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Abstract

Monoliths of TiO,-SiO, were synthesized by the Evaporation-Induced Self-Assembly (EISA) method and tested in the
photocatalytic degradation of 4-chlorophenol. The way of adding the titanium precursor and the calcination conditions
(temperature and air flow) were studied and were found to be key parameters in determining the physical, morphological,
structural and photocatalytic properties. Opaque monoliths with crystalline anatase and rutile structures were obtained after
calcination when the titanium precursor was directly added during the Si sol synhesis. Under another approach, adding
the titanium precursor as a Ti sol to the Si sol, transparent materials with amorphous or small crystal size structures were
produced. All monoliths presented mesoporous structures with specific surface areas in the value range of 528-813 m?g~".
The highest values corresponded to those materials calcined under air flow. The materials were tested in the 4-chlorophenol
photocatalytic activity. After testing, a significant decrease in the concentration of 4-chlorophenol after 10 min of reaction was
observed. The material in which the Ti precursor was added as sol (labeled as TSINS), presented the highest 4-chlorophenol
degradation, reducing 86% of the initial concentration (2.33 x 10~ mmol/cm?). Liquid chromatography shows the formation
of intermediate compounds resulting from the decomposition of 4-chlorophenol and their subsequent partial mineralization.
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1 Introduction

Nowadays, it is a common practice to use solid catalysts as
small particles, fine powders or coatings, and activate them
through several methods including those used in heteroge-
neous photocatalysis. The TiO, is by far, the material that
exhibits the best photocatalytic properties as can be seen
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through a large number of works related with it [1, 2]. In
addition to this, other TiO, systems doped with some metals
such as Pt, Pd, Zn, Mo, W or supported on some materials
such as activated carbon, have been reported [3—7]. How-
ever, an inconvenient for some of those materials is related
to their limited capability of being recovered after the reac-
tion is completed; mainly because those materials consist
in small dispersed particles, many of them mixed with the
treated effluent. This makes necessary to provide a separa-
tion stage that can be avoided by synthesizing the catalyst
as structures (like monoliths) that do not flow away from the
reaction system.

There is evidence that the synthesis conditions are fun-
damental to determine the final properties and catalytic
characteristics of any catalytic system [8]. The porous
materials have attracted the interest of researchers all
around the globe due to their excellent physicochemical
properties. Their relevance lies on their morphological
and structural features that provide them high porosity
and specific surface area values [9]. Some of those sys-
tems include silicon oxide and titanium oxide, which have
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been studied in numerous applications. SiO, is very stable,
exhibits high specific area values and excellent mechanical
properties, however, it is inert in some reaction systems,
which limits its application as catalyst [10]. Regarding the
TiO,, albeit being the most wide used photocatalyst, it is
not thermally stable and its specific area is relatively low
(30-50 m?/g). In addition, specific surface area is strongly
diminished when subjected to high temperatures; due to
the transformation to several phases and crystal growth
[11]. As a catalyst, it has shown the best photocatalytic
activity and maximum performance, being observed that
the properties that influence their activity are closely
related to the specific surface area, crystallinity, crystal
size and crystalline structure [12]. In general, the anatase
phase is the most active allotropic form among the differ-
ent available forms [13]. It has also been observed that
the addition of oxides such as SiO, to its structure, can
improve their thermal stability and photocatalytic activity
[14].

Silica-titania materials have been developed in dif-
ferent ways: SiO,-TiO, mixed oxides prepared by the
sol-gel method combined with hydrothermal treatment
[8], mesoporous coatings of SiO,-TiO,-P,05 obtained by
the sol-gel method combined with the EISA method [15],
compounds in the form of silica-titania aerogels produced
by chemical deposition of titanium in solution on a basis of
silica nanoparticle [16]. Mesoporous silica-titania nanoma-
terials [17], thin TiO, films [18], to mention some of them.
All for different applications showing that the method of
preparation has a great influence on the physicochemical,
morphological and structural properties.

Some other materials like TiO, modified with Co and Cr
[19], TiO,-mesh and TiO, P25 [20], sulphated Fe,05-TiO,
[21], Fe;0,-TiO,-Ag nanocomposites [22] and Pt/TiO,, Pd/
TiO, catalysts [6], have been tested in the photocatalytic
degradation or removal of organic pollutants such as 4-chlo-
rophenol, which represents an important class of environ-
mental pollutants in water, concluding that its photocatalytic
efficiency could be associated with increases in the BET
surface area, the particle size and adsorption effect of inter-
mediate products, the temperature of calcination, the effect
of composition and the influence of phases content, respec-
tively. Many of these works only show the results of the
decomposition of the 4-chlorophenol molecule, but do not
present a complete analysis of the degradation. Furthermore,
many catalysts are used in the form of powders, which could
be disadvantageous and makes necessary to conduct stud-
ies from a different perspective, such as the analysis of by-
products and their path to mineralization.

