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Abstract

The incorporation of noble metals onto TiO, nanostructure is considered as a
promoting method to enhance the photocatalytic degradation of pollutant in air
treatment process. In this study, highly organized TiO, nanotubes (NTs) were grown
by the anodization method of Titanium substrates. The TiO,-NTs were successfully
decorated by platinum (Pt) nanoparticles (NPs) using two different deposition

methods: (1) electrodeposition and (2) photodeposition.

We explore the impact of different deposition methods on the morphology of Pt
nanoparticles (NPs) dispersed onto TiO, nanotubes and the optical characteristics of
Pt-TiO, nanocomposites, investigating their efficacy in photocatalytic degradation We
investigate the effect of varying the deposition method on the morphology of Pt-NPs
dispersed onto TiO, nanotubes and the optical properties of the Pt-TiO;
nanocomposites and their efficient photocatalytic activity degradation against Volatile
Organic Compounds (VOCs) and bacteria. Scanning and Transmission Electron
Microscopy (SEM and TEM) reveal a nanotubular TiO, anatase structure adorned

1


mailto:AAAssadi@imamu.edu.sa

30
31
32
33
34
35
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

with Pt NPs, with the quantity and size of NPs contingent upon the deposition
technique employed. The photoluminescence (PL) spectra demonstrate that the
Pt/TiO, heterojunction facilitates the separation of photogenerated charges, thereby
diminishing carrier recombination rates. To point out the effect of Pt NPS, both pure
TiO, and Pt/TiO, heterojunction were tested in the photodegradation of Ethyl Acetate
(EA). The Pt/TiO, heterojunction exhibits superior photocatalytic performance
compared to TiO, in EA degradation, regardless of the Pt deposition method
employed. Optimal results are achieved with 120 seconds of Pt electrodeposition and
3 hours of Pt photodeposition under visible irradiation, yielding kinetic constants of
approximately 0.245 and 0.195 mg.m.s™, respectively, underscoring the pivotal role
of the platinum deposition method in pollutant photodegradation. Respectively
simultaneous removal of EA and bacteria (Escherichia coli) was tested using Pt and
non-Pt decorated TiO, NTs. We attributed a total degradation of the bacteria after
180 minutes using the two efficient photocatalysts Electro 120 s and Photo 3 hours

compared to 60% of degradation using pure TiO, nanotubes.

Keywords: TiO, nanotubes, Platinum, Photodeposition, Electrodeposition, Indoor air
treatment, Photocatalysis, VOCs, Bacteria.

. Introduction

Humans spend more than 80% of their time in enclosed spaces and breathe on
average 14 m® of air per day [1]. However, many pollutants are present in the air
such as volatile organic compounds (VOCs), inorganic gases (NOx, SOx, 0O3),
allergenic compounds and microorganisms (bacteria, viruses) and natural biological
barriers of the human organism allow them to pass through [2,3]. This air pollution
can harm the ecosystem and human health. Indoor air is generally more conducive to
these pollutants than outdoor air because outdoor air is dispersed and washed daily
by rain and wind, unlike indoor air [4]. Not all VOCs can be removed by the natural
environment or by conventional air treatment processes such as solid adsorption [5].

In recent years, indoor air pollution has become a problem raised by numerous
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scientific studies [6-8]. In this context, different techniques have been developed to
allow the purification of a closed place and advanced oxidation processes (AOP)
(photocatalysis, ozonation, nonthermal plasma) have aroused a lot of interest due to
their strong capacity to oxidize pollutants [9-11].

