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Abstract

A straightforward and potentially scalable procedure based in the Evaporation-
Induced Self-Assembly (EISA) method has been used in order to synthesize
mesoporous titania (TiO,) xerogels. The structural, textural and photocatalytic
properties of the synthesized materials were determined. The variation of
synthesis parameters relative humidity (RH) and temperature, allowed
controlling the textural properties of materials that exhibited mesopores with
controllable pore and neck diameter distributions in the range of 3-12 nm, large
surface area (125 to 161 m? g*) and pore volume values between 0.17 and
0.38 cm3g™. Selected area electron diffraction (SAED) and X-ray diffraction
(XRD) patterns indicated the presence of anatase phase. The uptake of gallic
acid (GA) on these mesoporous powders and Evonik Degussa P25 was
measured using Fourier Transform IR (FTIR) spectroscopy. The photocatalytic
degradation rates of GA adsorbed on TiO, were measured and followed by
FTIR. The mesoporous materials showed interesting features including efficient
trapping of the adsorbate and good photolytic response. The catalysts were
exposed to successive cycles of adsorption/photolysis of GA and a very good
performance was observed for the mesoporous anatase samples, leading to
efficient, recoverable and reusable photocatalysts.
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1. Introduction

Heterogeneous photocatalysis has been explored in many papers as a possible
powerful method to destroy organic pollutants both in water and air; the catalyst
of choice is anatase-based titania.

The behavior of the photocatalyst in the presence of strongly adsorbing
organics is therefore especially important if practical processes are to be
developed. Not only the affinity of the surface for the target contaminant is
important; the dynamics of adsorption is also relevant. Whereas the former
aspect is mainly determined by the chemical composition of the catalyst, the
adsorption rates may be largely influenced by morphological factors such as
particle size, porosity, tortuosity, etc.

It is well known that TiO, has a high affinity for substances possessing
carboxylate (-COQO") and/or phenolic hydroxyl (-OH) groups. In previous papers,
we described the interaction between particulate TiO, and catechol [1], several
carboxylic [2-11] and hydroxycarboxylic acids [12, 13], including gallic acid [14,
15], in an attempt to describe the characteristics of the adsorption and surface
reactivity of natural organic matter (NOM).The main aspects of adsorption
equilibrium and kinetics were described, and the behavior of commercial
(Degussa P25) and mesoporous titania were compared [16]. It was shown that
mesoporous materials with a stable high surface area, controlled mesoporosity
and nanocrystalline framework are an interesting option as photocatalysts,
featuring a high adsorption capacity, with affinity similar to that of the
commercial material. In these studies, the Attenuated Total Reflectance Fourier
Transform Infrared (ATR-FTIR) spectroscopy technique was used to follow the
surface evolution of a film deposited onto the ATR crystal [11].

A possible interesting option for photocatalytic reactors designed to destroy
organic matter is based in the high adsorption capacity of mesoporous titania
with controlled mesoporosity, a nanocrystalline framework and stable high
surface area. Such a material offers a huge potential in this field, and improved
photocatalytic properties are expected for systems that allow both a high
pollutant adsorption and an efficient electron transfer at the same time.
Moreover, it may be envisaged that adsorption and photocatalytic mineralization
may be carried out in successive steps, and not necessarily simultaneously.
Towards this purpose, it is necessary to solve several issues: (1) the
development of an adequate technique to synthesize important (i.e. grams)
amounts of mesoporous titania controlling textural properties by manipulating
synthesis parameters; (2) the demonstration that adsorption kinetics and
equilibria are adequate for a pre-photolytic step; (3) avoiding the poisoning of
surface sites and consequent loss of catalytic activity [17], aiming at the reuse
of the photocatalyst for several cycles of adsorption/photolysis. These are the
subjects addressed in this paper.

Several routes have been proposed to synthesize porous TiO, spheres or
powders, such as structure-directing agents [18], refluxing [19],
hydrothermal/solvothermal methods [20], microwave-assisted hydrothermal



reaction of spherical particle precursors followed by annealing in air [21] or via
destabilization of ionic-liquid-like precursors [22]. However, large-scale
synthesis of porous TiO, powders with tunable surface, pore diameter and pore
volume remains a challenge.

In this sense, the use of evaporation-induced self-assembly (EISA) process
allows the tuning of macroscopic shape (aerosol, monoliths, films and powders),
the textural properties (surface, pore diameter, pore volume) as the active
phase of the final material [16, 23-27]. In the particular case of non-silica
mesoporous materials, the EISA route has the advantage of been more reliable
and reproducible than that based on precipitation [16]. The control of
macroscopic shape results important due to the potential use of the material in
reactors and the possibility of easy recovery of the photocatalyst.

Scientific efforts had been done in preparation of TiO, materials in the form of
monoliths, microspheres or powders [16, 18, 19, 23, 24, 27] in order to obtain
materials presenting highly photoactive nanocrystalline walls that can be easily
separated form aqueous medium after their use as heterocatalysts. Separation
of micrometer particles with nanocrystalline texture is far easier and inexpensive
solution for decantation or flocculation processes.

Gallic acid (GA, 3,4,5-trihydoxybenzoic acid) is one of the simplest phenolic
compound commonly present agricultural wastewater and used as a model of
natural organic matter (NOM). ATR-FTIR spectroscopy has been successfully
used in kinetic studies of compounds adsorption on different solids [11, 28, 29]
and can give a clearer understanding of the behavior of GA adsorption in TiO,
derived materials. In particular, this technique has been proven useful to follow
in situ the photocatalytic degradation of GA adsorbed on TiO; film [11], and an
evaluation of the photocatalyst surface poisoning by degradation intermediates
or products can be performed.

