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Highlights:
o Preparation and characterization of Cu20-NPs decorated TiO2 nanotubes.

o Cu20-NPs/TiO2-NTs has greatest photocatalytic performance under UV-Visible light
irradiation.
o Simultaneous removal of E. coli and Butane-2, 3-Dione (BUT) was studied.

o Mechanism of the photocatalytic activities is suggested.
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Abstract:

In this work, we study the effect of decorating TiO2 nanotubes (TiO2-NTs) with Cu20
nanoparticles (Cu20-NPs) on photocatalytic degradation of volatile organic compounds
(VOCs) and on bacterial disinfection. The Cu20-NPs were loaded on the TiO2-NTs by the
electrodeposition method. The butane-2, 3-dione (BUT) was used as a target VOC-pollutant
of food industry due its adverse environmental impact (high toxicity and confirmed
carcinogenicity). The achieved Cu20-NPs/TiO2-NTs nanocomposites were characterized
using X-ray diffraction (XRD), photoluminescence (PL), diffuse reflectance spectroscopy
(UV-Vis) and scanning (SEM) and transmission (TEM) electron microscopy. In order to
investigate the photocatalytic and antibacterial behavior of the Cu20-NPs/TiO2-NTs,
simultaneous removal of Escherichia coli (E. coli) and butane-2, 3-dione (BUT) were tested
with the optimized catalyst. We observed a bacterial inactivation rate of 98% and a
concomitant 99.7% VOC removal within 60 min and 25 min of visible light irradiation,

respectively.

Keywords: Cu20-NPs /TiO2 nanotubes, batch reactor, Simultaneous removal, Bacterial
inactivation, kinetic modelling

1-Introduction
Nowadays air pollution is not limited to the outside; it also includes indoor spaces, in which
we spend about 90% of our time. Air quality is an important risk factor for human health [1],
so the control and purity of the breathed air is of prime importance today. Indoor air is
characterized by a set of physical, chemical or biological pollutants of different origins [2-4].
For this reason, technologies that have the ability to purify air from organic contaminants
with efficient and inexpensive processes became the objective of many research groups [5,
6]. Thus, several remediation techniques were used to reduce this kind of pollutants using
photocatalysts [7, 8], non-thermal plasma [9,10], catalytic ozonation [11]. Scientific studies
on photocatalysis started about four decades ago and showed that photocatalysis can be
an interesting technique for environmental remediation [7, 8, 12]. It is based on the activation
of semiconductors by light irradiation making it possible to form active chemical species
such as hydroxyl radicals (OH°) leading to the degradation of pollutants [7]. Metal oxide
semiconductors received much attention due to their important applications in catalysis,
optoelectronics, hydrogen generation and solar cells [13-19]. Titanium dioxide (TiO2) is one
of the most studied photocatalyst due to its non-toxicity, low cost, high chemical stability and

environmental friendliness [13]. Many nano-forms of TiOz such as nano-rods [14],



nanowires, nanoparticles [21] and nanotubes [22-25] have been widely studied for
environmental purpose. TiO2 NTs having different structures and sizes may be achieved by
different synthetic routes such as template assisted technique, electrochemical anodization,
hydrothermal and solvothermal methods, and sol-gel deposition [17, 26-28]. TiO2
nanotubular layers possess excellent photocatalytic properties that are significantly
enhanced compared to nanoparticulate layers [25]. Large area (~50 cm?) of TiO2 nanotube
layer may be achieved for photocatalysis in a gaseous phase [29]. The disadvantage of TiO2
materials is its wide band gap (3.2 eV in anatase phase), which allows it to absorb only
ultraviolet radiation, thus limiting its use under sunlight. To overcome this limitation,
numerous attempts have been made to sensitize TiO2 NTs via surface modification: metal
or non-metal doping [30, 31], and coupling with other narrow band gap semiconductors [32
- 34]. The surface or doping modifications introduced in TiO2 could avoid the recombination
of the photogenerated electron-hole pairs and then widen the absorption spectral range of
the catalyst in the visible [18, 20-22, 34-36]. It has been shown that Ag- V- and Fe-doped
TiO2 achieved by various routes are very efficient in the oxidation of VOCs (butyl acetate,
hexane or gaseous toluene) [37, 38]. It has been shown that self-organized TiO2 nanotube
layers can be used for photo-induced cancer cell killing [39]. The same studies reported
enhanced photocatalytic oxidation and indoor photocatalytic disinfection of gaseous toluene
and Escherichia coli (E. coli) [40] than un-doped TiO2/PU. It was also proven that coupling
TiO2 with low band-gap semiconductor heterostructures is very efficient in sunlight-driven
Photocatalysis [41]. According to relative energy band positions between TiO2 and visible-