Currently, efforts continue to improve the catalytic activity
of TiO, [23-25]. On this regard, the purpose of the present
work is to show the characterization and photoactivity results
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of relatively new TiO,-SiO, mesoporous materials obtained
as monoliths, which can be applied to the treatment of waste-
water, replacing traditional powder catalytic systems and thus
solving the related problems such as the separation stage.

2 Material and methods
2.1 Catalyst synthesis

The materials were synthesized by the EISA method (Evap-
oration-Induced Self-Assembly) [26]. For the synthesis of
the Si sol, Tetraethyl Ortho-Silicate [CgH,,0,Si, 98% Sigma
Aldrich] (TEOS) was used as precursor of Si, nitric acid
[HNO;, 70%, Aldrich) as catalyst and ethanol [C,HO, 99.5%
Aldrich] as solvent at a molar ratio of 0.143:0.004:0.573,
respectively. Titanium IV Butoxide [Ti (OC,Hy),, 97%, Sigma
Aldrich] as precursor of Ti and hexadecyl trimethyl ammo-
nium C,oH4,BrN bromide (CTAB) as surfactant, were used
at a molar ratio of 1.75%107 3.3*10‘3! respectively. Finally,
4-chlorophenol [CICcH,OH, 99%, Aldrich] was used as a
model molecule for the study of the photocatalytic activity of
materials synthetized.

To obtain the TiO,-SiO, monoliths with 14 wt% of Ti, a
Si sol was first prepared. For such a purpose, the ethanol was
heated up to 60 °C under constant moderate stirring. Then, the
CTAB surfactant was added and the mixture was stirred for
15 min. After this time the Tetraethyl Ortho-Silicate (TEOS)
was added, and the stirring was kept for further 15 min.
Finally, a hydrolysis solution (deionized water and nitric acid
with at a molar ratio 3.33:0.004, respectively) was dropwise
added, stirring the system for one hour.

Once the Si sol was prepared, the titanium IV butox-
ide was added by two different ways: a) directly into the
Si sol before gelation and, b) as a Ti sol (mixing tita-
nium butoxide IV, ethanol and nitric acid at a molar ratio
5.94%107%8.89%107%:2.58+1072, respectively) into the Si sol.
This resulted in a colloidal dispersion that allows the direct
interaction of the Ti with the Si species during the sol-gel
process. After two hours of stirring under moderate constant
speed, 2.5 cm? to 3 cm? aliquots were taken from the resulting
mixture and placed in plastic containers, keeping this in a slow
drying chamber at room temperature, until the monoliths for-
mation was completed. During the process, which was carried
out in an acidic medium, all the hydrolysis and condensation
reactions were completed. In this process, the tetraethylorto-
silicate reacts with water molecules forming siloxane groups
which in turn, together with the Ti molecules could form Si—O-
Ti bonds, as described by the following reactions sequence

[27],
Hydrolysis : Si—O—C,Hs + H,0 = Si—OH + C,H,OH

ey
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Condensation : Si— O —C,H; + Si — OH
=S8i-0-Si+ C,H;OH @
Si—OH+Si—OH=Si—-0-Si +H,0
Condensation : Ti— O - C,;Hy + Si — OH
= Si-0-Ti+C,H,OH 3)

After the monoliths were formed, some of them were
calcined at 600 °C under air flow, at 1 °C/min using two
heating stages (from room temperature to 125 °C, for 3 h
and from 125 °C to 600 °C for 2 h), and other portion
of monoliths were calcined without air flow at the same
conditions. This moderate ramp allows the orderly release
of the organic phase, preventing the structure from col-
lapsing during the process. The materials were labeled as
TSIN in the case of the direct addition of the Ti precursor
to the Si sol and TSINS in the case of the Ti sol addition
to the Si sol; both calcined without air flow. Similarly,
TSINF/A and TSINSF/A are the tags given to those com-
pounds that were calcined under air flow.

2.2 Catalysts characterization

The samples were characterized using an X-ray diffrac-
tometer (XRD), model D8 ADVANCE DAVINCI. This
allowed the analysis of the crystalline structure of the
materials. The patterns were obtained using CuK radia-
tion, a voltage of 30 kV and current of 20 mA. The difrac-
tograms were scanned at 20 angles from 10° to 90° with
2°/min steps.

