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Abstract

In this work the photocatalytic activity between a TiO> catalyst synthetized by a modified sol-
gel method (ECT), TiO2 nanoparticles surface modified with organic shell layer (m-TiO) and a
graphene oxide-TiO, composite (GOT-3.3) was compared. Diphenhydramine (DP)
pharmaceutical and methyl orange (MO) azo-dye were used as model water pollutants under
both near-UV/Vis and visible light irradiation. The TiO> photocatalyst from Evonik Degussa
Corporation (P25) was used as reference material and the pseudo-first order rate constants (k)
and total organic carbon (TOC) removal were determined.

Under near-UV/Vis irradiation, the results show that ECT and GOT-3.3 are highly active
photocatalysts for the degradation of DP (k = 64.5x10 and 62x10° min™, respectively) and
mineralization (TOC removal of 55% and 50%, respectively) being the overall performance
comparable to that obtained with P25 (k = 56x10° min™' and 48% of TOC removal). The
composite GOT-3.3 presents a markedly higher activity for conversion of the MO dye (k =
126x1073, 52x1073, 49x103, 18.1x10° min* for GOT-3.3, P25, ECT and m-TiO,, respectively)
as well as for its mineralization, with TOC removals tailoring the same order. Under visible light
illumination, P25 is practically inactive and GOT-3.3 (for DP) and m-TiO (for MO) are the
photocatalysts with better properties than P25, or even than ECT.

Scavenger agents were used as a diagnostic tool for the analysis of the photocatalytic
mechanism, being defined three ratios to understand the relevance of each step in this
mechanism. Regarding DP, it was concluded that direct oxidation by photogenerated holes is
more important for the modified TiO. materials (m-TiO2 and GOT-3.3) than for ECT and P25
which present higher availability to generate radical species from photoinduced holes. A
photoreduction mechanism on the surface of the photocatalysts was observed for MO, the

addition of EDTA (electron donor) greatly enhancing the rate of MO photoreduction.



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75
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holes and radicals; diphenhydramine; methyl orange.

1. Introduction

Heterogeneous photocatalysis is one of the most promising advanced oxidation processes with
wide applications in environmental remediation and solar energy conversion. Different
strategies have been employed to enhance the efficiency of the photocatalytic materials, aiming
lower recombination rate for the produced electron—hole pairs and narrowed band gap energy, in
particular for titania (TiO2) which is the most common photocatalyst.

In this line, the typical methods of synthesis (e.g., sol-gel, hydrothermal, solvothermal) have
been optimized with the objective to tailor the TiO2 crystalline phase and particles size [1, 2].
Various approaches have been used in the literature [3] in order to extend the TiO2 photorespond
in the visible and allow solar driven photocatalytic applications. Among the most promising,
anion doping of TiO> [4, 5] and co-sensitization of TiO2 with inorganic or organic compounds
[6] are mentioned. Alternatively TiO2 can be combined with nanostructured carbon materials,
either in core shell structures or by using single- and multi-walled carbon nanotubes [7, 8],
fullerenes [9, 10] and graphene [11, 12] . Among those graphene is recently emerging as one of
the most promising to produce next generation photocatalysts [13], with excellent mobility of
charge carriers, large specific surface area, flexible structure, high transparency and good
electrical and thermal conduction [14].

In the present work the effectiveness of three photocatalysts (prepared by three different
approaches in the frame of the Clean Water European project — GA n°227017), and used for the
degradation and mineralization of two hazardous pollutants - diphenhydramine (DP)
pharmaceutical and methyl orange (MO) azo dye - under both near-UV/Vis and visible light
irradiation, is compared for the first time. These photocatalysts were used at the previously

optimized conditions of synthesis, namely: (i) a TiO2 photocatalyst (ECT) prepared by a
3
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modified sol-gel method [1]; (ii) a surface modified nanoparticulate titania (m-TiOy)
photocatalyst with visible light activity [15]; and (iii) a graphene oxide-TiO2 composite (GOT-
3.3) synthetized by liquid phase deposition [16]. The possible pathways for photocatalytic
degradation were examined through the use of scavengers for both radicals and holes (t-BuOH
and EDTA, respectively), and three different ratios were defined to illustrate the significance of
each step in the photodegradation mechanism, namely: (1) oxidation by reactive radicals formed
from photoexcited electrons; (2) direct oxidation by photogenerated holes; and (3) oxidation by

reactive radicals formed from photoinduced holes.

