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Abstract: The photocatalytic degradation of 2,4-dichlorophenoxyacetic acid (2,4-D) using a
Au/TiO: catalyst and ultraviolet (UV) light energy source (9 mW /cm?) discussed. Gold nanoparticles
were synthesized by controlled urea reduction and deposited on titanium dioxide (TiO2) by the
deposition-precipitation method. The average size of the nanoparticles was 6-8 nm. X-ray diffraction
(XRD) characterization confirmed that TiO2 was present in the anatase phase, whereas the presence
and particle size of gold were determined by transmission electron microscopy (TEM). The results of
the degradation showed that the activity of TiO2 was improved when Au nanoparticles were present
on the surface. The reactions were performed at atmospheric pressure and room temperature.
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1. INTRODUCTION

Titanium dioxide (TiO;) has been widely used for the
photocatalytic degradation of organic compounds in water
(Reddy, et al. 2016; Rammohan & Nadagouda, 2013).
Recently, it was found that the dispersion of noble metal
particles on the TiO, surface enhances its photocatalytic
activity (Lee, Lintang, & Yuliati, 2017; Ravichandran,
Selvam, Krishnakumar, & Swaminathan, 2009; Tang, et
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al., 2012). In addition, it was reported that the deposition
of platinum and gold particles on titania can significantly
(e'/h7)

provide a better response to wavelengths close to the

inhibit electron-hole pair recombination and
visible region.

Noble metal nanoparticles (NPS), such as Au and Ag
NPS, can generate localized surface plasmon resonance
(LSPR) when they are irradiated with an energy source
with a suitable wavelength (Bera, Lee, Rawal, & Lee,
2016). It is well known that the strength of the LSPR in
NPS depends strongly on their properties, such as their
size, shape and surface charge (Zhang, Chen, Liu, & Tsai,
2013; Blackford, & Caruso, 2012).
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Furthermore, noble metal nanoparticles, such as Au, Ag
and Pt NPS, can strongly absorb visible light due to
LSPR, which also depends on their size, shape and
environment. Additionally, these NPS can act as both
electron traps and active reaction sites (Wang, et al., 2012;
Rayalu, et al., 2013).

Recently, it was reported that some photocatalytic
reactions are strongly promoted by the LSPR effect of
nanoparticle plasmons. Particularly, gold nanoparticles
have been used as photocatalysts in the degradation of
dyes (Mondal, Reyes, & Pal, 2017; Sobhana, Sarakha,
Prevot, & Fardima, 2016), hydrogen generation (Rayalu,
et al., 2013) and the degradation of phenol (Ayati, et al.,
2014; Diak, et al., 2017). For these reasons, researchers
have recently focused on supporting gold nanoparticles on
which

photocatalytic reactions and wastewater treatment.

titanium dioxide, is a promising system for

Currently, due to their extensive use, some of the most
common pollutants of wastewater from agricultural origins
Notably, 2,4-dichloro-

phenoxyacetic acid (2,4-D), the main herbicide used

are pesticides and herbicides.
worldwide, has caused adverse impacts on ecosystems
because of excessive exposure to it, and it is considered to
be a possible endocrine disruptor and human carcinogen
(Yu, et al.,, 2014). The degradation of 2,4-D has been
widely studied by different techniques such as adsorption,
biodegradation and ozonation (Lee, et al., 2017), but based
on the reports of several researchers, its degradation via
photocatalytic processes has been studied the most. Hu, et
al. (2017) used Cux(OH)PO, as
photocatalyst and infrared light as a radiation source,
Lee, et al. (2017) an Fe,03/TiO,
nanocomposite as a photocatalyst. Tang, et al. (2012) used

a microstructured

whereas used
a new photocatalyst consisting of Ag nanoparticles in
reduced graphene oxide (RGO) on TiO, nanotubes. In
another study, Liu, He, Liu, Liu, and Luo (2014) used
CdTe nanoparticles with RGO on TiO, nanotubes. In
contrast, Liu, et al. (2011) supported CulnS, nanoparticles
on TiO, nanotubes; finally, Yu, et al. (2014) studied the
role of NO; in the photodegradation of 2,4-D.

This work aims to improve the photoactivity of TiO.
by surface modification of TiO, with gold the material
with gold nanoparticles because this metal can inhibit the
recombination of the excited electrons, enabling the holes
to react more efficiently. This mechanism is the principal
reason for the activity of this species in the oxidation of
pollutants (Chen, Hua, Liu, Huang, & Jeng, 2009).