The pore size distribution and specific surface areas
were analyzed using an Autosorb iQ Quantachrome Nitro-
gen Adsorption equipment. Adsorption—desorption iso-
therms were obtained using liquid nitrogen at -196 °C.
The materials were out-gassed at 250 °C for 2.5 h. The
specific surface areas of the materials were calculated
by BET (Brunauer—Emmett—Teller) method and pore size
distribution by BJH (Barret-Joyner-Halenda) method.

Thermogravimetric (TGA) analysis and differential
scanning calorimetry (DSC) diagrams were obtained
using a thermogravimetric equipment Perkin Elmer model
STA 6000, using nitrogen gas at 22 cm®/min, 19.169 g
of material and heating from 25 °C to 800 °C at 1 °C/
min. The particle size and morphological properties were
analyzed using a JEOL Scanning Electron Microscope
(SEM) of field emission; model JSM 7600F and a Trans-
mission Electron Microscope (TEM) JEOL-2100 model
at 100 kV. Also, the materials were analyzed by Infrared
Spectroscopy using a Shimadzu IR Trace-100 Fourier IR
spectrometer (FT-IR), Japan, and using attenuated total

reflectance (ATR). This was conducted at room tempera-
ture, with 12 scans, a resolution of 4 cm™!, and a wave
number range of 4000-500 cm™.

2.3 Photocatalytic activity

The photocatalytic activity of the materials was tested using
a 150 cm? glass batch cylindrical reactor with a diameter of
4.5 cm, provided with magnetic stirring, oxygen flow (air)
and a refrigerant to control the system temperature. UV lamp
(Pen Ray 8 W) of 5.4 cm in length, 0.6 cm in diameter and
a wavelength of 254 nm was used as a source of ultraviolet
radiation. A portion of the monolith, about of 8 X 107 g/
cm?® was used as catalyst. This catalyst concentration was
previously selected from studies with materials of TiO, in
order to determine the optimum loading for our conditions
and has previously been reported [12]. In addition, it has
been observed that the initial photodegradation rate rapidly
increases with catalyst loading up to 1x 10~ g/cm?. Also,
at high catalyst concentration light scattering and screening
effects are are observed, reducing the absorption of pho-
tons and consequently the degradation rate [20]. The model
molecule to be degraded was 4-chlorophenol in aqueous
solution with an initial concentration of 2.33 x 10~ mmol/
cm®. Lower concentrations were not tested because the 4-CP
oxidation was that fast in the first minutes of reaction that the
measurement of degradation rate was not feasible. The reac-
tion was carried out in acidic medium (pH =4), under mod-
erate constant stirring and room temperature. This pH value
was considered based on some reports [28, 29], in which it is
mentioned that the TiO, surface has a positive charge at low
pH values, while chlorophenols have negative and neutral
charges at those same pH values, facilitating the adsorp-
tion of the organic molecule which promotes photocatalytic
degradation. In the case of temperature, Rideh et al. [30]
affirm that the oxidation of 4-chlorophenol is not affected in
the range of 25-65 °C, which gives opportunity to work the
system under normal conditions, reducing operating costs.
The reaction time was one hour and aliquots (1cm? samples)
were taken every 10 min to be analyzed.

2.4 Chemical analysis

The reaction progress was verified as a function of time. The
removal of 4-chlorophenol and determination of intermedi-
ary products; including aromatic compounds and carboxylic
acids, was performed in a UHPLC Vanquish Thermoscien-
tific equipment. The mobile phase used was a 5 mM sulfuric
acid—methanol solution in an 80:20 (v/v) ratio with a 1 cm?/
min flow. The chromatographic column was an Ascentis
Express C-18 (Supelco). For the quantification of the ana-
lyzed samples, a calibration curve was prepared for each
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of the studied by-products using 6 standard solutions with
concentrations between 1 x 107 g/cm? and 5 x 107 g/cm®.

For the determination of carboxylic acids, a mixture of
970 cm?® of monobasic potassium phosphate buffer (1.2 g
in 1000 3cm? of water) and 30 cm® of methanol was used
as mobile phase (solution A) and HPLC grade methanol as
a solution B, the proportion was 96.5% of solution A and
3.5% of solution B at a flow rate of 0.5 “™*/min. The column
used for the separation of the compounds was an Eclipse
XDB C-18 brand Zorbax, 15 cm in length and 4.6 mm in
diameter. A calibration curve was prepared for each of the
compounds with 6 standard solutions with concentrations
between 5x 107° g/cm? and 1x 10 g/cm? from two stock
solutions for each compound.

The mineralization extent of 4-chlorophenol, at the end of
the reaction, was determined by using a TOC-L, Shimadzu
equipment that allows the quantification of total organic
carbon.

