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Abstract

In this work, novel TiO.-based nanobelts with various phases were synthesized:
biphasic TiO2(B)/anatase, pure TiO2(B) and pure anatase. These catalysts were obtained via
hydrothermal reaction using two nanoparticulated TiO> photocatalysts as precursors: Aeroxide
TiO2 P25 (P25) and TiO2 synthesized via a sol-gel process (SG). In addition, the surface of
the photocatalysts was modified with gold using a photodeposition method. A
characterization study of the different photocatalysts was performed with X-ray diffraction
analysis (XRD), UV-Vis diffuse reflectance spectra (DRS), scanning electron microscopy
(SEM), X-ray photoelectron spectrum analysis (XPS) and Brunauer-Emmett-Teller
measurements (BET). The photocatalytic reaction of the herbicide 2,4-dichlorophenoxyacetic
acid (2,4-D) was investigated under UVA irradiation. A toxicity analysis was performed with
the marine bioluminescent bacteria Vibrio fischeri. The highest 2,4-D removal efficiency of
99.2% was obtained with the biphasic Au-TiO2(TiO2(B)/anatase) nanobelts with anatase as
predominant phase. Toxicity was mainly due to the intermediate 2,4-dichlorophenol (2,4-
DCP) which was eliminated in 4 h. The TiO2 nanobelt phase structure is shown to have a
significant effect on photocatalytic activity.
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1. Introduction

The excessive use of pesticides to increase agricultural production and contribute to
covering the growing demand for food has led to the agricultural sector being considered a
major worldwide source of water pollution. Pesticides, such as the agrochemical 2,4-
dichlorophenoxyacetic acid (2,4-D), have negative effects on human health and aquatic
ecosystems, contaminating ground waters and surface waters. It has been reported that 2,4-D
can seriously alter soil water quality and contaminate surface waters, adversely affecting
human and animal life due to its disruptive effect on the hormonal system and its potential
carcinogenic effects [1].

The most promising method for the decomposition of 2,4-D herbicides is by
heterogeneous photocatalysis. The photocatalytic processes are based on absorption of
photons by a semiconductor material whose energy is higher than the band gap energy, Eg,
allowing the formation of an electron-hole pair (e /h™) in the semiconductor [2]. The
interfacial transfer of electrons and holes in the semiconductor results in the initiation of
redox reactions with adsorbates [3].

Titanium dioxide (TiO) has been widely investigated as a semiconductor material due
to its high photocatalytic activity and chemical stability [4,5]. Generally, the phase structure
and the morphology of a TiO> catalyst play important roles in its photocatalytic performance.
Anatase and rutile are generally considered the most efficient phases for the photocatalytic
process, although in nature there exist four distinct polymorphs: anatase, rutile, brookite, and
monoclinic TiOz (TiOz (B)) [6]. With the exception of anatase and rutile, phase mixtures have
not been studied in depth. In this respect, the commercial Aeroxide TiO2 P25 (P25) is a mixed
phase catalyst (80% anatase and 20% rutile) and has displayed excellent photocatalytic
activity in the elimination of different pollutants [7]. With respect to morphological structure,
many scientific articles have focused on the efficient removal from water of the herbicide 2,4-
D, using, for this purpose, different photocatalytic structures, such as the thin plate structure
[8], nanospheres [9] and nanotubes [10]. Recent research studies have concentrated on a novel
TiO2 nanostructure morphology, one-dimensional (1D) nanobelts. These structures have
intriguing potential, as they can be used in a variety of applications, including lithium
batteries [11,12], sensors [13,14], hydrogen production [15,16] and its storage [17,18], solar
cells [19,20] and photocatalysis [21,22].

In this work, TiO2 nanobelts were obtained by subjecting the commercial Aeroxide
TiO2 P25 (P25) and a home-made TiO- synthesized in our laboratory to a sol-gel process and
hydrothermal treatment. The samples obtained were subjected to several calcination
temperatures, and the best-performing nanobelt photocatalysts were modified by surface
photodeposition with Au nanoparticles. Photocatalytic activities were tested in the
degradation of the herbicide 2,4-D and its main, most toxic intermediate, 2,4-DCP (2,4-
dichlorophenol), which is considered even more toxic than the parent pollutant 2,4-D [2]. All
photocatalysts were widely characterized by various physicochemical techniques (XRD, UV-
Vis diffuse reflectance, BET, XPS, FTIR, TEM and SEM-EDX).