Among all these various techniques, photocatalysis is the most promising oxidation
technique. This method is based on the decomposition of pollutants by reactive
species following photoexcitation of the photocatalyst [12]. The photoelectrochemical
behavior of wide gap metal oxide semiconductors was studied by Fujishima [13].
Subsequently, research expanded to test several semiconductors such as ZnO [14],
TiO; [15], SnO; [16], Cu,0 [17] and ZrO, [18] irradiated with UV and visible light to
obtain the highest performance [19]. Indeed, the photocatalytic processes that
involve TiO, to be irradiated by UV light showed to be potentially useful and
advantageous for air treatment [20]. Due to its high chemical stability, large earth
reserves and strong photoactivity, mainly under UV irradiation, it is favored among
other semiconductors [21,22]. The structure and morphology of TiO, (nanoparticles
[23], nanotubes [24], nanorods [25] and nanofibers [26] can be tuned by modifying
the synthesis method, and consequently its electronic and optical properties [27].
Self-organized nanotubes grown using anodization method have a particular interest
because they have a high specific surface compared to other nanostructures and
they facilitate electron transport between interfaces in a straightforward pathway [28].
The impressive efficiency of highly ordered nanotubes in water splitting, gas sensors,
surface-enhanced Raman spectroscopy (SERS) application, biomedical applications,
and organic pollutants degradation was demonstrated in various domains [29-33].
However, the nanotubular structure reveals two main drawbacks; the photogenerated
electron-hole pairs exhibit a high recombination rate and the material only absorbs
UV light, thus reducing its photocatalytic efficiency. To compensate this
photocatalytic loss, several solutions have been applied such as coupling TiO, with
other semiconductors to create heterojunction [15], doping the semiconductor with
non-metallic and metallic ions [34] and decorate with plasmonic noble metals [31,35].
The deposition of noble metals (Pd, Au, Pt, Ag) on semiconductors is a method
commonly used to improve the photocatalytic activity of the latter. Such contact
generates a Schottky barrier which promotes the separation of photogenerated
charge carriers in the semiconductor and limits their recombination thus improving

photodegradation [36,37]. Additionally, these noble metals are distinguished by
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localized surface plasmon resonance (LSPR). This LSPR is a specific visible light
absorption resonance, which depends on the nature, size, and shape of the metal
nanoparticles [31,38,39]. It was demonstrated elsewhere that the deposition of Pt
NPs into TiO, enhances its photocatalytic activity in visible light thanks to the created
heterojunction that limit charge recombination by the migration of generated
electrons to Pt NPs [40,41]. To establish the Pt nanoparticles deposition on the
substrate, various synthesis methods have been tested to obtain the optimal metal
layer such as photodeposition, electrodeposition, chemical reduction and
impregnation reaction [36]. The Pt deposition method holds a significant role because
as it was already mentioned the modification on the metal nanopatrticle size, shape
and dispersion could affect the metal NPs properties [42]. Hence the interest of
studying the effect of the deposition method on layer structure in the first instance,
and on photocatalytic performance in the second. The photodeposition method used
light to deposit NPs onto the substrate which makes it simple and cost-effective
method to obtain a uniform deposition. While the electrodeposition method seems
more effective towards the formed layer, it allows for better control of thickness and
morphology by adjusting the operating parameters such as current density,
deposition time and electrolyte composition . In this context, researchers have
studied the effect of Pt deposition on photocatalyst efficiency [43,44]. Several studies
have shown that varying the amount of deposited platinum directly affects its
photocatalytic response [37,45]. Francisco et al. revealed the electrodeposited Pt
nanoparticles size that increases from 10 to 250 nm by raising the deposit time [46].
Grabowska and his collaborators have achieved an optimum of photodeposited Pt
nanoparticles on TiO, for a total Toluene photodegradation [47]. These studies have
clearly shown the importance of the deposition method to obtain a uniform metal
deposit and avoid nanoparticles agglomeration to the photocatalytic activity.

In this study, we present a new insight regarding the effect of Pt deposition methods
onto TiO, NTs during the photocatalytic degradation of VOCs (ethyl acetate) and
bacteria (Escherichia coli). Pt-NPs are deposed on TiO, NTs using two different
methods (electrodeposition and photodeposition), then we study the effect of the
deposition method on the structural and optical properties of the Pt-NPs.
Furthermore, a comparison is highlighted between both deposition methods for the

degradation of ethyl acetate (EA) and the simultaneous removal of E- Coli and EA.
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Il.  Materials and methods
1. Photocatalyst synthesis: TiO,-NTs/Pt-NPs

TiO» nanotubes anodization

TiO, nanotubes (NTs) were grown directly on titanium plates (2.5 cm x 2.5 cm x 1
mm, 99.7%) using anodic oxidation. Prior to anodization, the titanium underwent
meticulous polishing and cleaning procedures to facilitate the uniform growth of
nanotubes. This involved successive polishing using SiC abrasive papers ranging
from grades 320 to 2200. Then, the substrates were cleaned by ultra sonication, first
in acetone, then in methanol and finally in distilled water. The elaboration of TiO, NTs
from Ti substrates involves a two-steps anodization: 45 min for the first anodization
and 120 min for the second one under a fixed voltage of 60 V at room temperature.
The process was performed in an electrolyte cell containing 100 ml of ethylene glycol
+ 1 Wt% NH4F + 2 v% H,0. To ensure obtaining the anatase crystal phase of TiO»,
the samples were annealed in an oven at 450 °C for 3 h.

