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n of 2,4-D (dichlorophenoxyacetic
acid) with Rh/TiO2; comparative study with other
noble metals (Ru, Pt, and Au)

G. A. Reguero-Márquez,a M. A. Lunagómez-Rocha,a A. Cervantes-Uribe,a

G. del Angel,b I. Rangel,b J. G. Torres-Torres,a F. González,b S. Godavarthi,c

J. C. Arevalo-Perez,a A. E. Espinosa de los Monterosa and A. A. Silahua-Pavon*a

In this work the effect of noblemetal on the photodegradation of 2,4-dichlorophenoxyacetic acid herbicide

using TiO2 as support was studied. The metals and concentration were: Rh, Ru, Pt and Au and 1, 0.98, 1.89,

and 1.91 wt% respectively. Rhodium was taken as reference for this experiment. The samples were

characterized by X-Ray Diffraction (XRD), UV-vis absorption spectra, N2 physisorption (BET Specific

Surface Area), High Annular Angle Analysis Darkfield (HAADF) and Transmission Electron Microscopy

Scanning (STEM), H2 chemisorption, optical emission spectroscopy with inductive coupling plasma

analysis (ICP-OES), solid fluorescence, X-ray Photoelectron Spectroscopy (XPS) and OH quantification.

The presence of the anatase crystalline phase was mostly confirmed in all samples. The band gap

decreased with the presence of metal (from 3.24 to 2.92 eV). The specific area was a function of the

metal particle size. The metal particle diameter showed the following sequence Pt > Ru > Au > Rh. By

XPS, TiO2 does not manifest changes in oxidation states, but when impregnated with metals, only Pt

shows the highest abundance of any oxidized state (Pt2+). The presence of metal reveals less electron–

hole recombination compared with titanium oxide. The results of photocatalytic activity showed that Pt

and Rh are the two metals with the highest mineralization (99.0 and 98.3%, respectively).
Introduction

2,4-Dichlorophenoxyacetic acid is one of the most widely used
herbicides in the world due to itsmobility and high persistence in
soil and water, it is commonly used for the control of broadleaf
weeds in gardens, pastures, wheat, rice, and citrus crops, among
others.1 Due to its constant use, it has been possible to quantify
and identify it in surface and groundwater due to its low
absorption in the soil, high leaching, and medium solubility in
water (900 mg L�1).2 This herbicide has been classied as
a possible human carcinogen and is an endocrine disruptor that
also affects the central and peripheral nervous system.3 There-
fore, its application has been legislated in many countries to
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control its use, the Environmental Protection Agency established
70 mg L�1 and in Mexico the Ministry of Health established 30 mg
L�1 as themaximumpermissible limits of this substance in water
for human consumption.4–6 Many processes have been developed
to remove this pollutant from the aqueous medium, including
physical methods such as adsorption;7 chemical methods such as
heterogeneous photocatalysis8 and biological methods, such as
biodegradation.9 Heterogeneous photocatalysis, compared to
other degradation processes, is a more efficient process because
it is not a selective method, it is capable of oxidizing and
mineralizing persistent organic compounds at low concentra-
tions, it is stable to changes in pH and temperature, and it has
low operating costs.10 However, this process uses a semi-
conductor. Titanium dioxide (TiO2) is an important multifunc-
tional semiconductor, which can be applied to energy storage,
solar cells, gas sensors, and photocatalysis.11–13 Generally, TiO2 in
photocatalysis is activated by the adsorption of sufficient radiant
energy to overcome the semiconductor's band gap energy (3.2 eV)
and generate electron–hole pairs, the latter are responsible for
directly oxidizing organic compounds or generating hydroxyl
radicals (OH*) in water. Meanwhile, the electrons are responsible
for reducing the oxygen present in the medium. The efficient
separation of these pairs induces an efficient photocatalytic
process, this can be done by modifying the structure and
morphology of TiO2 by adding impurities or other metal oxides
RSC Adv., 2022, 12, 25711–25721 | 25711
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on its surface.14 Recently the sol–gel method has oen been used
to prepare and modify the properties of titania such as surface
area, crystalline phase distribution, crystal size and band gap
energy, the latter when transition metal dopants are added, to
increase photoactivity, generating a double effect: decreasing the
band gap energy and trapping electrons to avoid electron–hole
recombination.15,16 On the other hand, the incipient impregna-
tion preparation method has become the ideal complement to
deposit ions on the TiO2 surface to remove aqueous contami-
nants. The impregnation of TiO2 with noble metal ions such as
Pt,17 Ag,18 Au (ref. 19) Ru (ref. 20) y Pd (ref. 21) in oxidized state is
reported in the literature. Other catalyst synthesis methods, such
as deposition–precipitation, have proven to be effective in surface
insertion and dispersion of these ions in the metallic state.22

