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Abstract

TiO, photocatalysts were synthesized by the sol-gel method in the presence of Pd?* ions
and Tween 80. For each material, the effect of the synthesis conditions was studied by its
characterization. Photoactivity was evaluated for the selective degradation of phenol (as
model pollutant) with Aldrich humic acid (as usual interference) in the reaction mixture, using
UV or visible lamps, and under natural sunlight. The materials were able to efficiently
degrade phenol, even in the presence of humic acid in the mixture. The solar radiation
experiment showed the outstanding photocatalytic activity achieved by TiO, modified with
carbon and palladium: 74% of phenol degradation (70% of mineralization, without Pd

leaching) after 5 h of exposure.

Keywords: Tween 80, Photocatalyst, Phenol, Humic acid, Solar exposure.

1. Introduction

TiO,-based photocatalysts show a great potential for environmental remediation because of
photocatalytic oxidation, which is activated under solar or UV light [1]. They have remarkable

characteristics such as nontoxicity, exceptional thermal and chemical stability, and high

photocatalytic degradation ability [2]. Nevertheless, TiO, applications pose some challenges



36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

LO Orgdanic ermuents, sucri ds pdrucie aggregaton, Imdass wuransier Hnriatori, rnign odna energy,
and scattering conditions [3].

The photocatalytic efficiency of TiO, could be increased through the modification by metal-
ion doping [4], metal loading [5] and/or introducing a heterojunction [6]. In particular,
palladium appears as a promising and versatile candidate to modify the TiO, photocatalyst,
as reported by several publications [7,8,17,9-16].

On the other hand, the use of a surfactant is considered another strategy to improve the
photocatalytic properties of TiO,. The surfactant effect on phase-controlled synthesis and
photocatalyst properties of TiO, nanoparticles was studied [18—23]. Results indicated the
stability, size, and shape of surfactant micelles were the main factors to determine TiO,
phase. The anatase phase was found when the micelle was small and stable. The bigger
nanoparticles of various sizes were obtained in the non-surfactant system because there
was no limit to crystal growth during the reaction, whereas, when using a surfactant, smaller
nanoparticles of uniform size were produced with the control of the micelle space and shape.
In addition, surfactant lowers the energy required to increase the interfacial area and form
smaller nanoparticles. Several publications described the modification of the TiO, inorganic
network by following a sol-gel method modified with surfactants, in particular, nonionic
surfactant of the Tween series [20—22,24]. Chen and coworkers reported that the increment
of surfactant loading led to an improvement in Brunauer-Emmett-Teller (BET) specific
surface area, pore volume/porosity, UV light absorbance, and photocatalytic performance
[20]. Particularly, Tween 80 is a hydrophilic nonionic surfactant that has high solubilizing
ability and is also a well-known emulsifier [25]. It could help to dissolve and stabilize the
ethanol:water synthesis mixture containing the metal TiO, modifier precursor. Its presence
could also help the synthesis ingredients to mix and prevent the separation of the particles.
As a result, it is expected that its use could lead to better control of the morphology of the
resulting TiO, modified photocatalysts.

Therefore, to improve the performance of the TiO, photocatalyst, both palladium
modification and the addition of Tween 80 were tested during the sol-gel synthesis.
Domestic and industrial effluents release harmful and toxic phenolic compounds into water
bodies, so the degradation of phenol and its derivatives has become a major global concern
[3]. Moreover, phenol is frequently studied as a model pollutant due to its known degradation
mechanism [26—29]. For TiO,-based photocatalysts, the hydroxyl radical ((OH) is known to
be the primary oxidant in an aqueous solution [30,31]. The reaction between phenol and
"‘OH produces hydroquinone, catechol, and p-benzoquinone as the main intermediates.

Then, these compounds can be attacked by "OH, reaching complete mineralization, and
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phenol is useful to evaluate materials and to scan the most favorable operating conditions.
Natural organic matter (NOM), a key component in aquatic environments, is a complex
matrix of organic substances characterized by its variable molecular and chemical properties
[33]. The NOM concentration found in most natural waters varies between 0.1 and 20 mg
L-' [34]. Dissolved natural-erganic-matter NOM in water bodies is-a-major-limiting-factor-it
causes a significant inhibitory effect on the micropollutant removal performance of TiO,
photocatalysts [2,24,34—41]. Particularly, the interference of humic substances (HS) has
been reported [24,38,39]. In natural waters, HS represent the most important fraction of
colored dissolved erganic-matier NOM that absorbs solar radiation, they play a key role in
aquatic photochemistry, and therefore they must be considered to evaluate the performance
of photocatalysts. Then, the degradation of phenol in the presence of a commercial humic
acid (Aldrich) was assayed with the synthesized photocatalysts.