2. Experimental
2.1 Materials

Aeroxide TiO2 P25 (P25) was obtained from Evonik Industries. Sodium hydroxide
98.0%w: (NaOH), hydrochloric acid 37%w: (HCI), ethanol absolute 99.5%w (CH3CH20H),
anhydrous citric acid 99.5%wt (CeHgO7), and sodium chloride 99.5%w: (NaCl) were purchased
from Panreac Quimica S.A. (Barcelona, Spain). Titanium (IV) n-butoxide 97%w, 2,4-
dichlorophenoxyacetic acid 97%w (CsHeCl203), tetrachloroauric acid trihydrate 99.9%wt
(HAuUCl4-3H20) and 2-propanol 99.8%w: were obtained from Sigma-Aldrich. Bacteria Vibrio
fischeri (aliivibrio fischeri) were purchased from Gomensoro S.A. (Madrid, Spain).

2.2 Preparation of TiO2 nanoparticles with sol-gel procedure

In the first step, a mixture of ethanol (40 mL) and titanium (V) n-butoxide (17 mL)
was added drop by drop to a water-ethanol solution (15 mL of water and 40 mL of ethanol)
containing 853 mg of citric acid. The solution was constantly stirred during the whole
process. Subsequently, the suspension was stirred for an additional 30 minutes and then kept
in the dark for 48 h. Finally, the gel was dried at 100°C for 24 h. The obtained powder was
named SG [23].

2.3 Preparation of TiO2 nanobelts

The nanobelts were synthesized by our group either directly by hydrothermal
treatment of the P25 photocatalyst (HP25 series) or of the SG photocatalyst (SGH series). A
typical synthesis process involved 1 g of TiO2 mixed with 140 mL of 10 M NaOH aqueous
solution. The mixed solution was magnetically stirred until the solution could be
homogeneously suspended, then transferred into a Teflon vessel with cap which was
introduced into a stainless steel autoclave heated at 180°C for 48 h. The obtained liquid was
isolated by centrifugation at 4000 rpm for 30 min, washed with 140 mL of Milli-Q water and
centrifuged again for 30 min, followed by a filtration process and 3 washes with 140 mL of
Milli-Q water to obtain Na>TizO7. The wet powder was then immersed in 140 mL of 0.1 M
HCI aqueous solution for 24 h with continuous magnetic stirring. After washing and filtration
H>Tiz07 nanobelts were produced and then dried at 105°C for 24 h [24]. Finally, the powder
was calcined at different temperatures (500°C, 600°C, 700°C) for 3.5 h.

2.4 Preparation of Au/TiO2

Au nanoparticles were deposited on the TiO2 nanobelt surface using the
photodeposition method [25]. Appropriate solutions of HAuCls-3H20 (amount calculated for
1%wt Au) and 2 g of TiO2 (HP25 or SGH) nanobelts were added to a mixture solution
containing 400 mL of Milli-Q water and 9.4 mL of 2-propanol. Photodeposition was
performed using a cylindrical photoreactor with a 400 W Hg medium pressure lamp enclosed
inside a quartz inner tube. The mixture was illuminated for 6 h under continuous stirring and
nitrogen bubbling. The obtained product was thoroughly recovered by filtration using a 0.45
pum Millipore filter, washed with Milli-Q water and oven dried at 105°C for 24 h.



2.5 Characterization techniques

X-ray diffraction (XRD) patterns were obtained using a Bruker D8 Advance
diffractometer with Cu Ka radiation 1.5406 A in the 20 scan range of 15-60°.

Field emission scanning electron microscopy (SEM) images were obtained using a
Hitachi TM3030 microscope equipped with an EDX analyzing system, and transmission
electron microscopy (TEM) images using a Zeiss EM 910 instrument equipped with a
ProScan slow-scan CCD camera and Soft Imaging System software.

Diffuse reflectance UV-Vis spectra (DRS-UV-Vis) were recorded on a Varian Cary 5
spectrophotometer using PTFE (Poly-Tetra-Fluoroethylene) as reference. The band gap
energy was calculated according to the Tandon-Gupta method [26].

BET surface area and porosity measurements were carried out by N> adsorption at 77
K using a Micromeritics ASAP 2010 instrument.

Surface characterization by X-ray photoelectron spectroscopy (XPS) was conducted
on a Leybold-Heraeus LHS-10 spectrometer, working with constant pass energy of 50 eV.
The spectrometer main chamber was maintained at a pressure <2-10° Torr, and the machine
was equipped with an EA-200 MCD hemispherical electroanalyzer with a dual X-ray source
of Al Ko (hv) 1486.6 eV at 120 W and 30 mA. Samples were outgassed in the pre-chamber of
the instrument at 150°C up to a pressure <2-10-8Torr to remove chemisorbed water from their
surfaces.