To achieve the objective of this study, an Au/TiO
catalyst was synthesized by the deposition-precipitation
method, which was reviewed by Zanella, Giorgio, Henry,
and Louis (2002). This material was tested in the
photodegradation of 2,4-dichlorophenoxyacetic acid.

2. EXPERIMENTAL

In the synthesis, commercial TiO, (Aldrich, 99%
purity) was used as the support, the precursor salt for the
HAuCl+3H,O (Aldrich, 99%
purity), and the reducing agent was urea (J.T. Baker, 99%

Au nanoparticles was
purity). The TiO, support was dispersed in an aqueous
solution of HAuCl, - 3H,O to obtain gold loadings of 1 and
8 wt%. The solution was heated to 80°C, and after this
added
concentration of 0.42 M. The system was maintained

temperature was reached, urea was to a
under vigorous stirring for an aging period of 24 hours.
After the aging period, the precipitated solid was washed
with distilled water and dried at 80°C in a vacuum stove
for 2 hours. Finally, the samples were subjected to thermal
and reduction treatments; they were heated to 350°C at a
rate of 2°C/min, maintained at this temperature for 3
hours under a hydrogen flux of 150 mL/min, and then
cooled to room temperature under an N, atmosphere.
The synthesized catalyst was characterized by X-ray
diffraction (XRD) using a Philips X’Pert diffractometer,
and the morphology and metal content were determined
by scanning electron microscopy and elemental analysis
(SEM/EDS) using a Carl Zeiss Auriga microscope. The
average size of the nanoparticles was determined by
transmission electron microscopy (TEM) using a Jeol
microscope, and the oxidation state was measured by XPS
analysis using a MultiTech Specs instrument equipped
with a dual Mg/Al X-ray source (XR50 model) and a
PHOIBOS 150 hemispherical analyzer in the fixed
analyzer transmission (FAT) mode.

The of 24-D was

performed in a photocatalytic reactor at atmospheric

photocatalytic degradation
pressure and room temperature using a UV lamp
(9mW/cm?), 100 mg or 50 mg of the catalyst and 1 L of a
2,4-D solution (80 ppm). The concentration of 2,4-D was
monitored using a Varian UV-Vis spectrometer. A control
reaction with TiO, was also performed. The catalytic
activity was determined by calculating the initial rates
and conversion using the following equations:
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3. RESULTS AND DISCUSSION

3.1 CHARACTERIZATION

Figure 1 shows the diffraction patterns of the 1 and 8
wt% Au/TiO;samples and the TiO, support. In all three
cases, the characteristic peaks of TiO., mainly the anatase
phase, are observed as well-defined, intense peaks,
especially for the sample with 1 wt% Au, which probably
contains a minimum percentage of the rutile phase. This
result is deduced from the support signal observed at
20=27.5° corresponding to the rutile phase. Overall, it is
confirmed that Au incorporation onto the support does
not modify its crystalline structure, and the anatase phase
is preserved (DeSario, et al. 2013). For the 8 wt% Au/TiO»
sample, diffraction peaks attributed to the Au structure
(20=38.8°, 44.7°, 64.8°, 77.9°) (Wang, et al.,, 2012;
Zielinska-Jurek, et al. 2011) are observed, but these peaks
are not observed for the sample with 1 wt%, which
suggests that its crystallite size is less than 10 nm. For the
sample with 8wt% Au, the presence of Au diffraction
peaks might be due to the high content of Au or the
existence of large metal crystallites. The crystallite size of
this sample is calculated to be 13.50 nm using the Scherrer
equation with 20= 64.57° (Table 1). Using the peak at
20=25.32° corresponding to the (101) reflection plane of
the anatase phase, the crystallite sizes of the titania
supports were calculated for the three samples. Table 1
shows that the crystal size decreases as the Au content
increases. This result might indicate an increase in the
crystallinity of the anatase phase (Wang, et al., 2012).

Figure 2 shows the micrographs of the synthesized
which
homogeneously sized TiO; crystals. In addition, bright

photocatalysts, mainly  reveal  spherical,
spots corresponding to Au particles with nanometric
dimensions are observed. Most of them have an average
size of 4-6 nm, are spherically shaped, and are distributed
homogeneously on the TiO, support. Both images show
some clusters that are approximately 20 nm in size, which
are probably responsible for the appearance of the
diffraction peaks for Au in the XRD pattern of the sample

with 8 wt% Au. The reduction conditions to which the

materials are subjected do not promote the formation of
Therefore, it
nanoparticles do not sinter, probably due to the good

larger particles. is assumed that the
stabilization of the particles by the support.