The goal of this work is the preparation of TiO, photocatalysts by the sol-gel method in the
presence of Pd ions and Tween 80. The effect of the synthesis conditions on the
characteristics of each material was investigated, and its photoactivity was evaluated for the
selective degradation of phenol in the presence of Aldrich humic acid (AHA) using UV and
visible light. Furthermore, experiments were carried out to explore its performance using

solar irradiation, as an ecological and cost-effective alternative.

2. Material and methods

2.1. Preparation and characterization of catalysts

The sol-gel method was employed to prepare the catalysts. Titanium(IV) isopropoxide (TTIP,
Aldrich) and palladium(ll) acetylacetonate (Pd(acac),, Aldrich) were used as metal-ion
precursors. The required amount of Pd(acac), was dissolved in distilled water and ethanol
(EtOH, Soria) before TTIP hydrolysis. The procedure was based on our previous work [39]
using a TTIP:EtOH:H,O:HNO3 molar ratio of 1:40:169:0.1. A synthesis was carried out with
the addition of nonionic surfactant Tween 80 (Tw) using a Tw:TTIP ratio of 0.03:1, following
a similar procedure to our previous work [38]. The material obtained with 0.10 at. % of Pd
was called 0.10Pd-TwT. Titania with and without Tw, named TwT and T, respectively, was
similarly prepared for comparison purposes. For all cases, the crystals obtained were ground
to powder and calcined at 400 °C (6 °C min") for 1 h.

X-ray diffraction (XRD) was used to examine the crystal structure patterns of the powder
samples by a PANalytical X'Pert Pro diffractometer (with Cu Ka radiation). BET surface area

measurements were carried out by N, physisorption with Micromeritics ASAP 2020
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PG Instrument Ltd. T90 spectrophotometer. Fourier transform infrared (FTIR) spectra were
analyzed on KBr pellets of the samples (in the range of 4000 and 400 cm™'), at room
temperature, using a BRUKER Vertex 70 spectrometer.

Photoluminescence (PL) lifetime measurements of T, Tw, and 0.10Pd-TwT particles
suspended in water were carried out on a JOBIN-YVON SPEX FLUOROLOG FL3-11 with
lifetime, time-correlated single photon counting (TCSPC) with LED excitation at 295 nm.
Time-resolved emission spectroscopy (TRES) was performed at the same excitation
wavelength.

The electron microscopy analysis was carried out using a TALOS F200A transmission
electron microscope (TEM), designed for high-resolution imaging.

The surfaces of 0.10Pd-TwT were analyzed by X-ray photoelectron spectroscopy (XPS),
using a Kratos Axis Ultra-DLD instrument. This study was carried out with a monochromatic

Al Ka X-ray as radiation source (45-k\5-80-W hv = 1486.6 eV) with-a-20-e\/-pass-energy-for
regions-and-160-eVforsurvey- and hemispherical electron analyzer. Survey and multi-regio
spectra were recorded at C1s, O1s, Ti2p and Pd3d photoelectron peaks. Fhe-analysis-was

performed-at-a-pressure-of 100-nPa. The binding energy (BE) values were taken from the

guide of the equipment and referred to the C1s line of the adventitious carbon, at 285.0 eV.

2.2. Lamp irradiation tests

A Rayonet photoreactor RPR-100 (Southern New England Ultraviolet Company) with
interchangeable lamps (UV or visible) was employed. The emission spectra of the lamps
were previously reported [42]. A cylindrical glass tube was used to contain the mixture
reaction in air at 25 °C with continuous magnetic stirring. A reaction mixture of phenol (50
MM) in ultrapure water (Milli-Q: resistivity >18 MQ cm and <20 ppb organic carbon) and
photocatalyst (1 g L") was ultrasonically dispersed and kept in the dark for 15 min before
turning on the lamps. In addition, for some experiments, 12 mg L-' of AHA was also added
to the reaction mixture. The initial concentration of AHA was chosen according to the
generally reported average value [34,38]. All tests were carried out at the intrinsic pH of the
mixture (around 5).