3 Results and discussion

TiO,-Si0, monoliths with different physical appearance
were obtained, which is due to the way to add the Ti precur-
sor, as was described in the Sect. 2 (catalysts syntehesis).
In the first case, where the titanium IV butoxide was added
directly into the Si sol before gel formation (TSIN), opaque
materials were obtained (Fig. 1a); while in the second case,
when the titanium IV butoxide was added as a sol (TSINS),
materials completely transparent were formed (Fig. 1b).
These transparent materials may be better for photocatalytic
applications by easing the penetration and absorption of UV

light in the catalyst. In both cases, the prepared materials
were monolith discs with diameters between 0.9 and 1.2 cm
and 2 mm of thickness. This geometry allows the synthe-
sized materials to be used either in a packed bed or as slurry
after grinding and sieving them.

3.1 Materials characterization
3.1.1 Nitrogen physisorption

All materials were characterized by nitrogen physisorp-
tion. The specific surface area and average pore size val-
ues obtained by this technique are summarized in Table 1.
According to these results, there is an important effect of
the synthesis and heat treatment conditions on the textural
properties. Those materials where the Ti precursor was
directly added, present a greater variation of specific surface
area and average pore diameter, which may be related to a
greater interaction between Si and Ti during the drying and
heat treatment process, causing rearrangement of species. In

Table 1 Specific surface area and pore size distribution of the materi-
als; with direct addition of the Ti precursor to the Si sol (TSIN) and
with addition of the Ti sol to the Si sol (TSINS), calcined without and
with air flow (F/A), respectively

Sample Specific surface ~ Average pore  Average pore
area (mZ/g) size (nm) volume (cc/g)

TSIN 527.9 3.8 0.75

TSIN F/A 813.8 49 0.90

TSINS 756.4 34 0.17

TSINS F/A 788 3.1 0.27

Fig. 1 Monoliths of TiO,-SiO,: a) With direct addition of the Ti precursor to the Ti sol (TSIN); b) With addition of the Ti sol to the Si sol

(TSINS)
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general, high surface area values can be observed, greater
than 800 m?/g in the case of TSIN material. These values
are even greater than some SiO, materials obtained by the
traditional sol-gel method, with typical values between 200
m?/g and 700 m?/g [31, 32]. These results are interesting to
highlight that through the EISA method during the prepara-
tion of Si sol, the active phase can be deposited without sac-
rificing the value of the exposed surface area, which would
not happen with some other methods, such as impregnation
for example, where is expected that the deposition of active
phases decreases the specific surface area, because they
obstruct the pores of the support.

In the pore size distribution (Fig. 2), it is observed
that all the materials show pore diameters in the range of
mesoporous materials according to the IUPAC classification.
The highest pore volume values were presented by those
materials in which the Ti precursor was directly added. It is
probably due to the possible segregation of Ti species pro-
ducing a structural rearrangement, generating empty spaces
and therefore increasing the pore volume of the system.

The air flow during the calcination also affects the final
properties of the material. These characteristics depend
on the arrangement of the species within the structure of
the monolith. In this particular case, both materials, TSIN
and TSINS, are benefited when they are calcined under air
flow, observing an increase in the value of the surface area
associated with an increase in pore volume. This is because
during this process, the rearrangement of the species occurs
in a more orderly way, even though the organic component
and the volatile compounds are forced to leave at a greater
speed. This prevents the collapse of the structure momentar-
ily occupying the space taken by the released species. These
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properties may influence the catalytic activity by altering
the diffussion of the species through the pores during the
reaction process.

The resulting adsorption—desorption isotherms are of type
IV. These isotherms are characteristic of mesoporous materi-
als and so is the shape of the hysteresis of the triangular type
H2 produced by the synthesis method used [32]. The TSINS
material calcined under air flow shows higher adsorption
volumes. This coincides with the pore volume values, which
is also higher. In the case of the TSIN material (calcined
under air flow), it exhibits lower adsorption volumes at low
relative pressures, however, for values greater than 0.8 (rela-
tive pressures) the volumes are greater than TSIN calcined
without air flow. This could be due to structural rearrange-
ment, increased pore volume and diameter enlargement.