In this work, we present a detailed study in the synthesis of crystalline
mesoporous titania powders derived from xerogels, produced through an EISA
process under controlled humidity and temperature conditions. We demonstrate
that the textural properties can be tuned by controlling these two synthetic
parameters, leading to obtain a highly porous nanocrystalline material that is
easily and environmentally handled. In addition, we study the use of these
mesoporous titania phases as recoverable adsorbents and photocatalysts in the
degradation of GA, a model pollutant.

2. Experimental details

2.1. Materials

Ethanol and titanium tetrachloride were purchased from Merck. Pluronic F127
and gallic acid (3,4,5-trinydroxybenzoic acid, GA) were obtained from Sigma

Aldrich. Commercial TiO, (Evonik Degussa P25, now offered as Aeroxide P25)
was used without further purification, as a reference for the photocatalytic



activity. P25 is composed mainly of anatase (ca. 75%) and rutile (ca. 25%). The
modal particle size is ca. 25 nm, but it readily aggregates in water, reaching
particles aggregate sizes of the order of 0.1 um or more [30]; its BET specific
area is 51.4 m? g*. Water was purified in an E-pure equipment.

2.2. Synthesis of mesoporous titania

Mesoporous TiO, (MT) was prepared by evaporation-induced self-assembly
(EISA) method [25]. A 1:40 molar Ti:EtOH stock solution was prepared by
dissolving TiCls (4.49 g) in ethanol (43.60 g) under vigorous stirring (in an ice-
water bath to avoid overheating, contained in a fume hood due to the HCI
vapors produced) and was then stored at 25 °C away from light until used. In a
typical synthesis, 0.68 g of the template (nonionic triblock copolymer Pluronics
F127, EO106PO70EO106) Was dissolved in a 20.0 g of the TiCl,-EtOH solution
under stirring at 35 °C and then cooled to 25 °C. Subsequently, 1.77 g of water
was added dropwise while stirring in order to obtain a molar ratio
Ti/F127/H,O/EtOH = 1/0.005/10/40.

The final sol obtained (total mass of 22.45 g) was left to react in a 250 cm?®
double glass-jacketed reactor thermostated by water flux at a pre-fixed
temperature. The reactor has a Teflon cap with an inlet connection for the
ingress of a smooth air stream and one outlet connection through which the
vapors released are discharged and collected in a NaOH solution by bubbling.
The air injected into the reactor was previously bubbled through a saturated salt
solution or silica gel column for the purpose of controlling the relative humidity
(RH). The RH value of the air stream was measured using a hygrometer prior to
entering the reactor. This arrangement enabled the control of the synthesis
parameters temperature and airflow RH injected into the reactor (see Fig. S.1,
supplementary material). Experiments were performed at temperatures of 30,
40, 50 and 70 °C, and the values of air RH injected were set to 0, 30, 50 and 70
% for each temperature, by passing the air through silica gel column or 200 cm?®
of saturated MgCl,-6H,0, Ca(NOs3),-4H,O or NaNO3 solutions respectively (by
bubbling).

The obtained MT samples after drying displayed a heterogeneous aspect,
presenting white crystalline regions and zones with translucent gel
characteristics. Analysis by FTIR of portions of both regions indicated similar
organic content from template (not shown).The drying time to obtain the final
as-synthesized material varied according to the temperature and RH
parameters of synthesis between 1 to 5 days. The time required to complete the
synthesis increased with RH value and decreased with the synthesis
temperature. Typical synthesis times are shown in Table 1.

As-prepared MT samples were characterized by FTIR; a thermal treatment was
performed by heating the material with a ramp of 1 °C min™ up to 80 °C
maintaining this temperature for 24 h in order to eliminate the remaining solvent.
The sample was then heated with a ramp of 1 °C min™* up to 130 °C holding this
temperature for 20 h followed by a ramp of 1 °C min™ up to 350 °C maintaining



this temperature for 3 h. After this thermal treatment, a white powder was
obtained.

The thermally treated MT samples were grounded in an agate mortar and
sieved with a 150 um mesh and designated as MTxRHy, where x and y indicate
the synthesis temperature (in degrees Celsius) and the value of RH in the air
flux, respectively. In a typical synthesis, ca. 0.7 g of mesoporous titania were
obtained per 20g of initial Ti(IV) solution after the EISA and calcination steps
(ca. 90% yield TiO,).

2.3. Characterization

Fourier-Transform Infrared Spectra (FTIR) of as-synthesized and MTxRHy
samples was performed in order to verify the template elimination by thermal
treatment. FTIR spectra were recorded on a Nicolet-IR 560 spectrometer E.S.P.
instrument equipped with a liquid nitrogen-cooled MCT-A detector, using KBr
discs (256 scans, resolution 2 cm™).

The X-ray diffraction patterns (XRD), counting time of 10 s/step collected from
10 to 80° (20) were obtained using a PANalytical Empyrean instrument
equipped with a PIXcel 3D detector. The crystallite size was estimated by
applying the Scherrer equation.

Nitrogen adsorption-desorption isotherms were recorded at 77 K using a
Micromeritics ASAP 2010 instrument. The specific surface area was calculated
using the BET method. The porosity evaluation was done via Barrett-Joyner-
Halenda (BJH) models, from the adsorption branch. All samples were degassed
at 150 °C for at least 12 hours prior to measurement.

Transmission electron microscopy (TEM) images were recorded using a Philips
CM200 Super Twin instrument operated at 160 kV. Powder samples,
suspended in absolute ethanol, were deposited on carbon-coated copper grids,
and left until complete solvent evaporation.