Samples were collected periodically, filtered through a 0.45 um pore size cellulose
membrane, and stored in amber glass bottles at 4°C until analysis.

An HPLC, HP1050 Ti series, and the corresponding standard solutions were used to
estimate the phenol concentration in the samples. A reversed-phase C18 (4.6 mm, 250 mm,
5 pm) Restek Pinnacle Il was used as column with a 50/50 (v/v) CH3OH/H3PO4 (0.1%)
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determination, the AHA was removed from the samples according to the procedure
previously reported [38]. The total carbon (TC) was measured by a high-temperature carbon
analyzer model TOC 5000A from Shimadzu. The detection limit was 1 ppm of C. These
determinations were carried out for a more effective estimation of the degree of
mineralization considering all the organic compounds in the reaction medium.

To evaluate photolysis of phenol and AHA, control assays were performed. For this purpose,
the evolution of phenol concentration and the degree of mineralization in aqueous solution
with irradiation (without catalyst) were analyzed. The adsorption of phenol and AHA on the
materials was also checked, monitoring the evolution of the concentration of phenol and TC

without irradiation (with each catalyst).

2.3. Solar photocatalytic experiments

For these tests, 250 mL discontinuous cylindrical glass reactors (9 cm diameter) were used
under continuous stirring. The reaction mixture containing 100 mg of the selected catalyst
(1 g L), with the required amounts of phenol (250 uM) and AHA (12 mg L"), was
ultrasonically dispersed in 100 mL of ultrapure water in each experiment. Based on our
previous experience [42], the initial concentration of phenol was five times higher than that
used in the lamp experiments. The mixtures were kept in the dark for 15 min to reach
adsorption/desorption equilibrium.

Solar exposure experiments were conducted in the summer period of the Southern
Hemisphere. The reaction mixtures were exposed to sunlight on a horizontal platform
located in La Plata City, Argentina (34.90° S, 57.92°W, 15 MASL). The local time (LT) is
given by universal time minus 3 h, and solar noon ranged from 12:39 p.m. to 01:05 p.m. in
the geographical position and seasons established. The reaction mixtures were exposed in
clear-sky days, for a period of 5 h, centered on solar noon. The transmittance of the glass
covering the reactor was previously quantified, allowing radiation of A > 310 nm to pass.
Solar irradiance data were recorded every 15 min using 5.0 Solarmeter and 10.0 Solarmeter
radiometers for the UV (280-400 nm), and visible and near IR (400-1100 nm) regions,
respectively. These data were analyzed as described in a previous publication [42].

The samples were taken periodically, and stored as previously mentioned, until their
analysis by HPLC and TOC. To estimate palladium leaching from the catalysts at the end of
the irradiation period, the metal concentration in the final solution was determined by

inductively coupled plasma mass spectrometry (ICP-MS, Nexlon 300X, Perkin-Elmer Co.).
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experimental conditions.

3. Results and discussion

The XRD patterns observed for T, TwT, and 0.10Pd-TwT revealed the presence of anatase
as the TiO,, crystalline phase for the following 26 values: 25.2°, 37.8°, 48.0°, 54.0°, and 54.9°
(as shown in Figure 1). From the diffraction peak broadening and using the Scherrer
equation [43], the average size of primary anatase crystallites was estimated (see Table 1).
No evidence of large domains of PdO was found for 0.10Pd-TwT.

The presence of Tw in the synthesis led to a reduction in the crystallite size. Wiranwetchayan
and coworkers claimed that the presence of a polymeric precursor in the synthesis could
play a role in the hydrolysis, condensation and microstrain, leading to a decrease in the TiO,
crystallite size [44]. Moreover, Lee and coworkers reported that the crystallite size
decreased from 12 to 9 nm with increasing chain length of the hydrophobic group, when
using the Tween series [21].

