline
semiconductor is a function of the particle size
(16-18). Below a certain threshold, decrease in
particle size brings about reduction in band gap,
that is, red-shift in absorption spectrum. When
the size of semiconductor particle decreases from
its bulk to that of Bohr radius, e.g., the first exci-
tation state, the size quantization (quantum size
effect, QSE) effect arises due to the spatial confine-
ment of charge carriers. Therefore, the band gap of
ultra-fine semiconductor particle increases with the
decrease in particle size when it is smaller than the
band gap minimum. Size quantization effect has
been studied using various semiconductors includ-
ing TiO, (19-21). The reported QSE of semicon-
ductor clusters appears to be between 1 and 12 nm.
Results of these studies were mostly obtained theo-
retically, and only a few investigations have been
conducted on the change of band gap as a func-
tion of particle size using TiO, (19-22). Anpo et al.
(19) studied the change of band gap of TiO, over a

wide range of particle sizes (e.g., 3.8-200 nm) and
found significant blue shifts of the absorption edge
by 0.093 and 0.156 eV for rutile and anatase crys-
talline, respectively, when particle size was less than
12 nm. Kormann et al. (20) observed the quantum
confinement effect upon illumination of TiO, col-
loids and reported a blue-shift by 0.15-0.17 ¢V in
absorption spectrum. However, Serpone et al. (22)
did not observe a quantum size effect in the par-
ticles size range between 2.1 and 26.7 nm of TiO,.
On the other hand, particle size can also affect the
photocatalytic reactivity. A few studies have been
conducted to assess the relationship between par-
ticle size and photocatalytic reactivity (19, 23-32).
As recent examples, in (33) the influence of optical
properties on the size of two anatase TiO, nano-
crystallines was studied. (34) investigated photo-
catalytic performances in relation to photocatalyst
properties and influence of the chemical environ-
ment of cement on titania particles for two com-
mercial anatase samples in cement and mortar
specimens: a micro-sized, m-TiO, and a nano-
sized, n-Ti0,. In (35) it was found that crystallinity,
rather than surface area or porosity, was the crucial
parameter that favours the photocatalytic oxidation
of TCE over anatase.

However, most these studies were performed on
UV-vis absorbance measurements conducted on
suspensions, and considering in isolated way the
effect of the different parameters. In this context,
this work evaluates the influence of catalyst proper-
ties on the NOx abatement and self-cleaning activity,
on hardened construction materials enriched with
TiO,, with the purpose to evaluate the obtained
results for different catalyst properties. A wide range
of photocatalysts were selected with different mate-
rial properties, referring to crystal phases, surface
area, optical properties and particle size. The photo-
catalytic activity of each catalyst was determined by
NOx oxidation and self-cleaning tests based on the
discoloration of Rhodamine B and tobacco.

2. EXPERIMENTAL
2.1. Catalysts

The photocatalytic materials used in this study
were all based on TiO,. Eight different catalysts were
tested, where seven were commercial photocatalysts
(A, B,C, D, E, F, G) and one was a home-made S, N
and C doped catalyst (S-TiO,) with improved visible
light absorption properties (36). They were of two
types: fine powders (A, B, C, D, E and S-TiO,) and
white paints (F and G) TiO, enriched. The paint G
was mentioned by the producer to be activated by
visible light.

To achieve a wide range of catalysts properties
except for the paints and for S-TiO,, samples of the
catalysts were submitted to exposition to water and
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TABLE 1. Pretreatment of the catalysts

Catalytic material

No treatment

Exposure to water Annealing

X

A
B
C
D
E
F
G

XX R KX XX

S-TiO,

X X

XXX X
XX XK

calcinations respectively to alter their crystal prop-
erties. Provided that when using powdered photo-
catalysts, at least when dispersed in a cementitious
matrix, they are in contact with an aqueous phase,
we considered it was important to analyse also the
catalysts after they were subjected to water in order
to look mainly for aggregates that could eventually
change the size of the crystals with respect to that
in a dry state. Concerning calcinations, the catalysts
were heated until 800 °C during 6 hours with a prior
temperature increasing using a ramp of 1.8 °C per
minute until reaching 800 °C. The catalysts were
let to cool down slowly inside the oven after the
annealing.

The resulting table of catalyst (before and after
pre-treatments) is summarized in table 1.

2.1.1. Sample preparation

The different photocatalysts included in this
work were tested by applying them on the surface
of white mortar.