Recently, yolk–shell type nanostructured materials of TiO2 with
noblemetals such as Au have been generated, which demonstrate
photocatalytic properties.23 Rh doping of TiO2 has emerged as
a viable technique to enhance visible light absorption. Both Rh3+

and Rh4+ introduce sub bands in the TiO2 bandgap. Rh3+

contributes a donor level to the valence band, thus reducing the
energy of the band and shiing the absorption of light to the
visible region.24 There is little evidence of studies carried out with
Rh, among these works are Rh–In2O3.25where oxytetracycline was
degraded; Rh/TiO2, synthesized by sol–gel, however, the results
obtained were not better than TiO2 in the degradation of p-
nitrophenol; 2.5% Rh/TiO2 (ref. 26) modied with HCP by the
sol–gel method (dealuminated clinoptilolite) in the degradation
of pentachlorophenol.27 Recent developments indicate that the
combination of both metal and semiconductor can be an even
better catalyst for harvesting the sola or UV energy compared with
those individual components. These combined materials, widely
known as heterostructure materials, can retain the properties of
the individual entities or generate new properties when placed
Table 2 Average metal particle size, crystal size, bandgap energy and ac

Catalyst Eg (eV)
Surface specic area
(BET, m2 g�1) l (nm) ICP (wt%

Ti 3.24 68 382.7 —
RhTi 3.10 64 400.0 1.28
RuTi 3.31 62 424.7 1.22
PtTi 3.09 42 401.3 2.15
AuTi 3.18 63 389.9 2.16

Table 1 Relative abundance of the different species obtained from XPS

Catalyst

Oxidation states

Ti Rh Ru

Ti3+ Ti4+ Rh� Rh3+ Ru� Ru4+

TiO2 3.1 96.9 — — — —
Rh/TiO2 5.5 94.5 54.4 45.6 — —
Ru/TiO2 5.9 94.1 — — 84.2 15.8
Pt/TiO2 5.3 94.7 — — — —
Au/TiO2 5.7 94.3 — — — —

25712 | RSC Adv., 2022, 12, 25711–25721
together within a proximity.28–30 Therefore, in this work the
degradation and mineralization of 2,4-diclophenoxyacetic acid
was investigated using photocatalysts of TiO2 impregnated with
1% Rh, comparing them with Au, Pt, and Ru in themetallic state,
respectively, with the same molar ratio, under UV irradiation, to
know the effect generated by the Rh ions in the metallic state in
the photocatalytic activity with the TiO2.
Results and discussion
(a) BET specic surface area

The results of the specic area for each material analysed are
shown in Table 2. It is observed that when Ti is impregnated
with the different metals, this parameter does not undergo
signicant changes, despite the concentration of platinum
greater than 1% by weight, there are no signicant changes in
the surface area of the titania.31 However, for this case, the
material with Pt manifests a drastic drop in specic area,
possibly due to poor dispersion and the growth of metallic
agglomerates on the TiO2 surface.
(b) ICP-analysis

The loaded metal content on the TiO2 support was determined
by ICP-OES measurement. For this work, the amount of metal
deposited were: 1, 0.98, 1.89, and 1.91% by weight for Rh, Ru,
Pt, and Au, respectively, on the TiO2 surface. The ICP-OES
results (Table 2) suggest that the amount of metal deposited
is close to the expected theoretical values.
(c) X-ray diffraction

In Fig. 1, the X-ray diffraction patterns of all the materials are
observed, the signals corresponding to the crystalline phases
tivation wavelength, kinetic constant and half-life

)
D
(%)

�d
(nm) SCO2

Kapp � 102 (min�1) t1/2 (min)

— — 74.3 0.38 182
69 1.6 98.3 1.13 61
63 3.3 80.6 0.86 80
14 8.3 99.0 1.16 59
53 2.2 98.0 0.94 73

data for RhTi, RuTi, PtTi and AuTi catalysts

Pt Au O

Pt� Pt2+ Pt4+ Au� OI OII OIII

— — — — 88.2 9.9 1.9
— — — — 87.3 10.6 2.1
— — — — 91.1 7.7 1.2
56.5 24.9 18.7 — 87.1 10.7 2.2
— — — 100 88.8 9.7 1.5

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Tauc plot of photocatalysts.