light-absorbing semiconductors, we can distinguish three different types of heterojunction
(Fig. 1).
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Figure 1: (a) Band gap energies and band positions of Titania (anatase and rutile) and copper oxides-values
of band positions were taken from the reference. (b) Types of heterojunction system of coupled
semiconductors. CB, VB, and NHE are the abbreviations of conduction band, valance band, and normal
hydrogen electrode, respectively. Reprinted with permission from [42].

In Type-I heterojunction, the conduction band (CB) level of the sensitizer is positioned more
negatively than that of TiO2, whereas in Type-Il system its valence band (VB) level is more
positive than that of TiO2. Cu20 is a semiconductor that can satisfy this Type-Il condition
(Fig. 1-a). In Type-lll system, the sensitizer energy level is located between the CB and VB
of TiO2. It was shown that type Il has noticeably higher photocatalytic efficiency than type I,
whereas type Il did not show any appreciable improvement. Remarkably high visible-light
photocatalytic activity of Type-ll heterojunction structures could be explained by inter-
semiconductor hole-transfer mechanism between the VB of sensitizer and that of TiO-.
Cuprous oxide (Cuz0) is a p-type semiconductor material having a direct optical band gap
energy in the 1.9 -2.3 eV range that can form a type Il system with TiO2 (Figure 1-b) [42].

The variation of the Cu20 band gap energy (1.9 -2.3 eV) depends on the synthesis method
[43-46]. Cu20 has been applied in many fields such as water splitting, gas sensor, solar
cells, photocatalytic process etc. [44 - 47]. It has been shown that Cu20/TiO2 type
heterojunction enhances sunlight electrocatalytic activity [46]. Indeed, the response of Cu20
under visible light and that of TiO2 under UV light allow the use of sunlight. On the other
hand, the photogenerated electrons at conduction band (CB) of Cu20 surface can be easily
transferred to the CB of TiO2z (Fig. 1), while holes can be transferred from the valence band
(VB) of TiO2 to the VB of Cuz0, since both Cu20 bands (CB and VB) are more negative than
those of TiO2 [42]. Tran et al. [46] used Cu20 nanopatrticles to modify TiO2-NTs by the
photoreduction method using a low-power UV lamp. As results, Cu20 - modified samples
showed a photo-degradation rate of methylene blue increased two to three time compared
to pure NTs. The enhanced efficiency was attributed to the Cu20 narrow band gap and the
defect states produced by the oxygen vacancies in the proximity of heterojunctions. The
band levels (conduction and valence bands) of both semiconductors play the most important
role in the separation of the photogenerated electron-hole pairs, which reduce the
recombination rate via the internal electric field across the Cu20/TiO2-NTs interface [47].

In this work, we prepared and characterized Cu20/TiO2-NTs nanocomposites by depositing
Cu20 nanoparticles into entire TiO2 NTs structures using the electrodeposition method [48].
The photocatalytic performances of the Cu20/TiO2-NTs were evaluated under UV-Visible

light for separate and simultaneous removal of E. coli and volatile organic compounds



(VOC). To our knowledge, there is no study on the catalytic activity of Cu20/TiO2-NTs for

the elimination of double pollution (bacteria and VOC) in indoor air.