The mortar was prepared according to the
standards UNE-EN 196-1 (UNE-EN 196-1) and
UNE-EN 197-1 (UNE-EN 197-1). White cement
BL II/A-LL 52.5 N was used. The water/cement
ratio was 0.50. The quantities for the batches were
450%2 g of cement, 1350+ 5 g of sand and 225+ 1 g
of water. The mortar was moulded in Petri dishes
with a diameter of 90 mm and a height of 16 mm.
The fresh mixture in the mould was vibrated to
remove the air from the mixture and finally exces-
sive mortar was removed to obtain a flat surface.
The fresh mortar in the Petri dish was cured for 28
days at >95 %RH and 23+2 °C inside a humidity
chamber.

The paints were applied directly on the surface
and distributed homogeneously by a metal roller,
giving a homogeneous layer of paint with a mass
load of around 300 g/m’. The powder catalysts were
applied as a mixture of water/TiO,, see description
of the TiO, application below.

A circular area of 50.2 cm” on the surface of the
mortar samples was delimited by silicone. A solution

made up of a TiO, at a concentration of 8.37 (g/l) in
deionised water, stirred rigorously during 10 min-
utes was applied on the delimited area. A total vol-
ume of 3 ml taken directly from the mixture while
stirred to avoid the sedimentation of the catalyst
was distributed over the saturated sample’s sur-
face, to give a final TiO, mass load of 5 g/m” after
evaporation of the water at room temperature. This
method for coating was chosen in order to not have
a significant influence of the substrate. In fact, the
samples were water saturated prior to add the TiO,
suspension; so, nothing was sucked inside the sam-
ples. However, being a porous support, the adher-
ence was enough good.

The samples were stored at 57 %RH and 21 °C
at least 48 hours prior to the NO oxidation and self
cleaning degradation tests. The humidity and tem-
perature were controlled by storing the samples in a
closed plastic container with a saturated water solu-
tion of magnesium nitrate (Mg(NOs),6H,0) in the
bottom. The samples were placed on a plastic grid
to avoid contact between the samples and the liquid.
The container was stored in a room with controlled
temperature of 21 °C.

2.1.2. Characterisation trials

The catalysts were characterized for their crystal-
lographic phases, porosity and optical properties:
X-Ray Diffraction analysis allowed to known the
crystallographic phases, the crystallite size and the
degree of crystallinity (FWHM). The crystal size
was determined according to the Scherrer’s equation,
Equation [1]:
KA
= Bcos6 [1]

where d is the average particle size of the phase
under investigation, K is the Scherrer’s constant, A is
the x-ray wavelength used (1.5406 A), B is the width
at mean height of the diffraction peak expressed in
radians and 6 is the angle in radians of the diffraction
peak. The value of the Scherrer constant (K) depends
on normalized Grain Size Distribution width.
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Surface area measurements were made by BET
multipoint method, using N,-77K gas. The surface
area was calculated from the sorption isotherm data
in the relative pressure range of 0.003 to 0.3. Pore
volume and pores-size distribution were calculated
according to the Barret-Joyner-Halenda (BJH)
method, using data from the adsorption isotherm
branch. The Harkins and Jura equation was used
from calculating the thickness ¢ of the adsorbed
layer on the pore walls at every P/P,. UV-vis diffuse
reflectance spectra, in the range from 200-900 nm,
were used to determine the absorption properties
and the band gap of the photocatalysts. The reflec-
tance data was converted to the absorption coeffi-
cient F(R) values according to the Kubelka—Munk
equation (37) being F(R) equivalent to the absorp-
tion coefficient. The band gap was calculated by
plotting the modified Kubelka—Munk function,
(F(R)‘E)"” versus E the energy of exciting light and
determining the band gap from where the tangent
cuts the x-axis (38).

2.2. Degradation Trials

As mentioned previously the photocatalytic
activity tests were NO removal and self cleaning of
solid surfaces. The NOx oxidation test was based on
a continuous flow reactor where the concentration
of NO and NO, in the outlet gas was continuously
monitored during the gas phase heterogeneous pho-
tocatalytic oxidation of NO in air by the tested cata-
lyst. The procedure followed was a modification of
the ISO standard (39) using recycled instead of a
continuous flow, to be able to determine the kinetics
of the decrease in the NOx content over time. For
detailed description of the experimental procedure
see (8). A kinetic approach was used establishing the
reaction constants by different theoretic and experi-
mental models.