3.1.2 X-ray diffraction characterization

The X-ray diffraction patterns for thermally treated mate-
rials with air flow (Fig. 3) show a structural arrangement
when the Ti precursor was added directly, where the crys-
talline phases corresponding to the anatase phase can be
observed at angle 20 next to 36, 44.1, 54.3, and 63.4 cor-
responding to the (103), (004), (105), and (204) planes,
respectively. The differences observed at 27.5, 41.2, 56.6
and 69.25, corresponding to (110), (111), (220) and (301)
planes, respectively, referred as rutile phases [1, 33]. It is
important to mention that the TiO,-SiO, materials did not
show the diffraction peaks corresponding to planes (101)
and (200) of anatase phase that normally appear in TiO,
materials. This fact suggests the restructuring of the mate-
rial during the heat treatment process, in which the titanium
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Fig.2 N, adsorption—desorption isotherms and pore size distribution: a) TSIN; b) TSINS: - A - calcined without air flow, -@- calcined under air

flow

@ Springer



Journal of Porous Materials

<
= *
~ Rutile
2 (o]
2 Anatase
g
=
TIOZ EISA

20 ~30 40 : 50 60 70 80 90
Angle (20)

Fig.3 XRD patterns of the materials calcined under air flow
species tend to orient themselves in the other directions. In

the case of materials where the Ti precursor was added as a
sol, an amorphous structure is observed, showing only the

characteristic band that corresponds to SiO,. In this case, it
is possible to assume that during the synthesis process the
presence of the solvent, and specifically, the influence of the
catalyst could strongly contribute to homogeneous distribu-
tion of the active phase, avoiding precipitation of the Ti or
formation of anatase and rutile phases. This can lead to the
possible formation of a greater number of structures with
Ti—O-Si bonds, keeping the Ti species distributed into the
silica matrix. This may explain the observed white or opaque
structures in the first case, and transparent structures in the
second case. Finally, it is important to mention that no sig-
nificant difference in the diffraction patterns was observed
for the materials calcined without air flow.

3.1.3 FT-IR analysis

Figure 4 shows the results of the IR analysis. The TSIN
materials show a decrease of the transmittance between
1000-500 cm™~! which is characteristic of the TiO,
anatase phase (Fig. 4a). Some vibrational bands between
2000-1200 cm™! may be related to the polymerization of
Si-OH groups forming Si—O-Si bonds [34]. According to
Amlouk et al. [35], the vibrational bands in the interval
of 1070-1098 cm™! and 790-806 cm™' correspond to the
asymmetric and symmetric stretching, respectively, of the
Si—O-Si bond, which coincides with the TSINS materials
(Fig. 4b). The vibration band in the 947-967 cm™!interval,
for this same material, is attributed to the elongation vibra-
tion of the Si—O-Ti bond [36]. This could demonstrate the
interaction between silica and titania. The band attributed
to the symmetric elongation of Ti—O-Ti was not observed
in our results.

!
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Fig.4 IR spectrum: a) with direct addition to the Ti precursor; b) with addition of the precursor as a sol
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3.1.4 SEM and TEM analysis

Figure 5 shows images obtained by Scanning Electron
Microscopy analysis for materials with the best surface
area property. In the materials where the active phase was
directly added (TSIN), the presence of exposed material on
the surface can be observed (Fig. 5a; Fig. 5b). According to
the XRD results, these could be titanium particles exposed
on the surface, they have a particle size, according to the
micrographs, between 80 and 100 nm. These values are simi-
lar to the commercial material Degussa P25, which is con-
stituted by particles up to 85 nm for the anatase phase [37].
The micrographs for the material in which the Ti precursor
was added as a sol (TSINS), homogeneous structures are
observed and without surface defects, with some particles
of approximately 1.21 um standing out (Fig. 5c; Fig. 5d). It
should be mentioned that the monoliths of TiO,-SiO, in both

cases do not present cracks or discontinuity on the surface.
Thus, it can be inferred that the synthesized materials are
thermally and mechanically stable.

Results of the analysis by transmission electron micros-
copy show that the materials TSIN, in which the Ti precursor
was directly added to the Si sol (Fig. 6), present structures
with local or point crystal growths, its shape is similar to a
bun formed by phases that extend in different directions with
lengths ranging between 0.41 and 0.49 nm. Thus, it can be
assumed that the center was the promoter for the growth of
said particles during the heat treatment, which is where the
characteristic phases of titania could have been formed. It
is important to mention that it seems that not all forms have
finished developing, since some are more spherical than oth-
ers. On the other hand, in the case of the materials TSNIS,
in which the Ti was added as a sol (Fig. 7), these exhibit
the formation of crystalline phases, very common in this

Fig.5 SEM Images of synthesized compound at 5000x and 20000x: (a and b) with direct addition of the Ti precursor, (¢ and d) with addition of

the Ti precursor as a sol

@ Springer



Journal of Porous Materials

Fig.7 HRTEM Images of materials obtained with addition of the Ti precursor as sol (TSINS)

type of materials, with crystal sizes corresponding to the
anatase phase, oriented in the plane (101) [7, 38], with an
interatomic space of 0.35 nm.