2- Experimental
2.1. Preparation of TiO2-NTs and Cu20/TiO2-NTs photo-electrodes

The TiO2-NTs were synthesized by the electrochemical anodization method [48]. In
summary, prior to anodization, titanium foils (99%) were polished with grain-size abrasive
paper ranging from 320 to 2000 um, and then ultrasonically cleaned with acetone, ethanol,
and bi-distilled water before air-drying. The anodization process was unrolled in a two-
electrode electrochemical cell with the titanium foil used as the anode and a platinum wire
as the cathode. The anodization process was carried out under continuous stirring during 2
hours at room temperature and at a constant potential of 60 V. The electrolyte consists of
an electrolytic solution containing 2 vol% of ethylene glycol (in ultrapure water) and [NH4F]
of 0.07 mol/L.The as-prepared TiO2 NTs were annealed for 3 hours at 400 °C (temperature
increase rate: 5 °C min?) after being rinsed with water and air dried for subsequent
electrochemical deposition. The electroplating of Cu20 nanoparticles on TiO2 NTs were
carried out at 50°C using a potentiostat/galvanostat (Autolab PGSTAT 30, Eco Chemie BV)
connected to a three-electrode cell (KO269A Faraday Cage, PAR) where TiO2-NTs, platinum
and Ag/AgCl were used as the working, the counter and reference electrodes, respectively.
The electrolyte bath was composed of 0.1 M CuSO4 and 0.75 M lactic acid and then adjusted
to pH = 9 using 5 M NaOH solution. The deposition process was performed at a cathodic
potential of -0.6 V (vs Ag/AgCI) for different durations with magnetically stirring the solution
at 50°C [37]. After every electrodeposition, the obtained Cu20/TiO2-NTs samples were
rinsed with deionized water and then dried in air at room temperature. We achieved 8
samples by varying the electrodeposition time starting from 50s until 300s considering the
pure TiO2 sample and referenced as Cu20/TiO2-NTs-50s, Cu20/TiO2-NTs-75s, Cu20/TiO2-
NTs-100s, Cu20/TiO2-NTs-150s, Cu20/TiO2-NTs-200s, Cu20/TiO2-NTs-250s and Cu20/
TiO2-NTs-300s.

2.2. Evaluation of the photocatalytic activity of Cu20/TiO2-NTs during adsorption and
decomposition of butane-2, 3-Dione

The Cu20-NPs/TiO2-NTs catalyst — based degradation of Butane-2, 3-dione (BUT: C4HsO2),
99% purity (Janssen chimica) was achieved in a specific reactor. The photocatalytic
experiments were carried out using a 250 mL spherical batch reactor. A Sylvania CF-L

24W/840 source with a spectral emission in visible range (380 - 720) nm, which are used in



our previous work [7], could be inserted outside the reactor from above. The variation of the
BUT concentration and its oxidation by-products were measured using a gas chromatograph
(Clarus GC-500) equipped with a flame ionization detector (FID). The chromatograph is also
equipped with an apolar capillary DB-MS column having a length of 60 m and a diameter of
0.25 mm (the film thickness is 0.25 um). The detector (FID) operates with a mixture of air
and hydrogen (H2), Helium (He) was used as a carrier gas with a flow rate of ImL/min. The
analysis conditions, like oven temperature was initially kept at 50°C for 3 min and was
programmed to rise 100°C at 2°C/min, outstanding at the maximum temperature for 10 min
subsequently. Injection and detection temperatures, were kept at 250°C for both, and were
used to quantify the Inlet and Outlet BUT concentrations. A volume of 500 pL of the
catalyzed samples (BUT) is injected manually with a gas-tight syringe and this procedure is

repeated at least three times.

2.3. Antibacterial test
To investigate the antibacterial activity of Cu20-NPs/TiO2-NTs, Escherichia coli (E. coli) was
selected as probe. An initial concentration of 100 pL culture aliquots with ~ 1.85 108 colony-
forming unit per milliliter (CFU/mL) was placed on the catalyst surface. The bacteria sample
was spread on the catalyst surface and illuminated by the same radiation source. After
preselecting the photocatalysis times (1h, 2h, 3h, 5h, 7h), the bacterial suspensions
(inoculum) were recovered from the catalyst surface using tween solution. Serial dilutions
were performed with tryptone salt broth to facilitate the bacterial counting. Subsequently,
100 pL of dilute solution was placed on petri dishes containing a nutrient solution (tests were
twice for each dilution) and placed in an incubator for 24 hours at 37 °C to determine the
number of bacterial colonies. After incubation, the colonies or CFU (Colonies Forming Units)
formed on the surface of the culture medium were counted visually for dishes containing
between 0 and 300 colonies. These dishes correspond to those obtained from two
successive dilutions and at least one dish has at least 15 colonies visible on the surface of
the culture medium after incubation (at the maximum 4 dishes). Dishes with more than 300
colonies visible on the surface of the culture medium after incubation are not exploitable.