Platinum deposition via the electrodeposition method

Pt deposition was carried in a standard three-electrode electrochemical cell. The
electrodes were immersed in 40 mL of 0.5 M of H,SO4 + 0.5 mM of H,PtClg solution.
Then, using the potentiostatic method, the electrodeposition was carried out at room
temperature under a potential of -0.2 V. Under similar operating conditions, the Pt
deposition time was varied (60s, 120s, 180s, 240s).

Platinum deposition via Photodeposition method

The Pt NPs were deposited onto the TiO, nanotubes using an aqueous solution
composed of 2 mM H,PtCls-6H,0 and 50% w/v methanol. The mixture is then placed
in a quartz cell containing the TiO, NTs — based electrode and irradiated at room
temperature by a Puritec germicidal lamp (HNS 15 W G13) that emit high intensity
UVC irradiation with a dominant wavelength around 254 nm during 30 min, 1h, 2h,

3h, 4h. Finally, the electrode was rinsed with MQ water and dried under N flow.
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2. Photocatalyst characterization
To examine the morphology of the prepared samples, we utilized a 15 kV Scanning
Electron Microscope (SEM, Q250) equipped with X-ray energy-dispersive analysis
(EDX), as well as a 200 kV Transmission Electron Microscope (TEM) Jeol JEM 2100
HR, coupled with a CCD (Gatan Orius SC200D). For characterization of the
crystalline structure, X-ray diffraction (XRD) employing CuKa irradiation (A = 1.5406
A) was conducted using a Philips XPERTMPD instrument. Photoluminescence (PL)
measurements were performed using a PerkinElmer spectrometer (LS55) paired with

a xenon lamp (wavelength = 340 nm).

3. Target pollutants and reactor for VOC and bacteria removal

The photocatalytic efficiency of the prepared photocatalysts was tested for
simultaneous removal of Ethyl Acetate (EA) and bacteria (Escherichia Coli strain
(DSM 10198-0307-001E. Coli). EA is mainly used in paints, printing inks, plastics,
organic synthesis, and mostly in agri-food industry.

The degradation of both VOC and bacterial are tested in a batch reactor. The
experiments are carried out for individual and mixture of pollutants. For all
experiments, the active surface area of the photocatalyst is fixed at 2x2 cm?. The 250
mL reactor was illuminated using a visible lamp (Sylvania Lynx-S 9W/840) which

emits white light with a wavelength between 400 and 700 nm.

4. Photocatalytic degradation of Ethyl Acetate and bacterial
The EA removal, in a batch reactor, was carried out at with different concentrations
(5, 10, 15 and 20 mg/m®) under similar operating conditions. The photocatalyst is
placed in the 250 mL batch reactor equipped with a stopper surmounted by a septum
and closed hermetically. A known volume of the Ethyl Acetate is then introduced into
the reactor and equilibrated for 15 min. Then, the visible light lamp was turned on to
activate the of photocatalysis reaction. The reaction aliquot was collected each 5 min,
and the degradation efficiency was monitored by Gas Chromatography (GC). For
bacterial removal study, 100 pL solution was placed on the photocatalyst, then the
visible light was applied for defined period. The deactivation kinetics of bacteria is
then studied. The preparation of the bacterial strains and the batch reactor were well

detailed in a previous work [48,49].
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1.  Results and discussion
1. XRD analysis