The self-cleaning tests were designed to deter-
mine the discoloration of compounds on the sur-
face of the photocatalytic material. Two different

self-cleaning methods were preformed: on one
hand, the UNI standard (40) as a basis, modified
in some parts that evaluates the discoloration of
Rhodamine B (red colored). On the other hand, the
discoloration of a tobacco extract applied on the
catalytic surface was evaluated. Tobacco extract was
used for its complex mixture of organic compounds
and for evaluating also the color of dirt most usu-
ally found in real construction materials (brown).
The tobacco solution was produced by leaching
tobacco in deionized water during 24 hours before
filtering the solid material. The remaining tobacco
solution was applied on the sample of the surface
and let to evaporate leaving a brownish film on the
surface.

The colour measurements where done directly
on the surface of the sample by a portable spectro-
photometer. The results were expressed according
CIELAB colour coordinate system. This sys-
tem is based on three colour coordinates named
L*, a* and b* forming a three-dimensional space.
L* describes the brightness from black to white
where 0 is black and 100 white, a* the colour from
green (negative value) to red (positive value) and
b* from blue (negative value) to yellow (positive
value). To assess the colour change of the speci-
mens due to photocatalysis process the three coor-
dinates L*, a*, and b* were registered before and
after the exposure to UV irradiation. Also these
coordinates were measured before addition of
solution in order to have the reference of the clean
initial colour.

Rhodamine B was selected for its low sensibil-
ity for UV-light, stability in a basic environment,
high colorimetric sensibility and previous use in
photocatalysts. The self-cleaning studies were also
carried out investigated the discoloration of a to-
bacco extract applied on the catalytic surface.
Tobacco extract was used for its complex mixture
of organic compounds, as tar and nicotine, whose
brownish color is more representative of most real
dirt in reality. The tobacco solution was produced

TABLE 2. Experimental conditions for the evaluation of the photocatalytic activity by NOx oxidation,
and self-cleaning activity for the studied catalysts

Test NOx oxidation Rhodamine B Tobacco
Temperature ( °C) 21 20 20

Humidity (%RH) 62 50 50

Lamp Philips Actinic BL 15W 10 SLV  Philips PL-S 9W/2P BLB  Philips PL-S 9W/2P BLB
Irradiance (W/m®) 10 5 5

Catalyst load (g/m®) 5.0 5.0 5.0

Initial NO concentration (ppbv) 1000 - -

Initial NO, concentration (ppbv) 50 - —

Initial RhB concentration (mol/m?) - 1.368E™ -

Initial tobacco concentration (g/m?) — - 2.359
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by leaching tobacco in deionized water during
24 hours before filtering the solid material. The
remaining tobacco solution was applied on the
sample of the surface and let to evaporate leaving
a thin film of tobacco extract on the surface.

The photocatalytic activity of the studied catalysts
was quantified under the same experimental condi-
tions for all the catalysts. The parameters used for
the NO oxidation, rhodamine B discoloration and
tobacco discoloration are summarized in Table 2.

3. RESULTS AND DISCUSSION

In Figure 1, a BSE image of the mapping (EDX)
of a transversal cut of the sample for catalyst A is
given where it can be seen the distribution of ele-
ments corresponding to the typical ones for the
mortar as well as the Ti. From it, it can be deduced
that TiO, did not penetrate into the mortar porous
network. A compact homogeneous and well adhered
layer of TiO, on the surface of the mortar with a
thickness of around 10 um was created.

3.1. Constituents phases

DRX results showed that catalysts F and G con-
tained pure rutile, catalyst A, a dominant anatase
phase and a minor rutile phase, while the rest of
the catalysts contained pure anatase, Figure 2. The
paint samples also contained other crystallographic
phases being additives that do not belong to the

Heterogeneous photocatalysis on construction materials ¢ 5

crystal phases of TiO,. It was confirmed that the
exposure of the catalysts to water did not change
the crystallographic phase composition, Figure 2.

The calcination of the catalysts led to a phase
change from anatase to the thermodynamically
favored rutile phase for both catalyst A and S-TiO,.
A pure rutile phase was formed for catalyst A and
a mixture of anatase and rutile phases for S-TiO,
after calcination. The rest of the annealed catalysts
maintained their pure anatase phase even after the
calcination at 800 °C. The shift to rutile was men-
tioned in the literature to occur at 700 °C resulting
in a mixture of anatase and rutile.

3.2. Crystal size and cristallinity degree

The crystal sizes of the studied catalysts deter-
mined by the Scherrer’s equation using the peak cor-
responding to the (101) plane for the anatase and
(110) for the rutile phase, are given in table 3. It can
be seen that for untreated catalysts the size of the
particles goes for anatase between 9.1 and 22.9 nm
being having bigger crystals for rutile. From the
results, it can be deduced that the exposure of the cat-
alysts to water do not change significantly the crys-
tal sizes, which was in good agreement with (41). On
the contrary, annealing of the catalysts increased the
crystal size of both the anatase and the rutile phases.
The anatase crystal sizes increased to 45.5-60.4 nm,
and the rutile crystals in catalyst A expanded from
37.8 nm to 66.6 nm.

