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Abstract

Photocatalysis is an advanced oxidation method that allows the removal of aqueous pollutants of different origins. However, its
application on an industrial scale is limited due to the requirement of excitation sources in UV frequency. For this reason, it is important
to develop photocatalytic materials capable of working under visible radiation in photodegradation processes. This study analyzes the
synthesis of TiO. nanoparticles, using a new sol-gel route in a nonpolar dissolvent and its modification by doping with different
chromium VI ion concentrations: 0.5, 1.0, and 1.5% w/w. A novel modification of this synthesis technique is reported, in which a
nonpolar solvent, C¢Hio, is used to control the hydrolysis reactions of the titania precursor. Similarly, the use of ammonium chromate,
(NH4)2CrOy, introduced by means of the impregnation-by-moisture-incipient technique, is proposed as a precursor of Cr dispersed in
the TiO- network, together with the study of the influence of chromium content on the photocatalytic activity of solids. The solids
obtained by this technique were heat-treated at 400°C and characterized by Fourier Transform Infrared Spectroscopy (FTIR), Raman
Spectroscopy, Diffuse Reflectance Spectroscopy, X-Ray Diffraction (XRD), N. Sorptometry, and Zeta Potential. Doping of titania with
chromium stabilizes the crystalline phases of anatase and brookite. In addition, the introduction of chromium (VI) ions tends to reduce
the average size of the particles, increasing the specific surface area and favoring the development of a mesoporous structure. It also
decreases the forbidden band (Eg) and increases the absorption of radiation in the visible light range.
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1. Introduction

Heterogenous photocatalysis is one of the technologies that
composes the advanced processes of oxidation, where a semi-
conductor generates an electron—hole pair because of the transi-
tion of an electron from the valence band to the conduction band.

If these charge carriers succeed in being available on the
semiconductor surface, then the holes can produce *OH radicals,
which are highly reactive due to the oxidation of OH- or H-0. On
the other hand, electrons can catch molecular oxygen to form a
superoxide radical anion O-*-, which is another highly reactive
kind. One of the most studied semiconductors in heterogeneous
photocatalysis is TiO=, which is frequently used in photocatalytic
reactors for water remediation [1], air purifiers built with
photocatalytic membranes, anti-fog glasses covered by a thin
layer of photocatalyst, construction materials that contain
photocatalysts in their structure, used in air remediation [2, 3],
among other applications.

In addition to numerous other advantages, TiO-. proves to be
chemically and biologically inert and stable against chemical and

photochemical corrosion. However, it is worth mentioning some
weaknesses: it presents a rapid recombination between electrons
and photogenerated holes, which results in a low use of irradiated
light. Furthermore, this semiconductor is only photoactive under
an ultraviolet light source due to the value of its band gap.

Much research has been done on modifying the physicochemical
properties of TiO- to shift its absorption threshold to the visible
region and separate the photoinduced charges [4, 5]. This is
possible by coupling it to organic or inorganic dyes [6, 7], or by
modifying its surface with other semiconductors [8], doping it
with cations, anions, or metals [9], particularly with transition
elements such as Ag [10], Au [11], Fe [12], and Cr [13, 14], among
others.

It is known that TiO- photocatalytic reactivity can be extended to
the range of visible light by means of doping. Doping ions from
transition metals can replace Ti4* ions in the titania lattice, thus
being able to cause band gap decrease, which enables absorption
under visible radiation. Doping ions can also act as capture
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centers or electron traps that can change the average lifespan of
the generated charge carriers, thus decreasing their recombina-
tion [15]. Chromium is ranked as one of the most promising
dopants for enhancing photo responsiveness in the wavelength
range of visible radiation, as demonstrated in several studies
related to the photodegradation of organic dyes in water [13, 14].
Chromium can modify the optical, electrical, and structural

properties of titanium dioxide due to its ability to alter the rate of
recombination of charge carriers. This doping has different
oxidation states. Thus, the obtained product is expected to
produce multiple mid-gap energy levels in the band structure
that modify the electronic properties of TiO: [16, 17]. Table 1
shows comparative studies of materials doped with chromium
versus materials doped with iron and copper.