2.4. Gallic acid adsorption and photocatalytic degradation

The adsorption kinetics of GA on TiO; films and the photocatalytic degradation
rates of GA adsorbed on TiO, were measured as described in previous a work
[16]. The ATR-FT-IR measurements were performed in a Nicolet 8700 FTIR
spectrometer (200 scans, resolution 4 cm™) equipped with a liquid N, cooled
MCT-A detector and a Spectra Tech ZnSe—ATR crystal unit (area = 10 x72
mm?) with an incident angle of 45° and 11 reflections.

Thin colloidal films of TiO, were deposited on an ATR crystal by spreading
1.000 cm? of water suspensions of MTXRHy or P25 (1.2 g dm™) and allowed to
gently evaporate overnight. The TiO, films thus formed were then rinsed, first



with water to eliminate loosely deposited particles and afterwards with a 1 x 102
mol dm™ KCI solution. Subsequently, 0.600 cm® of a 1 x 102 mol dm™ KClI
solution were added and a blank sample was recorded. After that, a freshly
prepared solution of 1.6 x 10° mol dm™ GA in 1 x 102 mol dm™ KCl was placed
onto the TiO; film for the purpose of obtain a GA initial concentration of 1.0 x
10° mol dm™. In order to follow GA adsorption, ATR-FTIR spectra were
recorded as a function of time at room temperature until no further changes
were detected. This indicated that the surface film had been saturated with the
adsorbent. Typically, equilibration times were in the order of 100-120 min (48
min for P25). When the spectra showed no more appreciable changes, the ATR
cell was emptied and remaining excess solution was gently removed using
absorbent paper.

After the solution was removed, a very small amount (0.100 cm®) of water was
added to prevent film cracking, and the system was exposed to a 15 W, 365 nm
UV lamp (FL15BLB Black Light Blue, Toshiba) for 5 min. Sequential ATR-IR
spectra were recorded after each UV irradiation step to follow the
disappearance of the characteristic bands of GA-TiO, surface complexes.
When no further spectral changes were observed, the ATR cell was emptied.
The remaining solution was smoothly removed using absorbent paper. The
adsorption/photolysis sequence was repeated several times in order to study
the reusability of the adsorbent/catalyst, and to evaluate possible fouling or
poisoning.

The action spectrum of the UV lamp is a band centred at 350 nm, with a half-
height width of 50 nm [16]. The total radiation incident on the film, measured by
chemical actinometry with potassium ferrioxalate [31], was 2.31 x 10 photons
s™. The IR band area between 1278 and1140 cm™, assigned to v(Ph-O)/OH def
vib (COOH monomer) [14] was chosen in order to follow the changes in the GA
surface excess.

3. Results and discussion
3.1. Characterization of MT phases

MT samples were grinded after thermal treatment to yield white and fine
powders. Template removal was completed when as-synthesized MT samples
were thermally treated at 350 °C, as indicated both by the absence of residual
amorphous carbon (calcined samples were white-coloured), as well as the
absence of FTIR bands due to C-H groups (see Fig. S.2, supplementary
material). This is in agreement with previous results [25].

Typical TEM images of a mesoporous MT samples obtained after thermal
treatment are shown in Fig. 1A (MT70RH70 sample) and Fig. S3 (MT50RH70
sample). In all cases, granular materials presenting regular mesopores similar
to bicontinuous worm-like mesophases were obtained. This kind of texture has
been obtained previously on TiO, xerogels using surfactants as templating



agents [32, 33]. Histograms (see inset in Fig. 1A) of grain size diameters (GSD)
obtained from analysis of the TEM images are in good agreement with the
anatase crystallite size (Dana) calculated from XRD analysis (see Fig. 1C).
Selected area electron diffraction (SAED) patterns of samples also indicate the
presence of anatase phase as seen in the inset of Fig. 1A.
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Fig. 1. (A) TEM image of MT70RH70 (insets correspond to grain size diameters
(GSD) histograms and SAED pattern). (B) XRD pattern of MT70RH70 sample.

Peaks in B corresponded to anatase. (C) Dependence of Dana on RH for
samples obtained after performing EISA at temperatures of 50 and 70°C.



All samples submitted to the 350°C thermal treatment display nanocrystalline
walls, as exemplified by the wide-angle diffraction pattern of the MT70RH70
sample presented in Fig. 1B, which was similar to those obtained for other
samples (not shown). This result was in excellent agreement with the SAED
pattern analysis. The coherently scattering domain (CSD) size, which is related
to the average crystallite diameters (Dana), Were calculated from the anatase
(101) XRD peak full width at half-maximum using the Scherrer equation; results
are reported in Table 1. Crystallite size was not sensitive to the synthesis
temperature, but increased slightly with increasing RH (Fig. 1C).

N, adsorption-desorption isotherms shown in Fig. 2A and S.4A correspond to
typical mesoporous materials. All MTxRHy materials presented type IV nitrogen
adsorption-desorption isotherms associated to mesoporosity. Type H2
hysteresis and the existence of percolation processes (closure hysteresis at
P/Py=0.42) are characteristic features of materials with interconnected pores
[34, 35]. As the RH values, at which samples were synthesized, increased,
maintaining the reactor temperature at a constant value, the following main
features were observed:

(a) samples presented similar nitrogen adsorption at very low pressure
indicating that the microporosity was not very sensitive to changes in RH; very
low micropore volume values of less than 0.001 cm® g™* were typically obtained,
(b) the overall surface area remained in the same order of magnitude and no
clear trends were observed,

(c) the closure of the hysteresis loop take place at the same value of P/Py;
however, the inflection to higher P/Py was significantly shifted to larger P/Pg
values, and the gas adsorption values increased, indicating an increase in the
mesopore dimension.