NaKal,. 9

FIGURE 1. BSE image of the mapping (EDX) of a transversal cut of the sample for catalyst A.
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FIGURE 2. XRD spectra for the untreated, washed and
calcined catalysts: A, B, C, D, E, F, G and S-TiO..

The full width at half maximum (FWHM),
related with crystallinity and the size of grain), for
the same peaks that those taken for determining the
size, are given in table 4. It could be said that smaller
the FWHM of the peaks, better the crystallinity
degree. From the variation in the FWHM, it can
be deduced that water exposure increases slightly
the degree of crystallinity, being this increase very
important after calcinations of the catalysts.

TABLE 3.

3.3. Optical properties
3.3.1. Absorbance UV-vis

The absorbance spectra were performed for every
catalyst without pretreatment and for two of the cal-
cinated catalysts (A and S-TiO,). All the catalysts
absorbed light in the UV spectra, for some of them
in the near UV and for S-TiO, into the visible light
region slightly above 500 nm, Figure 3. The amount
of absorbed light differed between the materials.
The integrated absorbance over the wavelengths
200-900 nm proved a small difference between the
studied catalysts with values from 212 to 280 nm,
(see table 5). In the photocatalytic experiments the
UYV light used emits radiation from 350 to 400 nm
and therefore it was more proper to compare the
absorption in the range of these wavelengths. This
comparison give highest absorption for the catalysts:
F, G, S-Ti0, and the calcined samples of S-TiO, and
catalyst A that absorbed in higher wavelengths com-
pared to the rest of the catalysts. The absorption at
higher wavelengths was justified by the XRD results
that revealed the presence of rutile in these mate-
rials except for S-TiO,. The higher absorption of
S-TiO, was regarded to the visible light absorption

Crystal size for the untreated, water exposed and annealed catalysts,

for the anatase (peak 101) and rutile (110) phases

Anatase: Crystal size (nm)

Rutile Crystal size (nm)

Catalyst Untreated Water exposure Calcined Untreated ~ Water exposure Calcined
A 229 23.2 - 37.8 38.3 66.6
B 9.7 9.3 45.5 - - -
C 19.3 18.7 51.4 - - -
D 20.7 20.5 60.4 - - 130.2
E 9.1 8.5 57.2 - - -
F - 34.8
G - 52.7
S-TiO, 14.6 56.8 - 79.1
TABLE4. FWHM for the untreated, water exposed and annealed catalysts,
for the anatase (peak 101) and rutile (110) phases
Anatase: FWHM Rutile: FWHM
Catalyst Untreated Water exposure Calcined Untreated Water exposure Calcined
A 0.380 0.347 - 0.234 0.213 0.133
B 0.891 0.703 0.191 - - -
C 0.451 0.434 0.169 - - -
D 0.422 0.391 0.144 - - 0.0058
E 0.954 0.760 0.152 - - -
F - 0.255
G - 0.169
S-TiO, 0.600 0.150 - 0.11
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FIGURE 3. Absorbance spectra of the different photocatalysts.

properties caused by doping (S, C, N) (36). The vis-
ible light absorption was highest for S-TiO, having
the highest absorption in the range 401-900 nm.

3.3.2. Band gap determination

The band gap was calculated by plotting the
modified Kubelka—Munk function, (F(R)-E)"’
versus E the energy of exciting light and determin-
ing the band gap from where the tangent cuts the
x-axis (37). The numerical values of the band gap
for the untreated and calcined catalysts are given
in Table 6.

Visible light detectable to human eye starts from
390 nm and the band gaps corresponding to visible
light can be seen for the catalysts: F, G, S-TiO, and
the calcined samples of S-TiO, and A. This was in
accordance with the highest absorbing catalysts in
the range 350400 nm given in Table 6.