2. Experimental

2.1. Reagents and materials

High-purity analytical grade diphenhydramine (DP, 99%), methyl orange (MO, 99%) and tert-
butanol (t-BuOH, > 99.7%) were obtained from Sigma-Aldrich and ethylenediaminetetraacetic
acid (EDTA, > 99%) from Fisher Scientific. Acetonitrile (> 99.8%) was used with HPLC grade
(Chromanorm). Ammonium hexafluorotitanate (> 99.99%), boric acid (> 99%), titanium
butoxide (97.0%) and tetrabutyl titanate (97.0%) were obtained from Sigma-Aldrich. Ethanol

(99.5%), citric acid (99.5%) and urea (25% w/v) were supplied by Panreac.

2.2. Catalysts synthesis and characterization

ECT-1023t (referred in the present work as ECT) was synthesized following a sol-gel procedure
(using titanium butoxide as precursor) and a calcination temperature of 750 °C which allows
tailoring the optimal size, crystallinity and surface area of TiO, particles. Modified TiO2 (m-
TiO2) nanoparticles, that already proved enhanced photocatalytic activity under visible light
irradiation [15], were synthesized by hydrolysis condensation of tetrabutyl titanate following

combustion with urea, at a calcination temperature of 450 °C. GOT-3.3-200 (referred in the
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present work as GOT-3.3) was prepared by liquid phase deposition (using ammonium
hexafluorotitanate as precursor) with an optimal graphene oxide content of 3.3 wt.% and 200 °C
as temperature of treatment. These three materials were fully characterized elsewhere [1, 15,
16], some of the most characteristic information is shown in Table 1. The TiO photocatalyst

from Evonik Degussa Corporation (P25) was used as reference material.

2.3. Photocatalytic experiments

The photocatalytic degradation of DP (3.40x10* mol L™?) or MO (3.05x10®° mol L) was
carried out at room temperature (25 °C) in aqueous solutions under near-UV/Vis and visible
light irradiation. The experiments were performed in a quartz cylindrical reactor filled with 7.5
mL of the selected model pollutant, as described elsewhere [16]. Briefly, a Heraeus TQ 150
medium-pressure mercury vapour lamp was used as irradiation source delivering near-UV/Vis
irradiation (A > 350 nm; 50 mW cm?) and for visible light experiments a cut-off long pass filter
was used (A > 430 nm; 6 mW cm). Before turning on the lamp, the suspensions were saturated
with an oxygen flow and magnetically stirred for 30 min to establish an adsorption-desorption
equilibrium. The optimal catalyst load was established in preliminary photocatalytic
experiments with the aim to avoid the ineffective excess of catalyst (1.0 g L™t and 0.5 g L for
DP and MO, respectively). Experiments in the absence of catalyst were also performed to
determine the contribution from direct photolysis. The optimal operating pH values used for the
photocatalytic runs (4.4 for MO and natural pH of 5.9 for DP) were selected in preliminary
experiments performed at different pH values, both pollutants being present in their protonated
form at such conditions.

The concentration of DP was measured by HPLC with a Hitachi Elite LaChrom system
equipped with a Hydrosphere C18 column. The concentration of MO was determined by UV-
Vis spectrophotometry at the characteristic wavelength reported in literature of 464 nm [3], by

using a Jasco V-560 spectrophotometer. The total organic carbon (TOC) was also determined
5
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for selected samples using a Shimadzu TOC-5000A analyzer. Trapping experiments of holes
and radicals were performed by adding excess of EDTA or t-BuOH, respectively.

The photocatalytic oxidation of the tested pollutants can be ascribed to a pseudo-first order
kinetic model, as described by the following equation:

C=Coe™ 1)
where C corresponds to pollutant concentration, k is the pseudo-first order kinetic constant, t is
the reaction time and Co is the pollutant concentration for t = 0. The values of k were obtained
by non-linear regression. Table 2 shows the k constants (with respective standard errors)
obtained by fitting the model described in Eq. (1), the coefficient of variation, CV, expressed in
percentage as kcv (standard errorx100/parameter value) and the respective regression coefficient

(r?), in general indicating a good fitting of the model to the experimental data.