Fig. 1 X-ray diffraction patterns for Ti, AuTi, PtTi, RhTi photocatalysts,
and where a ¼ anatase and b ¼ rutile.
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anatase (25.3, 37.1, 48.2, 53.1 55.1, 62.2 and 67.61�) and rutile
(27.2�) on the 2q scale for TiO2 are indicated. The crystal
structures were identied by means of the Joint Committee on
Powder Diffraction Standards (JCPDS) library, for both phases
(anatase 21-1272 and rutile 88-1175). On the other hand, the
signals, characteristic of the metals impregnated in the titania
were identied: 38.2, 44.4� (Au); 39.8, 46.2� (Pt); 41.1, 69.9� (Ru)
and 38.4, 42.2� (Rh) on the same scale.
(d) UV-vis spectroscopy

The diffuse reectance spectra of the samples analysed are
presented in Fig. 2. Titanium oxide presented the typical spec-
trum, absorption in the ultraviolet region (412 cm�1). The
absorption capacity is modied by the presence of gold particles
(422 nm) compared to titanium oxide. Platinum also modies
the absorption capacity with respect to gold (470 nm). The
sample impregnated with ruthenium showed a much higher
absorption capacity (539 cm�1) compared to AuTi and PtTi. The
sample with rhodium shows a much higher absorption capacity
compared to the other noble metals, absorbing in the visible
region.32 As for the localized surface plasmon resonance (LSPR),
Fig. 2 UV-vis spectra of the photocatalysts.

© 2022 The Author(s). Published by the Royal Society of Chemistry
metallic gold is in the visible region (440–600 nm), an effect
induced by nanoparticles on the surface of titanium oxide.33 In
the platinum sample the SPR is slightly detectable, this is due to
the particle size present on the surface. The size of the metal
particle is inversely proportional to the absorption of the
surface plasmon resonance.34 An absorption near 450 nm was
observed in the sample, a signal assigned to localized surface
absorption of the ruthenium plasmon.35 In this sample, a broad
absorption is observed in the 600–800 nm region, associated
with the electromagnetic eld-induced collective oscillation of
free conduction electrons lling the states near the Fermi level
in the conduction band.36 Concerning the rhodium sample,
theoretical studies indicate that Rh NPs have a very strong UV
plasmonic response and show a local surface plasmon reso-
nance near 330 nm.37,38 It is well known that LSPRs depend on
the size and shape of nanoparticles.38 The results suggested that
noble metal-loaded titanium can enhance the photocatalytic
activity under visible light irradiation.

Fig. 3 shows the Tauc plot to determine the band gap energy
(Eg) of the photocatalysts in this work. TiO2 showed an energy of
3.24 eV. This result agrees with the literature of 3.2 eV. In the
case of metal catalysts, it was 3.09, 3.10, 3.18 and 3.31 eV for
PtTi, RhTi, AuTi and RuTi, respectively (Table 2). This decrease
Fig. 4 Photoluminescence spectra of photocatalysts.

RSC Adv., 2022, 12, 25711–25721 | 25713
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in bandgap energy is due to surface structural changes between
TiO2 and themetal. Themodication in the Fermi level near the
CB of the semiconductor helps to improve the useful life of the
photogenerated electrons, which causes the decrease in the
recombination of charge carriers, beneting the photocatalysis
process that occurs on the surface.39,40 This effect is observed in
the PL spectra (Fig. 4). Because a metal–semiconductor Schottky
junction is formed, facilitating charge separation and transfer.41

(e) Solid uorescence

To investigate the fate of photogenerated electrons as a function
of noble metals as well as holes in semiconducting nano-
particles, photoluminescence analysis was employed. PL emis-
sion is the direct result of the recombination of free carriers.42–45

The lower PL intensity is indicative of the lower recombination
rate of photogenerated charge carriers Fig. 4 shows the results
of irradiation at 310 nm and in a wavelength range of 300–
700 nm. The peak associated with the band gap transition
emission appears at 398 nm.46 Emission signals at 420 and
440 nm should be attributed to indirect band gap and surface
recombination.47 Other emission peaks at about 480 and
520 nm are caused by O2 vacancies and surface defects of the
samples. Because the Fermi levels of metals (Rh, Ru, Pt and Au)
are lower than the conduction band of titanium oxide, the
photoexcited electrons can be transferred from the semi-
conductor to the metal nanoparticles deposited on the TiO2

surface. According to the photoluminescence results, metals
reduce the possibility of electron hole recombination. The
signal intensity of titanium oxide is higher due to the higher
rate of electron hole recomposition under irradiation. The
maximum intensity of noble metals modied TiO2 increased in
the following order RuTi < RhTi < AuTi < PtTi.