The number of CFU “C” on the used dishes was calculated using the following formula:

C = iz} Ci;
With ¥'I=% Ciis the sum of the counted colonies on selected dishes.
The concentration “N” (CFU/mL) of cultivable bacteria in the test samples was calculated

using the following formula:



N = ¢
~ V(n; +0.1n,)d

With C is the UFC number on the used dishes, V is the volume of the suspension spread on
the surface of the Petri dishes (in ml), n1, n2 are the number of retained dishes at first and
second dilution respectively, and d is the dilution ratio corresponding to the lowest retained

dilution.

2.4. Characterizations of Cu20-NPs/TiO2NTs

X-ray diffraction (XRD) analyses were performed with an X-ray diffractometer (Philips
X’PERTMPD) using the Cu Ka irradiation, A = 1.5406 A. The diffraction data was gathered
over the diffraction angle range of 20° - 80° with a scanning step of 0.016°. The surface
morphology of the Cu20-NPs/TiO2-NTs samples was examined by scanning electron
microscope (SEM, Jeol JSM-6300) and FEI Tecnai G2 transmission electron microscopy
(TEM) operating at 200 kV with a LaB6 filament. The chemical composition analysis was
performed using the energy dispersive X-ray spectroscopy (EDXS) system attached to the
TEM. The photoluminescence (PL) spectra were measured on the Cu20-NPs/TiO2-NTs
samples using a fluorescence spectrophotometer (Perkin Elmer LS55) equipped with a
xenon lamp at an excitation wavelength of A = 340 nm. The total reflectivity spectra of the

Cu20/TiO2-NTs Nano-hybrids were recorded using a UV-Vis-IR spectrometer.

3- Results and discussion
3.1. Results of characterizations of Cu20-NPs/TiO2NTs

Figure 2 shows SEM top view of the TiO2-NTs catalyst before (Fig. 2a) and after
electrodeposition of Cu20-NPs at 250s and 300s (Figs 2b and 2c).
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Figure 2: Typical SEM top-view images of TiO2-NTAs (a) before and (b) after their decoration by Cu20-NPs
at 100s and (c) at 300s, (d) EDS Spectra of Cu20-NPs/TiO2-NTs-250s. The histogram shows the diameter
distribution of the TiO2-NTs electrodeposited at 100s.

Untreated TiO2-NTs are composed of highly ordered and aligned NTs perpendicular to the
Ti substrate; the average diameter of the NTs at 100s electrodeposition time is about 100
nm (histogram in Fig. 2b). Almost uniformly dispersed Cu20-NPs (Figs. 2b and 2c) are
formed at 100s and 300s electrodeposition times. The increase of the electrodeposition time
from 100s to 300s leads to the aggregation of the Cu20-NPs together with an increase of
their average diameter size (Fig. 2b & 2c). Figure 2d depicts the EDS analyses of Cu20-
NPs/TiO2-NTs electrodeposited at 250s. We may notice the presence of Cu, O and Ti
elements (Fig. 2d), however at this stage we cannot conclude to the formation of crystallized
stoichiometric Cu20 NPS since oxygen exists in both TIO2 and Cuz0. In order to confirm the
existence of crystalline Cu20 NPs, we performed TEM and HRTEM analyses. Figure 3a and
its inset show TEM mages of TiO2-NTs decorated by Cu20-NPs at 100s electrodeposition
time. One may notice the presence of Cu20-NPs with arbitrary forms on the walls of the
TiO2-NTs. The smaller sized Cu20-NPs (Cu20-NPs size smaller than the TiO2-NTs opening
diameter) are inside the nanotubes, while larger Cu20-NPs (size larger than the TiO2-NTs
opening diameter (size of Cu20-NPs > 100 nm)) are on the edge of the NTS walls (Fig 3.a).
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Figure 3: Typical TEM micrograph of TiO2-NTs decorated with Cu2O-NPs at (a) 100s electrodeposition
time, (b) corresponding HRTEM and (c) the corresponding EDX Spectrum.

In fact, the external Cu20 NPs growing on the edge of the TiO2 NTS tend (over time) to block
the entry of the NTS blocking further nucleation and growth of the internal Cu20 NPs (there
is an insignificant supply of matter), while the external NPS continue to grow; this could
explain the size difference between external and internal Cu20 NPS.