3. Results and discussion

3.1. Catalyst characterization

Table 1 contains the BET surface area (Sget), relative amount of anatase and rutile crystalline
phases and corresponding crystallites size, as well as the band-gap energy (Eg) of the different
catalysts. The TiO2 nanoparticles prepared by sol gel method (ECT) present the lowest BET
surface area (18 m? g!) and the highest anatase average particle size (57 nm), with some rutile
crystalline phase (6-11%). These characteristics have been attributed to the acid used in the
synthesis (citric acid), the removal of the largest aggregates before the calcination step (by
sieving) and respective calcination temperature (750 °C) employed during the synthesis of this
material [1]. m-TiO, and GOT-3.3 present larger surface area (Sger = 141 and 117 m? g},
respectively) and exclusively anatase TiO particles with an average anatase particle size of 8
and 4 nm, respectively [15, 16].

All the photocatalysts present a narrowed band-gap than P25 (Eq = 2.97, 2.95, 2.28 and 3.18 eV

for ECT, GOT-3.3, m-TiO2 and P25, respectively). In the case of ECT, the obtained band-gap
6
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was mainly attributed to the particle size and crystallinity of this material [1] and for GOT-3.3
composite the band-gap narrowing was attributed to the chemical bonding between TiO2 and the
specific sites of carbon (Ti-O-C bond) [16], as already observed for other carbonaceous
materials combined with TiO [17]. The surface modified photocatalyst has the highest shift of
the energy band gap to the visible range (Eq = 2.28 eV) due to its sensitization with visible light
active carbonaceous species and forms a well defined inorganic/organic heterojunction,
suggesting at this point that the m-TiO> catalyst could be the most efficient photocatalyst, at

least under visible light illumination [15].

3.2. DP photocatalytic degradation

The photocatalytic activity of the prepared catalysts as well as that of the benchmark P25
material was evaluated in the photodegradation of DP under near-UV/Vis (Fig. 1a) and visible
light (Fig. 1b) illumination. The kinetic parameters of the time profiles are gathered in Table 2.
3.2.1. Near-UV/\Vis irradiation

The direct photolysis of DP aqueous solutions was first investigated in order to quantify the
amount of DP degraded under non-catalytic conditions, being observed that such a contribution
is practically negligible. Thus, DP is very resistant to photodegradation under near-UV/Vis light
irradiation in the absence of a catalyst (k = 1.0x10° min).

The photocatalytic efficiency of the tested materials for DP degradation under near-UV/Vis
irradiation is shown in Fig. 1a and Table 2. The results indicate that GOT-3.3, ECT and P25 are
very active photocatalysts, with comparable efficiency, for DP degradation (k = 64.5x107,
62x10°% min? and 56x10° min? for ECT, GOT-3.3 and P25, respectively). The lowest DP
photocatalytic degradation in such conditions (9.6x10° min™) was obtained for the m-TiO;

catalyst. The same tendency was observed for the DP mineralization; i.e., after 60 min of near-
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UV/Vis irradiation; ECT, GOT-3.3 and P25 photocatalysts produced a TOC reduction of 53%,
50% and 48%, respectively, while m-TiO leads to a TOC reduction of only 23% (Fig. 2a).

In our previous studies using ECT as catalyst and different model pollutants (including phenol,
formic acid, dichlorophenoxyacetic acid and MO) [1, 18], the high efficiency of ECT has been
always attributed to the enhanced formation of reactive hydroxyl radicals at the catalyst surface.
The efficiency of ECT for the particular degradation of DP as model water model pollutant has
been recently evaluated [19], taking into account different operating parameters such as catalyst
loading and initial solution pH; and these results also confirmed that the high efficiency of ECT
is mainly attributed to formation of the reactive hydroxyl radicals at the catalyst surface.

In another work [16], the effects of the graphene oxide content and the respective treatment
temperature have been systematically investigated on the photocatalytic efficiency of GOT
composites under near-UV/Vis and visible light irradiation for degradation of DP and MO. The
efficiency of the most active composite (there referred as GOT-3.3-200 and corresponding in the
present work to GOT-3.3) was in this case attributed to the optimal assembly and interfacial
coupling between the graphene oxide sheets and TiO2 nanoparticles, allowing graphene oxide to
generate more reactive radicals than the respective bare TiO2 material via the reaction of stored
and transported electrons from near-UV/Vis irradiated TiOo.