FTIR experiments were carried out with a Nicolet iS10 spectrophotometer and a
custom-made cell equipped with CaF. windows. The samples were analyzed under the
following parameters: intervals of 4000-1000 cm™, a 4 cm™ resolution with 32 scans and a
mirror velocity of 0.6329 cm-s™.

2.6 Photodegradation of 2,4-D

Aqueous suspensions containing 0.53 mM of 2,4-D aqueous solution and 1 g-L*
photocatalyst were placed in a 250 mL Pyrex cylindrical reactor [2]. The photodegradation
experiments were carried out at room temperature at pH 3, with continuous stirring and air-
bubbling (air flow = 400 mL-min). In order to achieve the adsorption-desorption equilibrium
between the organic pollutant and the photocatalysts, the suspensions were magnetically
stirred and bubbled in the dark for 30 min at room temperature. Subsequently, an aliquot was
taken and filtered with a syringe filter (0.45 um) and injected into the high-performance liquid
chromatographer (HPLC) and total carbon analyzer to determine the initial instant
concentrations of the contaminant and total organic carbon (TOC), respectively. After dark
adsorption, the lamp was switched on to start the photocatalytic reaction for 120 min. A 60 W
Philips HB175 solarium equipped with four 15 W Philips CLEO fluorescent tubes with
emission spectrum from 300 to 400 nm (maximum around 365 nm, and 9 mW-cm) was used
as UVA source of photons for the photocatalytic processes. Sample monitoring in the
photocatalysis was carried out in the same way as at the end of the dark period.

2.7 Analytical procedures

The concentration of 2,4-D was evaluated by HPLC. The chromatographic column
used was a Supelco Discovery C18 (250 mm x 4.6 mm ID, 5 um particles), with mobile phase



consisting of 70% methanol and 30% phosphoric acid buffer at pH 2.3. Mineralization was
determined using a total carbon analyzer (TOC-VCSN, Shimadzu). A Dionex LC25
chromatography unit equipped with GP50 pump and ED50 electrochemical detector in
conductivity mode was used to determine chloride concentration.

2.8 Toxicity measurements: Vibrio fischeri toxicity bioassay

A luminescent bacteria test was performed to evaluate toxicity of the herbicide 2,4-D
in aqueous solution. The bioassay used marine bioluminescent bacteria of the Vibrio fischeri
type. The bacteria were hydrated by adding an adequate volume of solution at 2% NaCl by
weight prior to testing. For each sample, the NaCl content was 2% (w/v), and luminescence
intensity was recorded after 15 minutes of incubation at 35°C. Percentage inhibition was
calculated by comparing a non-toxic substance containing only Vibrio fischeri bacteria in 2%
NaCl saline medium as reference.

3. Results and discussion

3.1 X-ray diffraction (XRD)

Table 1. XRD characterization and band-gap values of the photocatalysts.

Photocatalysts Phases, % Crystallite size, nm Crystallinity | Band-gap
% eV
Monoclinic | Anatase | Rutile | Monoclinic | Anatase | Rutile

P25 -- 83 17 -- 19.45 30.48 83 3.2

SG (amorphous) - -- -- - - - n.m. -
HP25-500°C 100 -- -- n.m. -- -- 59 3.07
HP25-600°C 36 64 -- n.m. n.m. -- 81 3.18
HP25-700°C -- 99 1 -- 47.2 137.2 89 3.20
SGH-500°C 80 20 -- n.m. -- -- 81 3.10
SGH-600°C 61 39 -- 21.8 19.1 -- 82 3.15
SGH-700°C -- 100 -- -- 42.2 -- 91 3.20
Au-HP25-600°C 37 63 -- 21.2 n.m. -- 82 3.17
Au-SGH-600°C 67 33 -- n.m. n.m. -- 82 3.13

n.m.: not measured.
-- 1 not present.

The structures of the TiO. nanobelts were investigated using the XRD technique.
Table 1 shows the results of crystalline phase composition, percentage of crystallinity and




crystallite sizes for several calcination temperatures without and with surface modification by
gold nanoparticles for the two HP25 and SGH series. Crystallite size was obtained by
applying the Scherrer equation in cases where there was no overlap between peaks. If there
was an overlap it is indicated in the table as 'n.m.".

In the case of the HP25 series, the samples calcined at 500°C contain a pure phase of
monoclinic TiO2(B) which may be due to calcination of the H,TizO7 structure [27]. The main
peak of monoclinic TiO2(B) is located at 45° (20) [PDF 35-0088]. After heating at 600°C, a
mixture of phases can be observed, monoclinic TiO2(B) and anatase phase [PDF 21-1272]. In
this sample, the transformation from monoclinic TiO2(B) to anatase phase was initiated, with
anatase the predominant phase (denoted TiO2(A/B)). This mixture had 36% TiO2(B) and 64%
anatase. At 700°C, TiO2(B) was transformed almost completely to anatase structure (99%),
with a small percentage of rutile phase (1%) [PDF 21-1276]. This sample exhibited higher
crystallinity.