Table 1 « Comparative studies of materials doped with some other metals

Photocatalyst Synthesis method Light source Contaminant Removal efficiency References
Visible Congo Red
Cu-TiO- Solvothermal 99% Bibi et al. [18]
Light Methylene Blue
. 88.21% Catalyst amount 125
Visible
Fe-TiO2x Via calcination method Tetracycline mg Hou et al. [19]
Light
8 73.93% pH =11
TiO.-Cr Sol-gel UV Light Phenol 95% Lopez et al. [20]

In this study, the versatile sol-gel method is used as the titania
synthesis method, since it provides a way of obtaining materials with
different properties by controlling synthesis variables such as pH,
temperature, or by adding surfactant materials and peptizers. In our
case, an innovation was introduced in this synthesis method, using
Ci2Hg as the reaction medium, which makes it possible to obtain a
high dispersion of the hydrolysis agent. In this way, the hydrolysis
and condensation reactions are controlled in a very simple and
efficient way, allowing the architecture of the titania obtained to be
controlled. Similarly, the use of ammonium chromate, (NH4)-CrO,,
introduced by means of the impregnation-by-moisture-incipient
technique, is proposed as a precursor of Cr dispersed in the TiO-
network, together with the study of the influence of chromium
content, on the photocatalytic activity of solids.

2. Materials and methods

The following reactants were used for the preparation of solids:
titanium isopropoxide (Aldrich 97%) as the precursor of TiO-, n-
isopropyl alcohol as the TIP dissolvent, cyclohexane (CsHi2) as the
hydrophobic medium, ammonium chromate (NH4)-CrO, (PA) as
the chromium precursor, and bidistilled water.

2.1. Sol-gel synthesis of TiO-

A specific volume of cyclohexane was poured into a beaker to
which the aliquots of an alcoholic IPT solution and double-

distilled water were added dropwise with vigorous stirring. Once
the reactants were added, gel dispersion was kept stirring for 2
hours. Afterward, the resulting solid was dried in an oven at 70°C
for 24 hours. The dry solid was ground in an agate mortar until a
white homogeneous and finely divided powder was obtained,
which is called TiO.-CH.

2.2. Doping with chromium

An aqueous dissolution of ammonium chromate (NH,)-CrO,4 was
used as the chromium source. Doping with Cr ions was
performed by means of the impregnation-by-incipient-moisture
technique. With this purpose, the point of incipient moisture of
the dry solid to be impregnated was determined, thus yielding 0.8
mL/g.

Solids were doped with different percentages of chromium: 0.5%,
1.0%, and 1.5% Cr w/w, in order to verify that good photocatalytic
results are obtained with small amounts of the dopant. The
catalysts were named: 0.5Cr-TiOz; 1.0Cr-TiO; and 1.5Cr-TiO-.
The impregnated solids were dried at 70°C for 24 hours.

Figure 1 shows a scheme of the sol-gel process followed by
impregnation.

TIP 1M 1

Sol - Gel
Method-CgHu

—”‘ Agitation J—“‘" Drying J—»[ Filtration

Water f

—>‘ Impregnation ]—v‘ Drying ]—> Heat Cr-TiO;
T Treatment

Ammonium Chromate

Figure 1 « Scheme of the sol—gel process followed by impregnation.
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2.3. Characterization methods

Synthesized solids were calcined at 400°C, in static air, for 1 hour
at a heating rate of 10°C/min. The calcination temperature was
400°C, since a better photocatalytic activity was obtained for the
solids thermally treated at this temperature, compared to solids
treated at 300 and 500°C.

Calcined solids were characterized by Infrared Spectroscopy
(FTIR) and Raman Spectroscopy, by means of a Perkin Elmer FT-
IRGX spectrophotometer equipped with a laser as the excitation
source and KBr as the sample support medium for the FTIR
analysis.

Diffuse reflectance measurements were carried out by using a
UV-vis spectrophotometer equipped with an integration sphere
with BaSQO, as the reference, in analysis ranging from 190 to 8oo
nm. X-Ray Diffraction (XRD) studies were performed on a
Rigaku diffractometer using CuKa radiation.