Figure 1 shows XRD patterns of TiO,-NTs deposited on Pt for both deposition
methods. The amorphous structure of the as-grown TiO, NTs is transformed into
anatase-like TiO, NTs subsequent to an annealing at 400 C for 3 hours. The XRD
patterns of pure TiO, NTs revealed typical anatase diffraction peaks (JCPDS no. 21—
1272) with two peaks related to the metallic Titanium substrate (JCPDS no. 44—
1294). After Pt deposition on TiO, NTs, we observe the appearance of a diffraction
peak at 20 = 40.1° associated to the (111) Pt crystallographic orientation (JCPDS no.
70-2075). Platinum decoration did not affect the crystallographic structure of TiO,.
there is no remarkable change in the position or width of the peaks, which means
that there has been no distortion in the TiO, anatase structure. The intensity of the
Pt-related peak does not increase as deposition time increases for both deposition
methods, while it is broader for the photodeposition method. Besides, another
platinum peak appears at 20 = 46.3° related to the (200) Pt crystal orientation, only
for the photodeposition method at high deposition times. As already mentioned, the
Pt peaks are only observable from a high deposition time for the two deposition
methods, but the appearance of the peaks is always clearer and faster for the
photodeposition method. So, we can conclude that the photodeposition method is

more quantitative.
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Figure 1: X-ray diffraction patterns of pure TiO, NTs and decorated with Pt NPs:
(a) Electrodeposition method and (b) Photodeposition method.
2. MEB and EDX analysis



216
217
218
219
220

221

222

223
224

225
226
227

Figure 2 shows SEM images of Pt-decorated TiO, NTs corresponding to Pt
electrodeposition (fig. 2a and fig. 2b) and to Pt photodeposition (fig. 2c and fig. 2d),
while varying the deposition time. We can see a well-organized nanotubular structure
with a tube diameter of around 100 nm. The nanotubular structure has been well

studied in a previous work [50]. The EDX analyses are reported in figures 2 (e-h).

Figure 2: SEM & EDX spectrum of NTs-TiO, decorated with NPs-Pt: electrodeposition
120s (a) and 240s (b)), photodeposition 2hr (¢) and 4hr (d).

Increasing the electrodeposition time from 120 s (Figure 2a) to 240 s (Figure 2b)
does not result in any significant deformation of the nanotubes. However, EDX

mapping shows that the platinum dispersion is uniform on the nanotubular structure.
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Since the size of the platinum nanoparticles does not exceed the diameter of the
nanotubes (100 nm), the metal nanoparticles are placed on the opening and inside
the nanotubes. SEM and EDX mapping clearly show that PT NPs content increases
from 0.91 Wt % for Electro-120 s (fig. 2a) to 5.58 Wt % for Electro-240 s (fig. 2b)
(Table 1). The increase in photodeposition time from 2 h to 4 hrs more let us obtain
more TiO, NTs openings covered with agglomerated Pt NPs (fig. 2d & 2h). The
photodeposition method allows to Pt NPs to condense on the NTs and reached 14.74
Wt % (Table 1).

These results confirm the difference between Pt XRD peaks for both decoration
methods. The dispersion of Pt NPs is related to the deposition method;
electrodeposition is based on the formation of a solid Pt layer on the top of the NTs
owing to an electric field so we could control NPs size to prevent the Pt
agglomeration. However, photodeposition relies on the use of light to reduce Pt ions
could form a massive deposit and in high deposit time the Pt NPs could grow

agglomerates that cover the TiO, NTs which affect their quantum vyield.

Table 1: Platinum weight percentage over deposition time for the two decoration

methods.

Photocatalyst Platinum Wt % Photocatalyst Platinum Wt %

Electro 60 s 0.10 Photo 30 min 0.39
Electro 120 s 0.91 Photo 2 hr 578
Electro 240 s 5.58 Photo 4 hr 14.74

3. TEM analysis

Transmission electron microscopy show the deposited Pt NPs as black dots (fig 3a
and b); the electron density of Pt is higher than that of TiO,. The cross-sectional view
of the nanotubes shows that Pt NPs are randomly dispersed under the surface on
TiO, NTs. The Pt NPs size seems to depend on the deposition method. The size

distribution for the two methods prove that Platinum nanoparticles produced via



258 electrodeposition method are smaller than photodeposition nanoparticles. Indeed, the
259 patrticles size for Electro 120 s is between 16 and 23 nm, however, Photo 3 h
260 resulted particle size between 27 and 33 nm (fig 3c and d).
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262 Figure 3: TEM images of the Pt NPs/TiO2 NTs nanocomposite (a) Electro 120 s and

263 (b) Photo 3 hours photocatalysts, size distribution of Platinum nanoparticles (c)
264 Electro 120 s and (d) Photo 3 hours photocatalysts.
265 4. Photoluminescence analysis
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It is necessary to show that the TiO,-NTs/Pt-NPs junctions pretended to be used, as
photocatalysts instead of the pure TiO, NTs, are suitable to reduce the electron—hole
recombination rate within the photocatalysis process. For this purpose, we measure
the PL spectra of the TiO,-NTs/Pt-NPs photocatalyst. The PL spectra of TiO,-NTs/Pt-
NPs are shown in figure 4. The spectra were recorded with an excitation source of

290 nm in ambient conditions.