(f) X-ray photoelectron spectroscopy (XPS)

Fig. 5 shows the XPS deconvoluted spectra of the metal species
(Rh, Ru, Pt, Au) of the photocatalysts supported on TiO2,
synthesized by the impregnation method. Where the oxidation
states of each of the photocatalysts are studied. According to the
Fig. 5 XPS spectra of the Rh 3d, Ru 3d, Pt 4f and Au 4f regions of the
RhTi, RuTi, PtTi and AuTi photocatalysts.

25714 | RSC Adv., 2022, 12, 25711–25721
literature, rhodium presents a doublet due to the spin–orbital
splitting in the 3d3/2 and 3d5/2 regions between the binding
energy of 315–305 eV.48 Rhodium can present two oxidation
states Rh� (ref. 49) y Rh3+ between 306.8–307.1 and 307.7–
308.5 eV respectively. In case of RhTi two oxidation states are
observed at 306.7 and 307.8 eV for Rh� and Rh3+ respectively.
According to Y. V. Larichev et al. mentions that titanium has
surface properties that benet the reduction to Rhodium metal
using RhCl3 precursor. Table 1 shows the percentage of abun-
dance of the oxidation states where Rh� presents 54.4% and
Rh3+ 45.6%, which means that there is a Rh�/Rh3+ ratio of 1.19.
In the Ru 3d spectrum for RuTi, deconvolution was performed
knowing that there is an overlap with the C 1s according to Lan
Jiang et al. and Jingjing Tan et al.50,51 where C 1s and C]O
species were found between the binding energies 284.8 and
288.9 eV respectively. On the other hand, in the 3d5/2 region,
two signals at approximately 280.2 and 281.6 eV are observed.
The position at 280.2 is attributed to the metallic state of Ru�

(ref. 32) and the one at 281.6 is attributed to the oxidized state of
Ru4+.52 According to Table 2 shows a % species abundance 84.2
for the metallic state and 15.8% for the 4+ state. Weiyi Ouyang
et al.53 report that ruthenium can provide interesting activity
due to the existence of plasmon resonances directly attributed
by the Ru4+ oxidation state. Fig. 5 shows the binding energies
for the Au 4f levels in the case of gold, the energies for the
metallic state are at 84 eV and the oxidized Au+ species between
85.6–87.7 eV approximately according to the literature.54

However, a peak at 83.3 eV was found at the 4f7/2 level, this
result shows that there is a shi ofD¼ 1.3 eV with respect to the
Au� characteristic signal. Different authors mention that this
shi is caused by a strongmetal–support interaction in this case
the Au�–TiO2 interaction.

On the other hand, no signal characteristic of Au+ was found.
In the case of Pt deconvolution, it was carried out in the 4f7/2
region, where different platinum oxidation states were found:
70.74 eV (Pt�),55 73.0 eV (Pt2+)56 y 75.0 eV (Pt4+)57 with an abun-
dance of 56.5, 24.9 years 18.7% respectively (Table 1). For the Ti
2p region in all the catalysts, two oxidation states Ti3+ and Ti4+

were found, where the deconvolution was carried out in the Ti
Fig. 6 XPS spectra of the O 1s region of the RhTi, RuTi, PtTi and AuTi
photocatalysts.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2p3/2 region (gure not shown) at 458.7 and 457.2 eV approxi-
mately. TiO2 showed the lowest percentage of abundance of the
Ti3+ species (Table 1) with 3.1%, on the other hand, the catalysts
Rh, Ru and Pt showed an increase in percentage with respect to
TiO2, this increase is probably related to a strong metal–support
interaction.58 Fig. 6 shows the deconvolution of the O 1s spectra
of the photocatalysts, where the superposition of three
components was found at approximately 530.2, 531.5 and
532.5 eV. for OI, OII and OIII, respectively. The OI peak is char-
acteristic to the O2� ions found in the surface lattice of TiO2.

59

On the other hand, the OII peak is attributed to oxygen defects
in the TiO2 matrix related to oxygen vacancies.60 The anionic
vacancies change the net electron charge density; this non-
lattice oxygen peak has been attributed to the surface O� ions
with lower electron density.61 The peak at 532.5 (OIII) is related
to hydroxyl groups, in this case, to Ti–OH groups. According to
Fig. 7 HAADF images of RhTi (a), RuTi (c), PtTi (e) and AuTi (g).
Histograms of the metal particle size of RhTi (b), RuTi (d), PtTi (f) and
AuTi (h) catalysts.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Table 1, the abundances related to OI are between 88 and 91%
approximately. In the case of oxygen defects (OII) on the TiO2

surface, the RhTi and PtTi photocatalysts showed the highest
percentage of abundance with 10.6 and 10.7% approximately.
Likewise, the catalysts with Rh and PT showed the highest
abundance attributed with the formation of Ti–OH groups.
These results could be related to a better activity in the degra-
dation of 2,4-D.
(g) HAADF-STEM