3.2.2. Visible light illumination

Regarding visible light illumination, Fig. 1b show the results obtained for DP degradation with
all materials tested and under the same reaction time used for near-UV/Vis light irradiation (i.e.
60 min). The inset of Fig. 1b shows the data for a longer reaction time (240 min) with the aim to
better compare the efficiency between the tested catalysts, the respective pseudo-first order rate
constants being shown in Table 2. As expected, the pseudo-first order rate constants under
visible light illumination are lower than those obtained under near-UV/Vis irradiation because
the same lamp was used in both cases and the cut-off long pass filter (used in visible light

experiments) allows only photons with A > 430 nm to the sample. In these conditions, GOT-3.3
8
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and then m-TiO2 have the highest photocatalytic activity for DP degradation under visible light
illumination, better than the TiO, materials, i.e., ECT and P25 (k = 4.4x103, 1.35x107,
0.75x107 and 0.49x107 min for all of them, respectively). In fact, the pseudo-first order rate
constant of P25 was very similar to that obtained for photolysis (0.40x10 min™), indicating as
expected that P25 is practically inactive for activation with photons of wavelength above 430
nm. Regarding the mineralization (Fig. 2a), the TOC reduction follows the same trend observed
for DP degradation (i.e., GOT-3.3 > m-TiO2 > ECT > P25).

Therefore, GOT-3.3, and ECT and P25 are efficient materials for photocatalytic reactions under
near-UV/Vis irradiation, while GOT-3.3 and then m-TiO, are more appropriate for visible (A >
430 nm) light applications. This is a clear indication that the activation mechanisms are different
for each material, but GOT-3.3 is able to switch between the more appropriate pathway defining

on excitation.

3.3. MO photocatalytic degradation

The photocatalytic activity of the different materials was also investigated for the degradation of
MO under both near-UV/Vis and visible light. The kinetic parameters are gathered in Table 2.
3.3.1. Near-UV/\Vis irradiation

The pseudo-first order rate constants for MO degradation under near-UV/Vis irradiation (Fig. 1c
and Table 2) follow the sequence: GOT-3.3 (126x10° mint) >> P25 (52x10%) ~ ECT (49%x107
min?) >> m-TiO; (18.1x10° min), the GOT composite presenting a markedly higher
photocatalytic activity for MO abatement than the other materials tested. A similar trend was
found concerning the TOC reduction under near-UV/Vis irradiation (Fig. 2b): GOT-3.3 (45%) >
P25 (37%) ~ ECT (35%) > m-TiO2 (20%), indicating that GOT composites with optimal content

of graphene oxide have extended photocatalytic activity under near-UV/Vis irradiation for
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degradation of the MO azo dye in comparison with the other materials at the experimental
conditions tested.

In fact, composites based on graphene oxide and TiO2 have already shown to be highly active
photocatalysts for different azo dyes, such as MO [11], rhodamine B [12, 20], and methylene
blue [21]. In particular it has been recently reported by our group [16] that composites with an
optimal graphene oxide content (3.3-4.0 wt.%) may effectively enhance the photocatalytic
activity of TiO in the visible range without compromising the performance under UV
irradiation, a major drawback usually associated to visible light active anion doped TiO>
photocatalysts. In fact, the P25 photocatalyst showed slightly better performance than ECT for
MO degradation under near-UV/Vis irradiation (k = 52x10° and 49x1073, respectively).
However, it is important to refer that ECT has proved to be more effective than P25 for several
organic pollutants, even MO, but in other conditions (including radiation source and catalyst
load) [1, 18].

