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Abstract

Structured hybrid materials based on the combination adsorbent-photocatalyst with
optimal mechanical resistance and reduced cost, are prepared by extrusion using four
different natural silicates with similar mesoporous distribution: sepiolite (S), bentonite
(B), mordenite (M) and kaolinite (K). The effect of the textural, morphological and
structural properties of plate shaped composites calcined at different temperatures on the
adsorption and photocatalytic degradation of formaldehyde in gas phase is analysed.
Silicates allows TiOz extrusion into flat plates with a content of 50 wt. % of titania. All
shaped materials present adequate mechanical resistance to be scaled-up for use in
continuous-flow gas-phase catalytic reactors. Thermal treatment at 500 °C ensures an
optimum combination of mechanical, textural and HCHO adsorption properties. The
silicates cover part of the TiO> particles thus reducing the fraction of TiO. actually
exposed on the surface of the composites, essential to carried out the photocatalytic
process, but they also allow controlling TiO2 dispersion and the amount of HCHO
adsorbed. The HCHO degradation rate is enhanced with all the silicate-TiO, composites
with respect to that of the benchmark TiO2. The incorporation of titania into the silicate
matrix favors the gas phase removal of HCHO in the following sequence: MTi > KTi >
STi > BTi > TiO2. The exposed fraction of titania particles and the size of the TiO»-
anatase crystalline domains determine the efficiency of the hybrid material, which is

optimized in high-aluminium kaolinite and mordenite based hybrids.
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1. Introduction

Heterogeneous photocatalysis is a feasible alternative to reduce the air pollution impact
[1], competing in many applications with conventional air treatment technologies such as
adsorption, filtering, combustion or thermal catalysis, particularly for low-flow and low-
concentration emissions [2]. Laboratory results have demonstrated that photocatalysis is
suitable for the abatement of most pollutants [3], and thus the implementation of
photocatalytic systems for air treatment is nowadays attractive for the industry [4].
Formaldehyde (HCHO) is one of the major sources of indoor air pollution, contributing
to the “sick building syndrome” [5, 6] and an intermediate of the photocatalytic oxidation
reaction of other volatile organic compounds (VOCs) [7]. Irritation of eyes, throat and
the respiratory track, sneezing, and coughing are some of its effects on the human health.
Adhesives, resins and glues used in the manufacture of wooden products (furniture and
plywood) and foam insulators can be cited amongst the main anthropogenic
formaldehyde sources. Therefore, the study of its photocatalytic degradation has captured
the interest of the scientific community.

One of the main obstacles for the widespread implementation of industrial application of
photocatalytic technologies is its low photocatalytic efficiency. To overcome this
limitation, efforts should be focused on the optimization of the photoreactor design by
improving mass and photon transfer limitations, and the improvement of the
photocatalytic configuration [8]. In the field of air pollution control the use of ultrafine
photocatalytic powders, with large specific surface area, presents practical drawbacks
such as the need for expensive and energy consuming fluidization and recovery processes.
A way of intensification of the photocatalytic process is to immobilize the semiconductor
on a high surface area substrate without significant loss of photocatalytic activity. This
conformation allows to improve the dispersion of the active phase, the photon transfer
process to the active sites and to reduce the amount of the photoactive phase [9]. In this
line, adsorbent—photocatalyst hybrids (APHSs) are promising bi-functional immobilized
photocatalysts for environmental applications. The synergy between adsorption and
photoactivity may lead to composites with improved performance, including superior
conversion and selectivity to the desired reaction products [10]. The adsorbent acts as a
support, immobilizing and dispersing the active phase, thereby increasing the surface area
of the final solid and facilitating the shaping of the material. Additionally, it may also

induce modifications that may promote physicochemical processes, for example in the