The PL spectra show several peaks within the 350—-600 nm spectral range. While the
emission peak at 360 nm corresponds to direct band-to-band transition , the peak at
390 nm corresponds to indirect band-to-band transition [48]. The emission peak at
around 435 nm is due to the self-trapped excitons [50]. The emission peaks in the
visible range (460 - 540 nm) are due to the electrons trapped in the oxygen vacancy
states of the TiO, [17]. Generally, the PL is due to the recombination of the
photogenerated carriers in a semiconductor. In our case, we observe a visible PL
band centered at ~500 nm for TiO,. This could be ascribed to the recombination of
photoexcited electrons and holes possibly due to the oxygen vacancies in TiO..
When Pt was loaded onto TiO, NTs, the intensity of the PL band centered around
~500 nm decreased, suggesting a reduction of the charge carrier recombination rate.
This can be explained by the migration of excited electrons from TiO; to the Pt NPs
and the creation of a Schottky barrier (junction) that limit the electron—hole

recombination.
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Figure 4: Photoluminescence spectra of TiO,-NTs decorated with Pt NPs: (a)

Electrodeposition method and (b) Photodeposition method.

Photocatalytic application
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1. Ethyl Acetate degradation

In order to evaluate the photocatalytic performance of the TiO,-NTs/Pt-NPs
nanocomposites, the degradation of Ethyl Acetate (20 mg/m?®) was studied in a batch
reactor under visible light illumination. It is widely recognized that the
photodegradation efficiency of noble metal-sensitized TiO, varies depending on the
deposition method [51]. Figure 5 illustrates the time-dependent photodegradation of
EA, comparing the photocatalytic activity of samples decorated with Pt using both
electro and photodeposition methods at various deposition times.

Apparently, in both Pt decoration methods, the addition of Pt NPs improves EA
degradation under visible light. In case of pure TiO, NTs, the degradation efficiency
does not exceed 25% of EA after 240 min of visible light irradiation. Starting with
electrodeposition samples Figure 5a, the presence of platinum nanoparticles
increases sharply EA degradation under visible irradiation. Usually, the photocatalytic

efficiency increases with the increase of the deposition time [52].

Which is not the case because the simple with the highest deposition time (Electro
240 s) presents the lowest photocatalytic activity with 65% after 180 minutes of
irradiation. However, Electro 120 s sample reaches an elimination percentage of 91%
at the same irradiation period with the highest photocatalytic efficiency. With the
photodeposition method, the sample (Electro 3 hours) exhibit the best photocatalytic
activity comparing other photodeposited samples with an elimination percentage of
70% after 180 minutes of visible irradiation. For all samples, the degradation follows
a fall up until 180 minutes of irradiation after that it maintains stability. This
phenomenon could be explained by the saturation of active sites caused by the
accumulation of intermediate by-products issues from the degradation of EA.
Moreover, the accumulation of humidity and excess of oxygen (source of reactive
oxygen specie : RSO) can reduce the kinetic of EA degradation [36].

12
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Figure 5: The variation of EA degradation as a function of time of pure and decorated
TiO,-NTs by different times of deposition using electrodeposition method (a) and

Photodeposition method (b).

To understand the kinetics of degradation, we variate the initial concentrate of Ethyl
Acetate for the most efficient deposition methods (Electro 120 s and Photo 3 h).
Figure 6 shows the variation of EA degradation over irradiation time for different inlet
concentrations (5, 10, 15 and 20 mg/m®). The decrease in the initial concentration
implies better degradation of the pollutant and we notice the same behavior for both
methods. This is linked to the competition of pollutant molecules on reactive species

responsible for the degradation of pollutants [53,54].