It is clear that, at a constant EISA reaction temperature, as the value of RH
increased, the mesopore texture was modified; in particular, pore size was
enlarged, while only relative minor modifications were observed in the
microporosity and surface area.
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Table 1
Porosity and structure characteristics of MTXRHy samples.
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synthesis  surface Pore average average

sample time area volume pore size  neck size ANA
a 2_-1\b 3,-1\C d e (nm)
(days) (m"g™)"  (cm’g™) (nm) (nm)
MT30RHO 4 146 0.17 5.6 3.8 8.9
MT40RHO 3 143 0.18 5.9 4.3 8.7
MT50RHO 2 131 0.15 6.7 4.5 9.0
MT50RH30 3 170 0.28 7.7 5.5 9.6
MT50RH50 3 139 0.31 10.6 7.5 10.0
MT50RH70 5 127 0.33 14.7 9.1 9.9
MT70RHO 1 148 0.18 6.2 4.1 9.0
MT70RH30 1 161 0.33 10.1 7.3 9.1
MT70RH50 1 156 0.38 11.7 8.5 9.9
MT70RH70 1 149 0.36 12.1 8.1 9.8
f 25 (R),
P25 50 80 (A)

°Time required to complete the synthesis. °BET. C°Gurvitch. “Diameter
measuered from the BJH adsorption branch. °Diameter measured From the
BJH desorption branch. ‘From Araujo et al., 2010 [16].

Table 1 summarizes the structural and textural results obtained. The BET
surface areas were of the same order of magnitude (130-170 m?g) in all
samples treated at 350°C, slightly lower than analogous samples obtained in
the case of F127-templated mesoporous titania aerosols [16]. Surface area was
slightly higher for RH=30 at both 50 and 70 °C. The pore diameter size
distributions (PSD) in Fig. 2B, S.4B and S.5C were calculated from the
adsorption branch of isotherms by the BJH method. An increase in the
widening of the PSD was observed with the increase of RH at a constant
temperature. At RH=0 no significant changes in the PSD with the EISA
temperature were observed. From each distribution, the average pore sizes
were calculated and indicated in Table 1. The desorption curves showed a
sharp drop corresponding to the capillary evaporation interval. This behaviour
has been observed in ink-bottle mesoporous materials [34]. Current models
consider that this lower pressure limit can be associated with the size of
smallest mesopores that still exhibit adsorption-desorption hysteresis. In cage-
like pores, this size correlates well with the mesopore entrances or “interpore
necks” [16]. The distributions of neck diameter size calculated from the
desorption branch by the BJH method are shown in Fig. 2C, S.4D and S.4E. In
all samples a bimodal neck diameter size distribution were observed showing a
narrow peak at 3.6-3.7 nm. This narrow peak was attributed to a percolation
effect [36]. This percolation effect was clearly observed at P/P, values around
0.42 in nitrogen adsorption isotherms (see inset in Fig. 2A corresponding to
MT50RH70). The sudden drop in V™, resulted from a forced closure of the
hysteresis loop around P/Py~0.42 arising from the tensile strength effect (TSE)
of the adsorbed phase [37]. Increases in the widening of neck diameter
distributions were observed with the increase of RH at a constant temperature.
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At RH=0 there was no significant changes in the neck diameter distributions
with temperature. Table 1 also shows the average interpore neck diameters.

0407
| R | l
0.35 !I l. ll
- |
: |
e |
o 0.30 | ‘ l
|
S o025 l | ll
s i I
2 0.20] --: |
> | o9 A..}D
0.15| 7 . |
0105 3
60 :u’J ‘___;0 R
20 ---------.
0 -
RH
B | B
-~ . | l
16 | | I
| . Il
14 'I : I
| _ I
l |
£ 12] |. . l
(=4 II l !
3 101 l
2| 3558
| . % .
6 '| P i : 3
Ay e /__.50 \uo
_--\----\--.‘--- I __.a &
60 P 4 ;30
ey
0 ]
RH
16 1 l.
14 1 |
| | l
121 I‘ | l
€ || I |
£ 10f - I
1 g | l
a 8 -
6 II -.\-'
| =I '.. L J / 70
" |
2 . 50 \
60 s . 3
A g
RH

Fig. 3. Dependence of (A) pore volume, (B) average pore diameter and (C)
average neck diameter, with synthesis parameters (temperature and RH). Pore
volume was calculated by Gurvitch.

12



The evolution of the Dana, pore volume, average pore diameter and average
neck size with temperature and RH is shown in Fig. 1C, 3A, 3B and 3C,
respectively.

Overall, a sustained increase in the pore volume, pore diameter, neck diameter,
and Dana were observed with the increase of RH at a constant EISA
temperature. In addition, a widening of pore and neck diameter distribution were
also observed for higher RH values at constant temperatures. On the other
hand, increasing EISA temperature at RH=0 produced no significant changes in
pore volume, neck size, pore size or the pore size distribution. For higher
constant RH values, a temperature increase resulted in a slight increase in pore
volume. This can be due to an increase in the condensation rate with an
increasing temperature, which hardens the mesostructure before complete
assembly between the template and the inorganic building blocks. The effect of
the EISA temperature in the pore and neck diameters was more subtle. For RH
<50%, an increase in temperature resulted in slightly larger pores and necks.
The decrease in pore and neck diameter for higher reaction temperature with
samples produced at RH=70% suggests that at these higher water contents, a
certain swelling of the mesophase take place first, as already observed in
freshly prepared, uncondensed mesostructured titania thin films. Drying at
higher temperatures could resulted in some extended shrinkage of the inorganic
walls, therefore explaining the smaller pore size values observed.