acid-base character or UV light absorption properties or the crystallinity of the
semiconductor. Aiming at the advantages of structured solid catalysts, in the early nineties
the first studies on TiO2-coated ceramic monoliths as photocatalysts appeared [11, 12],
and a couple of years later the first monoliths with incorporated TiO, were investigated
[13-15]. Since the early works of Yoneyama et al. in the nineties on the photocatalytic
properties of adsorbent-TiO> composites in water and air [16] many articles have been
published in the literature describing the properties of different APHs materials. On the
semiconductor side, and for environmental and commercial applications, the properties
of TiO2 make of it still the most reasonable option as photocatalyst [10]. On the side of
the adsorbent support, many materials have been proposed. For instance, Bouazza et al.
compared the performance of pelletized TiO, and the mixtures with activated carbon,
zeolites, MCM-41, a metal-organic framework, SiO2, Al.O3z, glass wool, and quartz wool
for propene oxidation [17]. Mo et al. compared the properties of TiO, combined with
zeolites, silica and alumina for the degradation of toluene in air [18]. It is generally
assumed that the photocatalytic reaction rate constant for different pollutants correlates
with their adsorption capacity [19]. On the other hand, selecting low-cost raw materials
and green synthesis routes is required to make of APHs commercially and
environmentally viable solutions. Taking these features into account, carbonaceous [20]
and siliceous [21, 22] materials with different structures and morphologies are generally
the most attractive supports for adsorbent—photocatalytic hybrids. Among the silicates,
several natural layered clays are of prime interest [23], because they are chemically inert,
resistant and available in large quantities. For instance, AHPs based on kaolinite give
promising results for photodisinfection [24] and photodegradation of organic compounds
[25], Ti-pillared montmorillonite showed better photocatalytic performance compared to
benchmark TiO. for degradation of several pollutants both in water and air phases [26,
27] and TiO2>—sepiolite nanocomposites present a potential application as photocatalyst
[28]. Additionally, the silicate may present large surface area and porosity, high
concentration of hydroxyl groups, and suitable rheological properties for extrusion of
monolithic conformations [29, 30]. Natural sepiolite-TiO2 APHs conformed as plate-
shaped monoliths showed excellent photocatalytic properties for removal of volatile
organic compounds, such as trichloroethylene [31], or inorganic pollutants, such as
hydrogen sulfide [32], under artificial or solar radiation [33, 34]. Compared to the final
impregnation of the photocatalyst onto the extruded sepiolite structure, its incorporation
into the bulk of the dough by mixing before extrusion, has demonstrated to promote
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mineralization, avoiding the formation of undesirable reaction products [35].
Additionally, this preparation method meets simplicity and economy criteria required in
industrial processes, which are not fulfilled by traditional, yet significantly more complex
methods such as pillarization, sol-gel, etc. On the other hand, although internal surface
accessibility is favored in these hybrid solids if the semiconducting particles are
incorporated by pillaring [29] or delaminating [30] the clays, the aforementioned
properties are also affected by these processes, [36, 37]. In this work, four natural silicates
with similar porous distribution and different chemical structure and composition are
studied as components of TiO»-based adsorbent-photocatalyst hybrids. Two of them are
based on 2:1 phyllosilicates with magnesium: layered bentonite (with ideal formula
(Na,Ca)o.33(Al,Mg)2(SisO10)) and sepiolite (a fibrous tectosiliate with general formula
Mga4SisO15(OH)2-6H20), and the other two on aluminium silicates: kaolinite
(Al2Si205(0H)4) a layered 1:1 silicate, and mordenite ((Ca,Naz,K2)Al2Siig024:7H20) as
tectosilicate with zeolitic structure. The influence of the physicochemical properties of
these binary systems in their adsorption ability and in the photocatalytic degradation of

formaldehyde in gas phase is analysed.

2. Experimental Section
2.1  Adsorbent—photocatalyst hybrids preparation

Four natural silicates were used to prepare TiO2-based 50 wt.% adsorbent-photocatalyst
hybrids. TiO2 and the natural silicate were mixed and kneaded with the necessary amount
of water to obtain an extrudable paste. The amount of water depends on the ability of each
material to adsorb water and to incorporate it into the structure, ranging between 37 wt.%
and 48 wt.%. The extrusion machine was operated at atmospheric pressure at 10 r.p.m.
Plates of 80 x 24 x 3 mm were extruded, dried at room temperature, and then heat treated
in air atmosphere at 300, 500 and 800 °C for 4 h. The samples are referred to as YTI,
where Ti stands for anatase TiOz (G5, Millenium/Cristal) with high-surface area (370 m?
g?,SOs ~ 0.6 wt%,), and Y can be: B, standing for smectite-type bentonite (Atox, 95%
purity, Tolsa); K, for a kaolinitic clay (Hymod Excelsior, ECC/Imerys); M, for high-
purity silica-rich mordenite-type zeolite (Benesa) [38], or S, for sepiolite (Pansil 100,
60% purity, Tolsa) [39]. Finally, the numeric suffix indicates the temperature of the heat

treatment.



2.2  Physicochemical characterization

N2 adsorption/desorption isotherms, obtained at —196 °C in an ASAP 2420 apparatus
(Micromeritics), and mercury intrusion porosimetry (MIP), performed in an AutoPore IV
9510 mercury intrusion/extrusion porosimeter (Micromeritics), were employed for the
textural characterization of the composites. Specific surface area data were calculated by
application of the BET equation to the adsorption branch of nitrogen isotherms. The
external surface area was obtained from MIP. Pore volume and pore size distribution
curves combine MIP (in the meso- and macro-pore range) and N2 isotherms (micro- and
meso-pore range) data. Pore size was calculated using the Washburn equation for
cylindrical pores. The chemical composition of the hybrid composites was determined by
inductively coupled plasma-optical emission spectroscopy (ICP-OES) of acid solutions
of the ground materials in a Perkin—Elmer Optima 3300DV apparatus. TGA-DTA analysis
were performed using a STA 6000 (Perkin Elmer) , in an air flow of 50 mL min? with a
heating rate of 10 °C min? between 25°C-900°C with samples of ca. 25 mg.
Morphological and semi quantitative chemical analyses of the external surface were
performed on small pieces of the as-prepared solids by scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX) in a JEOL JSM 6400 30 kV
scanning microscope with a tungsten filament thermionic cathode electron beam, a INCA
Oxford instruments X-ManN detector, and a standard window, equipped with an EXD
Link eXL analyser with a 25 keV electron beam and a take-off angle of 45°. The samples
were coated with a conductive layer of graphite to minimize charging effects. The
transmission electron microscopy studies of the samples crushed into fine powders were
carried out in a JEM JEOL 2100HT, operated at 200 kV. The images were recorded with
a CCD camera ORIUS SC1000 (Model 832, GATAN).