Fig. 7 shows typical TEM-HAADF images showing metallic
particles of RhTi, AuTi, RuTi and PtTi reduced at 500 �C. Table 2
shows the average sizes of the metallic particles calculated from
the histograms, see Fig. 7. In HAADF mode, the image intensity
is approximately proportional to the square of the atomic
number of element (Z2),62 and due to the differences between
Rh (45), Au (79), Ru (45), Pt (78) and Ti (22) values, Au and Pt
particles provide higher contrast in TEM-HAADF images.
Therefore, the highly contrasted particles can be attributed to
metallic particles, with the AuTi and PtTi samples having larger
size in the metallic particle (Fig. 7e and g). The metals with the
lowest metal dispersion were Pt and Ru which according to the
literature, the synthesis precursor directly inuences the
particle size of Ru.63 While the Pt dispersion, due to its high
content, presents large particle sizes in comparison with Rh, Ru
and Au. According to the literature, concentrations higher than
1% of platinum generate particles larger than 5 nm.64 In
contrast, higher dispersion is present in Rh and Au metals. One
of the characteristics of Rh metal is its ease of dispersion.65

Despite the high Au content, it has been reported that using
HAuCl4 it is possible to obtain small metallic particles.66
(h) Quantication of radicals (OH)

According to sonochemistry when ultrasound is applied to
water, OHc OH2c O2

� y H2O2 species can form because of the
high energies generated during cavitational collapse.67 These
species can also be formed by chemical radiation, via an
ionizing photon.68 These species are similar to those produced
in oxidation processes via photocatalysis.69 In Fig. 8, the
Fig. 8 Fluorescence spectra of PtTi.

RSC Adv., 2022, 12, 25711–25721 | 25715
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Fig. 9 Dependence of fluorescence intensity on illumination time.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 1
:0

5:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
uorescence results of the PtTi catalyst are shown. The spec-
trum of the PtTi catalyst has the same shape and maximum
emission wavelength with respect to that reported by Xiao
et al.70 Therefore, it is possible that the uorescent products
generated on the PtTi catalyst are a product of the reaction of
terephthalate with OHc Fig. 9 shows the dependence of uo-
rescence intensity on illumination time at 425 nm. The intensity
follows an almost linear trend, so the formation of OH radicals
is proportional to the illumination time, obeying zero order
kinetics. The lines that t each series provide the slope, which
can be related to the rate of formation of OH radicals,70 see
Fig. 9. The catalysts keep an order with respect to the rate of
radical formation: PtTi > RhTi > AuTi > RuTi > Ti. In general, the
incorporation of metal improves the formation rate of OH
radicals, which indicates that the metals Pt and Rh present
a better photoactivity in the oxidation reaction of 2,4-D.

(i) Photocatalytic activity

The conversion of the pollutant as a function of time for all
catalysts is shown in Fig. 10. The incorporation of catalyst in the
degradation increases the conversion, this can be veried by
analysing the curve corresponding to the Ti sample and the
uncatalyzed reaction. The RhTi sample showed a linear trend in
100 min of reaction, achieving 96.37% conversion in 120 min.
Fig. 10 2,4-D conversion monitored by UV.

25716 | RSC Adv., 2022, 12, 25711–25721
The RuTi catalyst presented an almost linear progress, reaching
91.37% conversion at 150 min of reaction. The PtTi sample
stands out for reaching 96.53% conversion in only 100 minutes.
Finally, the AuTi sample presented a continuous and slightly
superior behaviour with respect to the RuTi sample, without
achieving 80.78% conversion in the established time. The
rhodium metal showed to be active in photodegradation,
obtaining good results compared to Ru and Au. Despite the high
Pt content, the rhodium metal presents a convenient activity to
highlight, demonstrating that it is a metal to be considered in
the photodegradation of molecules.

As for the total degradation of the compound, the TOC
analysis indicates (Fig. 11) that only the PtTi and RhTi catalysts
destroy the pollutant around 97%. It should be noted that the
PtTi sample degrades 96.53% of 2,4-D in 105 minutes and
mineralize (Sco2

) 99.0% to CO2. In this sense, the RhTi sample
only take 15 minutes more than PtTi in both stages to 96.4 and
98.3% of degradation and mineralization respectively. Despite
the photocatalytic activity presented by the RuTi catalyst, it's not
exceeded 81%mineralization of 2,4-D did not manage to exceed
80%mineralization of 2,4-D. These results may be related to the
formation of Ti3+ shown by the XPS results in the table, since
according to Li et al. enhances oxygen chemisorption and
promotes excited electrons trapped by O2.71

Therefore, the enhancement of photoactivity has a good
agreement with the decrease of PL intensity (Fig. 4).