These results indicated that the structural and textural characteristics of
MTxRHy samples seem to depend mostly of the changes in RH during the
synthesis. This reinforces the general observation that water content is
essential during the evaporation phase of the EISA synthesis, as was observed
in the case of mesoporous titania thin films [38], and a number of systems [37,
39, 40]. An increase of RH induces a slower solvent evaporation. This, in turn,
keeps the inorganic polymerization rate slow, by locally increasing the HCI
concentration, which affects the organization of the final material. This is in
agreement with the dependency of the time required to complete the synthesis
with RH and temperature values (vide supra). The time required to complete the
synthesis increased with the RH value and decreased with the reaction
temperature. The RH dependence in the final characteristics of mesoporous
TiO, synthesis was extendedly studied before [38]. Higher values of RH permit
to keep a liquid-like soft hybrid mesophase for longer times, leading to a better
phase separation of the template. It has been proposed that the presence of
water at high values of RH facilitates the organization of the meso-structure in
titania thin films [39]. This leads to larger mesopores and more developed
interpore necks.

Recently, Herregods et al., concluded from a study of the synthesis of
mesoporous titania via EISA and using Brij 58 as template, that temperature
does have an important influence in the specific surface area and total volume
in the range between 60 and 120°C [37]. Authors attributed this effect to the
growth of anatase nanocrystals along this low temperature thermal treatment
that might disrupt self-assembly [37]. The reaction conditions in this work are
somewhat different, due to the RH was kept constant. This parameter
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influenced the dynamics of phase separation and assembly, because the
presence of higher water contents in the mesophase could assisted the
rearrangement of the template, and an optimization of the interactions at the
hybrid interface.

The synthesis proposed in this work allows the reproducible and controlled
production of mesoporous titania powders at a scale of grams per day, being
able to primarily control the pore size, pore volume and crystallite diameter of
the material. The control of these structural characteristics has been achieved
by varying RH and temperature, which were central parameters of synthesis. A
clear dependence of the textural characteristics with RH was observed: higher
RH values permitted to keep fluidity in the mesophase and leaded to larger,
accessible mesoporosity.

The use of mesoporous nanocrystalline titania in photocatalytic processes is
promising. In this regard an analysis of the use of the materials synthesized in
the adsorption and photocatalysis of gallic acid was performed, which will be
presented in the next section.

3.2. Gallic acid adsorption and photocatalytic degradation

Adsorption of the model pollutant gallic acid (GA) onto MTxRHy films from a
solution containing [GA] =1 x 10 mol dm™ at pH 3.5 in 1 x 10 mol dm™ KClI
was completed in about 1 h; GA adsorption on P25 in the same conditions
occurred in about 30 min. Fig. 4A shows a typical FTIR spectrum of GA
adsorbed on films made up of MTxRHy particles deposited on an ATR crystal
(see Experimental). The peaks at 1500, 1440, 1358, 1230 and 1070 cm™ have
been assigned before [14] to v(-C=C-)/v(-C-C-), C-O str plus O-H, 3(Ph-O-H/C-
0), v(Ph-O)/OH def vib (COOH monomer) and 3(C-H) in plane, respectively.
Fig. 4B and 4C show the time evolution of the peak centered at 1230 cm™ for
adsorption and photolysis experiments respectively. This peak was selected
and used to follow adsorption and photolysis kinetics due to its strong molar
extinction coefficient (¢). Peaks at 1358 and 1070 cm™ had a smaller ¢ value.
The corresponding band varied monotonously, without changing its shape; thus,
no indication of possible accumulation of intermediates was apparent after the
analysis of the spectral data.
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adsorption kinetic experiment. (C) Time evolution of the 1230 cm™ peak in a
typical photolysis experiment. (Figures correspond to the MT70RH70 sample).

Fig. 5 shows the time evolution of the band area centred at 1230 cm™ for
comparable masses of MTxRHy and P25 samples. The data are plotted in
terms of the time evolution of the degree of surface coverage, 6;, measured as
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the ratio A/A., where A corresponds to the band area at a given time and Ae
corresponds to the band area at long times, when no further appreciable
changes in absorbance were detected, e.g. 114 or 48 min for MTXRHy or P25
samples, respectively. The times to obtain the surface coverage 6. were in line
with those found in the adsorption kinetics study of GA on mesoporous TiO;
microspheres previously reported [16]. The time evolution of 8; was found to be
very reproducible, although the adsorption capacity showed fairly large
variations for individual experiments. This latter feature has been attributed to
random changes in the fraction of the film that was actually available for
adsorption [16].

1.0
0.9 1
|
|
< 081 f e MT30RHO
< | s MT50RHO
07 {% v+ MT70RHO
=  MT70RH30
06 1= o MT70RH70
o P25
05

0 20 40 60 80 100 120
t/ min

Fig. 5. Time evolution of the band area centred at 1230 cm™. Traces represent
the pseudo-second-order model.

Several kinetic models including Lagergren pseudo-first-order (PFO), pseudo-
second-order (PSO) and intra-particle diffusion model (IDM) [29, 41-43] were
tested for simulation of the experimental data.

PFO and PSO are used for modeling adsorption kinetics when the overall
sorption rate is controlled by the rate of surface reaction, while IDM is applicable
when the rate-determining step is the mass transfer of adsorbate to the solid
surface sites.

The experimental data did not fited PFO model (results not shown) but were
well described by the empirical pseudo-second-order model which assumes
that the adsorption rate is proportional to the square of the number of
unoccupied surface sites. Moreover, the number of occupied sites is
proportional to the adsorbate concentration. PSO model is defined by Eq. (1),
the integrated form being given in Eq. (2).

dB/dt = Kaq(Be-6y) 1)
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t/6; = 1/(Kag 6¢%) + t/6 2)

Where 6. (Ac/Ac) and 6; (A/A:) are related to the amount of GA adsorbed at
equilibrium and at a given time t, respectively, and kaq is the rate constant of
sorption.