Zeta potential measurements were performed on a Z-Meter 3.0+
device. To this end, KNO; suspensions were prepared with 0.1
g/L sample concentration and an ionic power of 10—2 M. The
graphs showing the variation of zeta potential as a function of pH
were drawn. The pH of the medium was modified by adding
solutions of HNO3; or KOH, with concentrations 0.1 and 0.01 M,
respectively, keeping the dispersion in contact for as long as
necessary to reach equilibrium.

The textural characterization of solids was determined by
adsorption—desorption isotherms obtained in a Micromeritics
ASAP 2020 device at 77 K. The samples were previously degassed
at 150°C. From the adsorption isotherms, the specific superficial
area was calculated by using the Brunauer, Emmet, and Teller
(BET) method. Micropore volume (Vup) and pore total volume
(Vrp) were calculated by using the Gurvich method. Pore size
distribution was determined with the aid of the Barret-Joyner-
Halenda (BJH) method for the adsorption branch.

2.4. Photocatalytic tests

The photocatalytic reaction was carried out on a glass reactor
with a capacity of 200 mL. The organic compound under study is
an aqueous solution of artificial dye tartrazine with an initial
concentration of 1.0 x 1075 M. A catalyst concentration of 1.0 g/L
was used in all photocatalytic tests. The photocatalyst was
previously dispersed in darkness in the tartrazine solution and
was kept under stirring for 30 minutes to reach adsorption—
desorption equilibrium. Afterward, the photoreactor was irradi-
ated with visible light.

Tartrazine degradation was monitored by sampling at 30-minute
intervals, over a period of 3 hours. A direct lighting reactor
formed by four dichroic LED lamps was used as the visible light
source. The emission spectrum of the lamps being used was
measured using a Newport OSM-400 UV and 400 UV/vis optical
spectrometer.

3. Results and discussion

3.1. X-ray diffraction

XRD studies were performed by using the powder method, which
enabled the identification of two TiO- crystalline phases: anatase
and brookite, the former being predominant. In Figure 2, the

diffractograms of TiO.-CH and its derivatives doped with
chromium are presented.
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Figure 2 « XRD TiO.-CH; 0.5Cr-TiO2; 1.0Cr-TiO-; 1.5Cr-TiO-
calcined at 400°C. A (Anastase), B (Brookite).

Although there are no significant differences between these
diffractograms, the 1.5Cr-TiO. photocatalyst shows a lower
crystallinity. Complementing these studies with those of Raman
spectroscopy, which are discussed later, we can infer that the
incorporation of chromium ions stabilizes the anatase and
brookite crystalline phases [20].

The fact that segregated Cr compounds are not detected in these
diffractograms may be due to the fact that the concentration of
the dopant (Cr) is so low that it cannot be detected by this
technique [21]. However, it could also be indicative that
chromium as a dopant in titania does not show a tendency to
segregate and/or precipitate in different phases during the
doping and heat treatment processes. Within the range of the
thermal treatments used here, no diffraction lines related to the
rutile TiO. phase were observed, neither in the pure nor in the
doped samples.

Tables 2 and 3 show lattice parameters and crystal sizes for
doped and undoped solids. The average size of crystals was
determined by using the Scherrer equation:

5.34
D = ﬁ( )cos@ @

where:
Ais the wavelength CuKa = 1.541874 A.
B is the width of the peak at half height (FWHM).