The addition of Pd in the presence of Tw also led to a decrease in the average crystallite
size. A similar trend was described by other researchers [12,45,46]. The smaller crystal size
with an increase in the Pd content can be caused by a reduction in particle nucleation during
hydrolysis/condensation of TTIP or by a decrease in grain boundaries during the sintering

process, due to the presence of Pd2* ions [12,46].
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197  Figure 1. XRD for the synthesized catalysts T, TwT, and 0.10Pd-TwT. A: anatase.
198
199
200 Table 1 Structural and textural properties of the materials synthesized.
Anatase BET specific BJH total BJH average
Sample crystallite size | surface area | pore volume | pore diameter Egc
(nm) (m2g7) (cm® g) (nm) (eV)
T 10.01 88 0.12 4.4 3.01
TwT 9.18 102 0.16 4.7 3.07
0.10Pd-TwT 8.04 103 0.15 4.8 2.77
201
202  The N adsorption-desorption isotherms of T, TwT, and 0.10Pd-TwT are presented in Figure
203 2. The type of isotherm and hysteresis loop is the same in all cases, Type [Va isotherm with
204 H2b hysteresis loop according to the IUPAC classification [47] indicating mesoporous
205 materials [48]. The textural properties estimated from the isotherms are listed in Table 1.
206 Comparing the properties of T and TwT, an increase in the surface area, volume, and pore
207  size of the material appears as a consequence of the addition of Tw during synthesis. It
208 could be assumed that this nonionic surfactant with a long hydrophobic tail (C17) inhibited
209 both the growth of crystallites and the aggregation of adjacent primary particles [38]. No
210 effect was observed with the addition of Pd, since TwT and 0.10Pd-TwT have similar textural
211  properties, as can be seen in Table 1.
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Figure 2: N, adsorption-desorption isotherms for T, TwT, and 0.10Pd-TwT

UV-vis diffuse reflectance spectra and Tauc plots for T, TwT, and 0.10Pd-TwT are shown
in Figure 3. All materials showed strong and broad absorption below 400 nm due to a
charge-transfer transition between the lattice oxygen ligands and an octahedrally
coordinated titanium ion. Additionally, an important variation in the absorption in the visible
region for TwT could be observed. Several publications related this behavior to the presence
of carbon on the TiO, surface [20,44,49-53]. Remarkable light absorption in the visible
region was reported for carbon-deposited TiO, nanoparticles prepared using glucose as the
carbon source [52]. The absorbance of the TiO, nanoparticles covered by a carbonaceous
layer is enhanced at a wavelength of 400-800 nm after increasing the carbon content. In our
case, it is likely that carbon residues remain on the TwT surface even after calcination,
causing this increase in its absorption. The incorporation of palladium (0.10Pd-TwT) induces
a broad band between 450 and 600 nm, which could be assigned to a d—d transition of PdO

particles, as widely reported [7-9,54-58].
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for the indirect allowed transition [59]. The values of T and TwT were similar, with an average
value of 3.04 + 0.03 eV, while the value of 0.10Pd-TwT was lower, 2.77 €V.

Several metal-based modifications of TiO, have been proposed to improve its photocatalytic
efficiency [4-6]. A semiconductor heterojunction involves a combination of two
semiconducting materials with different band structures, with no relevant changes in band
gap energies [6]. Meanwhile, doping is the term that refers to the introduction of ionic species
in the crystal lattice of a semiconductor, leading to a change in band gap energies [4].
Although metal ions could join the TiO, lattice (in interstitial or substitutional mode), the size
of Pd?* (86 pm) is larger than that of Ti** (60.5 pm), indicating that doping was unlikely.
Therefore, if the Pd remains as Pd?*, the semiconductor heterojunction is more likely than
doping. However, based on the observed decrease in the band gap energy of 0.10Pd-TwT,

doping could not be completely ruled out.
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Figure 3. UV-visible DRS for the synthesized catalysts T, TwT, and 0.10Pd-TwT, and the
corresponding Tauc plots for band gap energy determinations.

Time-resolved PL measurements were done at wavelength emission (Aem.) of 360 nm for T,
TwT, and 0.10Pd-TwT samples, and the experimental curves were fitted with three (n=3)
exponential decay functions, using Eq. 1. The fitted parameters a; and t; (pre-exponential

factor and lifetime, respectively) are shown in Table 2. Figure 4 depicts the time-
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Table 2. Best fitted parameters of three exponential components using Eq. 1-3.