For the SGH series, it was found that the mixture of TiO2(B) and anatase phase
appeared in the sample calcined at 500°C. When the temperature was increased to 600°C, a
slow transformation of TiO2(B) into anatase structure was observed, with the TiO2(B) phase
remaining predominant (denoted TiO2(B/A)). At this calcination temperature, anatase phase
was just 39% in contrast to the 64% anatase structure of the HP25-600. Pure anatase phase
was obtained with the sample obtained at 700°C, which exhibited the highest crystallinity of
91%. Transformation from anatase to rutile phase did not occur at 700°C for the SGH series,
though this transformation did begin with the HP25-700.

The results obtained appear to indicate that the non-calcined SG sample is amorphous,
and so the hydrothermal process causes delay of phase transformation from TiO2(B) to
anatase. This phase transformation is achieved as the calcination temperature increases. Rutile
phase is not detected in this series, even at 700°C. The phase transformations from TiO2(B) to
anatase and from anatase to rutile took place rapidly in the HP25 series. Nevertheless, the
original commercial photocatalyst, P25 (before hydrothermal treatment), has a crystalline
structure formed by nanoparticles with a more or less bipyramidal structure (tetragonal
system).

Figure 1 (a) and (b) show the XRD patterns of the samples of both series of
photocatalysts without and with modification of photodeposited Au. Diffraction peaks
corresponding to Au were not detected. The presence of Au particles did not produce any
modification of the crystalline structure of the material.
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Figure 1. XRD patterns of TiO2 nanobelt samples: (a) HP25 series and Au-HP25-600, (b)
SGH series and Au-SGH600.

3.2 FTIR Spectroscopy analysis

Figure 2 (a) shows the spectra of the reference P25, HP25-500, HP25-600 and HP25-
700 catalysts. The bands at 3400 cm™ and 1630 cm™ are attributed to vibrations of the water
stretching and bending modes [28]. A decrease in the intensity of these bands is clearly
observed as calcination temperature increases.

In the HP25-500 and HP25-600 catalysts, a 983 cm™ band can be seen that is not
observed in either the P25 or HP25-700. It is in this region where the characteristic vibrations
of the Ti-O appear [29]. This is a broad band associated with changes in the position and
intensity of absorption bands characteristic of anatase due to the transformation to TiO>-B
(monoclinic) and reflects the role of the hydrothermal treatment and subsequent acid washing
in the introduction of H and OH groups to the TiO2 structure [30].

The characteristics of the spectra of the SGH catalysts (Fig. 2b) are the same as those
of the HP25, with lower surface hydroxylation as temperature increases and the presence of
the band increase to 983 cm™ in the catalysts treated at 500°C and 600°C. The Au-modified
photocatalysts, Au-HP25-600 and Au-SGH-600, display the same behavior.
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Figure 2. FTIR of nanobelt photocatalysts (a) HP25 series, and (b) SGH series.

After photocatalyst surface characterization through the FTIR spectra, a study was
performed aimed at explaining the interactions between the tested pollutant and the active
centers of the surface of the catalysts. First, the reference spectra of the photocatalyst samples
and pollutants were recorded. The catalysts were then suspended in a saturated solution of the
pollutant and, after filtration, their spectra were recorded. Finally, they were subjected to
UVA irradiation to follow the evolution over time of the bands resulting from interaction of
the 2,4-D with the catalysts.

Figures 3 (a) and (b) show the spectra obtained from interaction of the 2,4-D with the
catalysts. Also shown, for purposes of comparison, is the spectrum of the water-dissolved 2,4-
D. Table 2 shows the main bands of the 2,4-D. As can be seen in the spectra of the P25 and
SGH-600 (Fig. 3 (a)), the band attributed to the vibration v(C=0) disappears and a widening
of the bands is observed in the region between 1500-1400 cm™. This may be due to the
formation of a monodentate or bidentate carboxylate group connected to the catalyst surface.
In these photocatalysts, displacement of the 2,4-D acid to its dissociated form is favored.

In the spectra obtained with the HP25-600 and the catalysts photodeposited with gold
(Au-HP25-600 and Au-SGH-600), the band corresponding to the carbonyl group is observed
together with the widening due to carboxylate formation. With these photocatalysts,
interaction of the pollutant with the catalyst surface seems to take place with the two species
formed from dissociation of the acid (pKa 3.40) [31], the molecular species and the anionic
(carboxylate) species. Scheme 1 represents the two types of possible interaction observed.
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Scheme 1. Interaction of 2,4-D molecule with catalysts.
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Figure 3 (a) and (b): FTIR spectra of the interaction of 2,4-D with photocatalysts without
UVA irradiation.