These results show that there is a tendency for the mean crystal
size to decrease with chromium doping for the predominant
crystalline phase anatase. However, this decrease is insignificant,
as are the changes in the values of unitary cell parameters, which
are even less significant in the non-predominant phase. This fact
would indicate that there is a real substitution of chromium ions
in the anatase TiO- lattice [21].
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Table 2 « Brookite lattice parameters and crystal size

Solids (calcined at 400°C) Space group Cell parameters () Cell volume (A3) Crystal size A)
TiO.-CH Pbca (61) a=9.184b=5447c=5.145 257.38 57

0.5Cr-TiO» Pbca (61) a=9.184b=5447c=5.145 257.38 62

1.0Cr-TiO. Pbca (61) a=9.191b=5.463c=5.157 258.94 55

Table 3 « Anatase lattice parameters and crystal size

Solids (calcined at 400°C) Space group Cell parameters (A) Cell volume (A3) Crystal size (A)
TiO.-CH I41/amd (141) a=b=23.7892c¢c=9.537 136.93 63

0.5Cr-TiO» I41/amd (141) a=b=3.73¢=9.37 130.36 58

1.0Cr-TiO- I41/amd (141) a=b=3.7971¢c=9.579 138.11 57

3.2. Infrared spectroscopy

Through the FTIR study, it was possible to verify the presence of
functional groups such as OH— groups. Hydroxyl groups are hole
trappers produced because of the electronic excitation of incident
radiation, which contributes to the improvement of photocata-
Iytic activity.

The results of FTIR of solids are shown in Figure 3.

3394
; —— 0.5Cr-Ti02
—— 1.0Cr-Ti02
—— 1.5Cr-TiO2
—— Ti02-CH

Absorbance (A.U.)

4000 ' 35I00 ' 30100 ' 25I00 ' 20I00 ' 15I00 ' 10|00
Wavenumber (cm‘1)

Figure 3 » FTIR spectra of undoped and Cr-doped TiO- (400°C).

A wide peak can be seen at approximately 3,400 cm™! resulting
from OH- groups from the water molecules adsorbed at the
surface of solids. A smaller peak was also detected at 1,633 cm™
related to the bending vibration of OH at the surface. The peak at
2,367 cm™ is related to residual organic groups. The relative
intensity of these signals shows no significant variation with
chromium content [13, 22].

3.3. Raman spectroscopy

Raman spectra of synthesized solids, doped and undoped are
shown in Figure 4. Through these analyses, the phases detected
by XRD were confirmed and can be used to determine the relative
crystallinity of the Cr-doped TiO. materials.

Two TiO. polymorphs were detected: anatase majority phase and
brookite minor phase, giving rise to well-defined bands around
400, 517, and 640 cm~, which agrees with what was observed in
XRD for TiO»-CH and Cr-TiO: with low chromium content,

treated at 400°C. Including the superimposition of two fun-
damental peaks near 517 cm, these four peaks correspond to the
well-known fundamental vibrational modes of anatase TiO- with
the symmetries of Big, Aig, Big, and Eg, respectively, and Big and
Bog vibrational modes of brookite at 329 and 366 cm™,
respectively [15].
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Figure 4 « Raman spectra of TiO- and Cr-doped TiO- (400°C).
Amplification corresponds to 1.5Cr-TiO2. A (Anastase), B (Brookite).

It was observed that increasing the dopant concentration tends
to slow down the crystallinity of the anatase and brookite phases.
Likewise, the presence of crystalline phases corresponding to the
dopant was not observed in the Raman spectra [23].

3.4. UV-Vis diffuse reflectance spectroscopy (DRS)

The study of optical properties of solids is important to analyze
the response of photocatalysts under UV-Vis radiation. Figure 5
shows the UV-Vis optical absorption spectrum of Cr-doped and -
undoped solids calcined at 400°C.

As seen from these absorption spectra, the absorbance bands
improved by increasing Cr content in doped samples, which may
be attributed to the presence of new electronic states in the band
gap of TiO: and to the shift of the conduction band edge of Cr-
doped TiO.. Therefore, the band gaps of Cr-doped TiO- become
slightly smaller than those of undoped TiO- [24].

The band gap energies of the samples studied were calculated
from these spectra using the Kubelka—Munk function [25]:
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(1-RD)*

F(RD)="—

(6)]

where RD is the diffuse reflectance of solids.
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Figure 5 « Absorption spectra. The inset shows the fragment of

the absorption spectra in the range of 400 to 800 nm of the doped
and undoped solids.