A basic characterization of the crystalline structure was made from the X-ray diffraction
(XRD) patterns obtained with a PANalytical X Pert Pro diffractometer, using Ni-filtered
Cu K, radiation with A = 1.5406 nm; the mean anatase-TiO. crystallite sizes were
estimated using the Scherrer’s equation. UV-vis diffuse reflectance spectroscopy
measurements were performed on a Shimadzu UV2100 apparatus using BaSOs as a
reference. The mechanical resistance of the samples was evaluated by measuring the
crushing strength with a Chatillon dynamometer (broach diameter = 1 mm). The rupture
pressure (o) was calculated as the ratio between the maximum force applied before
breaking (F) and the area of the broach (S = 7.8 x 107 m?). The measurements were
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repeated at least ten times on various samples to secure statistically significant values.
The structural resistance of the plates to water was tested immersing the samples in water
for 15 min. Zeta potential measurements were performed by electrophoretic migration
with a Zeta Meter 3.0 and a Zetasizer Nano ZS90 with a MPT-2 autotitrator, using 30 mg
of sample suspended in 300 mL of a 103 M KClI solution. The pH was adjusted with HCI
or NaOH solutions. Each curve was recorded at least three times to ensure reproducibility.

2.3 Evaluation of the photocatalytic activity

In a first stage, experiments were performed with small pieces of ceramic plates.
Nevertheless, the long periods required for saturation and stabilization of the reaction
conditions before and after irradiation (more than 24 h), due to the large adsorption ability
of the hybrids and the high proportion of non-irradiated material, led to a change in the
experimental procedure. Then, the photocatalytic vs. adsorption effect was maximized
using only 0.03 g of powder material spread on a large surface to carry out the
photocatalytic tests. The experiments conducted with either crushed or non—crushed
materials showed the same trend. The APH based plates were first crushed into powder,
and 0.03 g of each sample was suspended in isopropanol to disperse it on a glass surface
of 17.3 cm?. Subsequently, the samples were heated at 100 °C to remove the solvent.
Moreover, they were then irradiated under UV-A during 12 h in an air flow of 200 mL
mint in order to eliminate any possible residual organic compound. The supported
powdered sample was introduced in a flat reactor previously described [31], irradiated by
two UVA 8W lamps (Philips). A continuous N2 stream containing 10.5% O and 15 ppm
of formaldehyde (a 50 vol.% mix of compressed air and 30 ppm HCHO/N2 gas supplied
from a calibrated cylinder, Air Liquide) was fed to the reactor. The gas composition was
analysed on-line in a FTIR spectrometer (Nicolet, Thermo) equipped with a gas cell; the
integrated area of the IR absorption bands of HCHO (1,842-1,623 cm™) and CO2 (2,400-
2,260 cm™) was used for the quantitative analysis. The adsorption capacity of the
materials was determined at a flow rate of 700 mL min-tusing a UV cut off filter, to avoid
any photocatalytic activity maintaining the same temperature as in the photocatalytic tests
(T = 35 °C). Once the dynamic adsorption equilibrium was reached, the UV-filter was
removed and the photocatalytic activity was evaluated at flow rates between 100-900 mL
min? (tr = 3.9-0.6 s). The irradiance measured on the photocatalyst surface was 11 mW

cm2,



3. Results and Discussion

Pure TiO2 cannot be shaped because the dough prepared from the mixture of titania and
water does not have suitable rheological properties. However, all the natural silicates
under study have adequate rheological properties as binders and allowed the extrusion of
high-titania-content (50 wt.%) ceramic plates that were dried and calcined at 300, 500
and 800 °C without damage. These solids have been thoroughly analyzed to evaluate their

potential as photocatalysts.

3.1 Characterization results

3.1.1 Mechanical resistance of ceramic plates

In Figure 1, the mechanical strength values of the 50 wt.% silicate-TiO, ceramic flat
plates heat treated at different temperatures are shown. According to the crushing strength
results, all the hybrids present good mechanical resistance, one of the main properties
required for their industrial application. Although higher temperature treatments lead to
more resistant ceramic plates, the crushing strength is higher than 100 kg cm2 for all
compositions (except for KTi-300) at every temperature studied. This property depends
on several factors, such as the nature of the raw materials, the applied extrusion pressure,
or the geometry of the extrudate, amongst others. Moreover, the values obtained depend
on the axis on which the force is applied (axial or radial compression) [40]. Normal axial
compression values for pellets range between 10-100 kg cm [41], and according to our
previous results with ceramic materials, values above 50 kg cm ensure a proper handling
to be employed in scaled-up continuous-flow gas-phase catalytic reactors [33, 34].
Sepiolite and bentonite give the most resistant materials, with crushing strength values
around 600 kg cm™. Moreover, all samples treated at 500 and 800 °C, with exception of
KTi-500, withstand the immersion in water, and thus tolerate their use in condensing
environments or further wet impregnation processes to add active phases on the materials

surface.
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Figure 1. Crushing strength of silicate-TiO- plates calcined at different temperatures.
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3.1.2 Optical properties

The UV-Vis absorption of the pure silicates is in general scarce, as previously reported
for other clays such as motmorillonite [29], and only bentonite shows a small band (see
Figure S1A Supporting Information). However, all hybrid materials absorb at
wavelengths below 365 nm, like pure TiOz-anatase, although in a smaller proportion that
the pure material (Figure S1B). The band gap energy was calculated by the so-called
Tauc plot, a plot of the (ahv)Y" as a function of the hv considering the power coefficient
y="Y2for direct allowed transition [42]. The band gap of the pure commercial TiO-anatase
employed is not significantly modified in the composites by the presence of the silicate,
with values of ca. 3.2 eV for all samples. Therefore, the APHs are expected to be
photocatalytically active under UV-A irradiation. Moreover, since TiO- is incorporated
during the kneading of the dough, the removal of the active phase from the immobilized
catalyst by attrition during manipulation or operation that happens with coated materials
is here minimized, and the adsorbent-semiconductor contact should be favored [31, 35]

thus improving diffusional processes between components.