Figure 3b shows HRTEM image of the Cu20-NPs. It is worth noting the existence of well-
crystallized Cu20 NPs having a (111) oriented crystallographic planes. The EDX analysis
(Fig. 3c) shows the presence of Au, O, Ti and Cu elements in the Cu20-NPs/TiO2-NTs. The
presence of Au is due to the use of a gold grid.

Figure 4 shows X-ray diffraction (XRD) patterns of pure TiO2-NTs and Cu20-NPs/TiO2-NTs.
XRD patterns (Fig. 4a) confirm that all TiO2-NTs are crystallized in the anatase phase. All
diffraction peaks related to Cu20 are indexed according to the JCPDS card (No. 78-2076).
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Figure 4: XRD patterns of TiO2-NTs (a) before and (b) after decoration with Cu20-NPs as a function of
deposition, (c) XRD of Cu20 (JCPDS card No. 78-2076).

One may notice that only XRD peak related to the (111) crystallographic orientation of Cu20
(appearing at 206 = 37°) is detectable; in good agreement with HRTEM (Fig. 3b). The (111)
XRD peak is the most intense one whatever the electrodeposition time may be. The (111)
XRD peak is also the highest one in the corresponding Cu20 XRD powder (Fig. 3c, JCPDS
card No. 78-2076), indicating that the electrodeposition process does not favor any
crystallographic orientation. The disappearance of the other Cu20 NPs XRD peaks is mainly
due to the strong predominance of TiO2 as compared to the insignificant quantity of the
dispersed Cu20 NPs.

The optical properties of Cu20-NPs/TiO2-NTs prepared at different electrodeposition time
were studied by measuring their reflectance diffuse spectra (DRS). From the DRS, the

absorption spectra were calculated approximately by the Kubelka-Munk function [49]:

(1-R)?
2R

F(R) = = a; where R is the diffuse reflectance,

Figure 5a shows the UV-VIS absorption spectra of the Cu20/TiO2-NTs nanocomposites for
different deposition times (200s, 250s and 300s). The energy band structure of the pure
TiO2-NTs offers a strong optical absorption in the ultraviolet range (A < 400 nm) (Fig. 5a).

The increase of the optical absorption of the Cu20/TiO2-NTs nanocomposites in the 400 -



450 nm optical range (energy > 2.75 eV) is mainly due to interfacial charge transfer from the
TiO2-NTs to the Cu20-NPs, as Cu20 absorbs below 2.3 eV [43 — 46]. However, the weak
absorption near 500 nm (~ 2.5 eV) is due inter-band-based absorption in Cu20. The increase
of the absorbance beyond a deposition time of 200s is due to further aggregation of the

Cu20-NPs, which become larger and larger as the deposition time increases (Figs 2b & 2c).
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Figure 5: (a) UV-VIS diffuse reflectance spectra of Cu20-NPs/TiO2-NTs at different deposition times, (b) the
plots of (ahv)Y2 versus (hv) for pure TiO2-NTs and Cu20O-NPs/TiO2-NTs-250s

The band gap of pure TiO2-NTs and Cuz20-sensitized TiO2-NTs (Cu20-NPs/TiO2-NTs) were
deduced from figure 5a by considering the Tauc plots ((a*hv)" vs hv), where a is the
absorption coefficient. The optical band gap of the Cu20 sensitized TiO2-NTs was found to
be indirect and has a value (2.68 eV) slightly shifted from that of pure TiO2-NTs (3.2 eV).
This band gap is larger than that of pure Cu2O and smaller than that of pure TiO2-NTs,
indicating that Cu2O-NPs loading may reduce the optical band gap of TiO2 NTs (Fig. 5-b).
Table 1 shows the energy gaps and the corresponding wavelength of pure TiO2-NTs and
Cu20-NPs sensitized TiO2-NTs-250s.