The EDS profiles of the 1 and 8 wt% Au/TiO,
powders, which are shown in Figure 3, reveal the presence
of gold, oxygen and titanium. Based on these results, the
Au contents of the synthesized powders were determined
to be approximately 1.23 and 9.89 wt%, respectively, by a
semiquantitative method. In both cases, the observed
than the

experimental percentage. This result might indicate that

percentage is approximately 23% higher
the synthesis method is adequate. The mapping of the 1
wt% Au/TiO, sample (see Figure 4) shows that gold is
homogenously dispersed on the titania support.

Figure 5 shows the results of the TEM analysis. For
the catalyst with 8 wt% Au, the average size of the
nanoparticles ranges from 5 to 8 nm (Figure 5¢). In
contrast, for the sample with 1 wt% Au, the size is smaller
than 5 nm (Figure 5a). The higher magnifications shown
in Figures 5b and 5d confirm that in both materials, the
gold nanoparticles are homogeneously distributed on the
TiO, support after the sample is subjected to the reduction
treatment.
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Fig. 1. XRD patterns of TiOz2and 1 and 8 wt% Au/TiOo.

Detailed information about the chemical composition
of and the valence states of the constituent elements in
the 1 wt% Au/TiO, sample was determined by X-ray
photoelectron spectroscopy (XPS). The spectrum in
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Figure 6a shows the presence of Ti, O, Au and C on the
sample surface. Figure 6b shows the spectrum of the Au
4f core level for the sample. In this figure, two peaks,
which are assigned to Au 4f;» and Au 4f;., are observed.
In the literature, the binding energies for metallic Au are
reported to be 82.8 eV and 86.6 eV (Grover, Singh, & Pal,
2014; Ying, Wang, Au, & Lai, 2010; Zieliniska-Jurek, et
al., 2011). In this study, the binding energies for Au/TiO;
were determined to be Au 4f;»,=82.2 eV and Au
4f5/0=85.83 eV. These results might be due to the presence
of a dominant Au® species on the TiO, surface. The
formation of this Au® state could result from the
interactions between Au" and the surface Ti** centers,
which would lead to the presence of titanium dioxide
defects (Zieliniska-Jurek, et al.; 2011). Thus, it is deduced
that gold is present in its reduced form on the titania
surface. As shown in Figure 6¢, Ti 2ps/ and Ti 2p;/» peaks
with binding energies of 458.15 eV and 463.73 eV,
respectively, are observed. The binding energy difference
is AE,=5.58 eV, which is consistent with the reported
value for Ti** and thereby confirms the presence of TiOs.
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Finally, the spectrum in Figure 6d shows the high-
resolution XPS analysis for the O Is core level. The
representative peak is observed at 529.4 eV and is
attributed to the Ti-O bond (Mohite et al., 2015). The C
species observed in Figure 6e might be due to accidental
carbon contamination, probably by the adsorption of
carbon dioxide on the solid surface during sample
preparation and the XPS analysis (Mohite et al., 2015).
Hence, it can be concluded that the sample is composed of
Ti, O and Au, based on the EDS and XRD results.

The spectrum in Figure 7 shows the UV-Vis analysis
results for TiO,; and the two samples impregnated with
gold nanoparticles. For titania, an absorption band is
observed at 340 nm (corresponding to 3.18 eV), which is
a typical signal for anatase powder. As shown in Table 1,
when TiO, strongly interacts with Au, the absorption
band is slightly modified (DeSario, et al., 2013).
Additionally, the sample with 1 wt% Au exhibits a surface
plasmon resonance (SPR) at 550 nm. This feature, along
with the low absorption, is characteristic of particles that
are smaller than 5 nm. In contrast, the sample with 8 wt%
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Fig. 2. SEM images of (a) 1 wt% Au/TiO: (1000kX), (b) 1 wt% Au/TiO2 (50000kX), (c) 8 wt% Au/TiO: (1000kX) and
d) 8 wt% Au/TiOs (50000kX).
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Au exhibits higher absorption with two maxima at 458
and 587 nm. This result is probably due to the larger size
of the gold nanoparticles (Zielinska-Jurek, et al., 2011).
Also, the fact that, the surface plasmon band is very broad
expanding, indicate a bimodal particle size distribution,
mainly in the catalyst with 8 wt% Au, possible by the
clusters observed by SEM for this sample.

The position and shape of the SPR band depends on
several factors, such as the particle size, morphology and

Element Wt % At %

OK 46.17 72.32
TiK 52,6 27.5
AuM 123 0.16
Total 100 100

.l

s

dielectric constant of the chemical environment (Liu, et
al., 2014).

An intermediate absorption band is also observed at
400-450 nm for the Au samples, and it has a lower energy
than the maximum of the TiO; band but a higher energy
than the plasmon resonance. Furthermore, its absorbance
increases as the Au content increases, which is consistent
with results reported in the literature (DeSario, et al.
2013).