Sample name|  Pre-exponential functions Decay lifetimes (ns) corftrﬁgltjggr?é
oodness of
a4 (00 as T1 T2 T3 Tav. f1 f2 f3 it garameter
(X2)
T 9.0e-3 38e-4| 7.3e-5| 1.0| 51 18.5 36| 73.2] 15.8/ 11.0 [1.005432
Tw 9.2e-3 49 -4 | 1.2e-4| 10| 48| 16.8 | 4.0| 67.5 17.3] 151 [1.09999
0.10Pd-TwT | 9.6e-3 29e-4| 15e-4| 10| 50| 151 38| 73.7] 9.2 17.1 1.124837
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Figure 4. PL decay profile of 0.10Pd-TwT (black line). The grey and the red lines represent
the prompt and fit using Eq. 1, respectively. Inset: PL contribution at A¢r,, = 350 nm (Aexc=
295nm) obtained from TRES analysis for 0.10Pd-TwT sample.

The PL dynamics involves a dominant very fast (1 ns) relaxation with lifetime 14, and two
relatively longer-lasting emissions with lifetimes 1, and t3. The last one is on the order of
tens of nanosecond.

Several authors [60—62] have proposed that the fast relaxation, t4, is related to radiative
recombination of the photogenerated charge carriers in the band edge. Also, another group
of the charge carriers relaxes to the shallow-trap levels, which radiatively recombine with

the lifetime of 1,. The rest of the photogenerated charge carriers could be relaxed to the
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Shallow and deep trap levels are related to distortion of TiO, lattice and oxygen vacancies
of the nanostructure.

The average decay time, 1,,, calculated using Eq. 2, increases for the TwT and 0.10Pd-TwT
samples, as compared to the T nanostructure.

The value of fi, calculated from Eq. 3, is the fractional contribution of each emission
associated with ti. By comparing fi values from Table 2, it is found that %f, and %f; of the
lifetimes 1, and 13 corresponding to the defect-related emissions increase in the TwT sample

compared to pristine TiO, results.

I(t)=b+ Zaiexp (—t/ 1) Eq. 1
i=1

Z?z 16¥iTi2

()= — Eq. 2
i=1%ii

a;T;

fi==, Eq. 3

X197

The same behavior is observed with f; for 0.10Pd-TwT sample. Nevertheless, f, contribution
decreases in 0.10Pd-TwT when compared with T and TwT ones.

The present results confirm that the presence of Pd and/or Tw in the synthesis media mainly
affects the density of trap states, which is correlated with f, and f; values. This explains the
longer lifetime observed for TwT and 0.10Pd-TwT nanostructures compared to that of T.
TRES was performed at the same excitation wavelength. The emission spectrum associated
with each lifetime may be obtained by taking the contribution of each decay lifetime to the
overall emission at a given wavelength. The inset in Figure 4 exhibits the 0.10Pd-TwT PL
intensity contribution at Ae, = 350 nm for each of the three components of the decay, using
Eq. 1. Das and coworkers demonstrated that PL emissions close to 350 nm in TiO,
nanostructure corresponded to the near band edge emissions [60]. Besides, in the doped
samples PL intensity at this wavelength was quenched, which was attributed to the
nonradiative transitions to deep trap states.

Summing up, in our experiments the PL emission spectrum of each contribution associated
with 14, 12 and t3 demonstrates that the first contribution (species 1) has the largest emission
at 350 nm. Meanwhile, the second and third contributions (species 2 and 3) significantly

decrease the emission related to near band edge transitions.
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broad band between 900 and 400 cm-', which indicates the stretching vibration of the Ti-
O-Ti bonds of the TiOs lattice [63]. The broad band at around 3400 cm! is assigned to O—-H
stretching vibration. It could correspond to physisorbed H,O [64] and/or Ti-OH bonds [21].
Physisorbed water was also evidenced by the band at ca. 1630 cm-', attributed to its H-OH
stretching vibration [22]. The subtraction between both FTIR spectra (TwWT minus T) reveals
bands that are attributed to organic polymer residues, even after the calcination treatment.
They are in the range 1700-1550, 1470-1350, and 950-850 cm-! and are assigned to C=0,
C=C, and C-O-C bonds, respectively [44,53]. Therefore, due to the addition of Tw during the

synthesis, the presence of some carbon residues in the material obtained (TwT) was

evidenced.
. 1
Subtraction C=0 C=C C-0-C
-~ I I I I I I I
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©
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Figure 5. FTIR spectra of TwWT and T samples, and their subtraction.