Table 2. Assignments of the main FTIR bands of 2,4-D

Band (cm™) Assignment
1718 v(C=0)

1580, 1475 v(C=C)

1310, 1092 vsand vas(C-O-C)
1422 CH>

3.3 Diffuse reflectance UV-Vis spectra

The band gap was estimated using UV-Vis spectra of TiO. nanobelts obtained at
different calcination temperatures, and was calculated following the procedure described by
Tandon and Gupta [26]. In Figure 4, Tauc plots are shown for both series of photocatalysts,
with and without Au particle photodeposition. Band gap values are very similar for the SGH
and HP25 series.

It can be seen in Table 1, in both series, how the band gap progressively increases with
increasing anatase percentage and increasing temperature. This tendency is commonly
observed in other studies [32,33] and is attributed to phase transformation of TiO2(B) to
anatase structure by heating at high temperature leading to an interphase charge transfer
between the band structure of the TiO2(B) and anatase. Although the phase transformation of
TiO2(B) to anatase is faster in the HP25 series, no significant differences are observed in the
band gap values of the two series. It is also seen how the presence of gold particles has very
little effect on the band gap values. The only effect observed is an elevation of the background
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signal in the Tauc plots that is clearly noticeable throughout the visible region and that could
be associated with the possible presence of plasmons [34,35].
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Figure 4. Tauc plots of the TiO2 nanobelts calcined at different temperatures: (a) HP25 and
(b) SGH.

3.4 Electron microscopy

Scanning electron microscopy (SEM) was used to study the morphology of the TiO>
nanobelts calcined at different temperatures. Figure 5 shows that the prepared samples had a
homogeneous nanobelt structure. The nanobelt structures are greater at higher temperatures.
This can be seen in greater detail in the TEM images shown in Figure 6. Evolution of the two
series, HP5 and SGH, is similar. Images shown of the nanobelts obtained from the P25 reveal
how the increase in temperature produces particle sinterization and hence nanobelt growth.
The EDX analysis also confirmed that the presence of gold does not appear to be
homogenously distributed.
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Figure 5. (a) EDX analysis of Au-nanobelts; SEM micrographs: (b) and (c) samples of HP25
calcined at 500°C and 700°C, respectively; (d) and (e) samples of SGH calcined at 500°C and
700°C, respectively; (f) HP25 with 1% Au calcined at 600°C; and (g) SGH with 1% Au
calcined at 600°C.

Figure 6. TEM images (a) HP25-500, (b) HP25-700 and (c) HP25-900.

3.5 BET analysis



The BET analysis results of the samples are summarized in Table 3. It can be observed
that the pure TiO2 nanobelts have surface areas of 21.85 m?-g** and 23.12 m?.g™* for HP25-600
and SGH-600, respectively, with these areas being similar to those found by other authors
with different nanobelt photocatalysts [36,37]. After modification with Au nanoparticles, a
slight increase in the specific surface area is observed for both series.

In Figure 7, the adsorption-desorption isotherms of N2 are shown for both series of
photocatalysts with and without surface photodeposited Au. It is observed that there is
virtually no hysteresis cycle, which indicates that the materials are practically non-porous
(pore volumes are shown in Table 3).
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Figure 7. N2 adsorption/desorption isotherms: (a) HP25-600 and Au-HP25-600, (b) SGH-600
and Au-SGH-600

3.5 X-ray photoelectron spectroscopy (XPS) analysis

XPS measurements were performed to analyze the chemical surface composition.
Figure 8 shows the XPS spectra of Ti 2p, C 1s, O 1s and Au 4f. All these samples have two
peaks located at 458.8 eV and attributed to typical values of Ti 2p%? and 2p*/2, respectively,
which correspond to the Ti*" oxidation state of the TiO,. In Figure 8, the Au 4f spectrum is
comprised of two bending energies of the Au 41”2 and Au 4> peaks centred at 83.9 eV (4?)
and 87.5 eV (Au 4f%2), confirming that gold in the metal is in zero oxidation state, Au° [38].
This involves the existence of an Au-TiO2 Schottky barrier interface, allowing electron
transfer from TiO. nanobelts to the Au [39]. Figure 8 shows the spectrum of O 1s with
bending energies values located at 529.7 eV, ascribed to the lattice oxygen O but also
assignable to the presence of H2O or the free hydroxyl group (OH) on the surface. The C 1s
peaks located at 285.9 and 286.2 corresponding to C-C were not detected with FTIR
spectroscopy. According to the quantitative analysis shown in Table 3, carbon content is
highly significant. The presence of carbon is likely due to possible carbonation of NaOH used
in the hydrothermal treatment which was not totally neutralized in the subsequent treatment
with HCI aqueous solution.