Figure 6 shows the photoluminescence (PL) spectra of TiO2-NTs and Cu20-decorated TiO2-
NTs at different electrodeposition times in the 380 nm - 650 nm wavelength range. The PL
spectrum gives further information on recombination and migration of photogenerated
electron-hole pairs. To investigate the luminescent defect states of the prepared samples,
we used a 340 nm wavelength radiation as excitation. The PL of Cu20-sensitized TiO2-NTs
(200s and 250s) has lower PL intensities than pure TiO2-NTs. In fact, the recombination rate
of photogenerated electrons-holes pairs in TiO2 NTs decreases until Cu20-NPs deposition
time of 250s. For 300s deposition time the PL intensity increases, probably due to higher

Cu20 NPs concentration, this variation may also be related to the variation of the energy



gap of Cu20-NPs, which influences the electrons-holes pairs separation, therefore the

recombination rate and consequently the PL intensity of the TiO2-NTs.
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Figure 6: Photoluminescence spectra of TiO2-NTs and Cu20-NPs/TiO2-NTs
at different deposition times.

3.2. UV-Visible-assisted oxidation tests

3.2.1. Oxidation of butane-2, 3-Dione
The photocatalytic performances of TiO2-NTs and Cu20-NPs/TiO2-NTs at different
deposition times (200s, 250s, 300s) were evaluated throughout BUT degradation under
visible light irradiation. The catalysts (dimensions: 1.2 cm x 2.5 cm) are placed at the bottom
of the photocatalytic reactor. The initial BUT concentration was set at 4.4 g / m3. Before
lighting the lamp, the assembly is kept in the dark for one hour in order to reach the
adsorption-desorption balance between the pollutant butane-2, 3-dione (BUT) and the
catalyst.
Figure 7 shows that Cu20-sensitized TiO2-NTs has higher photocatalytic activity on BUT
than pure TiO2-NTS, whatever at the electrodeposition time may be. It is clearly seen (Fig.
7) that BUT degradation increases with increasing Cu20-NPs deposition time, it reaches
99.1% within 7 hours at 250s electrodeposition time. However, only ~ 71.9% of BUT
degrades at 300s electrodeposition time. The relatively low BUT degradation at 300s
(compared to 200s) could be due to Cu20 NPs aggregation, which in turn decreases the
active sites on the catalyst surface close to the TiO2 NTs openings, preventing the transfer
and separation of the charge carriers and then decreases the photocatalytic activity [52]. It
has been shown elsewhere that smaller nanoparticle sizes lead to an excellent charge

transfer and the to an enhanced photocatalytic activity [52,53].
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Figure 7: Variation of the concentration of BUT using TiO2-NTs and Cu20-NPs/TiO2-NTs
at different deposition time.

The efficient photocatalytic performance of Cu20-NPs/TiO2-NTs as regard to TiO2-NTs can
mainly be explained by the energy levels of both semiconductors (Fig. 1), which leads to
better photoresponse in the visible light range, thus reducing the recombination of electron-
hole pairs. The band gap energy of Cu20-NPs is around 2.1 eV and its conduction band has
a potential, which is worth - 1.4 eV [54] and higher than that of TiO2 (potential of CB - 0.2
eV) [55]; in these conditions electrons excited in the Cu20-NPs conduction band can be
transferred to the conduction band of TiO2 after excitation by UV-Visible light. On the
contrary, holes formed in the valence band of TiO2-NTs migrate towards the valence band
of the Cu20-NPs, thus accelerating the separation of the photogenerated electron-hole pairs
in the semiconductors (Cu20 and TiOz). On the other hand, the photogenerated electrons
effectively reduce the atmospheric oxygen species through a multi-electron reduction
process, while holes in the valence band decompose the COV pollutant (BUT) due to their
strong oxidation power [56]. This result is in agreement with previous results [44, 57].

Figure 8 shows the variation of BUT concentration versus irradiation time at different inlet
concentration using the Cu20-NPs/TiO2-NTs-250s catalyst. The initial degradation rate
(t = 0) decreases as the inlet BUT concentration increases (Fig. 8); this behavior is due to
higher availability of photocatalytic sites at a low initial concentration [58, 59]. In fact, the
number of molecules effectively participating in the reaction do not increase proportionally
with the inlet concentration, thus resulting in a decrease of the degradation efficiency, which

would be due to the limited adsorption capacity of the active sites at the catalyst surface.
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Figure 8: BUT degradation versus inlet BUT concentration using Cu20-NPs/TiO2-NTs-250s

In order to describe the photocatalytic performance of Cu20-NPs/TiO2-NTs-250s, we used
the Langmuir-Hinshelwood model (L-H) equation [59]:
d[voc] K[vocy,