The behavior of the pollutant during the initial concentration variation is the same for
both pollutants. However, the photocatalytic efficiency differs, and the variation of the
lowest concentration reaches a total degradation by 120 minutes of visible irradiation
for electrodeposition method and after 180 minutes of irradiation for the
photodeposition method. Based on the results we could affirm that electrodeposition
method exhibits a better photocatalytic activity, but the kinetics depends on several
parameters such as the mass of the metal deposited and the nature of dispersion of
the platinum. Also, if we relate these results to that of the structural characterizations,
we noticed that electrodeposition method presents a better distribution of Platinum

nanoparticles with a smaller nanoparticle size which correlates with other works [42].
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Lakshamanreddy et al. have proven about 94% degradation of methyl orange dye
using chemical reduction method compared to 50.5% using photodeposition method
and they related these results to the size of Pt nanoparticles and the oxidation states
after Pt deposition [44].

a b
—m— C=5 mg/m3 [—M— C=5 mg/m3
LoF®& —®— C=10 mg/m3} 10 Fo_ -®— C=10 mg/m3
V. —A— C=20 mg/m3 '\ A~ C=20 mg/m3|
‘\\ —w— C=50 mg/m3 ‘A \ |—¥— C=50 mg/m3
0,8 | A\v 08} .}A Y v

@ - o \ v

\ \ \ T

\ NN '\\N

o o
Q ) A Q \A\
O 04 .\ O - ° A
al 04 r ™~ A\
)
\ \o Ve \' — A A
- v— ~_ — s
~a —o
02 \ 02 " —~
A @
\.\.\A\AlAiA \
L I —
00 ] . 00} T
IIIII 1 1 1 1 1 1 L L L L 1 1 1 1 1 1
0 15 30 45 60 90 120 150 180 210 240 0 1530 60 90 120 150 180 210 240
Time (min) Time (min)

Figure 6: The temporal evolution of EA degradation for different initial concentrations
on the photocatalyst Electro 120 s (a) and Photo 3 h (b).

The degradation kinetic of Ethyl acetate can be determined using the Langmuir-
Hinshelwood (L-H) model [55,56]:

K[EA],
1+K[EA]g

rO—- :kcx

where rq the initial rate of degradation (mg.m. s™).

The values of ro are determined using the equations ro = f ([EA]). The function 1/ry =
f (1/[EA]) is plotted to determine K, the adsorption constant and k¢, the kinetic

constant. These constants are obtained by linearizing the equation of the L-H model:

1 1 1 N 1
= X —_—
To K X kC [EA] 0 kc

The L-H model assists the determination of kinetic parameters. We trace the curve
1/ro = f (L/[EA]) and we have the following results (Fig 7):
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Figure 7: Linear regression using L-H model for EA degradation on Electro 120 s (a)
and Photo 3 hours (b) photocatalysts.

Table 2: Adsorption and kinetic constants for the efficient photocatalysts.

Electro 120 s Photo 3 hours
K: Adsorption Constant of L— 0.182 0.317
H (m*. mg™)
kc: Kinetic Constant of L-H 0.245 0.195
(mg.m?.s™)

The parameters derived from the L-H model are presented in Table 2. These results
indicate that the Electro 120 s sample exhibits a higher kinetic constant, confirming
the superior photocatalytic efficiency of electrodeposited samples. Furthermore, the
accuracy of these values is evident as they are consistent with those reported in

studies focusing on the degradation of VOCs using photocatalysis.

In Table 3, we have compiled additional results pertaining to the treatment of VOCs

using photocatalysts based on Pt/TiO..
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Table 3: Summary of removal efficiency and kinetic constants of VOCs photocatalytic degradation using Titanium dioxide deposit

with platinum nanoparticles photocatalysts.

Order Photocatalyst Target Pollutant Light Degradation | Kinetic Constant | Reference
pollutant concentration (mg/m?) source (%) (mg.m?3.s™

1 1%-Pt/TiO, prepared Toluene 5 uv 100 0.86 [57]
by impregnation.

2 0.1%-PY/TIO, Ammonia 140 uv 50 0.05 [58]

3 0.3%-Pt/TiO, prepared Benzene 800 uv 100 NA [59]
by impregnation.