3.1.5 DSC and TGA analysis

Results of the TGA analysis using nitrogen flow for the TSIN
and TSINS samples (Fig. 8) show that for both materials, the
greatest weight loss is observed during the first stage of the
heat treatment, from 25 °C to 125 °C in an approximate time
of 20 min. At this stage, much of the unreacted reagents with
relatively low boiling point such as water and ethanol are
eliminated. TSINS materials show a weight loss of approxi-
mately 18 wt% while the weight loss in the TSIN monoliths

@ Springer

was only of 10 wt%. This difference is associated with the
amount of solvent used during the synthesis process; in the
first case it was greater than in the second. In the second
stage of heat treatment, from 125 °C to 600 °C, where a
more severe structural rearrangement can occur and in which
the organic phase used to model the structure of the mate-
rial is completely released, a constant behavior is observed
in the weight loss for the TSINS material up to 24%, due to
the characteristics of the thermogram. This material shows
a good thermal stability during the heat treatment process.
In the case of the TSIN material, this shows a first
weight loss between 25 °C and 120 °C, which can be due
to the desorption of physically adsorbed water molecules,
then a second weight loss at 225 °C, which has been
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attributed to the removal of absorbed hydroxyl groups and
surface water molecules [21] and finally a third weight loss
at the end of the heat treatment process up to 27%. This
behavior could be attributable to a significant restructur-
ing that allows the organic phase to exit faster, according
to the X-ray diffraction patterns. In this step is where the
ordering of species might occur, forming the characteristic
patterns. Regarding the DSC analysis (Fig. 9), the results
do not show endothermic or exothermic peaks. This sug-
gests that the synthesized materials do not present changes
or transitions of spontaneous phase during the heat treat-
ment process.
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3.2 Photocatalytic activity

The removal of 4-chlorophenol by photolysis and adsorp-
tion was first analyzed (Fig. 10). The effect of photolysis
was studied by carrying out the experiment only in the
presence of oxygen and UV light without catalytic material.
The degradation of 4-chlorophenol by direct photolysis is
negligible and the apparent increase in the concentration in
the first 30 min is due to an electronic effect that modifies
the UV absorbance spectrum of the solution and appears as
if it was an increase in concentration [39]. Therefore, this
increase is not attributed to the reagents. This phenomenon
is described as a period of photoinduction associated with
the formation of free radicals [40, 41], whose effect is negli-
gible considering the low free radical concentration and their
molar absorption coefficient compared to the select pollut-
ants. After 30 min no significant changes were observed with
respect to the initial concentration.

Regarding the removal of 4-chlorophenol by adsorption,
it was observed that a 9% was removed by this means by the
TSIN material. This effect could be attributable to chem-
isorption produced by the Ti species exposed on the surface
that do not need to be photoexcited, as can be seen in the
scanning electron microscopy micrographs (Fig. 5). With the
TSINS (addition of the Ti precursor as a sol) material, no
significant changes were observed with respect to the initial
concentration of the reagent.

To observe the synergism between the Ti and Si spe-
cies, in the TiO,-SiO, monoliths, it was necessary to study
the individual behavior of the species under the same
reaction conditions. For that purpose, Si and Ti monoliths
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R
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Fig. 10 Photolysis and adsorption, -ll- Photolysis, - A - materials with
direct addition of the Ti precursor, -@- materials with addition of the
Ti precursor as a sol. Reaction conditions: room temperature, Initial
concentration=2.33 x 10# mmol/cm?, catalyst loading=8x10"* g/

Cl’l’l3
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Fig. 11 Photocatalytic activity of monoliths TiO,, SiO, and Degussa
P25 material. Reaction conditions: room temperature, Initial concen-
tration=2.33 x 10~ mmol/cm?, catalyst loading=8 x 10~ g/cm®

were prepared separately by the EISA method and tested
in the degradation of 4-chlorophenol. For comparison pur-
poses, an experiment was also conducted with the com-
mercial catalyst Degussa P25 and the results are shown in
Fig. 11. It can be observed in Fig. 11, that the Si mono-
liths removed about 19% of 4-chlorophenol after 60 min
of irradiation. According to Arai et al. [42], silica has a
pH value at the isoelectric point of 2.25, for this reason,
at pH values of 3.0—4.0 the surface is negatively charged
preventing a large number of pollutant molecules such as
chlorophenols from adsorbing. Even though it is known
that silica is an inert material, the adsorption of species
on the surface and some hydroxyl groups that in presence
of ultraviolet light act as oxidizing species, could explain
the removal of 4-chlorophenol [31]. The Ti monoliths and
the commercial material known as Degussa P25, tested
under the same reaction conditions, showed a very simi-
lar removal percentage of 4-chlorophenol, about 45% and
42%, respectively, after 60 min of reaction.