The values of 6ckaq Obtained from the pseudo-second-order equation (Eq. 2) are
given in Table 2. As mentioned above, a very good agreement between the
experimental data and the pseudo-second-order equation (Eq. 2) was achieved,
as indicated by R? values in parenthesis, indicating that the mechanism of GA
adsorption on MTxRHy synthesized materials was mainly rate-controlled by
surface adsorption. MTXxRHy samples presented similar 6c.kaq values, indicating
that the GA adsorption mechanism would not depend on the MTxRHy sample,
at least in this first analysis.

The 6ckaq value of P25 sample was, at least, four times greater than MTxRHy
samples, as seen in Table 2. The P25 film was formed of particles that consist
of aggregates of 21 nm diameter nanoparticles. An estimated value of pore size
of 19 nm for the P25 films was reported previously [11]. It should be relatively
easier for reactant molecules to navigate within the aggregated P25 particle
mass than through a tortuous mesoporous network of particles with diameters
of several hundreds of nanometers to micrometers. Indeed, GA adsorption on
MTxRHy samples could take place in the external surface sites of the adsorbent
(i.e., those closer to the solution) in a first step, and then GA molecule can enter
to the mesoporous network in a second step, as discussed below. Thus, the GA
global adsorption-rate on MTxRHy samples was appreciably slowed down when
compared to Evonik Degussa P25.

Table 2
PSO and IDM parameters of GA adsorption kinetic on MTxRHy samples
obtained by adjusting experimental data by Eq. 2 and 4, resp.

PSO IDM
kigBe ™

Sample | Bckags (Min™) | (min™?) C
x107?

05+0.1 | 1.76+0.04
(0.9996)* | (0.7618)

0.4+0.1 2.45+0.03
MT50RHO (0.9996) (0.8656) 0.78+0.04

0.4+0.1 2.07+0.02
MT70RHO (0.9994) (0.9961) 0.79+0.03

0.4+0.1 2.68+0.03
MT70RH30 (0.9986) (0.9408) 0.72+0.04

0.6+0.1 3.83+0.02

MT30RHO 0.81+0.05

MTTORHTO | (000 | Soeeoey 0-74£0.03
2.4+0.8
P25 (0.9999)

aNumbers in parenthesis correspond to R? values.
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Rudzinski and Plazinski [44], traced second order empirical equations to a two-
site adsorption process. The formation of inner sphere complexes of GA and
salicylate through the interaction of two of their adjacent OH groups with one
centre site of Ti or with two adjacent Ti centres had been proposed previously
[13, 14]. In this sense, the adsorption of GA on the TiO; surface could occur
through the formation of surface complexes by an interaction of GA through two
of its adjacent OH groups with ~, TIOH*" and >OHY** TiO, (anatase) sites (See
Fig. S.5, supplementary material).

Although a good adjustment of experimental data to PSO model was obtained,
a diffusion mechanism may contribute to the rate-controlling step of adsorption
[29] and the results obtained using the pseudo-second-order model are not
enough to predict the diffusion mechanism [45]. Therefore, the IDM model was
investigated to analyse the adsorption kinetic data, in order to evaluate the
existence of a diffusional process contribution to the global rate-control due to
the effect of the GA molecule entrance into the mesoporous network of
MTxRHy samples.

The intraparticle diffusion model (IDM) is applicable when the rate-determining
step is the mass transfer of adsorbate to the solid surface sites. The IDM was
originally proposed by Boyd in 1947 [46], and is described by Eqg. 3

0, 6 Dn’z
97: ZZ—EX[ = tj (3)

e nln

where D is the intraparticle diffusion coefficient and r is the particle radius. The
Eq. 3 can be simplified to

B =kig/t +C (4)

where Kiq is the intraparticle diffusion constant, and C is the intercept of the
linear plots. If the intraparticle diffusion is the only rate-limiting step, the linear
plot of A/Ae versus t*2 should pass through the origin. But, if the intercept C of
plots is not equal to zero, the intraparticle diffusion is not the sole rate-
determining step.

Plots of A/A. at 1230 cm™ versus t*2 for GA adsorption on MTxRHy films are
shown in Fig. 6.
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Fig. 6. Plot of A/A. versus t*2 for MTxRHy samples. Plots have been displaced
vertically for a better comprehension. Full filled dots are related to the
adsorption on external surface (square area a). Empty dots are related to
intraparticle diffusion stage (square area b) and its linear regression was used
to determine kig®e* and C values by Eq. 4. Semi-empty dots at final times
correspond to the final equilibrium stage.

The diffusion kinetics plots (Fig. 6) exhibited the three-stage linearity [47, 48].
The first linear region has been related to high adsorption rate on external
surface of the adsorbent (see square area a in Fig. 6), which has enough
available adsorption sites. Afterwards, while external surface sites are reaching
saturation, the GA molecule comes across a much larger diffusion hindrance
because of transfer in the deeper inner pores of MTXRHy (see square area b in
Fig. 6). Finally, the third section was the final equilibrium stage, where the
intraparticle diffusion started to slow down due to the low remnant GA
concentration in the solution [49]. The ratio between intraparticle diffusion rate
ki and Be (ki@ ') and C were obtained from the slope and intercept from the
linear regression of the second portion of the curve [50] according to the Eq. 4,
respectively and presented in Table 2. In addition, the curves did not intercept
the origin, indicating that diffusion through the pores is not the limiting factor
[45]. These results indicated that intraparticle diffusion dominated in the pore
diffusion stage while boundary layer control process played an important role
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affecting GA adsorption. This suggests that the adsorption process is complex,
and might involve both surface adsorption and intraparticle diffusion [47, 51].