Element  Wt% At%

0K 26,53 54.62
TiK 63.58 4372
Aul 9.89 1.65
Total 100 100

108 200 300 4.0 5.00 6.00 .00 8.00 .00 10.00

1 wt%
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Fig. 3. EDS profiles of the 1 and 8 wt% Au/TiO2 samples.
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Fig. 4. SEM/EDS mapping of the 1 wt% Au/TiO2 sample: a) O, b) Ti, ¢) Au, d) Au-Ti-O.
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Fig. 5. TEM analysis: a) and b) 1 wt% Au/TiO»,
¢) and d) 8 wt% Au/TiOx.

Table 1. Effect of the Au content on the crystalline properties.

Sample Au TiO, Au Au TiO, Au SPR
Content Crystal Crystal Particle Abs. Maximu

(%) Size® Size* (nm) Size® (nm) Maximu m°

(nm) m° (nm)

(nm)
TiO, 105.3 - - 332 -
Au/TiO, 1 91.6 n.i. 4+2 338 550
Au/TiO, 8 72.0 13.51 8 £2 338 548
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Fig. 7. UV-Vis spectra of the TiO2 and 1 and 8 wt% Au/TiO2 samples.
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3.2 PHOTOCATALYSIS RESULTS

The photocatalytic activities of the materials with Au
supported on TiO, for 2,4-D degradation were tested
under UV light irradiation. Table 2 shows the results for
the photocatalytic degradation of 2,4-D by the synthesized
materials and for the photolysis reaction (without a
catalyst). Under the tested experimental conditions (mass-
volume ratio: 0.5 gL, initial concentration: 80 ppm,
reaction time: 6 hours), the photocatalytic activity is
enhanced when the catalyst with 8 wt% Au is used; it is
nearly 50% higher than the activity of photolysis. It should
be noted that when a photocatalyst is used, the conversion
after 1 hour of reaction is highly favorable, which is not
the case in photolysis. It is well known that particles with
the anatase structure exhibit higher photocatalytic
activity (Wang, et al., 2012; Barakat, Hayes, & Ismat-
Shah, 2005; Barakat, Schaeffer, Hayes, & Ismat-Shah,
2005). The crystalline nature of the anatase structure is
mainly responsible for the photocatalytic activity of the
nanoparticles. In addition, as shown by the XRD results
listed in Table 1, the particle size of TiO; decreases as the
Au content increases, which could be an important factor
contributing to the activity improvement because the
photocatalyst then has a higher surface area where the
In this
photoreactivity of the samples is enhanced by not only a

catalytic reactions can occur. way, the
higher gold content but also a higher surface area. It is
also important to highlight that the particle size of Au is
not a determining factor for the pollutant photode-
gradation in this work; the elimination percentage is
slightly lower for the sample with 1 wt% Au, which has a
smaller particle diameter than the sample with 8 wt% Au.
It should also be noted that the initial reaction rate is one
order of magnitude higher for the sample with 8 wt% Au.
This behavior, i.e., the high photocatalytic activities of
large Au particles, has already been observed by other
researchers in the photodegradation of dyes, such as
methylene blue (Wang, et al, 2012) and phenolic
compounds (Murdoch, et al., 2011). Table 3 shows the
results for the analysis of the effects of the initial solution
concentration on the photode-gradation of 2,4-D. For each
of the three

concentrations were studied using a mass-volume ratio of

photocatalysts, two different initial
0.5 g - L't and a reaction time of only 240 min. Clearly, the
that at the
concentration, the conversion is higher for all three tested