The apparent kinetic constant and the half-life were calcu-
lated, assuming rst-order,72 the results are shown in Table 2.
The value of the kinetic constant for the Ti sample is lower when
compared to the samples with metal. An increase in the kinetic
constant is evident when incorporating a noble metal, despite
being the sample with the lowest value in the constant with
respect to RhPt and Au, RuTi is 2.3 times higher than Ti. As for
the highest values are the samples PtTi and RhTi, the difference
between them is only 2.58%. The half-life indicates that in the
absence of metal, at least 180 min must elapse to achieve 50%
conversion. In contrast, the half-life is reduced by up to 68% for
PtTi and 66% for RhTi taking Ti as a reference. In this respect,
there is only a difference of 2 min between the RhT and PtTi
samples. According to the metal particle size, the Rh showed
Fig. 11 Mineralization of the catalysts as a function of time.
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Fig. 12 Schematic representation of the proposed photocatalysis
mechanism of 2,4-D degradation on the Rh/TiO2 by UV radiation.
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small metal particle size (1.6 nm) compared to the other metals
and the highest dispersion with 69%. However, metal deposi-
tion changes the properties of the surface, reducing it because
of the removal of oxygen atoms;73 increasing vacancies. The
main interaction is ionic attraction due to charge transfer
between the reduced surface and the adjacent metal atoms.58

Therefore, a reduction of the surface is essential to ensure good
photoactivity in the degradation of pollutants. In this sense, it
has been reported the importance of interaction that takes place
between the metal Rh,48 Ru,74 Pt (ref. 75) and Au (ref. 76) with
the vacancies of titanium oxide.

The materials with Pt and Rh were the best in the mineral-
ization of 2,4-D, however, considering the metal load, the RhTi
is better, because only 1% of metal load was used. According to
the above in Fig. 12 shows of the RhTi mechanism photo-
catalytic, where the surface adsorbed O2 molecules were
reduced to form superoxide radicals (O2�), which are unstable
in aqueous solution and can be readily decomposed into
hydroxyl radicals (OH�) with sufficient oxidation potential for
Fig. 13 Apparent kinetic constant (kapp) for the degradation of 2,4D by
RhTi with and without different scavengers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the photocatalytic degradation of recalcitrant compounds.77,78

This effect is for the higher adsorption capability of O2 on the
surface of the anatase phase of TiO2 and the Rh reduce the
recombination rate for the electron�hole pairs photo-
generated.79 These hydroxyl radicals easily degrade the 2,4-D
into CO2 and H2O. The generation of OH� is an important key
in the degradation of organic compounds, in this work,
according to the quantication of OH� (Fig. 9), a strong rela-
tionship was found, where the PtTi and RhTi catalysts showed
greater generation of OH�, in such a way that manner were the
ones that best mineralized 2,4-D.

Accorded to above, several experiments with scavengers were
carried out to conrm the species involved in the UV photo-
catalytic reaction with RhTi catalyst. Scavenger experiments
were benzoquinone (BQ, superoxide anions O2�), isopropanol
(IPA, cOH radicals), ethylenediaminetetraacetic acid (EDTA, h+

hole trapping) and potassium dichromate (K2Cr2O7, e�).80,81

Fig. 13 shows the results of the apparent kinetic constant aer
the addition of scavengers, where a decrease of 83 and 63% was
obtained with IPA and BQ, respectively. This result shows that
OH radicals and superoxide (O2�) play a very important role in
the photodegradation of 2,4D. On the other hand, a decrease of
14% and 21% was observed with K2Cr2O7 and EDTA. this shows
little contribution to degradation.
(j) Stability and recyclability reaction

It is important to carry out a study of the stability and reuse
cycles of the catalyst to know if the catalyst can be promising
and reduce costs in photocatalytic processes. Fig. 14 shows the
reuse cycles of the RhTi catalyst. For each cycle, the catalyst was
ltered, washed several times with methanol and dried at
120 �C. Finally, the catalyst was calcined in a ow of H2 at 400 �C
for 1 h. According to the results obtained, aer 3 cycles of reuse,
the catalyst had a loss of 7.7% of activity with respect to the
fresh catalyst. This result showed that a very signicant change
in the reaction was not obtained.