3.1.3 Textural and structural properties

Besides the role as binder for extrusion, the silicates are expected to play an important
role in the adsorption and photocatalytic properties of the final material, related to their
contribution to the physical and chemical properties of the composite. Table 1 collects
the main characterization results obtained for BTi, KTi, MTi, STi, and bare TiO> at
different treatment temperatures.



Table 1. Textural and structural properties of the natural silicate-TiO, composites

Composites Temp. Crystal size MIP Area BET Area Dp?(max.) Dp°(mean) Pore volume

°C nm m2 g m2 g nm nm cm® gt

Ti* 300 9 - 250 5/20 7 0.38
500 16 - 152 8/20 12 0.39

800 47 - 63 - - 0.29

300 8 81 169 75 17 0.41

BTi 500 20 67 125 76 21 0.42
800 60 24 22 90 56 0.34

300 8 105 175 77 21 0.63

STi 500 13 95 136 87 24 0.62
800 43 54 63 105 40 0.57

300 10 78 130 70 25 0.55

KTi 500 20 60 73 80 34 0.54
800 47 36 38 95 57 0.54

300 14 70 170 230 24 0.48

MTi 500 17 50 65 250 34 0.45
800 56 24 27 280 71 0.43

a Maximum of the pore diameter distribution
b Average pore diameter

* Data for TiO, powder obtained from N adsorption isotherms only.

The textural properties can be also appreciated in Figure 2, that shows the pore size
distribution of the extruded composites treated at 500 °C (see Figure S2 Supporting
Information for the result obtained at different temperatures). All samples present
mesoporosity, which is characteristic of the silicate arrangements. The textural properties
of the bare TiOz used in our study have been previously reported [31, 34]. After thermal
treatment at 300°C, the TiO, powder has a BET area of 250 m? g decreasing to 152 m?
gl and 63 m? g! after calcination at 500°C and 800°C, respectively. The mean pore size
of around 10 nm is due to the voids between titania aggregates. The incorporation of TiO-
in the composites causes the formation of a sharp maximum in the big macropore range
of the size distribution curves [43]. This effect can be clearly observed in Figure S2D,
where the pore size distribution of bare sepiolite is shown for comparison. The formation
of voids between TiO. aggregates or between silicate covered by TiO> particles could be
the responsible of this macroporosity. STi, KTi and BTi have similar macropores of
around 80 nm. However, the composites containing mordenite have significantly higher
pores of 250 nm. In the case of the silicates with laminar morphology the silicate would
be able, aided by the pressure applied for the extrusion, to partially fill the titania
interparticular voids, reducing three times the size of the macropores. The mordenite
zeolitic structure would limit the macropores filling. The total pore volume follows the
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order STi > KTi > MTi > BTi. It must be remarked that the macropore volume of the
bentonite-based composites is half of that of the other samples, and, accordingly, it has
the higher crushing strength. Nevertheless, the fibrous structure of sepiolite also provides
STi with a great crushing strength, indicating that both the morphology and type of
layered structure determine the mechanical resistance of the composites. The total pore
volume, mainly related to bigger pores, is not significantly affected by the temperature of
the thermal treatment. During calcination, the smaller pores are lost due to the collapse
of the mesoporous structure of the silicates. On the contrary, the wider pores increase
slightly their size, because upon calcination titania particles suffer a sinterization process,
i.e., their size increases while the number of titania particles decreases, and as a
consequence the size of the interparticle voids increases. Figure S2 in the supporting
information shows the porosity changes detected with the calcination at different
temperatures. In general, the smaller mesopores observed in the samples calcined at 300
°C disappear with the treatment at 500 °C, and at 800 °C the mesoporosity is also
dramatically reduced. Thus, the porosity moves from a trimodal to a bimodal size
distribution by effect of the calcination temperature. Accordingly, the surface area, which
is related to the smaller pores, is reduced as the treatment temperature increases, as well

as the difference between MIP and BET values.
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Figure 2. Cumulated pore volume (filled symbols) and pore size distribution (empty symbols) as obtained

by combination of N, adsorption isotherms and MIP of silicate- TiO, samples treated at 500 °C.
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The silicates suffer different transformation processes during the thermal treatment of the
extruded APHs related to the evolution of their inorganic framework. In order to
complement the characterization to select the optimal calcination temperature for the
APHs the thermogravimetric analyses of the natural silicates and titania employed as raw
materials were performed and are presented in Figure 3. All of them show an endothermic
weight loss between 80-150 °C due to the elimination of physisorbed water and complete
dihydroxylation above 800 °C. At this temperature, the structure of the 2:1 silicates

collapses irreversibly, leading to a significant reduction of the porosity of the composites.
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Figure 3. TGA curves for raw materials: M (mordenite), K (kaolinite), B (bentonite), S (sepiolite), Ti

(titania).