The band gap obtained for the different catalyst in
function of their crystal size is given in Figure 4. First
of all, it has to be remarked that the catalyst presented
here are different materials even though all of them
are TiO, based. So, the typical trend of the band gap
as a function of the particle size shoud not primarily

TABLE 5. Integrated UV-VIS absorbance of the studied
catalysts (a.u nm)

350-400 200400 200-900 401-900

Catalyst nm nm nm nm
A 23.7 248 253

B 18.1 270 279

C 22.0 260 275 15
D 20.1 249 267 18
E 17.1 271 281 10
F 44.7 209 222 13
G 46.6 228 263 35
S-TiO, 38.9 220 273 53
A Calcined 52.1 255 274 19
S-TiO; calcined 429 174 212 38
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expected. On the other hand, QSE occur for semicon-
ductor particles on the order of 1-10 nm in size, even
though (42) found that for anatase, there was almost
no variation of the band gap energy with size down
to 7.5 nm. In this research two catalysts could eventu-
ally experiment QSE: the powdered catalysts B and E,
both slightly below 10 nm and both are having the
highest band gap. Catalysts A, C and D, in their ana-
tase phases, have band gaps higher than the theoret-
ical value for this phase while the opposite takes place
for S-TiO,. In the case of S-Ti0,, as it is a homemade
material it is possible to known the reason: it is a co-
doped catalyst. Rutile catalyst, having higher sizes are
all of them very close to the theoretical values, with
the exception of calcined S-TiO,, red shifted due again
to doping. After annealing, both catalysts exhibited
a reduction in the band gap. In the case of catalyst
A anatase converts to rutile, and the corresponding
band gap is the theoretical one for rutile.

3.4. Microstructure

Figure. 5 presents the N2 adsorption isotherms of
the catalysts without and after the water treatment
and annealing. For untreated materials, catalyst B and
E, the isotherms are of Type II, indicating an indefi-
nite multi-layer formation after completion of the
monolayer and are found in adsorbents with a wide
distribution of pore sizes. The rest of catalysts present
Type I1I isotherms, obtained when the amount of gas
adsorbed increases without limit as its relative satura-
tion approaches unity. The exposure of the catalysts
to water did not show an influence on the isotherms,
except for catalyst A where adsorption was higher
at the highest partial pressures than in the case of
untreated catalyst. The heat treatment of the catalysts:
A, D and S-TiO, to 800 °C led to a collapse of the
porous structure and a decrease in the adsorbed vol-
ume indicating a less porous material. This collapse
due to heating was also proved by Puddu et al. (35).

TABLE 6. Calculated band gap for the studied catalysts
(calcined samples to 800 °C)

Band gap Corresponding wavelength
Catalyst (eV) (nm)
A 3.30 376
B 3.36 369
C 3.29 377
D 3.30 376
E 3.35 370
F 3.02 411
G 3.01 412
S-TiO, 3.06 405
A calcined 3.01 412
S-TiO, calcined 2.93 423
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FIGURE 4. Band gap as a function of the crystal size. Horizontal
continuous and discontinuous lines are the theoretical
band gap values for anatase and rutile respectively.

The pore size distribution (Figure 6), indicates
that catalysts B, C, D and E presents a type of dis-
tribution with a maximum, at very small sizes for
B and E (around 2 nm) and at around 12 nm for
catalysts C and D. Catalyst A presents a mono-
tonic trend growing as the size increase and all the
porosity for S-TiO, is below 20 nm. When submitted
to water, the pore volume and average pore diameter
were neither affected except in the case of catalyst

Untreated catalysts
300 1
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200 A
150 -

100 A
50

Volume adsorbe (cm3/g STP)

Relative pressure (P /P )

Calcined catalysts

O I"_v T 1

0 0.5 1

FIGURE 5.

A, that increased the amount of bigger pores with
a maximum at around 85 nm. This change could be
due to the more tight packing of particles causing
formation of intra particle space in the measuring
range of N, adsorption. Pore size distribution after
calcination of the catalysts demonstrated a total
collapse of the porous network. The annealing dra-
matically decreased the pore volume for catalysts
A, D and S-TiO, from 0.17 to 0.022 cm3/g, 0.31 to
0.041 cm*/g and 0.062 to 0.0031 cm?/g respectively.

In table 7, a summary or these results is presented,
where the BET area Sggy is also given. Highest spe-
cific surface area Sypr was found for the catalysts B
and E with areas above 300 m*/g, well in correspon-
dence with their small crystal size. In agreement with
the behavior on crystal size, the water treatment did
not produce any significant change in the BET area
of the studied catalysts (Figure 7). The heat treat-
ment reduced the Sgey surface to 15% for catalyst A
and 10% for catalyst D compared to the surface area
of the untreated catalyst.