Figure 6 shows TEM micrographs for TwT and 0.10Pd-TwT catalysts. In the areas marked
a1 and b1, the lattice fringes can be clearly distinguished. The crystalline planes of anatase,

(101) and (004), were identified according to the d-spacing values, 0.34 and 0.23 nm,
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b1. They were assigned to lattice planes of tetragonal PdO, (002) and (110), respectively
[65], providing further evidence of PdO formation on the surface of 0.10Pd-TwT.
Additionally, Figure 6 shows a bright thin layer around the particles for materials synthesized
with Tween 80. Moreover, an amorphous layer with a thickness of around 0.48 nm can be
distinguished in Figure 6.a1 and 6.b1 (see black rows).

Carbon layer formation has already been reported using different carbon precursors and
varying calcination conditions [66,67]. Ye and coworkers prepared a photocatalytic
composite material that consisted of an amorphous carbon layer between two
semiconductors, using glucose as carbon source [66]. They reported an amorphous C layer
of around 10 nm according to TEM images. In another publication, the surface carbon layers
on Pt/TiO, catalysts were achieved by using Tween 40 as part of the carbon precursor [67].
Moreover, TEM micrographs showed different thicknesses of carbon layers caused by
calcination in argon, air or oxygen atmosphere.

In our case, as shown by FTIR and DRS spectra, calcination for 1 h may not remove all the
Tween 80 used. Thus, the observed amorphous layer (Figure 6a and 6b) may well be a
residual C layer formed after using Tween 80 as a modifier during the synthesis of the

semiconductor materials.
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Figure 5. TEM micrographs of (a) TwT and (b) 0.10Pd-TwT, with (a1) and (b1) zones,
respectively, to visualize some lattice fringes of TiO, and PdO.

The XPS analysis for 0.10Pd-TwT is presented in Figure 7. Ti 2p spectra (Figure 7.a)
revealed two components for Ti 2ps/, after deconvolution. Their BE values were estimated
at 457.4 and 458.8 eV, attributed to the titanium oxidation states Ti* and Ti**, respectively
[68]. The main contribution, 95%, corresponded to Ti**. The peak located at ca. 464.5
corresponding to Ti 2p4..

The Pd 3d was observed within the 334 - 346 eV region (Figure 7.b) with two well-defined
doublets of Pd 3ds,, and Pd 3d3,, [11]. These peaks were deconvoluted into two components
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previously reported values [11,69,70]. No metallic Pd was observed in this analysis.

The main component was Pd?*, indicating the presence of PdO on the material surface.
However, the observation of Pd** cannot be neglected. The Pd** size is similar to that of
Ti4*, 61.5 and 60.5 pm, respectively, increasing the possibility of doping (interstitial or
substitutional mode). The doping of TiO, with Pd** could be responsible for the difference
observed in the band gap energy for 0.10Pd-TwT (2.77 eV), which was lower than the values
for the materials without Pd.

Figure 7.c shows the O 1s region. Three peaks at 530.1, 530.7, and 532.1 eV were fitted.
The components at 530.1 and 532.1 eV were ascribed to the Ti-O linkages of TiO, and to
the presence of Ti-OH bonds, respectively. This was based on the values reported by Zhong
and coworkers, 529.6 eV and 532.0 eV [52]. These authors also reported a peak at 531.3
eV, assigned to C=0 and/or COO species. Due to the existence of carbon residues detected
by DRS, FTIR, and TEM on the surface of our materials, the component at 530.7 eV may
be assigned to oxygen bonded to carbon species.

In Figure 7.d, the C 1s region is displayed. Three peaks were fitted at 285.0 eV (85%),
286.7 eV (8%), and 289.0 eV (7%). Based on the values reported by several authors
[52,71,72] the main contribution at 285.0 eV was ascribed to the C-C or C-H carbon bonds,
adventitious carbon contamination adsorbed from the ambient environment, while the
contributions at 286.7 and 289.0 eV were due to C-OH (or C-O-C) and C=0 (or COO),
respectively.

These observations are in agreement with our DRS, FTIR, and TEM findings, which
indicated that the addition of Tw during the synthesis under the described conditions resulted

in the presence of some carbon residues in the materials obtained.
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The materials T, TwT, and 0.10Pd-TwT were assayed for phenol degradation for 2 h under

UV lamp irradiation and for 5 h under visible lamp irradiation (Figure 8).
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Figure 8. Effect of the use of Tween 80 and Pd?* during the synthesis of materials on the
photocatalytic degradation of phenol ([phenol]o= 50 uM, 1 g L' catalyst).