The driving force of diffusion determined by the kiy value is very important for
adsorption processes on porous materials. The calculated intraparticle diffusion
coefficients kig related to 8, (kigBe ) values for MTxRHy systems are given in
Table 2. An increase of average pore size leaded to an increase in the kig8e™
value, indicating that the diffusion of GA molecules into the mesopores
depended on the pore size of MTxRHy samples. Larger pore size makes
possible an easiest entrance of GA molecules into the mesopore gallery of the
particles. On the other hand, the C value reflects the boundary layer effect. As
seen in Table 2, there was no significant difference in the C values of the
analyzed MTxRHy samples, indicating a similar contribution of the surface
sorption in the rate-limiting step, as was indicated by modelling the experimental
data by PSO model. Therefore, the double nature of intraparticle diffusion plot
confirmed the presence of both surface adsorption and intraparticle diffusion
[50].

Summarizing, the GA adsorption on MTxRHy samples was controlled by two
kinds of process. At initial times, the GA adsorption occurred at external surface
sites and when these sites become saturated, diffusion of GA into the
mesoporous gallery occurred. The diffusion-rate depended on the pore size,
and an easiest GA diffusion was obtained for larger pores. These results
confirmed the importance in the adequate control of the pore systems, in order
to control the transport of reagents and products.

The time span required to saturate the film surface is typical of adsorption onto
TiO, films and describes one of the important limitations of supported film-
based photocatalytic reactors as SOLWATER [16]. However, the use of these
materials is promising as photocatalytic systems based on adsorption beds in
which a first stage the contaminant is removed by adsorption and in a second
stage it is photo-degraded. The particle size also allows easy removal by
filtration, decantation or flocculation after being used in suspension systems or
slurries. P25 on the other hand, being an aggregate of nanoparticles, may
release smaller particles, difficult to separate by sedimentation or even filtration.

3.3. Photocatalytic performance and reuse of TiO, by in situ regeneration

One of the main pillars for the development of new and more efficient methods
of remediation of contaminated aquatic systems is the design of materials that
are able to remove the pollutant quickly, easily, and cost-effectively. Ideally,
these materials should be easy to remove from the body of water. It will be even
more helpful if the material can be recycled for reuse.

In order to estimate the potential of reusing of the solids synthesized and
compared with P25, the mesoporous TiO, particle films were exposed to
successive cycles of GA adsorption followed by photolysis. As was explained in
Section 2.4, after GA adsorption, the titania materials were irradiated with UV
light in order to evaluate the GA photodegradation. The adsorption/photolysis
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sequence was repeated five times in order to study the reusability of the
adsorbent/catalyst (e.g. 1% GA adsorption was followed by 1% GA
photodegradation and the latter was followed by 2" GA adsorption and so on).
Upon exposure to UV light, the intensity of the spectra of the adsorbed GA
decreased monotonously with each adsorption/photolysis cycle, without
indication of the formation of new species on the surface (Fig. 4C); as was
explained before, the FTIR bands of adsorbed GA varies monotonous, without
changing its shape indicating that a possible accumulation of intermediates did
not occur. A detailed analysis of the mechanism of GA photomineralization is
underway, and shall be published separately.

Fig. S.6 shows the plots of the adsorption kinetics and their respective pseudo-
second-order adjustments. The kinetic relation 6ck,q oObtained by Eq. 2
decreased as indicated in Table 3, both for our mesoporous samples and for
P25. A marked decrease after the first cycle is followed by an approximate
constancy in the case of the mesoporous samples, whereas a gradual decrease
is observed in all cycles of the P25 material. There was not enough evidence to
interpret the origin of this effect; some early blocking of pores may be involved
in the mesoporous samples, and changes in the structure of the adsorption
sites may operate in all cases.

Table 3

Parameter 0ckag (min™) obtained by PSO model (Eq. 2) for GA adsorption
kinetic on MTXRHy samples in each adsorption/photolysis sequence

MT70RHO MT70RH70 P25

0.4+0.1 0.6+£0.1 2.4+0.8

st
1 (0.9994)*  (0.9998)  (0.9999)
o 0104005 0.45:005 2.1:0.7
(0.9983)  (0.9999)  (0.9999)
ga  0.24:0.04 0.38:0.05 19:0.5
(0.9994)  (0.9998)  (0.9999)
gn  0.24:0.05 0.38:0.05  1.4+0.3
(0.9990)  (0.9998)  (0.9999)
gn  0.18£0.04 0.38+0.05 1.3:0.3

(0.9988)  (0.9999)  (0.9999)
®Numbers in parenthesis correspond to R? values.

Fig. 7 compares the time evolution of the GA FTIR signals for MTxRHy and
Degussa P25 during heterogeneous photooxidation. The data showed that the
total decomposition of GA in the first cycle or adsorption/photolysis was
observed within 30 min for MTXRHy samples and 15 min for P25. As discussed
below, the time for total decomposition of GA decreased with successive cycles.
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Fig. 7.Time evolution of the integrated area of interest during UV-light
illumination of films prepared from (A) MT70RHO, (B) MT70RH70 and (C) P25.
Traces correspond to a pseudo-first-order decay adjustment.

The photolytic decay of GA adsorbed was modelled using Eq. 5 corresponding
to a pseudo-first-order decay. Calculated parameters are indicated in Table 4
and traced in Fig. 7.