3.5. Photocatalytic Efficiency

The photocatalytic activity expressed as NOx
concentration (NO and NO,) over time for the dif-
ferent studied catalysts is given in figure 8. It was
revealed that the presence of the catalyst reduce
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Isotherm diagrams of the studied catalyst before and after washing with deionised water and after calcination. (The S-TiO,

catalyst was not washed). For the units of the Y axis, the volume absorbed in Standard Temperature and Pressure conditions.
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FIGURE 6. Pore diameter distribution for the untreated catalysts. a) Untreated catalysts, b) washed catalysts, ¢) calcined catalysts.

the concentration of NO over time compared to an
inactive sample not containing catalyst. The cata-
lysts F, G and S-TiO, did not demonstrate photo-
catalytic activity. The concentration of NO after 120
minutes of radiation and exposure to the photocata-
lytic active materials was reduced from 1000 ppb to

39-175 ppb. The highest NO oxidation rate was seen
for catalyst B that also demonstrated the highest
formation of NO,. The annealing of the catalysts
A and the home made S-TiO, decreased the activity
for the catalyst A and no significant change was seen
for the S-TiO, being considered as inactive.

TABLE 7. Microstructure parameters for the different catalysts before and after the treatments
Catalyst Treatment SBET (m’/g) Pore volume (cm’/g)" Pore diameter (nm)”
A Untreated 49.9 0.167167 13.38

Exposed to water 51.49 0.416103 32.32
Calcined 7.27 0.02234 12.29
B Untreatedw 311.8 0.350614 4.51
Exposed to water 311.1 0.356796 4.58
C Untreated 60.3 0.248026 16.44
Exposed to water 59.31 0.250779 16.91
D Untreated 75.8 0.304871 16.08
Exposed to water 76.14 0.313132 16.44
Calcined 7.84 0.041337 21.09
E Untreated 320.2 0.369515 4.61
Exposed to water 313.1 0.354598 4.52
S-TiO, Untreated 24.5 0.061500 13.87
Calcined 0.505 0.003102 24.59

* Single Point Total Pore Volume of pores less than 218.16 nm Diameter at P/Po 0.99114583.

® Average Pore Diameter (4V/A by BET).
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FIGURE 7. Sggy area as a function of the crystal size.

The results for the rhodamine B and tobacco deg-
radation were expressed as “a” andv=+/a>+5*> and,
respectively as a function of the irradiation time for
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1200 & .ANQ
—&— B NO
—_ ~#- CNO
g 1000 - omo
Qo E NO
= 800 = FNO
o —=-GNO
= » ANO,
g 600 —s— BNO,
% * CNO,
o 400 —+—DNO,
S ENO,
O 200 —»—FNO,
—— GNO,
—s— S-TiO,NO
0 —s— S-TiO,NO,
—— Nocatalyst NO
. . —— Nocatalyst NO,
Time (min)
FIGURE 8.
Rhodamine B
Untreated
- A
40 =B
- 35 - C
30 =0
g E
£ 25 - F
S 20 —=|=G
8 ——————————————— |-=-5-To,
5 15° = — No catalyst
§ 10 4 i
5
Ot+—T—TT7T 7T 7T T T T
02 46 810121416182022
Time (hours)
Tobacco
Untreated

V ((a%+b?)2%)

T T T T T T T

6 8 10121416182022
Time (hours)

the studied catalysts before and after the heat treat-
ment. The results are given in Figure 9.

The photocatalytic activity of the different tested
catalysts determined by rhodamine B degradation
over time demonstrated that the presence of the
catalyst reduced in higher content the concentration
of rhodamine B over time compared to the sample
not contained catalyst. The decrease in colour of
the sample not containing catalysts was caused by
photo-oxidation of the colorant. Very low activity
was seen for the catalysts F, G and S-TiO, conclud-
ing low or absence of photocatalytic activity. The
annealing of catalyst A and S-TiO, reduces the
reaction rate indicating a lower activity for both
catalysts. The photocatalytic activity determined by
tobacco degradation over time demonstrated that
the presence of the catalyst reduce in higher content
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Photocatalytic activity expressed as NOx concentration (NO and NO,) over time for the different studied catalysts.
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FIGURE 9. Photocatalytic activity results for the rhodamine B and tobacco degradation.
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the concentration of tobacco over time compared to
the sample not containing catalyst. Very low activity
was seen for the catalysts F and G concluding low
or absence of photocatalytic activity. The annealing
of catalyst A and S-TiO, reduced the reaction rate
indicating a lower activity for both catalysts.

The NO oxidation kinetics was estimated by a
first order reaction, presented in its integrated form
in Equation [2].

C=Cy-e ot 2]

where: C, is the initial NO concentration (ppb)
t the time (min) and kyo the reaction rate constant
(min").

For self-cleaning the expression of the degra-
dation was fitted also to simple elemental order
reactions of n" order [equation 3]. The best fit-
ting of the results to this equation resulted to be
of n=50 for rhodamine and n=35 for tobacco. It
is important to remark that these values for n,
especially for rhodamine B do not have any physi-
cal sense and therefore the values for “k” obtained
cannot be considered as reaction kinetic constants

Heterogeneous photocatalysis on construction materials ¢ 11

but empirical fitting constants that allow making
comparison in a simple manner.