Above 100 °C sepiolite starts to lose zeolitic water and water of crystallization. The
elimination of two of the water molecules coordinated to Mg at 300-350 °C is associated
with the reversible collapse of the internal structure into the anhydrous sepiolite form.
Between 400-600 °C the other two Mg-coordinated water molecules (constitutional
water) are lost, and the material can no longer be rehydrated. The elimination of the
hydroxyl groups takes place between 600-700 °C, and the exothermic phase
transformation to enstatite, which cannot be associated with a weight loss step, occurs at
800 °C [44]. In the case of bentonite, the endothermic gradual weight loss between 400

and 700 °C is due to the loss of the lattice OH™ groups in octahedral sheets of the silicate.
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At 830 °C the 2:1 layer structure completely collapses [45]. Kaolinite suffers a strong
weight loss between 400-600 °C, with a peak centered at 500 °C in the DTA curve.
According to the literature, the dehydroxylation of the single layer of water between the
1:1 silicate layers with the formation of metakaolinite, a semicrystalline phase, takes place
at this temperature range [25]. Mordenite suffers a moderate weight loss of around 10 %
during the thermal treatment. The process is assigned to the elimination of the hydroxyl
groups from the surface up to 600 °C, and isolated hydroxyl groups at higher temperatures
[46]. The TG analyses indicate that, besides maintaining most of the porous structure, a
temperature of 500 °C, allows the materials to preserve the silicate structure hydroxylated,
which is adequate to carry out the photocatalytic reaction. While the mechanical strength
of the composites increases when they are heat treated at 800°C, the silicate structure
collapses at such high temperature, causing a reduction of the pore volume and surface

area and the removal of —OH structural groups.

The differences in the crystalline structure of the APHs have been investigated by XRD.
The patterns of the composites treated at 500 °C are depicted in Figure 4. They contain
the diffraction peaks of the corresponding silicates and those of anatase-TiO2, but the
presence of other crystalline phases of TiO: is discarded. Therefore, the incorporation of
the titania into the silicate matrix delays the rutilation temperature: contrary to what
usually happens with pure TiO-, in all the APHs practically no rutile is observed up to
500 °C, and it can only be envisaged after treatment at 800 °C, as previous works also

found for TiO2-sepiolite composites [35].
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Figure 4. XRD pattern of the silicate-TiO, composites treated at 500 °C.
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The size of the TiO.-anatase crystalline domains in the hybrids, as estimated by the
Scherer’s equation, significantly increases with the temperature of the heat treatment
applied, from around 10 nm for 300 °C to, at the highest temperature, ca. 45 nm for STi
and KTi (similarly to bare TiO2) and to ca. 60 nm for BTi and MTi (see Table 1). The
evolution of the TiOz-anatase diffraction peaks with the temperature in the APHSs is
clarified in the Figure S3 (Supporting Information).

Finally, ICP analysis were performed to confirm the titania content in the composites and
identify the main impurities. Table 2 contains the mean bulk composition of the plate-
shaped materials revealed by ICP analysis. The values are similar to EDX results,
calculated as weight per cent of inorganic oxide. The amount of titania is close to the
theoretical value of 50 wt.%. Unlike most bentonites which present aluminum and silicon
as dominant elements, the bentonite employed in this study is a magnesium-rich material
with a small amount of alumina. The presence of Mg in the aluminosilicates used in this
work, kaolinite and mordenite, is negligible. Sodium, calcium, potassium and iron are the
other elements identified in the analyses of the samples under study. These elements are
usually present in natural silicates.

Table 2. Chemical composition (wt.%) obtained by ICP analysis

TiO, SiO2 MgO A0z NaO Ca0 KO FeO3
BTi-500 46.2 298 16.8 2.3 2.5 0.6 0.3 15
STi-500 459 337 125 3.0 0.5 2.1 0.7 1.7
KTi-500 46.8 28.2 0.2 21.8 0.3 0.1 0.9 1.8
MTi-500 45.1 39.1 0.6 7.2 3.3 1.3 1.5 1.8

3.1.4 Morphological properties

Microscopy analyses reveal the morphological differences of the samples under study.
iError! No se encuentra el origen de la referencia. Figure 5 left and right depict scanning
and transmission electron micrographs, respectively, for the BTi, KTi, and MTi samples
treated at 500 °C. In the case of SEM study ceramic plate fragments were analyzed, and
thus the real distribution of TiO. in the silicate was observed. However, TEM
micrographs was performed with ground particles. A coral-like structure is observed for
the bentonite-based sample (Figure 5A left), where spherically agglomerated particles
with mean diameter of 800 nm are cross-linked in a closed porous structure. These

observations are consistent with the textural and mechanical properties of these samples
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and with previous SEM characterization reported in literature [19]. BM-500 presents a
layered structure similar to that reported for fresh bentonite [47], but with large clusters
of titania nanoparticles (dark areas in Figure 5A right) along with smaller aggregates of
80-100 nm. TiO2 incorporation does not seem to promote interlayer separation as
previously reported for sepiolite fibres [43]. The morphology of the sepiolite-titania
composite has been previously reported in the literature. The structure is characterized by
bundles of fibers of around 0.2 um diameter and up to 2.4 um length covered by TiO>

particles and aggregates of different size [31].