°TT g T Y1+ Kwoc),
Where ro (mmol/geat m® s) is the initial photocatalytic degradation rate, [VOC] is the initial
BUT concentration (mmol/m3), K is the adsorption constant (m3mmol) and k. is the kinetic
constant (mmol.m's grio2) at maximum coverage of the experimental conditions.
The plot of 1/ro versus 1/[COV]o (Fig. 9) allows to determine kc and K values. The linearized

(L-H) equation is:
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Figure 9: Linear regression using L-H model for BUT degradation on Cu20-NPs/TiO2-NTs-250s catalyst

The kinetic and the adsorption constant of L-H values are summarized in the table 2. The
results showed that the Cu20-modified TiO2 NTs leads to a faster COV removal compared
to other types of catalysts such as TiO2 impregnated polyester (PES) and glass fiber (GFT)-
TiO2 (GFT-TiO2, PES-TiOz2) [59], and has a kinetic constant of 0.85 mmol.m= s.grio2. Table

2 gives the kinetic and the adsorption constants referring to the (L-H) model.

3.2.2 Simultaneous oxidation of butane-2, 3-dione and bacteria

In order to investigate the antibacterial aspect of Cu20-sensitized TiO2-NTs in terms of E.
coli inactivation and in term of simultaneous removal of E. coli and BUT, several experiments
were done with Cu20-NPs/TiO2-NTs-250s catalyst with an initial bacterial concentration of
~1.86 108 (CFU/mL). Figure 10 shows the antibacterial activity of Cu20-NPs/TiO2-NTs-250s
with and without BUT under visible light. We found that there is almost no effect of photolysis
and VOC on bacteria cells inactivation (Fig. 10). The use of Cu20-NPs/TiO2-NTs-250s
catalyst has an E. coli inactivation rate of about ~ 99.8% with COV and 99.59% without COV
within 60 min of light irradiation. This inactivation rate is about twice fast than TiO2-NTs
catalyst (46.44%).
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Figure 10: E. coli inactivation rate with and without BUT using the Cu20-NPs/TiO2-NTs-250s catalyst.
The initial concentration of E. coli is ~1.86 108 CFU/mL). The inset in Fig. 10 shows BUT amount present in
the reactor in the presence and absence of Cu20-NPs/TiO2-NTs-250s catalyst.

BUT respiration by the bacterial cells during the photocatalytic process (inset in Fig. 10) and
by-products resulting from the VOC degradation can affect the bacterial cells but not in a
remarkable way. The high antibacterial activity of Cu20-modified TiO2 NTs is due to the
antibacterial properties for each semiconductor alone [60, 61], and to the combination of the
TiO2 NTs and Cu20 effects. These results are almost similar to those of our previous work,
where we studied the effect of Ag-NPs on the antibacterial activity of TiO2-NTs [62]. In fact,
Ag-decorated TiO2-NTs enhanced E. coli inactivation via localized plasmon resonance
(LSPR) and oxidation of the Ag-NPs in AgO and Ag20, hence improving the transfer and
separation of the charge carriers; we obtained a bacterial inactivation of 99.99 % within 90
min. After irradiation with visible light, the intrinsic activity of Cu(l) is enhanced in accordance
with the literature [61], where it has been shown that Cu20 presents a high bacterial
inactivation capability. In other words, light irradiation could stimulate electron transfer
between Cu and bacterial cells and products a reactive oxygen species (ROS) resulting in
the bacterial cells inactivation [61]. Sunada et al. [63] reported that the contact between Cu
species and bacterial cells can extract electrons from cells, which leads to proteins

denaturation. In addition, TiO2-NTs present a good antibacterial activity under UV irradiation

[60], due to the photogeneration of electron/hole pairs resulting in ROS generation (OHe®,

O2'*...) [53]. Min Cho et al. reported that free and surface bound hydroxyl radicals present



a main pathway in E. coli inactivation [64, 65]. On the other hand, any damage to the surface

of the bacterial cells, such as respiration or other active systems, can destroy the metabolic
systems of the bacteria, leading to less active oxygen species (Oz-' and *OH) to play a role

in the bacterial inactivation [64]. Thus, the of Cu20-NPs /TiO2-NTs photocatalyst has higher
photocatalytic activity as compared to pure TiO2-NTs. This improvement is due to the
adequate difference in the energy levels of their conduction and valence bands. Indeed, the
energy position of the Cu20 conduction band is higher than that of the TiO2-NTs conduction