(Yn-)

C= !

3]

1

(n—l){lm+m)

For rhodamine B, The efficiency for catalysts F,
G, the home made catalyst S-TiO, calcined at 800 °C
could not be adjusted to equation 3.

The constants “k” so obtained are given in figure
10 and the variance explained, R is given in Table 8.
It is remarkable that the same catalyst demonstrated
different activity depending on the test used for its
evaluation. Catalyst B was the most active catalyst
determined by the NO oxidation and the tobacco
discoloration tests. The opposite trend was seen
when the activity was determined by the rhodamine
B degradation where catalyst B was the less active
material. The annealing of catalyst A demonstrates
an important decrease in activity both for NO oxi-
dation and for the tobacco discoloration, while
the discoloration of rhodamine B was not affected
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FiGUre 10. Comparison of the photocatalytic efficiency between the studied catalysts determined by a) NO oxidation, b) rhodamine
B discoloration and ¢) tobacco discolouration. *The k values of the rhodamine B discoloration are multiplied
by 1.10% to achieve values above 1 for the logarithmic scale of the graph.
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TABLE 8. Variance explained, R? in the different fittings of the results to equation 3

Fitting NzO n=1
R

Fitting RhB n=50
R?

Fitting Tobacco n=50
RZ

Catalyst

A 0.994 0.998 0.980
B 0.995 0.995 0.997
C 0.998 0.993 0.988
D 0.998 0.881 0.979
E 0.999 0.994 0.395
F 0.968 - 0.362
G 0.991 - 0.902
S-TiO, 0.963 0.823 0.751
S-TiO, calcined 0.988 - 0.995
A calcined 0.996 0.969 0.992

by the annealing. The annealing of S-TiO, decreases
the activity for NO oxidation, but increased for the
tobacco discoloration.

The so obtained constants are going to be used
from now to express the photocatalytic activity

3.6. Influence of the properties of the catalysts on
the activity

The influence of the crystallographic proper-
ties of the catalysts on the photocatalytic activity
depending on the crystal size of both anatase and
rutile is given in Figures 11 and 12 respectively. No
clear relation has been deduced between the activity
and the size of the crystals, neither for anatase or
rutile, even though for pure anatase a trend increas-
ing the activity when increasing the size of crystal is
noticeable, mainly for Rhodamine B. The majority
of the pure anatase phase catalysts had better activ-
ity than pure rutile catalysts for the NO oxidation
and tobacco discoloration.

The crystalline degree expressed as Full Width at
Half Maximum (FWHM) of the diffraction peaks,

for anatase and rutile, and its influence of the photo-
catalytic activity for NOx oxidation and rhodamine
B and tobacco discoloration is given in figure 12,
where it can be seen that even though a clear rela-
tionship cannot be made, the tendency is to increase
the efficiency as cristallinity decrease.

Anatase and rutile were expected to exhibit a syn-
ergetic effect explained by the fact that rutile acts
as an electron sink by receiving electrons produced
by the charge separation on the anatase phase that
inhibits recombination of electrons and holes in the
bulk allowing them to migrate to the surface (35).
However, this effect was not detected in these results.
The catalysts containing both anatase and rutile
(points joined in the graphs through two headed
arrows) were not more efficient than that containing
pure anatase. As a general trend, pure rutile demon-
strated the lesser active behavior. The phase transfer
from anatase to rutile during calcination caused a
drop in photocatalytic activity explained as due to
accelerated growth of crystallites by provided heat
during the phase transfer leading to the reduction
of the surface area.
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Influence of the crystal size of anatase and rutile on the photocatalytic degradation of a) NO and b) rhodamine

B and tobacco. Two headed arrows join the points corresponding to the same catalyst composed of anatase and rutile.
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NO-200-400 nm d) Rhodamine B and tobacco 200400 nm ¢) NO-401-900 nm f) Rhodamine B and tobacco 401-900 nm.
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The influence of the microstructure properties
of the catalysts in the values of efficiency expressed
as k's are presented in figure 13 (a—f). Specific sur-
face area Sgpr was demonstrated to have a positive
influence on the photocatalytic activity, for NOx
(potential trend) and tobacco (linear trend). For
Rhodamine B a relationship was not found. The
pore diameter do not seems to be very influential
even though it seems to be a negative linear trend for
NO, while for the total pore volume, m*/g, the trends
are quite similar than for the BET area.