White materials without doping present no absorption within the
range of visible light. As shown in the figure, the absorption of
materials increases as the chromium concentration increases,
which is in line with an increase in the coloration of samples. Band
gap (forbidden band) values were determined by extrapolating de

linear part of the function: (F (RD)xE (/1))0.5 vs. E Q).

_hxc
A

E(2) (3

where h = Plank constant (eV/s) and ¢ = speed of light (nm/s)
[22]. The calculated values decrease as the dopant concentration

increases, as can be seen in Table 4.

Table 4 « Band gap values, Eg (eV)

Materials BGap, Eg (eV)
TiO.-CH 3.27
0.5Cr-TiO- 3.14
1.0Cr-TiO» 3.11
1.5Cr-TiO2 3.01

It is observed that the band gap decreases with increasing dopant
concentration, which favors the photocatalytic activity. This
behavior, in the doped catalysts, can be attributed to a better
adsorption of radiation in the visible light range, due to the
oxygen vacancies that occur in the TiO- network due to the effect
of the substitution of chromium ions on the crystalline network
of the titania.

3.5. Nitrogen sorptometry — textural properties

Textural properties of materials are important for photocatalysis.
Both specific surface and pore size are relevant for reactants and
products to diffuse from and to the material surface so that the
photocatalytic process can be successfully carried out. The

adsorption—desorption isotherms and the pore size distribution
are shown in Figures 6 and 7, respectively.

According to the IUPAC classification, all the isotherms of the
samples are of classical type IV, typical of mesoporous materials
with a H4 hysteresis loop. The surface areas for TiO- doped were
determined with the BET method. The specific surface values for
the doped solids are greater than those for the undoped solid
(Table 5). Particularly, the highest value was found for 1.0Cr-
TiO», with pore volume and size being unchanged for all solids.
Pore size distribution from 13 to 130 A can be observed together
with uniform distribution of pore canals, which is not affected by
dopant concentration [26].

Table 5 « Specific surface, total pore volume, and pore size of
the solids

. _ o SBET Ve wp
Solids (T = 400°C) [m2/g] [em3/g] [A]
0.5Cr-TiO- 136 0.26 38
1.0Cr-TiO» 140 0.27 39
1.5 Cr-TiO- 133 0.26 39
TiO».-CH 119 0.27 45

—a—0.5Cr-TiO2
—e— 1.0Cr-TiO2
—a&— 1.56Cr-TiO2

Volume Adsorbed (cm3lg)

¥: T v T & 1 L T & T
0.0 0.2 04 0.6 0.8 1.0
Relative Pressure (p/p,)

Figure 6  Adsorption—desorption isotherms for the solids Cr-
TiO- doped (400°C).
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Figure 7 ¢ Pore size distribution for the solid Cr-TiO. doped
(400°C).
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3.6. Zeta potential

One way of assessing the properties of colloidal dispersions is
measuring the zeta potential, which depends on the surface
charge of particles. Figure 8 shows the results of zeta potential
measurements.

Figure 8 shows that the TiO.-CH solid shows an isoelectric point
or zero charge point (PZC) at pH 6.5, which moves to lower values
when adding chromium ions. The PZC of the TiO.-CH solid match-
es the value reported in the bibliography for anatase [27—29].

The isoelectric point shift in doped solids toward lower pH
values results from the fact that the chromate ion isomorphi-
cally replaces titanium in the crystal lattice. This leads to the
formation of an extra negative surface charge that requires a
higher concentration of protons to be neutralized. The
differences in the values of the isoelectric point in doped solids
can also be influenced by particle size [30], which depends on
the amount of added chromium. Differences can also be
influenced by acidic and basic areas on the material surface
[31]. However, the presence of the non-predominant polymor-
phic phase (brookite) has also been reported by other authors
who claim that material polymorphisms influence the value of
pzc [28]. This leads the values of pzc for brookite to be between
4.7 and 4.9 owing to a more acidic condition of brookite, as
opposed to anatase and rutile. Besides, brookite shows a shorter
Ti—O bond distance, thus having lower proton affinity. The PZC
of doped solids is at 4.6—4.8. It can be concluded that even
though the addition of chromium makes the doped solids to
have a lower PZC over the range under study, chromium
content variation is very low and the differences observed could
fall within experimental error.
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£ *vy o
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o 10 4 v - .l..ll
g o
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Figure 8 ¢ Zeta potential for doped and undoped solids calcined
at 400°C.