4 PU/TiO, prepared by Ethanol 8 uv 100 3.2 [57]
impregnation.

5 0.8%-Pt/TiO, Butane 3 NA 27 NA [60]

6 0.1Pt TiO, Toluene 750 UV-Vis 90 NA [37]

7 PU/TiO, prepared by cyclohexane 8 Visible 100 0.064 [48]
Electrodeposition.

8 0.3%-Pt/TiO, prepared | Ethyl Acetate 900 uv 54 NA [59]
by impregnation.

9 PU/TiO, prepared by Ethyl Acetate 5 Visible 100 3.25 This work
Photodeposition.

10 PU/TiO, prepared by Ethyl Acetate 5 Visible 100 5.57 This work

Electrodeposition.
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2. Simultaneous removal of EA and bacteria

The efficient photocatalysts were also tested for bacteria (Escherichia coli (E. coli))
inactivation with the presence of Ethyl Acetate. This study could reveal many
information such as the ability of elaborated photocatalysts to oxidate more than one
pollutant which is the case of indoor air, the effect of presence of many pollutants on
the photocatalytic activity and the antibacterial aspect of our photocatalysts. To
achieve these objectives, an initial concentration ~2.10* (CFU/mL) of E. coli strain
was dispersed on the top of photocatalysts. The experiment was carried out on the
same batch reactor under visible light.

E.coli+COV
E.coli+COV+NTs TiO2 pur| 10
4 E.coli+COV+Tio2/Pt-3hr H 1,
2,0x10 E.coli+COV+TiO2/Pt-120s
’_T W= COV+TiO2/Pt-120s
E @®= COV+E.coli+TiO2/Pt-120s|
= -A— COV+TiO2/Pt-3hr
) W= COV+E.coli+TiO2/Pt-3hr 0.8
o )
4
O, 1,5x10 -
c ME
i) =
= <4 0,6 g
>
3 1,0x10° s
g " d
£ 404 O
©
=
2 s
% 5,0x10
=4 0,2
m [}
0,0 L 0,0

Time (min)

Figure 8: Simultaneous removal of E. Coli and Ethyl Acetate as a function of irradiation time for
(i) pure TiO, nanotubes, (ii) Electro 120 s and (iii) Photo 3 h photocatalysts.

Figure 8 manifest the simultaneous removal of E. Coli and EA as a function of
irradiation time. The bacterial inactivation is presented with the columns, where we
can see a downfall of E. Coli concentrations that reaches a total elimination of
bacteria for the two efficient photocatalysts by 180 min of visible light irradiation. It
should also be mentioned that there is a significant decrease in Bactria and EA with
pure TiO, nanotubes especially for long duration of visible irradiation. This is studied
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by several papers which confirm the antibacterial activity of titanium dioxide under
visible light [61,62]. Sunada et al. reports that TiO, thin film could damage E. Coli cell
membranes and kill the cell by releasing endotoxin [63]. The lines show EA
degradation for Electro 120 s and Photo 3 hours with and without the presence of E.
Coli. We remark a slight reduce (20%) in the photocatalytic activity with the presence
of bacteria. This disturbance is explained by the competition between pollutants over
the degradation with reactive oxygen species (ROS) [64]. These generated ROS
while the excitation of the semiconductor are responsible for pollutants destruction
and its contribution with the active sites of photocatalyst present a major parameter

that explain the simultaneous removal behavior.

Thus, the photocatalyst reveal an important antibacterial activity even with the
presence of another pollutant. Moreover, the addition of Pt nanoparticles enhanced
the performance as reported in other research papers that the addition of noble
metals improves the photocatalytic antibacterial activity. Table 4 summarizes the

bacterial removal efficiencies of various reactors.

Table 4: Comparation of E. Coli inactivation using pure and various noble metals

decorated TiO, photocatalysts.