band [66], so that the photoexcited electron (e”) in the Cu20-NPs conduction band (CB) can

swiftly transferred to the TiO2-NTs under UV-Visible illumination (Eqg. (2)), thus accelerating
separation of the photogenerated electrons and holes and hence inhibiting their
recombination. The photoexcited electrons can migrate from the CB of the Cu20-NPs to the
TiO2-NTs CB where it would react with absorbed Oz (Eq (3)), thus contributing to the

formation of *O radicals. Many oxidizing radicals, such "OH, can be generated following

the reaction of superoxide radicals and H* ions. The photocatalytic reaction has been

described in a previous work [7] and can be summarized below according to the main

equations:
Cu20 + hv (< 3.1 eV) — Cu20 (ecs) + Cu20 (h*vs) Q)
e + TiO2 or (Ti**) — TiO2 or (Ti) (2)
Ti** + 02 — Ti** + *O2 3)
TiO2 + hv (> 3.1 eV) — TiO2 (h*vs) +TiO2 (ecs) 4
°0O2" + H* — HO2* (5)
HO2 + H*+ e'cea — H202 (6)
H202 + ecb — OH + OH" (7)

h*vs (Cuz0 or TiO2) + bacteria/COV — COz2, H20, N, S (8)

Finally, COV molecules and bacterial cells are oxidized and decomposed by these powerful

active ROS. Figure 11 summarizes the mechanism of the photocatalytic activity:
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Figurell: Suggested mechanism for Butane-2,3-dione and E. coli removal and charge transfer in
Cu20-NPs/TiO2-NTs heterojunction under UV-Visible light irradiation.

4- Conclusion
Cu20-NPs/TiO2-NTs nanocomposites were successfully achieved using electrochemical
anodization of titanium and electrochemical deposition of Cu20-NPs on TiO2-NTs at different
deposition times. The TiO2-NTs are composed of homogenous nanotubes having a diameter
of 100 nm and crystallized in anatase phase. The deposition of the Cu20 NPs was made by
varying the electrodeposition time from 50s to 300s. The adjunction of Cu20-NPs to the
TiO2-NTs leads to an increase of the visible light absorption up to around 500 nm. TiO2-NTSs,
and Cu20-NPs/TiO2-NTs (with different electrodeposition times) were tested for the removal
of a Volatile Organic Compound (VOC - BUT) under exposition to visible light (380 - 720nm).
Other tests were carried out for both degradation of Volatile Organic Compounds and
bacteria (E. Coli) inactivation. At an optimized Cu20-NPs electrodeposition time (Cu20-
NPs/TiO2-NTs-250s) the catalyst exhibits a high photocatalytic efficiency for both BUT
removal and bacteria inactivation. Nearly total inactivation of bacteria was achieved using
the same photocatalyst (Cu20-NPs/TiO2-NTs-250s) for one hour of light irradiation. Also, we
note that simultaneous treatment of VOC and bacteria leads to a 99.7% bacterial inactivation
and a complete removal of VOC within 60 min and 25min of light irradiation, respectively.
This high photocatalytic efficiency is attributed to a combination of high visible light
absorption of Cu20 nanoparticles and to the positions of the energy band levels of both
semiconductors. This photocatalyst system shows great enhancement of VOC degradation,
bacteria cells killing as regard to the sole TiO2-NTs together with simultaneous treatment of

VOC and bacteria due to the efficient transfer of the photogenerated electrons-holes pairs



and to the extended photoresponse in the UV-Visible range. The Cu20-NPs/TiO2NTs

nanocomposites are very stable under light irradiation.
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Table 1: Energy band gaps and the corresponding absorption wavelengths of TiO2-NTs, Cu20-NPs and
Cu20-NPs/TiO2-NTs-250s.

Eg (eV) Aabs (NM)
TiO2-NTs 3.2 387
Cu20-NPs 2.1-2.2* 563-590*
Cu20-NPs/TiO2-NTs-250s 2.68 462

*
According to literature [50, 51]

Table 2: L-H constants (kc and K) on Cu20-NPs/TiO2-NTs-250s catalyst.

ke: Kinetic constant of L-H
(mmol.m3, s. grio2)

K: Adsorption Constant of L-H
(m3. mmol?)

0.85

2.2103