3.3.2. Visible light illumination

The results obtained for MO degradation under visible light irradiation are presented in Fig. 1d
and Table 2. The corresponding pseudo-first order rate constants obtained with the experiments
performed in 240 min (k = 10.0x103, 7.5x10° and 1.1x107 min‘, respectively for m-TiO,,
GOT-3.3 and ECT) are higher than that obtained for P25 (0.58x107 min) in the degradation of
MO (as observed for DP), indicating that all the methods of synthesis used lead to
photocatalysts with better properties than the benchmark catalyst for visible light applications. It
is also of interest to note that M-TiO. exhibited the highest photocatalytic activity for MO
degradation under visible light irradiation (in contrast with results obtained for DP) and that the
same tendency was observed in terms of TOC removal (Fig. 2b): m-TiO2, GOT-3.3, ECT and
P25 produced respectively 22%, 18%, 4% and 3% of TOC reduction after 240 min of
irradiation. The high visible light photocatalytic activity of m-TiO, observed towards

degradation of MO (and also DP and microcystin-LR) may be justified by the red-shift of the
10
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energy band gap to the visible range - about 2.28 eV. Furthermore, preliminary experiments in
the absence oxygen with m-TiO2 (not shown) revealed that the photocatalytic activity of this
material strongly decreases at such conditions (k = 10.0x107 or 1.2x10° min! in the presence or
absence of oxygen, respectively), thus O2*~ or even its product O, could play an important role
in the photocatalytic degradation of MO under visible light.

Therefore, the results obtained with MO showed that at the tested conditions the composite
prepared with TiO2 and graphene oxide (GOT-3.3) exhibited the highest activity under near-
UV/Vis irradiation while both modified TiO, (m-TiOz) and GOT-3.3 presented the better

photocatalytic activity under visible light illumination.

3.4. Pathway for photocatalytic degradation

The pathways for photocatalytic degradation were investigated by isolating the main oxidative
routes of the photodegradation process. For this purpose, EDTA and t-BuOH were used as hole
and radical scavengers, respectively, to detect the prevalent oxidative pathways that participate
in the process, as indicated in literature [22, 23].

In Fig. 3a the pseudo-first order rate constants for the degradation of DP under near-UV/Vis
irradiation are shown with the scavengers for the prepared materials and also for P25. The
results show that the presence of t-BuOH as radical scavenger produced a decrease of the
pseudo-first order rate constants for all the catalysts tested, but the addition of EDTA reduced in
a much higher extent the DP photodegradation reaction rate (Table 2), e.g., in the respective
presence of t-BuOH or EDTA, from 64.5x107° min to 18x10° or 2.1x10° min™ for ECT and
from 62x10° min to 29x10° or 6.8x10° min™ for GOT-3.3. The decrease of the pseudo-first
order rate constant for DP corresponds to 97%, 92%, 89% and 79% with the addition of EDTA
and to 71%, 57%, 54% and 46% in the presence of t-BuOH for ECT, P25, GOT-3.3 and M-

TiO., respectively.

11
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Therefore, it is clear that reactive species such as hydroxyl (HO") and possible others (O2™ or
HOO") radicals (or even '0O,) participate in the photocatalytic mechanism under near-UV/Vis
irradiation, but the photogenerated holes play a major role on the mechanism. In order to better
understand the effect of the scavengers on the reaction system, three different ratios were
defined considering a simplification of the photodegradation mechanism, as illustrated in Fig.
3c, where each ratio kg represents a step i of the process (i = 1, 2, 3), namely:

- k@ = kepta/k represents step (1) - oxidation by reactive radicals (such as O»*") formed
from photoexcited electrons, because photogenerated holes (h*) are not available (they
are trapped by EDTA) being inhibited steps (2) and (3);

- K@ = kesuon/k represents step (2) - direct oxidation by photogenerated holes, because
reactive radicals are not available (they are trapped by t-BuOH) being inhibited steps (1)
and (3);

- K@) = (k - keota - kesuon)/k represents step (3) - oxidation by reactive radicals (e.g., HO®)
formed from photoinduced holes, i.e. considering that k = ka) + k) + k@) and, as
consequence, the k) ratio is determined by the difference between the pseudo-first order
rate constant obtained in the absence of any scavenger (k) and the respective ratios
obtained with EDTA and t-BuOH, k1) and k), respectively.