Figure 5. SEM (left) and TEM (right) micrographs of silicate-TiO, composites: A) BTi-500, B) KTi-500,
and C) MTi-500composites.
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The kaolinite-based materials show the typical phyllosilicate laminar structure of
kaolinite, the long axis of the six-sided particles ranging between 100-500 nm, with titania
particles decorating the layers (Figure 5B) [48]. The distribution of TiO; paricles on this
silicate is homogeneous, without formation of TiO, aggregates. A completely different
morphology is observed for mordenite-based composites, with mordenite aggregates
covered by titania particles and a more porous structure (jError! No se encuentra el origen
de la referencia.Figure 5C) [49]. MTi-500 is characterized by TiO- particles smaller than
20 nm located on the external surface of the mordenite granules, with size between 200-
800 nm [50]. The commercial TiO2 was also characterized by SEM (Figure S4, supporting
information). TiO2 nanoparticles of 10-20 nm mean size tend to form irregular clusters of
ca. 1.0 um. Thus, the incorporation of the silicate promotes the dispersion of the titania
particles, decreasing the aggregates size to 100-200 nm. EDX general mapping analyses
reveal that titanium and silicon are homogeneously distributed in all the composites,

without titania- or silica-enriched areas.

3.1.5 HCHO dynamic adsorption

Table 3 reports the formaldehyde adsorption amounts of the raw materials and the
composites, studied at dynamic conditions. Among the constituents of the silicate-TiO-
composites, TiO, displays by far the highest dynamic adsorption capacity of 3.40
mmolucro g1, This value is much higher than the adsorption capacity of mordenite, the
best performing of the natural silicates under study, as shown in Table 3, with 0.62 mmol
of adsorbed HCHO per gram of material. Similarly, TiO,-P25 has greater adsorption
capacity for formaldehyde than conventional adsorbents such as activated carbon [51].
However, the adsorption capacity of benchmark TiO,-P25 for HCHO is only 0.59 mmol
g! when evaluated under the experimental conditions reported in this work, around six
times lower than the adsorption capacity of TiO,—Gb5. Different aspects could be
considered to explain this big difference, such as the presence of TiO,-rutile (20%) and
the low surface area of TiO2-P25 (45 m? gt vs. 321 m? g* of G5). The lower affinity for
the aldehyde of the silicates, in spite of their relatively high surface area, would be
explained in part by the Lewis acidic character of titania, while silica does not have acid

sites [52]. It has been accepted that in ionic oxide surfaces HCHO adsorption takes place
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via dioxymethylene formation. A lone pair donation from the oxygen of the carbonyl
group to Lewis acid sites, such as Ti cations, increases the electrophilicity, favoring the
nucleophilic attack from surface oxygen to the carbonyl group [53]. The dioxymethylene
species formed may then undergo a Cannizzaro-type disproportionation, giving rise to

methoxy groups and formate species [54].

Table 3. Surface properties of the raw materials and composites after treatment at 500 °C

Composition ZPC  Xrio2 Dynamic HCHO adsorption, mmol g

pH mol % Measured  Estimatedsos®  EstimatedXrioz"
Ti 6.3 100 3.40 - -
B 2.1 0 0.10 - -
S 2.2 0 0.02 - -
K 2.3 0 0.01 - -
M <1 0 0.62 - -
BTi 2.6 16 0.22 1.75 0.64
STi 2.5 7 0.21 1.81 0.27
KTi 33 27 0.29 1.70 0.91
MTi 2.4 34 0.98 2.01 1.56

@ Adsorption expected for a material containing equal amounts of TiO, and clay

b Adsorption expected according the molar fraction of TiO2 in the surface calculated by Eq. 6.

The adsorption capacity of the hybrids lies between that of the individual components;
thus MTi exhibits the highest capacity for HCHO adsorption. However, the values
expected taking into account that the material contains equal amounts of TiO and silicate
(estimatedsos in Table 3) are much higher that the values actually measured. Apparently,
a fraction of the adsorption capacity of TiO: is lost in the composite. One explanation
would be a more reduced acidity of the titanium cations in the mixture, but more probably
is due to the fact that a fraction of the titania active sites is not available for HCHO

adsorption in the composite.

Figure 6 shows the influence of the calcination temperature and the BET area on the
amount of formaldehyde adsorbed, for the hybrid materials collected in Table 1. For a
given composition, the treatment temperature affects the adsorption capacity (see Figure
6A) due to changes in porosity, surface area and size of TiO2 crystalline domains. Only
MTi presents similar adsorption at 300 and 500 °C, despite the significant difference of
surface area. The differences among silicates are consequence of other factors.
Mordenitic hybrids display much higher adsorption for the same BET area (Figure 6B),
and this must be explained by the chemical, structural and morphological differences. The
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higher adsorption capacity of the zeolitic component, the bigger macropores, but
especially the higher fraction of TiO, on the surface compared to the other composites
must favor the adsorption of the aldehyde. KTi adsorption is similar to BTi and STi
samples when treated at the same temperature, despite the fact that the BET area of the

former is significantly lower.
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Figure 6. HCHO dynamic adsorption of silicate-TiO, hybrids as a function of (A) temperature and (B)
BET area obtained at different treatment temperatures. Operating conditions: Air flow rate = 0.7 L min,
[HCHO] = 15 ppmv, T = 35 °C.