Photocatalysts Bacterial initial Type and time of | Inactivation | References
concentration irradiation (min) | efficiency (%)
(CFU/mL)
TiO, 10° 300 minutes of 100% [64]
UV light
Cu,O/TiO, 10° 420 minutes of 100% [53]
UV light
Ag/TiO, 2.6 10° 350 minutes of 100% [65]
UV light
Au/TiO, 10° Visible light 50% [61]
Pd/TiO, 10° 100 minutes of 100% [66]
UV light
Pt/TiO, 1.86 10° 60 minutes of 100% [48]
visible light
210* 180 minutes of 100% This work
visible light

18



385

386
387
388
389
390
391
392
393
394
395
396
397
398

399
400
401
402
403
404
405
406
407
408
409
410
411

412

3. Plausible Degradation mechanism

The TiO, nanotubes exhibited significant photocatalytic activity especially for E. Coli
inactivation. However, Pt deposition heavily enhances the photocatalyst
performance. As we know, the excitation of TiO, could generate many reactive
species (OH°, Oy) that contribute to the removal of pollutants which explain the
photocatalytic efficiency of elaborated nanotubes. Nevertheless, the photocatalytic
response of TiO, is mostly under UV light which explains the significant improvement
by the addition of Pt. The noble metals supplement the photocatalytic response of the
semiconductor in visible range [39,67]. Several phenomena can occur when a
semiconductor comes into contact with nanoparticles of a noble metal. For instance,
the work function of platinum is approximately ® M=5.6 eV higher than the electronic
affinity of TiO, (x_S=3.8 eV). Consequently, when the metal and the semiconductor
make contact, the electrons in the semiconductor near the interface possess higher

energy levels than those in the metal [40].

A space charge zone therefore appears in the semiconductor with fixed positive ions
and the conduction band moves away from the Fermi level in this zone since there
are fewer carriers. In this case we have the creation of a Schottky junction (Figure
9a) and the generated electrons in the conduction band moves to platinum
nanoparticles. Schottky barrier built an electric field in the interface due the charge
redistribution which limit the recombination of charge carriers and enhance the
photodegradation [44]. The trapped electrons participate in the production of ROS
responsible for the degradation of pollutants we therefore understood how the
addition of platinum acts on the photocatalytic activity. These generated ROS are
strongly oxidative and able to break pollutant molecules. Ethyl acetate breaks in the
first place in to CH3CO, CH3CH, and CH3COO after that CO, and CH3; molecules
were produced by C—C and C-O bonds hemolytic cleavage [68,69]. The plausible EA
degradation mechanism is detailed below:

o

o

HC™ 0 HC” ToH
H H, 0, ,OH O, OH" 0, ,0H

e C e &y —— oHe —

ethyl acetate ﬂ ﬂ
” CH; HC” CH,
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The pathogens inactivation mechanism is mainly based on the DNA destruction and
the oxidation of coenzyme A which inhibit the respiratory activities of microorganism.
Thus, the photogenerated reactive species leads to cells removal [66,70]. Pigeot-
Rémy et al have also reported the membrane destruction of E. coli cells using
photocatalytic process. This study highlighted, as shown in TEM image (Figure 3),
progressive structural changes at the level of the cell wall, due to radical attacks.
Along with this observation, it has been shown that when the treatment persists over
time, a complete mineralization of the cellular components could take place. Thus,
the compounds produced at the end of the reaction would mainly be CO,, water and
minerals [62]. The plausible mechanism of a simultaneous removal of EA and E-coli

is summarized in figure 9.

a)
[ Before contact ] [ After contact ]

Tio, Pt
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Figure 9: Semiconductor-Metal created junction (a) and degradation mechanism (b).

Conclusions

Summing up, we successfully deposit Platinum nanoparticles onto TiO, nanotubes
using two different methods. TEM and EDX results confirmed the dispersion of
Platinum onto nanotubes with different nanoparticles size ~20 nm for
electrodeposition method and ~30 nm for photodeposition method. Then we
confirmed the creation of Schottky barrier while the contact between TiO, and Pt
nanoparticles, which limit the recombination of generated electrons by transferring
them from the conduction, band to the metal. Therefore, the effect of platinum
deposition was tested on the photocatalytic activity for pollutants degradation. The
photodegradation of EA reveal the outperform of the electrodeposition method.
Comparing the two efficient photocatalysts Electro 120 s and Photo 3 hours reached
a total degradation of Ethyl Acetate under visible irradiation by 120 minutes and 180
minutes respectively. The simultaneous removal of Ethyl Acetate with the presence
of bacteria with the efficient photocatalysts showed a slight decrease compared to a
single pollutant with a higher bacterial elimination rate for electrodeposition
photocatalyst. So, this study has clearly shown that the metal deposit method
influences on the structure of the deposited layer and on the size of the nanoparticles
which affect their photocatalytic activity.
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