The results of the photocatalytic activity for TiO,-SiO,
monoliths are shown in Fig. 12. To quantify the species
participating in the removal process, the reaction solution
at different times was analyzed by liquids chromatography
(HPLC). In general, an important decrease in the concen-
tration of 4-chlorophenol in the first 10 min of reaction
was observed at all cases, this effect in the degradation rate
can be associated to the loading of the TiO,-SiO, material,
favoring the increase of hydroxyl radical generation on
the catalyst surface. After this time the removal process
is slower, however only 50 min are necessary to have a
complete removal of the reagent.
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Fig. 12 Photocatalytic Activity of monoliths TiO,-SiO, analyzed
by HPLC. Reaction conditions: room temperature, initial concentra-
tion =2.33 x 10~ mmol/cm?, catalyst loading =8 x 10~ g/cm’

The behavior of the materials reveals the importance
of the effect caused by the interaction between Si and Ti
species in the catalytic activity. The species together in the
monoliths Si-Ti are more active than the same separately,
this effect can be observed, when comparing the degradation
profiles (Fig. 11 with Fig. 12), it seems that there is an addi-
tion of the catalytic activity of the species. The photocata-
lytic efficiency of the materials synthesized could be related
with their improved characteristics. The combination of Ti
and Si species results in materials with high specific sur-
face area, favoring the adsorption capacity toward molecules
such as 4-chlorophenol. In addition, the diameter and pore
volume values are parameters associated with the observed
photocatalytic behavior. The form of incorporation of the
precursors is another factor that improves the photocatalytic
efficiency, with the employed preparation method, materials
with TiO,-SiO, species not only on the surface, also inside
its structure, can be formed. The Si sol is an excellent disper-
sal medium for Ti species, not forgetting the addition route
of the Ti precursor. Furthermore, when Ti is added as a sol,
the solvent and the catalyst help to disperse the species in
the Si sol.

The photocatalytic mechanisms can be summarized as
follows: the solid is illuminated and due to the low pH of
the solution, the sites are activated forming hole-electron
pairs. These holes escape from the direct inner reaching the
surface of the material and reacting with hydroxyl groups
or adsorbed water to produce eOH radicals. The adsorptive
dioxygen traps the conduction band electrons to form super-
oxide radical anions (O%e —), followed by the generation of
H,0, and finally the formation of ®OH radicals [38]. All this
causing the solids surface to tend to a positive charge, while
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chlorophenols have negative and neutral charges [28], facili-
tating the adsorption of the organic molecule which pro-
motes photocatalytic degradation, forming hydroxyl groups
capable of attacking and oxidizing the organic species pre-
sent to form intermediaries and subsequent end products.

Materials calcined without air flow have a higher initial
reaction rate (1.96x 107 g/g_, *min and 2 x 1072 g/g_, *min
for TSINS and TSIN respectively), than those that were
treated under air flow (9.87 x 10~ g/g_,*min and 1 x 107 g/
g..-min for TSINSF/A and TSINF/A respectively), these
values are even greater than some systems modified with
molybdenum and tungsten (Avilés-garcia et al., 2017), thus
favoring the percentage of removal of 4-chlorophenol in the
first 10 min, 86% in the case of the TSINS material and 83%
in the case of the TSIN material.

The decomposition of the 4-chlorophenol involves the
formation of intermediate species and their possible miner-
alization to CO, and H,O [7, 22]. The results of the UHPLC
analysis of the reactions with the four solids (Figs. 13, 14,
15, 16) show that during the first 10 min of reaction, which
is the time in which the greater amount of 4-chlorophenol is
removed, intermediaries such as 4-chlorocatechol, hydroqui-
none and some traces of phenol were obtained, also appear-
ing some acids such as: oxalic, formic, malonic, maleic,
acetic and succinic. In this time interval no mineralization
of any of the species is observed, that is, no degradation of
any of the mentioned sub-products is observed. However,
according to the plotted profiles, it seems that at higher reac-
tion times, in all cases, the decomposition of organic species
occurs and a large amount of succinic, oxalic and malonic
acid appears. A complete mineralization begins after 30 min
and 65% is reached in the case of opaque-looking materi-
als, in which the Ti precursor was directly added (TSIN and
TSIN F/A).