where kepta and ke.suon are the pseudo-first order rate constants obtained in the presence of
EDTA (holes captured) and t-BuOH (radicals captured), respectively. Table 3 shows the kg
ratios for the oxidation paths of DP, for all materials. Since the values obtained for k) and k),
related to photogenerated holes, are higher than those obtained for k), related to photoexcited
electrons, the mechanism mediated by holes (both direct oxidation - k) - and formation of
reactive radicals - k) is more important for all tested materials than the mechanism mediated

by photoexcited electrons - k).
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In particular, for steps (1) and (2) the respective ratios (k) and K(2)) decrease as follows: M-TiO-
> GOT-3.3 > P25 > ECT in contrast with the order determined for step (3), i.e. k@): ECT > P25
> GOT-3.3 > M-TiO.. Therefore, since the determined ratios give an indication of how
important is a step for the different materials, these values suggest that direct oxidation by
photogenerated holes - ki) (and then in less extent oxidation by radicals formed from
photoexcited electrons - k() are more important for the modified TiO> materials (M-TiO> and
GOT-3.3) than for bare TiO2 materials (P25 and ECT). Moreover, the results suggest that ECT
Is more succeeded than other materials to generate reactive radicals from photoinduced holes -
K@), confirming the already observed higher availability of ECT in comparison with P25 to
generate such radicals [1, 19], and being validated in this work such catalytic property of ECT
when compared with completely different materials (m-TiO2and GOT-3.3).

Under visible light illumination, GOT-3.3 shows significant photocatalytic activity for DP
degradation (Fig. 1b and Table 2) and it has been already shown [16] that the presence of
radicals and holes scavengers reduces the rates of photocatalytic oxidation, this reduction being
equivalent for both scavengers.

The same methodology was applied for MO photocatalytic experiments under near-UV/Vis. Fig.
3b show that the addition of t-BuOH (radicals scavenger) leads to an expected decrease of the
pseudo-first order rate constants; however, the presence of EDTA (electron donor) enhanced
greatly the rate of MO photoreduction, respectively: (i) from 126x107 to 559x10° min? for
GOT-3.3; (ii) from 49x107 to 309x107 min for ECT; (iii) from 18.1x107 to 90x107 min for
M-TiO2; (iv) from 52x1073 to 536x10° min? for P25. These high values obtained for the
pseudo-first order rate constants in the presence of EDTA are justified by the MO
photoreduction mechanism on the surface of the photocatalyst that has been already reported for
several photocatalysts when EDTA was used, including TiO2/zeolite [24]. Other electron donors
were also tested in this work (formic acid and ascorbic acid), but the same behaviour was

observed, i.e. a MO photoreduction mechanism. In the particular case of EDTA, this electron
13
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donor reacts with the strongly oxidizing photogenerated holes, inhibiting electrons-holes
recombination and by this way more excited electrons are available for reduction of MO to the
hydrazine derivative (the MO band detected at 464 nm disappearing during the reaction while a
new band assigned to the hydrazine derivative increases at 247 nm) while reducing radicals
produced from EDTA by H abstraction could also enhance MO reduction. Hydrazine has been
classified as human carcinogen by Environmental Protection Agency (EPA) and, in this context,

analysis of toxicity will be required in further experiments.

o]

Therefore, the nitrogen—nitrogen double bond (—N=N-) responsible for the characteristic colour
of MO is broken up assuming that MO photoreduction occurs in the same way as it was
determined by Brown et al. [25]. Even so, the decrease of rate constants in presence of t-BuOH
and in particular the TOC reduction that was observed in the experiments with all catalysts
tested (Fig. 2b) confirmed the photocatalytic degradation and mineralization of MO at the tested

conditions.

Conclusion

Three different TiO> catalysts, large titania sol-gel nanoparticles (ECT), surface modified titania
nanoparticles (m-TiOz) and graphene oxide-TiO, composite (GOT-3.3), were compared in terms
of their photocatalytic properties.

Under near-UV/Vis irradiation, ECT is one of the most active photocatalysts for the degradation
of DP. The higher efficiency of ECT is related to its enhanced availability to originate reactive
hydroxyl radicals from photoinduced holes at the catalyst surface.

GOT-3.3 composite is quite active in the photodegradation of both DP and MO pollutants,

especially under visible light, where P25 is practically inactive.
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m-TiO- displayed a remarkable photocatalytic activity for degradation of MO under visible light
irradiation, suggesting promising results for visible light applications.