3.1.6 TiOy distribution into the silicate

The isoelectric point of hybrid materials gives information on the surface properties and
can be used to estimate the apparent molar fraction of exposed TiO> (Xri) substituting the

isoelectric point (IEP) of the components in the modified Park’s equation [55, 56]:

IEPYTi = (1 - XTI)IEpy‘l' XTiIEPTi Eq 1

Therefore, in order to explain the adsorption behavior of the composites, electrophoretic
migration measurements and Eq. 1 were used to estimate Xr; for the clay-TiO2 hybrids.
The results are included in Table 3. The ZPC, which depends on the charges on the solid
surface in contact with the aqueous media, indicates that bulk TiO2 content is higher than
surface TiO2. The estimated fraction of exposed titania on the surface of the particles is
quite low and follows the order MTi > KTi >> BTi > STi, which is coherent with the
trend of the adsorption capacity and with the morphological characterization. However,
the measured HCHO adsorption capacity is even below the value calculated taking into
account the exposed TiOz (estimatedxTioz in Table 3). Important diffusional limitations
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due to a different arrangement between silicate and titania, including the silicate in the

titania interparticular voids, could restrict further the adsorption capacity.

3.2  HCHO photocatalytic degradation

Some silicates, such as montmorillonite [57] or kaolinite [58], have been reported to show
catalytic activity under UV irradiation for degradation of gas-phase organic pollutants,
for instance decabromodiphenyl ether and toluene, which has been attributed to the charge
transfer between the mineral and the adsorbed species or to generation of radicals on the
surface of the clay. The silicates under study do not show any reactivity for HCHO
removal under irradiation, with the only exception of bentonite, the one that shows some
radiation absorption (see Figure S1A), which reduced the concentration of HCHO by 8%.
All the silicate-TiO2 hybrids prepared, however, present high photocatalytic activity. The
mechanism of formaldehyde photocatalytic degradation can be described by the

following steps [59]:

HCHO +- OH —- CHO + H,0 Eq. 2
.CHO + -OH - HCOOH  or

.CHO +- 05 — cHO3 5 Heooon™™™ 2ncoon Eq. 3
HCOOH — H* + HCOO™ Eq. 4
HCOO™ +- OH — H,0 +- CO; or

HCOO™ + h* — H* +- CO; Eq.5
cco; 22" o, Eq. 6

Thus, formic acid can be generated besides carbon dioxide. The carbon balance indicates
that in all cases the formaldehyde removed was completely mineralized. Accordingly, no
partial oxidation byproducts, such as formic acid [51] or CO [60], have been detected in

the gas phase.

3.2.1 Effect of the calcination temperature
The effect of the heat treatment on the photocatalytic activity is similar for all silicates.
The composites treated at 300 °C or 500 °C achieve total mineralization of the pollutant

at the highest residence time tested; with increasing flow rates the residence time is
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reduced, leading to a decrease of the conversion values, especially at the highest treatment
temperature and for STi and BTi composites (Figure 7).The comparison of the
photocatalytic activity of the hybrids heat treated at 500°C indicates the best performance
of the mordenitic and kaolinitic based materials compared to bentonite and sepiolite
composites. The performance of the samples treated at 800 °C is dramatically worse, the
conversion values drop below 20%. There is not a direct correlation between the
photocatalytic degradation of HCHO and the surface area values of Table 1, because the
dependence of the BET area on the temperature is approximately linear, so additional
factors have to be taken into account, such as the collapse of the silicates structure and
the reduction of the porosity at the highest heat treatment temperature, as shown by the
TGand MIP analyses. The dehydroxylation of the surface may reduce the formation of
OH radicals during the photocatalytic process, havig a strong influence on the
photoefficiency.
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Figure 7. Effect of the composites treatment temperature on the HCHO photodegradation efficiency for:
(A) KTi, (B) BTi, (C) MTi and (D) STi silicate-TiO, APHs.
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3.2.2 Influence of the TiO crystal size and HCHO adsorption

Another factor to be considered is the growth of the crystalline domains of TiO, with
mean sizes around 4-5 times higher at 800 °C than those obtained at 300 °C, associated to
poor titania dispersion and a faster electron-hole recombination. Figure 8 shows the
influence of the TiO> crystal size and the HCHO adsorption on the photocatalytic
conversion for the different silicate-TiO> composites heat treated between 300-800°C.
The TiO> crystal size seems to be a key factor for the photocatalytic activity, as Figure
8A reflects. Thus, the efficiency can be increased by improving the dispersion of TiO>
particles, which reduces the diffusion length. This observation is in agreement with
previous studies on hybrid photocatalysts [61]. Not only the adsorption, but also the
diffusion of the adsorbed pollutant towards the photocatalytically active sites determines
the decomposition rate in APHSs [62]. It is worth noting that, in the operating conditions
studied, the reaction rate is limited by the adsorption step only at low adsorption capacity,
below 0.1 mmol g*. Above this value, the conversion obtained at a fixed gas flow is
independent of the HCHO adsorption capacity. For instance, at 700 mL mint HCHO

conversion is between 80-100% (Figure 8B).
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Figure 8. HCHO photocatalytic degradation over silicate-TiO; hybrids calcined at different temperatures
as a function of (A) crystal size of anatase-TiO, and (B) adsorption capacity. Operating conditions: Air
flow rate = 0.7 L min?, [HCHO] = 15 ppm,, T = 35°C.
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3.2.3 Effect of the fraction of TiO, exposed