Table 2 shows the results of the analysis of Total Organic
Carbon (TOC), to the end of the 4-chlorophenol degradation
process, with the different materials. Those in which the Ti
precursor was added directly to the Si sol (TSIN) showed a
high percentage of mineralization of the intermediate prod-
ucts (more than 80%). This behavior could be associated
with the adsorption—desorption capacity of the materials
(Fig. 2), which allows both 4-chlorophenol and intermediate
products to be adsorbed on the catalyst surface and interact
with free electrons and OH groups, breaking the molecules
until they are degraded to CO, and water. According to
Fig. 17 these same materials are the ones that presented the
highest initial mineralization speed. Otherwise, the materials
in which the Ti precursor was added in solution to the Si sol
showed a lower percentage of mineralization, being that the
material calcined under air flow (TSINSF/A) only showed
around 10% mineralization. In Fig. 18, the percentage of
total organic carbon remaining at the end of the reaction is
shown, in the case of removal using the TSINSF/A catalyst,
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Fig. 13 Distribution of products obtained during the 4-chlorophenol
oxidation when using TiO,-SiO, monoliths prepared with the direct
addition of the Ti precursor

large amounts of succinic acid were observed at the end of
the process.

For the kinetic study of the reaction, the Langmuir-Hin-
shelwood model was applied, this is one of the most used
models to represent the degradation kinetics of phenolic
compounds by photocatalysis in aqueous medium [6, 43,
44]. This model is especially useful when intermediate com-
pounds appear, products of oxidation, which accumulate
on the surface of the catalyst, due to an adsorption effect.
Table 3 shows the values of the equilibrium adsorption con-
stant on the surface of the K, oy catalyst and the reaction
kinetic constant, K,. These were calculated by linearizing
the mentioned model, plotting 1/-r, vs 1/C, g and conduct-
ing a linear regression, observing a good adjustment of the
experimental data to a first order behavior. According to the
values of K, the materials that present a better activity are
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Fig. 14 Effect of air flow during calcination on the 4-Chlorophenol
oxidation product distribution when using TiO,-SiO, monoliths pre-
pared with direct addition of the Ti precursor

those of TiO,-Si0, calcined under air flow and those of TiO,
EISA, with values of 2.08*107° and 1.96*107° respectively.
These values are higher than those reported by Theurich
et al. [45] for the reaction in aqueous 4-chlorophenol solu-
tion catalyzed with titanium dioxide. At this point is worth
bearing on mind that the reaction conditions were also dif-
ferent so a direct comparison should be taken with caution.

4 Conclusions

Using the EISA method, it is possible to produce TiO,-SiO,
monoliths, with photoactive phases dispersed on the Si,
without negatively affecting properties such as surface area,
which would not occur with some other methods, such as
impregnation. The form of adding the Ti precursor has an
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Fig. 15 Distribution of products obtained during the of 4-chlorophe-
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important effect on the final textural, morphological and
structural properties of the monoliths. The IR results showed
a synergistic effect caused by the interaction between the Si
and Ti species forming Si—O-Ti bonds. A great percentage of
removal of 4-chlorophenol in just 10 min (greater than 80%)
of reaction was observed, unlike when using only SiO, or
TiO, monoliths. In all tested materials, the decomposition of
organic species occurs and a large amount of succinic, oxalic
and malonic acid appears. An important mineralization pro-
cess was observed after 30 min, reaching around 88% in the
case of opaque-looking materials, in which the Ti precur-
sor was directly added. The use of monolithic materials in
photoreactions solves the problem of powders that remain
suspended after the reaction processes and have the potential
to be used in packed bed photocatalytic reactors not only to
carry out complete oxidation reactions but also partial.
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Fig. 16 Effect of air flow during calcination on the 4-Chlorophenol
oxidation product distribution obtained when using the TiO,-SiO,
monoliths prepared with the addition of the Ti as a sol

Table 2 TOC and mineralization percentages of 4-Chloropenol

Total organic carbon (TOC)

Sample mg/L 4-CP
minerali-
zation

Initial solution (4-CP) 121

TSIN 15.9 86.9

TSIN F/A 16.5 88.2

TSINS 43.4 64.2

TSINS F/A 109.8 9.3

1.0
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o
g 0.4
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0. 70 70 0 70 0 50
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Fig. 17 Initial and final behavior of mineralization of the 4-chloro-
phenol
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Fig. 18 Remained TOC after 60 min of reaction with the different
materials

Table 3 Kinetic data of photocatalytic reactions

Material K, (mol/L*s) K,q4s (L/mol)
TiOygisa 1.96x107° 1.26x 10°
Degussa P25 1.72x1077 431x10°
TSIN 1.66x 1077 5.34%10°
TSINS 3.33x1077 2.92%10°
TSIN F/A 1.00x 107 1.65%10°
TSINS F/A 2.08x107° 6.88 % 102
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