3.7. Photocatalytic activities

Photocatalytic activity of solids was studied by monitoring
tartrazine degradation. The measurement of the emission
spectrum of the lamp used was also carried out, which indicates
that these show no lines in the UV light region. The spectrum
presents two peaks in the visible light region, at 460 and 650 nm.
Figure 9 shows the spectrum of the lamp used to irradiate the
photoreactor.

The removal of the azo dye including absorption in the dark is
shown in Figure 10. The photocatalytic test of the pure solid

(without doping) was carried out, which was observed to slightly
increase its concentration (study that will not be included in this
work).

54
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Figure 9 « Emission spectrum of the dichroic LED lamp used.
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—o— TiO2-CH
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Figure 10 ¢ Tartrazine removal rate for the solids doped and
undoped calcined at 400°C.

This increase in concentration is due to a sensitization response
of the dye, since it was demonstrated in the absorption spectra
that the TiO.-CH solid is inactive under a visible light source.
Sensitization causes degradation of the dye to a greater or lesser
extent depending on what percentage of the dye is adsorbed. It is
observed that 1.0Cr-TiO-. and 1.5Cr-TiO- solids have similar
activity.

It can be observed that the removal rate of the azo dye in aqueous
solution catalyzed by the solids calcined at 400°C reaches 93%
removal after illumination for 180 minutes.

Likewise, reproducibility and recyclability studies were carried
out for the solid with the best performance.

Figure 11 shows that for the first cycle of use the solid reached a
degradation percentage of 93%, for the second reuse cycle a 35%
and for the third reuse cycle a 21%.
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Figure 11 « Reuse cycles of 1Cr-TiO= T = 400°C for the degrada-
tion of tartrazine.

The actual working catalyst concentrations were 1, 0.5, and 0.22
g/L. Itis clearly observed that the degradation decreases with the
cycles as well as the catalyst concentration decreases due to the
successive sampling and the separation process between cycles.

4. Conclusions

The main purpose of this study was to develop materials capable of
reaching photocatalytic degradation under visible light of an azo
dye. The synthesis method used here was successfully carried out
since it allowed us to obtain chromium-modified titania, photoac-
tive under visible light, by means of a simple and economical
synthesis method. Raman spectroscopy and XRD studies allow us
to determine the presence of two TiO- crystalline phases: anatase
and brookite, being the anatase phase the predominant one in all
the doped materials. Apart from this, it was determined that as the
dopant concentration increases, solids tend to be less crystalline.
The studies of optical properties by diffuse reflectance spectros-
copy permit us to infer that all synthesized doped solids absorb
within the range of visible light, owing to the decrease in the energy
value of the forbidden band, due to the presence of new electronic
states in the band gap of TiO-, which in turn could be related to the
decrease of the particle size. The studies of nitrogen sorptometry
allowed us to determine that the isotherms obtained correspond to
type IV, typical of solids with mesoporous structures. The solids
present a uniform distribution of pore sizes, which is not affected
by dopant concentration within the studied range. Zeta potential
studies determined that the zero charge point in doped solids
moves toward smaller pH values due to the addition of chromium
ions. Photocatalytic activity of solids was studied by means of the
degradation of an artificial organic azo dye (tartrazine) under
visible light radiation. Even though the solids 1.0Cr-TiO- and
1.5Cr-TiO. present similar photocatalytic behavior, after 180
minutes of reaction, a degradation average value of 93% was
determined for a photocatalyst concentration of 1.0 g/L. This
behavior may be attributed to a synergic effect from several events:
better radiation adsorption within the range of visible light, owing
to oxygen vacancies presumably produced in the TiO- lattice,
because of the substitution of chromium ions in the titania
crystalline lattice, band gap reduction, and a possible decrease in
the recombination of the photogenerated charge carriers.
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