For both irradiation conditions, TwT showed a better performance than T. Several
publications described the enhancement in photocatalytic activity due to the presence of
carbon on TiO; [20,49,51,52,72]. Chen and coworkers reported that increasing the Tween
20 loading in the sol improved the photocatalytic activity of the TiO,—P25 composite films,
and attributed this behavior to the increase in BET surface area and in the amount of
crystalline materials (film weight) on the support [20]. For our TwT material, the increment
in the BET surface area (from 88 m? g-' for T to 102 m? g-' for TwT) may well be considered
as the principal reason for the enhancement of the photocatalytic activity.

On the other hand, 0.10Pd-TwT showed the best performance under UV and visible
irradiation, 100 + 2% and 84 + 2% phenol degradation, respectively. It could be assumed
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and that the existence of PdAO domains would favor the separation of charge carriers, as
reported by Ismail and coworkers [73].

The better performance of TwT and 0.10Pd-TwT compared with pure TiO, in T samples was
confirmed by the higher charge separation efficiency and the increase in the long-living
photogenerated charge carriers, as was demonstrated in the time-resolved PL experiments
by the comparison of the average lifetime t,, and f; values in Table 2. The presence of
lattice defects, distortions and heterojunctions clearly supports the performance for the
photocatalytic degradation of phenol.

The possibility of 0.10Pd-TwT reuse was checked by performing the degradation of phenol
with UV lamps for 2 h. The values were 100%, 89% and 84% for the consecutive
experiments, showing the good stability of this material throughout different cycles.

The effect caused by the presence of AHA in the reaction mixture on the photocatalytic
degradation of phenol was tested. Figure 9 shows the time-dependent evolution of phenol
concentration using T, TwT, and 0.10Pd-TwT under UV irradiation, and TwT and 0.10Pd-

TwT under visible irradiation.
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Figure 9. Time evolution of phenol concentration in the presence of a commercial humic
acid by irradiation with UV or visible lamps, using T, TwT, and 0.10Pd-TwT (1 g L' catalyst).
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The photocatalytic activity of T led to 57 + 2% degradation of phenol after 3 h under UV
irradiation. It should be noted that the degradation of phenol was lower than that in the
experiments without AHA (64 + 2% after 2 h) but higher enough to consider the material as
an acceptable photocatalyst. Better performances were observed using TwT and 0.10Pd-
TwT, reaching 90 + 2% and 93 £ 2%, respectively, after 3 h of UV irradiation, highlighting
the positive effect of the addition of Tween 80 during the synthesis.

The results showed the inhibitory effect of AHA, as observed for similar photocatalysts
[38,39]. According to Ye and coworkers, the inhibitory effect of NOM in the photocatalytic
degradation of pollutants can be attributed to three important facts. (i) The NOM present in
water matrices would reduce the availability of UV light for TiO, (“inner UV filter” effect). (ii)
NOM can act as scavenger of ‘OH and h*. (ii) NOM can hinder the target pollutant
degradation by competitive adsorption on the TiO, surface [35].

AHA (20 mg L") in water at pH 7.0 shows a high absorption of light at wavelengths below
400 nm [74], demonstrating that the “inner UV filter” effect would be very relevant for
materials that do not absorb light below 400 nm. For our setup, the photolysis of the aqueous
solution of [AHA], = 12 mg L' under UV lamps after 3 h presented a 29% decrease in the
total carbon content, showing the photodegradation of AHA, as reported [75]. Owing to their
absorption band between 450 and 600 nm, materials containing Pd could overcome the
“inner UV filter” effect.

Several authors reported the ‘OH radical as the main oxidant in aqueous solution for TiO,-
based photocatalysts [30,31,33,34,76]. The rate constant reported for the reaction between
AHA and ‘OH radicals is 1.3 108 M s [76], where M is the molar concentration of carbon.
The analogous parameter for phenol is 1.1 10° Mc™' s (calculated from the rate constant
for the reaction of phenol and ‘OH reported by Lindsey and coworkers: 6.6 10° M- s [37]).
The slight difference, only of one order, indicates the importance of this reaction in the
degradation of phenol mediated by ‘OH radicals. On the other hand, it was reported that
only the adsorbed fraction of AHA acts as a h* trap [77]. About AHA adsorption on the
photocatalyst surface, under the conditions studied, 20% of the initial amount of AHA was
adsorbed on 0.10Pd-T after 3 h of contact.