Concerning band gap, the NO oxidation and
tobacco discoloration demonstrated that an increase
in bad gap increased the photocatalytic activity with
the best fitting to potential relationships for NO
oxidation and for tobacco, while no relation was
found for Rhodamine (Figure 14). It was expected
a high influence of the band gap of the catalysts
on the photocatalytic activity; However, a smaller
band gap permit the catalyst to absorb less energetic
photons of longer wavelengths taking advantage of
light in a wider spectrum of wavelengths. However,
the results obtained in this research are not as sur-
prising as UV light was used with sufficient energy
to activate all the catalysts; so, as higher the band
gap, higher red-ox power of the catalysts.

The radiation source emitted wavelengths be-
tween 340 to 400 nm corresponding to band gap
energies in the range of 3.1 to 3.65 eV indicating
that the catalysts with band gap energies below 3.1
eV were not absorbing the full spectra of the light
source. On the other hand a higher band gap might
result in higher reduction or oxidation power for
the photo generated electrons and holes that could
explain the increase in activity.

The influence of the absorbance of photons by
the catalysts for NO oxidation, rhodamine B and
tobacco discoloration is presented in figure 15. The
absorbance is given as the integrated number of
photons absorbed by the photocatalytic material in
the whole range registered covering both the ultra-
violet and visible spectra, 200-900 nm, in the range
of UV-light spectra 200400 nm and in the visible
spectra 401-900 nm.

The absorbance in the wave lengths 200400 nm,
corresponding to UVA with enough energy to acti-
vate the studied catalysts demonstrated that an
increase in absorbance increased the photocatalytic
activity for the NO oxidation and tobacco discol-
oration (Figure 15 c-d), in accordance with the
behavior in relation with the band gap. Increases
in absorbance in the visible light spectra decreased
the activity for NO oxidation and tobacco discol-
oration, (figure 15 e—f). The increased absorbance
in the full spectra including ultraviolet and visible
light enhanced the oxidation of NO and the discol-
oration of rhodamine B and tobacco, Figure 15 a-b.
It has to be pointed out that much more photons
in the UV region were absorbed by all the catalysts,
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including that specified as improved for visible light
(S-TiO,, catalyst G), that in fact presented a reduced
band gap and absorbed more protons in visible light
than the others, (points marked inside a square in
figures 15 e—f).

The fact that no clear trends are found for
Rhodamine B could be attributed to the fact that
degradation of RhB dye follows two competitive
processes such as N-deethylation and destruction
of conjugated structure (43, 44, 45). Therefore, for
these different catalysts, the degradation mecha-
nisms seem to be dependent on the catalysts.

4. CONCLUSIONS

This work has evaluated the effect of the prop-
erties of the photocatalyst on the efficiency for
degrading NOx and self cleaning (Rhodamine B
and Tobacco extract). The efficiency has been com-
pared on the basis of a constant k that for NO oxi-
dation has the meaning of the kinetic constant for
a first order reaction, while for self-cleaning are
just empirical fitting constants without any other
physical meaning, having obtained the following
conclusions:

* The photocatalytic efficiency is dependent of the
type of contaminant removed; the most active
catalysts for one specific contaminant might be
or not the least active for other compounds. So,
there not seem to be “a universal best catalyst”
for every contaminant. Therefore, from one iso-
lated characteristic of a photocatalyst no gen-
eral conclusions of its expected behavior can be
extracted.

* In this research NO oxidation and tobacco
extract follow similar trends according to most
of the parameters studied; however, no clear
relations have been found for Rhodamine B,
which has been attributed to the two competi-
tive processes for its degradation.

*  Taking this into mind, two types of properties
have been revealed as the most influents: optical
and microstructural and textural properties of
the catalysts

« If light of enough energy is available to excite
the catalysts, as higher the band gap, higher
the efficiency of the photocatalytic reactions,
due to higher redox power, following a poten-
tial trend.

*  Concerning microstructure properties, the spe-
cific surface area, Sggr and the total pore volume
behave in the way of increasing the photocata-
lytic activity as increasing these parameters,
according a potential trend for NOx and linear
trend for tobacco degradation.

» Concerning the different crystal phases, the syn-
ergetic effect of the combination anatase/rutile
was not clearly detected in these results; pure
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rutile samples were fewer actives for all the con-
taminants than that made of pure anatase and
that combined anatase/rutile. The size of the
crystals does not seem to have special relevance,
not having detected in this research clear QSE.
The degree of cristallinity (FWHM) seems to
be more relevant, increasing the efficiency as the
cristallinity decreases.
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