On the other hand, aer the reuse cycles, the XRD study was
carried out (Fig. 15) to nd out if there was a change in the
Fig. 14 Reuse cycles of RhTi catalyst of 2,4-D mineralization.
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Fig. 15 XRD of RhTi: before and after cycles of 2,4-D mineralization.
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material, however, no signicant changes were found in the
structure of the catalyst.
Experimental
(a) TiO2 preparation

Titanium oxide was synthesized by the sol–gel method under
the following procedure: n-titanium butoxide and n-butanol
were placed in a balloon ask under constant stirring at pH 7.
Subsequently, an alkoxide/water ratio of 1/8 was added drop-
wise. The system was kept under reuxing conditions for 24
hours at 70 �C. Aerwards, the excess solvents were removed
using a rotary evaporator. The solid obtained was dried at
120 �C for 12 hours and then sieved to obtain a ne powder.
Finally, the material was calcined at 500 �C for 12 hours using
a heating rate of 2 �C min�1 under an air ow of 60 mL min�1.
(b) Impregnation of metals (Au, Pt, Rh and Ru)

The precursor salts were RhCl3$xH2O, RuCl3$H2O, H2Cl6-
Pt$6H2O and HAuCl4$6H2O. Rhodium was taken as a reference,
therefore, as a comparison target the amount of Rh (1 wt%) in
moles is the same in Ru (0.98 wt%), Pt (1.89 wt%) and Au
(1.91 wt%). The required amount of salt was dissolved and
introduced to a 250 mL balloon ask where titanium oxide was
in suspension. The solvent was extracted in a rotary evaporator.
Subsequently, the sample was placed in an oven at 120 �C for 24
hours. The sample received a heat treatment in an air ow at 60
mL min�1 with a heating ramp of 1 �C min�1 until reaching
500 �C. The metal was obtained in a thermal process in
a reducing atmosphere (hydrogen) with a ow rate of 60
mL min�1 and a heating ramp of 1 �C min�1 until reaching
500 �C, remaining at that temperature for 5 hours. The
following symbology was used: Ti for TiO2 and XTi for impreg-
nated TiO2 where X ¼ Ru, Rh, Pt and Au.
(c) Characterization

(c.1) BET specic surface area. The nitrogen adsorption
process was determined on a Quantachrome Autosorb 3B
25718 | RSC Adv., 2022, 12, 25711–25721
analyzer. The analysis was carried out at �196 �C in liquid
nitrogen; degassing was performed in vacuum at a temperature
of 300 �C in gaseous nitrogen. The specic surface area was
calculated using the equation proposed by Brunauer–Emmett–
Teller (BET).

(c.2) X-ray diffraction. X-ray diffraction spectra were ob-
tained at room temperature in a Bruker D8 Advance diffrac-
tometer, with a Cu-Ka radiation and with a monochromatic
graphite secondary beam. The diffraction intensity, as a func-
tion of angle at 2q, over a range from 10 to 70� with a step of
0.05� and a measurement time of 0.5 s per spot.

(c.3) UV-vis absorption spectra. UV-vis absorption spectra
were determined on a Varian Cary-III UV-vis Spectrophotometer
coupled to a diffuse reectance integrating sphere. BaSO4 was
used as a reference for 100% reectance. They were used to
estimate the bandgap energy (Eg) of the catalysts, if the
absorption coefficient (a) and the parameter A are equal to zero,
with m equal to 1 according to equation:

a(hv) ¼ A(hv � Eg)
m/2

(c.4) X-ray photoelectron spectroscopy (XPS). Oxidation
states and relative abundances were determined by the results
obtained from a KRATOS Axis ULTRA X-ray photoelectron
spectrometer, incorporated with a hemispherical analyser of
electron energy of 165 mm. The incident radiation used was
monochromatic Al Ka X-rays (1486.6 eV) at 225 W (15 kV, 15
mA). The pressure in the analysis chamber of samples was 1 �
10�8 torr. Data was analysed by XPS Casa soware, version
2.3.14, and using as a reference carbon at 285.0 eV to adjust the
peaks of the species studied.

(c.5) Solid uorescence. The uorescence spectra (emis-
sion) of the catalysts were analysed at a wavelength of 254 nm
(wavelength radiated by the mercury lamp) in an ISS K2 uo-
rometer (Champaign, IL, USA).

(c.6) Quantication of radicals (OH). 150 mg of the pho-
tocatalyst was introduced to 200 mL of solution containing 5 �
10�4 M terephthalic acid (Aldrich 98%) and 2 � 10�3 M NaOH
(Baker 97%) to ensure the solubility of the molecule.82 The
solution was continuously stirred; the system was irradiated
with UV light for 1 h at room temperature (25 �C). Samples were
taken at 0, 5, 10, 15, 15, 30, 45 and 60 min, were ltered using
a 0.45 mm membrane. Fluorescence spectra of the terephthalic
acid hydroxylation reaction were measured on an ISS K2 uo-
rometer (Champaign, IL, USA), with an emission wavelength of
425 nm and excitation wavelength of 315 nm. As an additional
test, uorescence measurements of the terephthalic acid solu-
tion irradiated with UV light in the absence of the photocatalyst
were performed at the same times.