For all catalysts tested for the photocatalysis of DP, the photogenerated holes are the main
reactive species (in comparison to the radicals formed from photoexcited electrons). In
particular, direct oxidation by photogenerated holes play a major role in the case of m-TiO, and
GOT-3.3, when compared with bare TiO. materials (ECT and P25). In the case of MO, a
photoreduction mechanism on the TiO. surface was observed, involving the photoinduced
electrons. This is confirmed by the significant enhancement of the photocatalytic rate upon

addition of EDTA holes scavengers that results in the inhibition of electron-hole recombination.
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TABLES

Table 1. Characterization of catalysts.

s Soelrqy | O ke &
P25 52 80 (A) / 20 (R) 22 (A) /25 (R) 3.18
ECT 18 89-94 (A) / 11-6 (R) 57 (A) / 86 (R) 2.97

m-TiOz 141 100 (A) 8 (A) 2.28

GOT-3.3 117 100 (A) 4(A) 2.95

* A: anatase; R: rutile.
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Table 2. Pseudo-first order Kkinetic rate constant (k) of DP and MO degradation for different
experimental conditions and respective coefficient of variation (CV), expressed as a percentage

(ko ) and regression coefficient (r?).

Diphenhydramine (DP) Methyl orange (MO)
k (10 min') oo 2 k (10 min) oo 2
(%) (%)
near-UV/Vis (60 min) near-UV/Vis (30 min)
ECT 64.5+ 0.6 1.0  0.9999 49 +5 8.8 0.99
ECT-EDTA 21+01 7.4 0.98 309 £ 15 4.8 0.999
ECT- tBuOH 18+1 53 0.99 23+3 11.7 0.97
GOT-3.3 62+ 3 4.2 0.998 126 +9 7.1 0.99
GOT-3.3-EDTA 6.8+0.5 7.7 0.98 559 +5 9.6 0.998
GOT-3.3-tBUuOH 29+ 2 55 0.99 99+7 6.8 0.99
m-TiO2 9.6 +0.7 7.4 0.99 18.1+0.6 3.5 0.997
m-TiO2- EDTA 20+0.1 53 0.99 90 + 3 3.1 0.998
m-TiO>- tBuOH 5.21£0.04 0.8  0.9997 55+0.6 10.1 0.97
P25 564 6.7 0.998 52+5 8.2 0.99
P25- EDTA 4.7+0.9 18.4 0.9 536+ 1 126  0.998
P25- tBUOH 24.3+£0.6 2.7 0.999 44 + 4 9.4 0.99
Photolysis 1.00+0.07 6.9 0.9 1.00+020 9.6 0.9
Visible (240 min)

ECT 0.75+0.07 9.1 0.97 1.1+0.3 11.8 0.9
GOT-3.3 44+0.1 2.9 0.999 75+0.2 3.2 0.998
m-TiO2 1.35+0.06 4.5 0.99 10.0£0.9 94 0.99
P25 049+0.06 11.6 0.95 0.58 +0.08 13.0 0.92
Photolysis 0.40 £ 0.07 18.1 0.98 0.39+0.05 114 0.94
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Table 3. Ratios defined according to the contribution of each step of the simplified
photodegradation mechanism of DP: (1) oxidation by reactive radicals formed from
photoexcited electrons - k); (2) direct oxidation by photogenerated holes - ke); and (3)

oxidation by reactive radicals formed from photoinduced holes - k(3).

ke ke2 Ke)
ECT 0.033 0.28 0.69
GOT-3.3 0.11 0.47 0.42
m-TiOz 0.21 0.54 0.25
P25 0.084 0.43 0.48
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FIGURE CAPTION

Figure 1. Photocatalytic degradation over P25, ECT, m-TiO; and GOT-3.3 for (a-b) DP and (c-
d) MO under both near-UV/Vis and visible light irradiation. Curves represent the fitting of the
pseudo-first order equation to the experimental data (insets of (b) and (c) refer to data obtained

within 240 min).

Figure 2. Total organic carbon (TOC) reduction for the prepared catalysts and P25 under near-

UV/Vis and visible light irradiation for (a) DP and (b) MO.

Figure 3. Effect of EDTA and t-BuOH on the photocatalytic degradation under near-UV/Vis

irradiation for (a) DP and (b) MO and (c) main steps involved on the photocatalytic mechanism

and effect of scavengers for holes (EDTA) and radicals (t-BuOH).
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