—
QO
S

(b)

Ti(2p) O(1s) Ti(2p)
529.7

::;:-'/-\ i 453.8/ |

45838

|

4646 | |

LT AN \ Ti2p472\ \
2 !

T RN ) 5/
WAV SAVALL VAN

485 430 475 470 465 460 455 534 632 530 528  526| 485 480 475 470 465 460 455534 532 530 528 526

529.9 Ots)

s | I|

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
Au(4f) 5 B C(1s) 258 C(1s) 2859

3 F] Fl
3 3 g
2 2 ' -y
s 0 ]

[ c £ /
g g g
E L 5 £

W -/

94 92 9 83 86 84 82 80 200 208 286 284 282 20 288 286 284 282
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(c) (d)
Ti(2p) 5303 O(1s Ti(2p) 0O(1s
. 529.9

3 4sg8/| | 3 3 4s88| | 3
8 | | & 8 |8

2 ws ||| 2 2 s || |2 /

ghwﬂ iz ,f"\ (1| 2 E___’_ .Tilp"z,f‘-' § ::;:'

|| il

)\&. \J\\ A N

485 480 475 470 465 460 455 534 532 530 528 526\ 485 480 475 470 465 460 455534 532 530 58 526
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

Au(df) 844 C(1s) 286.2 Cts) 285.9

% 92 % 88 8 8 82 80 20 288 286 284 282 R G
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Intensity (a.u.)

Intensity (a.u.)
Intensity (a.u.)

Figure 8. XPS spectra of (a) Au-HP25-600, (b) HP25-600, (c) Au-SGH-600 and (d) SGH-
600.




Table 3. XPS analysis and BET surface area and pore volume.

Photocatalysts Ti(2p) O(1s) C(1s) Au(4f) BET surface area | Pore volume
atomic % | atomic % | atomic % | atomic % m?2egt cmieg?
HP25-600 15.87 40.09 44.04 -- 21.85 0.0601
Au-HP25-600 16.84 37.52 45.43 0.21 22.30 0.0753
SGH-600 17.45 39.24 43.31 -- 23.12 0.0749
Au-SGH-600 17.10 38.37 44.36 0.19 24.16 0.0809

3.7 Photocatalytic activity

The results of the photocatalytic activity tests for the HP25 and SGH photocatalyst
series are shown in Figures 9 and 10, respectively. In both cases, the concentration profiles
are shown of the pollutant 2,4-D, the toxic intermediate 2,4-DCP and chloride ions, as well as
the evolution over time of the relative concentration of organic carbon during 120 min of

illumination.
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Figure 9. (a) 2,4-Dichlorophenoxyacetic acid degradation, (b) Intermediate 2,4-DCP formed,
(c) CI" formed, (d) total degree of mineralization with HP25 nanobelt series calcined at
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It can be observed that photocatalytic degradation performance decreased gradually
with increasing calcination temperature and followed the order for HP25 catalysts calcined at

500°C, 600°C, and 700°C (93.99%, 91.45% and 86.74%, respectively).

A similar tendency was seen in the SGH series, but with a decrease in degradation of
2,4-D compared to the HP25 series. The values obtained were 90.84%, 88.33% and 66.23%

for SGH catalysts calcined at 500°C, 600°C and 700°C, respectively.

The simplified and integrated Langmuir-Hinshelwood (L-H) kinetic model (simplified
in that the product of the adsorption constant and concentration is much lower than 1) is
generally used to fit the concentration profile of pollutants in heterogeneous photocatalysis

[40]:

In(&]:k-t
C

C, : The adsorption equilibrium concentration of 2,4-D.

C: concentration of 2,4-D at time t.



k: Apparent rate constant.

Table 4 shows the values of the apparent constant of the 2,4-D degradation rate
calculated from the slopes obtained from the first order integrated kinetic equation. These
constants follow the same tendency as the degradation percentages.

Mineralization was evaluated in terms of TOC removal. It was observed that TOC
follows an apparent zero kinetic order in the first two hours of photoactivity. In the SGH
series, TOC removal followed a similar pattern, decreasing with increasing calcination
temperature. However, this behavior differed in the HP25 series, where it remained almost
constant, with no increased temperature effect. It is clear that in the two series of TiO>
nanobelts, the maximum TOC % removal values corresponded to TiO2 nanobelt catalysts
calcined at 500°C (46.78% and 44.20% after 120 min for HP25-500 and SGH-500,
respectively).