(c.7) ICP-analysis. Metal concentration was obtained by
optical emission spectroscopy with inductive coupling plasma
(ICP-OES) using a PerkinElmer 4200 DV equipment. For the
preparation of the sample, 50 mg of catalyst were weighted and
placed in a Teon beaker, 3 mL of HF and 6 mL of a mixture of
acid solution (4 mL of HNO3 and 2 mL of HCl) were added. The
mixtures were placed in an ultrasound bath at 75 �C for 1 h.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Aer digestion, the solutions were ltered and calibrated in
asks of 50 mL with double distilled water.

(c.8) HAADF-STEM. High Annular Angle Analysis Darkeld
(HAADF) and Transmission Electron Microscopy Scanning
(STEM) were performed on a JEOL JEM-2200FS Transmission
Electron Microscope with an accelerating voltage of 200 kV and
integrated with an ultra-high resolution Schottky-type eld
emission gun. The conguration used is Cs ¼ 0.5 mm, Cc ¼ 1.1
mm, dot by dot resolution of 0.19 nm and an omega-type
column. For the analysis, the samples were pulverized, sus-
pended, dispersed, and placed on copper grids (3 mm thick).
The average metal particle size (�d) was calculated using
equation:

d ¼
Pn

i¼1

nidi
3

Pn

i¼1

nidi
2

where di is the diameter measured directly from the image; and
ni is the number of particles having the same diameter di.
(d) Photocatalytic activity

Photodegradation was performed at room temperature for
150 min, according to the following methodology: 125 mg of
catalyst was added to 200 mL of aerated solution with a 40 ppm
contaminant concentration of 2,4D (dichlorophenoxyacetic
Acid), bubbled with a pump (BOYU S-4000B, pressure
0.012 MPa, power 9 W and an output ow of 3.2 L min�1) and
constant agitation to achieve adsorption–desorption equilib-
rium. Subsequently, it was irradiated with a UV lamp (Pen-Ray
(UVP), l ¼ 254 nm and an emission of 4000 mW cm�2), all
this in the absence of light. From the reaction, samples were
taken every 15 min and the evolution of the photodegradation
was followed by an Agilent Technologies UV-vis spectropho-
tometer, model Cary 60, monitoring the intensity of the
absorption band of 2,4-D at 282 nm (applying the Lambert–Beer
equation) as a function of irradiation time. Photolysis of 2,4-D
was also performed in the complete absence of light and
without catalyst. All photocatalytic evaluations were performed
in duplicate. The% conversion of 2,4D (X2,4D) was calculate with
the equation:

X2;4D ¼ C0 � Cn

C0

� 100%

where C0 is an initial concentration of 2,4D and Cn is the 2,4D
concentration to different reaction times.

Total Organic Carbon analysis (TOC), a Shimadzu TOC-
VCHS analyser was used to obtain this parameter, employing
a nondispersive infrared detector to quantitatively analyse
carbon dioxide originated by the sample. The % TOC was
calculated with the equation:

%TOC ¼ TOC0 � TOCt

TOC0

� 100%

where TOC0 is total organic carbon at t ¼ 0 and TOCt is total
organic carbon at different time in the oxidation reaction. The
selectivity to CO2 was calculated according to follow equation:
© 2022 The Author(s). Published by the Royal Society of Chemistry
SCO2
¼ %TOC

X2;4D

� 100%
Conclusions

In this research work, the comparison of Rh on TiO2 was carried
out, with respect to Pt, Au and Ru. Where the PtTi and RhTi
showed the better photocatalytic properties because the
decrease in bandgap energy (Eg), which generated a strong
support–metal interaction which caused the decrease in the
recombination of charge carriers, beneting the photocatalysis
process that occurs on the surface. Consequently, showing
a good activity in the degradation and mineralization of 2,4-D.
The PtTi catalyst showed a higher activity, but not very signi-
cant, with a difference of 2.85% in the reaction rate constant.
However, RhTi achieved this photocatalytic process with a lower
amount of by weight (1 wt%), a smaller metal particle diameter
and a higher metal dispersion. On the other hand, the Ru and
Au catalysts did not show good activity when compared to Rh.
This results as a reference point to continue research the pho-
tocatalytic degradation of another organic compounds using
RhTiO2 photocatalyst.
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59 K. Batalović, N. Bundaleski, J. Radaković, N. Abazović,
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