A = Ag exp(-Kphot t) (5)
A difference between mesoporous titania and P25 was observed in the
behaviour of kpnot in the successive cycles; whereas it increased for both
MT70RHO and MT70R70, it remained basically constant for P25, see Fig. 8.

The use of these catalysts in processes for the remediation of contaminated
water can be conceived, due to the intrinsic cost of the process, only in cases
where the catalyst can be reused in successive treatments. The fact that the
adsorption and photocatalytic properties of solids are not deteriorated over time
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is an important factor to consider. Any optimization of these parameters for
subsequent use of the catalyst leads to an improvement of the process and a
reduction in costs. For any practical attempt of use of these catalysts, the
improved behaviour in successive cycles is an important feature.

A comparison of the adsorption and photocatalytic performance of the
presented mesoporous materials and commercial P25 did not indicate
significant advantages for the former. However, the mesoporous material
presents four clear improvements over typical limitations of a nanoparticle
dispersion such as P25: (a) the porosity and hence the surface area are
maintained, avoiding loss in the effective active surface due to aggregation; (b)
the larger particle size permits to optimize the catalyst removal from the liquid
media to be treated. In this sense, MTxXRHy are easiest to remove or separate
from a liquid phase than commercial Evonik Degussa P25; (c) the larger surface
areas typical of mesoporous TiO; provide a higher quantity of active sites and
consequently, i.e., higher sensitivity in the development of sensors and (d) the
synthesis method explored permits the tuning of pore size, pore volume and
anatase crystallite diameters which would be very important in adsorption and
catalysis processes.

In addition, the low temperature synthesis procedures offer the possibility to
increase cristallinity through a higher thermal treatment, or to incorporate
dopants, maintaining at the same time an adequate control of the main
morphological and textural features (i.e., pore volume, surface area, Dana). FoOr
example, mesoporous TiO, with high surface area, as the one obtained in the
present work, has been proved successfully as sensing material for acetone
[52]. It has been observed that for mesoporous titania aerosols, larger crystallite
sizes result in significantly improved photocatalysis, although a large decrease
of surface area took place [16]. Furthermore, dopants can be easily introduced
in order to enhance the production of visible light active materials, through the
incorporation of metal, nitrogen or others [53, 54]. On the other hand, in
synthesis of materials for dye-sensitized solar cells fabrication, a high specific
surface area, fast electron transport and large light scattering effect are the
desirable properties of photoelectrodes, making possible the use of
mesoporous titania instead of P25.

Table 4
Values of kynot Calculated using pseudo-first-order photolysis decay for GA
photodegradation in each adsorption/photolysis cycle.

MT70RHO MT70RH70 P25

Ao 2.5+0.2 2.8+0.2 2.6+0.2

1st  Kpnot (Min?)  0.0620.01  0.076x0.007 0.20+0.03
(0.9083)% (0.9693) (0.9740)

Ao 2.320.2 2.9+0.2 2.9+0.7

2nd  Kpnor(min™) 0.10+0.01 0.10+0.01  0.14+0.06
(0.9599) (0.9560) (0.8037)

3rd Ao 2.240.2 2.1+0.1 3.240.3
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Kono(Min?)  0.1020.01 0.13+0.02  0.14+0.02

(0.9614) (0.9767)  (0.9592)

Ao 1.5+0.1 2.3+0.2 2.4+0.2
4th Kone(min)  0.1120.01 0.12+0.02  0.20+0.03
(0.9648) (0.9644)  (0.9777)

Ao 1.37+0.08 2.2+0.2 2.6+0.2
5th  Kpne(min)  0.12+0.01 0.13+0.02  0.19+0.03
(0.9779) (0.9660)  (0.9705)

aNumbers in parenthesis correspond to R? values.
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Fig. 8. Variation of kpnot With number of photolysis cycle.

4. Conclusions

A straightforward and potentially scalable procedure to synthesize mesoporous
titania has been employed. Parameters of synthesis RH and temperature were
explored indicating that RH has the most important effect in controlling textural
properties. A systematic increase in the pore volume, pore diameter, neck
diameter, and crystallite diameter were observed with the increase of RH at a
constant synthesis temperature. In addition, a widening of pore and neck
diameter distribution were also observed for higher RH values at constant
temperatures. On the other hand, increasing EISA temperature at RH=0
produced no significant changes in pore volume, neck size, pore size or the
pore size distribution. For higher constant RH values, a temperature increase
resulted in a slight increase in pore volume.

In addition, a clear relationship was found between the adsorption kinetics of
GA with the textural properties, especially with pore size. The presence of both
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surface adsorption and intraparticle diffusion was confirmed. Larger pore size
makes possible an easiest entrance of GA molecules into the mesopore gallery
of the particles. A similar contribution of the surface sorption in the rate-limiting
step was obtained for all samples.

GA adsorption/photolysis cycles were studied and in principle, both mesoporous
titania and commercial Evonik Degussa P25 may be used as a basis for a
process in which adsorption and photolysis are separate stages. A comparison
of the adsorption and photocatalytic performance of the studied mesoporous
materials and P25 did not indicate significant advantages for the former.
However, the mesoporous material presented clear improvements over P25, in
particular regarding the ease of material recovery.

The organic model pollutant (galic acid) was destroyed by irradiation under
moist air, and, indeed at least five cycles were carried out with only small loss of
activity. A further improvement in the process can be envisaged by treating the
surface with hydrogen peroxide after a few cycles, to clean the surface of the
adsorbent/catalyst, extending its lifetime. This strategy is being currently
explored.

Thus, the mesoporous material presented here combines a very good
performance in adsorption and photolysis, while being able to be presented as
easily recoverable micronic or submicronic powders with accessible inner
surface
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