The molar fraction of TiO- that is available in the surface of the hybrid materials depends
on the silicate used as binder/adsorbent, as indicated in Table 3. This can be better
observed in Figure 9A, where the molar fraction of TiO, on the surface calculated by
electrophoretic migration is plotted vs. the weight % in the bulk for several silicates and
silicate-to-semiconductor ratios. The adsorption capacity and photocatalytic activity of
the 50 wt.% composites are plotted in Figure 9B, where it can be inferred that both
properties are not directly correlated, but are affected by the exposed TiO; in the same
direction. Since HCHO is preferably adsorbed on TiO», it can be concluded that the
fraction of TiO2 exposed on the surface is a key factor for the APHSs, because it influences
both adsorption and photocatalytic oxidation processes. Despite of this fact, the advantage
of the composites over pure TiO2 remains clear, not only due to the possibility of shaping

the photocatalyst, but also to the synergy observed.
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Figure 9. (A) Exposed TiO- as a function of the TiO, content in the composites. (B) Formaldehyde
adsorption (left, filled symbols) and photocatalytic degradation (right, void symbols) for silicate-TiO>
composites as a function of the exposed TiO, in the surface of the particles estimated by electrophoretic

migration. All samples are treated at 500 °C.

Formaldehyde conversion with pure TiO; at a total gas flow of 900 mL min™* was 86 %,
similar to the values obtained with KTi-500 and MTi-500 composites. However, for an
accurate comparison the actual TiO2 content should be considered. Thus, reaction rates
normalized per gram of TiO2 were calculated, for natural silicate—TiO hybrids and TiO>
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at two different total gas flows, 500 and 900 mL min (Figure 10). As shown in this
figure, the normalized reaction rates, clearly indicate that the incorporation of titania into
the silicate matrix favors the gas phase removal of HCHO. The normalized activity
follows the sequence: MTi > KTi > STi > BTi > TiO». The results obtained in this study
reveal that silicate-based composites, especially with mordenite and kaolinite, have
excellent photocatalytic properties compared to benchmark titania. The nature of the
silicate plays a relevant role to control and improve TiO, dispersion and its exposed
fraction at the surface, as observed by SEM and electrophoretic migration measurements.
Moreover, the silicates have a high specific surface area and, in general, contribute to the
adsorption properties. This feature might increase the concentration of the pollutant in the
vicinity of the titania active sites, improving the reaction rate. As a consequence, TiO>
photocatalytic activity for the degradation of HCHO is promoted. The silicates studied in
this work are suitable substrates to anchor TiO> particles and prepare low-cost easy-to-

handle ceramic structures.
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Figure 10. HCHO degradation rate at flow rates of 500 mL min (hatched bars) and 900 mL min* (filled
bars) for the silicate-TiO> hybrids and commercial TiO, treated at 500°C.

Conclusions

Plate-shaped ceramic APHs (adsorbent-photocatalyst hybrids) were extruded using
doughs with adequate plasticity prepared by mechanical mixture of commercial powdered
constituents with water. This preparation method meets the simplicity and economy
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criteria of industrial processes, which are not fulfilled by more complex lab scale methods
(pillarization, sol-gel, etc.). The choice of the adequate binder for photocatalytic
applications of hybrid materials should be taken by considering several key aspects such
as its interaction with the semiconductor phase and the adsorption ability towards the
targeted pollutants and reaction products. The commercial TiO; selected for this study is
a very active material for HCHO photodegradation; however, it cannot be shaped into
easily handled structures. Among the natural silicates under study, mordenite presents the
higher HCHO adsorption capacity. The adsorption ability of the composites depends on
the number of available adsorption sites and their chemical properties, which are in turn
controlled by its specific surface area and chemical composition. The heat treatment
produces structural modifications of the constituents but is not enough to develop
chemical interactions between both type of phases. Thermal treatments at high
temperatures reduce the mesoporosity and dispersion of titania, as a consequence, the
adsorption ability of the silicate-TiO2 photocatalysts. TiO> acts both as adsorbent and as
photocatalyst phase for the elimination of gaseous formaldehyde. Therefore, in order to
optimize HCHO adsorption and conversion efficiency, TiO2 content and dispersion in
natural silicate-semiconductor composites should be increased. Nevertheless, the
photocatalytic activity depends not only on the adsorption property of reactants and
products on the composites, but also on their diffusion and on the number of exposed
photocatalytically active TiO: sites. All the silicate-TiO> composites developed in this
study improve the HCHO degradation rate of commercial TiO2, especially those based
on mordenite and kaolinite structures, which maximize the fraction of TiO> exposed at
the surface of the silicate.
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Figure S1. UV-Vis spectra obtained for A) the natural silicates, and B) their
composites with TiOz2 treated at 500 °C: bentonite (-:**), mordenite (— -), sepiolite
(- - -), and kaolinite ( ).The spectrum of the commercial TiO2 employed in the
composites is added in continuous black line as reference.
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Figure S2. Cumulated pore volume (filled symbols) and pore size distribution
(empty symbols) as obtained by combination of N2 adsorption isotherms and MIP
of the silicate-TiO2 hybrids treated at different temperatures for: A) kaolinite, B)
mordenite, C) bentonite, D) sepiolite. In the latter, the curves of pure sepiolite

extrudates treated at 500 °C are included for comparison.
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Figure S3. XRD pattern of the TiO2-silicate composites treated at different
temperatures.
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Figure S4. Micrograph of commercial TiO2 aggregate obtained

microscopy.

by SEM
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