Table 4. Percentage of TOC removal and apparent rate constant (min) of photocatalytic
degradation of 2,4-D.

Photocatalyst | TOC/% | k/min* | Photocatalyst | TOC/% | k/min
HP25-500 46.78 0.020 SGH-500 44.20 0.017
HP25-600 42.39 0.017 SGH-600 43.97 0.015
HP25-700 45.50 0.014 SGH-700 27.32 0.007

According to the photocatalytic activity results, it could be inferred that the TiO>
nanobelts calcined at 500°C with pure TiO2(B) phase exhibit the highest photocatalytic
capacity. However, more useful information was required on chloride ion production in the
reaction (for instance, whether the chloride ion concentration attains the stoichiometric value)
and the intermediates of 2,4-D formed during the treatment.

3.7.1 Identification and time-evolution of intermediate and chloride ions

The 2,4-D degradation by-products were determined by HPLC. The results indicate
that during degradation of 2,4-D, the more toxic intermediate, 2,4-DCP, was formed in all
cases. This intermediate occurs as a result of the attack of the "OH radical on the C-O bond of
the phenoxy group of the 2,4-D molecule. Another intermediate, chlorohydroquinone (CHQ),
was generated via a dechlorination reaction in which a chlorine atom of 2,4-DCP situated in
para position was replaced by an *OH radical [8]. A small amount of 2,4-DCP isomer, as 2,6-
DCP, and the minor intermediate 4-chlorocatechol (4-CHC) were also detected. The
degradation pathway of 2,4-D was similar to that reported in other publications [8,41,42] .

Figures 6(c) and 7(c) show that the maximum conversion of chloride ions formed in
solution was 52.7% and 35.34% for HP25 and SGH, respectively, calcined at 600°C.
Moreover, these two catalysts are characterized by their lower production of 2,4-DCP which
is considered more toxic than the initial pollutant 2,4-D [1]. Based on these results, it could be



inferred that HP25 and SGH calcined at 500°C and 700°C are not the optimum catalysts if
compared to the HP25 and SGH catalysts calcined at 600°C which contain TiO2(B)/anatase
mixed phases.

3.7.2 Effect of loaded Au nanoparticles

In accordance with the results given in the previous section, nanobelt samples calcined
at 600°C were selected as the best photocatalyst, and so were chosen for surface
photodeposition with gold nanoparticles.
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Figure 11. (a) Concentration profile of 2,4-D, (b) Temporal evolution of relative TOC
(degree of mineralization), (c) Concentration profile of 2,4-DCP (intermediate) and (d)
Temporal evolution of chloride ions.

Figure 11 shows the 2,4-D concentration profile (a), degree of mineralization (b), 2,4-
DCP intermediate temporal evolution (c), and chloride ion temporal evolution. With both
photocatalyst series, photocatalytic activity was higher with TiO> nanobelts and Au
nanoparticles than with bare TiO2 nanobelts. These results could be due to the formation of a
potential energy barrier for electrons formed at a metal-semiconductor junction during the
scattering of the Au nanoparticles on the surface of the TiO2 nanobelts. This barrier formation
may affect the interfacial charge-transfer and reduce the e/h™ recombination rate in



photocatalysis. This is an important process in the performance of metal-semiconductor
heterostructures and induces an enhancement of photocatalytic activity [24].

As depicted in Figure 11(a), catalytic performance of the TiO2 nanobelt increased with
Au incorporation. 2,4-D degradation reached 99.2% and 95.91% for the Au-HP25-600 and
Au-SGH-600 nanobelts, respectively.

It can be seen in Figure 11 (c) and (d) that chloride ion growth formed in the solution
using Au-HP25-600 and Au-SGH-600 was better than that of the bare photocatalysts HP25-
600 and SGH-600, increasing to 64.5% and 57.81%, respectively. Thus, the formation of
toxic intermediates was lower after Au incorporation, as can be especially observed for the
HP25-600 in Figure 11(c).

Mineralization was subsequently followed for longer times of 4 h. It was observed that

90% mineralization was attained after Au incorporation compared to 61% for the HP25-600
and 71% for the SGH-600. The increase in activity was therefore greater for the HP25.
It should be noted that, in the case of the HP25-600 and Au-HP25-600 of mixed
TiO2(B)/anatase phase, there is a predominance of anatase phase at around 63.5%. Both
photocatalysts have high photocatalytic efficiency. However, when TiO2(B) is the
predominant phase (as is the case with SGH-600 and Au-SGH-600 with 66.9% of TiO2(B)
and 33.1% anatase) there is lower photocatalytic activity efficiency [32] than when anatase is
the predominant phase. This may be interpreted as the result of better separation of the charge
carriers, which can be attributed to the rich anatase phase leading to facilitation of the
interfacial transfer of electrons between the two phases from the conduction band of TiO2(B)
to anatase and reduction of the e/h™ recombination center. This is confirmed by other studies
with different anatase/rutile [43], and TiO(B)/anatase [32] mixtures. It can be argued that
TiO2(B) plays a similar role to that of rutile [33].