This

results show lower initial pollutant

catalysts. phenomenon was also observed in

heterogeneous catalytic systems in which the reaction
occurred at the solid interphase in the biphasic or triphasic
system (Barakat, Schaeffer, et al., 2005) and in other
photocatalytic studies (Wang, et al., 2012). Therefore, it
can be concluded that the photocatalytic activity is
usually high when the pollutant concentration is low. The
effect of the initial solution concentration observed in the
tests with the catalyst with 8 wt% Au is not significant
compared to those observed in the tests with TiO, and the
catalyst with 1 wt% Au. Compared to the results for the
catalyst with 8 wt% Au, the conversion for the catalyst
with 1 wt% Au is slightly higher at 40 ppm, and its initial
reaction rate at 40 ppm is twice that at 80 ppm.
Specifically, the conversion is 5% higher at 40 ppm than
at 80 ppm. The initial reaction rate is higher for the
solution with the higher initial concentration. Seck, et al.
(2012) also observed this behavior for 2,4-D degradation
by TiO, nanoparticles synthesized by several different
methods. Additionally, some authors have suggested that
the high reaction rate must be due to a high pollutant
concentration over a large specific surface area. In this
work, it can be indirectly attributed to this effect, because
the sample has a smaller TiO, crystal size, resulting in a
larger specific surface area of the catalytic support on
which the photocatalytic reaction can occur. Finally,
Table 4 shows the results for the effect of the catalyst mass
on the elimination of 2,4-D obtained with the sample with
1 wt% Au. The mass-volume ratios studied were 0.25, 0.5
and 1.0 g - L'!; the initial concentration was 80 ppm; and
the reaction time was 6 hours. The results show that the
most efficient pollutant photodegradation is achieved at
the lowest mass-volume ratio. Several authors reported
that the pollutant photodegradation rate is influenced by
the amount of active sites on and the absorption capacity
of the catalyst (Doon & Chang, 1998; Shankar, Anandan,
Venkatachalam, Arabindoo, & Murugesan 2006; Trillas,
Peral, & Domeénech, 1995). Therefore, it can be assumed
that when the catalyst loading is increased, the formation
rate of the electron/hole pair increases, thereby enhancing
the pollutant photodecomposition. Nevertheless, Barakat,
et al., (2005) found that of the
photocatalyst in the reaction suspension obstructed the

large amounts

UV light irradiation, which led to a reduction in the
photodegradation rate. In this work, a high conversion and
high initial rates are achieved in the pollutant elimination
when the mass-volume ratio of the photocatalyst in the
suspension is the lowest.
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Table 2. Effect of the catalyst on the photocatalytic degradation of 2,4-D.

Sample Au Concentration (80 ppm)
Content 12400 -r2400° Xaz,4-0°
(%) (mol-Lt-min?)  (mg-L*-min) (%)

Photolysis - 0.905-10 0.2:102 50.46

TiO; - 2.352-10° 5.2:102 82.16

AU/TIO; 1 4.433-10° 9.8:10 93.30

AU/TIO; 8 13.39-10° 29.6-102 98.15

* Determined at the initial time. ® After 360 min of reaction.
Table 3. Effect of the initial concentration on the degradation of 2,4-D.
Sample Au Concentration (40 ppm) Concentration (80 ppm)
content -r2,4.0,0% Xz,4.0° 2400 X2,4.0°
(%) (mg-Lt-mint) (%) (mg-L*-min?t) (%)

TiO2 13.1-102 75.11 5.2:107 40.28
AU/TiOz 1 17.8-102 86.30 9.8:107 37.90
AU/TiOz 8 20.7-107 85.00 29.6-10 80.42

Table 4. Effect of the catalyst mass (1 wt% Au/TiO2) on the photocatalytic degradation of 2,4-D.

Mass of Mass/VVolume Concentration (80 ppm)

Catalyst Ratio -I2.4-D,0% -I2.4-D,0% )(2,4.Db
(@) (g-Lh (mol-Lt-min?)  (mg-L*-min?) (%)
50 0.25 12.90-10° 28.7-102 98.14
100 0.50 4.43-10° 9.8:107 93.30
200 1.00 3.53-10° 7.8-10? 71.51

2Determined at the initial time. ® After 360 min of reaction.

4. CONCLUSIONS

The XRD and SEM/EDS result, showed it is possible
(NPS)
commercial TiO; by the deposition-precipitation method

to obtain Au nanoparticles supported on
and according to the TEM results, nanoparticles of 5-8 nm
and of less than 5 nm are obtained on the catalysts with
8 and 1 wt% Au, respectively. The photocatalytic results
show to the initial photocatalytic activity results, the
elimination of 2,4-D increases when Au is present. The
catalyst with 1wt% Au has a slightly larger conversion
than TiO,. Therefore, it is concluded that the presence of
gold, and not its particle size, promotes the elimination of
2,4-D in this study. The results clearly show that the
conversion is higher at a lower initial pollutant
concentration. Furthermore, a high conversion and high
initial rates of reaction are obtained for the pollutant
elimination at the lowest mass-volume ratio of the

photocatalyst in the suspension studied.

The highest photocatalytic activity is observed for the
sample with 8 wt% Au. In addition, the pollutant
elimination is clearly more efficient when the initial
concentration of 2,4-D and the mass of catalyst in the
suspension are lower. Finally, it is concluded that the
presence of nanoparticles increases the initial reaction rate
The
improvement in the photocatalytic activity is attributed

relative to that observed for the TiO, control.

to the crystallinity and nanometric size of the material and
to the reduction in the band gap.
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