Then, all three aspects of the interference of AHA must be considered in the performance
of the synthesized materials under our experimental setup.

However, in all experiments, the total carbon content in the reaction mixture decreased,
reaching 36 £ 2%, 36 + 2%, and 69 + 2%, using T, TwT, and 0.10Pd-TwT, respectively.
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phenol, AHA, and by-products from phenol and AHA degradation. Then, the photocatalyst
activated by UV irradiation was able to degrade phenol but also to destroy other organic
compounds present in the reaction mixture. It should be highlighted that the mineralization
reached a value as high as 69 £ 2% with 0.10Pd-TwT, evidencing the potential of this
material as an efficient photocatalyst.

Considering the prospective use of solar irradiation, tests using visible lamps were carried
out. Phenol photocatalytic degradation in the presence of AHA was tested with TwT or
0.10Pd-TwT (Figure 9). The ability of 0.10Pd-TwT to absorb visible light was demonstrated
by the highest degradation observed: 67 + 2% (versus 30 = 2% with TwT). These results
indicated that the material synthesized using Pd?* and Tween 80, 0.10Pd-TwT was useful
under both UV and visible light, being a promising photocatalyst for solar irradiation
experiments.

The time evolution of phenol concentration in the presence of AHA under solar exposure
was studied using 0.10Pd-TwT (Figure 10). The total irradiance incident on the systems
(HSuv+vis+NirT) after 5 h was 15206 kJ m2 (this value includes 5% of UV irradiation). The

percentage of phenol degradation with each photocatalyst is presented in Table 3.
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Figure 10. Time evolution of phenol concentration in the presence of humic acid (AHA), by
solar exposure for 5 h, using TwT or 0.10Pd-TwT (1 g L-! catalyst). A control assay without



490
491
492

493

494
495
496

497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521

Caldlyst Is disO Inciuaea. |pnenoljp= £0U HIVl, |[ARAJjp= 1£ Mg L . INseL. elerminauon ol
apparent first order rate constants.

Table 3 Percentage degradation of phenol, percentage mineralization of reaction mixture,
and apparent first order rate constant, for the solar exposure experiment. [phenol]y= 250
uM; [AHA]= 12 mg L; [TC]o= 38 ppmc; 1 g L catalyst; 5 h; HSyvsvis«nirr= 15206 kJ m2.

Phenol degradation (%) | Mineralization (%) Apparent k (s™)
Control* 0+2 28+2 -
TwT 48 + 2 63 + 2 (3.2+0.5)10°
0.10Pd-TwT 74+ 2 70+ 2 (8.0+£0.5)10°%

*: without catalyst

The use of 0.10Pd-TwT allowed the degradation of 74 + 2% of phenol (in the presence of
AHA), which was higher than when using TwT (48 £ 2%), as expected for the solar spectrum.
The control assay without catalyst indicated that direct photolysis was irrelevant. To estimate
the global evolution of the carbon content throughout the reaction, the percentage of
mineralization was determined. The control experiment showed 28 + 2% of mineralization
that could be assigned to AHA photodegradation, as discussed above. The presence of
heterogeneous photocatalysts improved the mineralization, along with phenol degradation.
The great performance of 0.10Pd-TwT, which reached 70 + 2% of mineralization after 5 h
of solar exposure, should be noted.

Additionally, to evaluate the possible metal leaching during the reaction, the palladium
concentration in the mixture reaction was determined after the solar experiment with 0.10Pd-

TwT. The value obtained was (2.7 + 0.2) ppb Pd, below the local legal limit (5 ppm).

4. Conclusions

The presence of Pd?* and Tween 80 during the sol-gel synthesis allowed obtaining a
modified TiO, photocatalyst with great performance under UV and visible irradiation. This
material was able to efficiently degrade phenol, even with the addition of humic acid to the
reaction mixture. The solar irradiation experiment also showed excellent performance for
0.10Pd-TwT: 74% of phenol degradation after 5 h of exposure, with AHA as a ubiquitous
interference.

The observed degradation of phenol along with mineralization and the neglected leaching
of Pd indicated that the use of 0.10Pd-TwT activated by natural sunlight is a promising
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