A schematic representation of the degradation mechanism of 2,4-D is shown in
Scheme 2. In the literature it has been reported that the conduction and valence band
potentials in TiO2(B) are higher than in anatase [39,44]. The charge transfer process from the
photogenerated holes stimulated in anatase toward the TiO2(B) phase due to the higher
valence band edge potentials subsequently oxidizes compounds present in the medium. The
photoinduced electrons of the conduction band of TiO2(B) migrate to the anatase phase owing
to a lower conduction band potential. Also, the noble metal Au particles trap the photoinduced
electrons generated in the conduction bands and prevent their return through the Schottky
barrier formed between Au and TiO.. This interface is beneficial because it contributes to
reducing the electron-hole recombination rate and improves photocatalytic performance.
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Scheme 2. Mechanism of the degradation of 2,4-D by Au-(TiO2(B)-Anatase) nanobelts under
UVA irradiation.

3.7.3 Toxicity results

Table 5. Toxicity results of degradation of 2,4-D at different irradiation times with HP25-600,
Au-HP25-600, SGH-600, and Au-SGH-600.

Inhibition %

Time Au-HP25-600 Au-SGH-600 HP25-600 SGH-600
0 min 46.73 45.98 30.05 36.33
60 min 97.92 99.15 84.08 97.78
120 min 91.83 87.81 93.71 98.76
180 min 16.06 75.82 81.66 98.23
240 min OFF Curve (Very OFF Curve 10.77 61.67

low) (Very low)

Finally, as 2,4-DCP, the main intermediate, or other organochlorides which are formed

in the mineralization, are more toxic than the initial pollutant, 2,4-D [1], a toxicity study was
carried out to obtain toxicological information on 2,4-D and its intermediates. For this
purpose, the marine bioluminescent bacteria Vibrio fischeri was used, with the test based on
inhibition of bioluminescence.
As can be seen in Table 5, all the samples showed the same tendency of a strong increase in
inhibition compared to the initial value, followed by a fall in inhibition. The lowest toxicity
value for 180 min was obtained with the Au-HP25-600, with this being the catalyst for which
the 2,4-D attains its maximum value (15 ppm) at 30 min before rapidly decreasing. For the
other catalysts, toxicity continues to be high at 180 min as there are still very high
concentrations (12 ppm) of 2,4-DCP after 120 min of illumination. Even so, it can be seen
how the improvement produced by the presence of Au results in insignificant toxicity after
240 min, which contrasts with the still higher than 10% toxicity values for the HP25-600 and
SGH-600.



4. Conclusions

This study considers photodegradation of the herbicide 2,4-dichlorophenoxyacetic
acid with different TiO2 nanobelt structures: TiO2(B)/anatase mixed phases, pure TiO2(B) and
pure anatase. Two series of photocatalysts were generated with hydrothermal reaction using
two different TiO2 nanoparticles: commercial P25 (HP25 series) and amorphous home-made
TiO2 (SGH series). The initial TiO2 material for nanobelt synthesis plays an essential role in
phase transformation. With P25 as the initial material, the transformation from monoclinic to
anatase phase in the nanobelts is faster than with the SG material: HP25-600 has 64% anatase
and 36% TiO2(B), whereas with SGH-600 the ratio is inverted.

The impact of the TiO2 nanobelt structure on photocatalytic activity was studied with and
without deposition of gold (Au).

The anatase-rich Au-HP25-600(TiO2(B)/anatase) nanobelt photocatalyst produced higher
degradation of 2,4-D (99.2%) compared to the TiO2(B)-rich Au-SGH-600(TiO2(B)/anatase)
(95%) and performed better than bare TiO2 nanobelts.

In addition, the photocatalytic performance of the Au-HP25-600, particularly in terms of
detoxification, would seem to indicate that a biphasic nanobelt structure (TiO2(B)/anatase)
with anatase as predominant phase may be considered a good support for the incorporation of
gold nanoparticles and hence improved photocatalytic activity. The Au nanoparticles act as a
trap for the photoinduced electrons generated in the conduction bands and prevent their return
through the Schottky barrier transformed between Au and TiO2 nanobelts, thereby
contributing to reducing electron-hole recombination and improving photocatalytic
performance.
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