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Towards green visible range active photocatalytic
Au/TiO, nanocomposites through rutin-based
synthesis and their application in the degradation
of ciprofloxacint
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*bf
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Senentxu Lanceros-Méndez*® and Pedro M. Martins

Photocatalysis is a low-cost solution to efficiently remove resilient emergent pollutants from wastewater
with complex chemical structures, such as pharmaceuticals. Titanium dioxide (TiO,) is the most studied
photocatalyst and is usually functionalised with gold (Au) nanoparticles to prevent electron—hole pair
recombination and extend visible radiation absorption. However, conventional synthesis techniques use
toxic chemicals and present high energy consumption. The focus of this work is to present and optimize
a green synthesis method using the flavonoid rutin — a natural compound found in various plants — as
the reducing agent at room temperature to decrease the environmental impact and optimise the
chemical, physical, and photocatalytic properties of Au/TiO, nanoparticles with concentrations of Au of
0.025, 0.1, and 1 wt%. Through ciprofloxacin (CIP) degradation under UV and simulated solar radiation,
enhanced photocatalytic efficiency is observed due to adding Au nanoparticles, proving that rutin is
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a suitable reducing agent for green nanoparticle synthesis.

This work highlights the sustainable advancement of photocatalytic materials through the green synthesis to functionalize TiO, nanoparticles with Au using
rutin, aligning with the UN's Sustainable Development Goals, particularly Goal 6 (Clean Water and Sanitation) and Goal 12 (Responsible Consumption and

Production). By employing a natural flavonoid for nanoparticle synthesis, this approach minimises environmental impact, reduces energy consumption, and
eliminates toxic waste, contributing to more sustainable water treatment methods. The spotlight on the enhanced photocatalytic efficiency under both UV and

visible radiation demonstrates the potential for broader application in degrading persistent water pollutants, such as ciprofloxacin, promoting the availability of

clean water and the sustainable management of contaminated water matrixes.

Introduction

Water is one of the fundamental necessities for the survival of
all beings. However, in 2020, just 74% of the world's population
had access to safe water facilities, i.e., contamination-free and
available when necessary." Emergent pollutants are non-
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regulated toxic chemicals found in low concentrations, which
are very resilient to conventional wastewater treatments, thus
being one of the principal sources of persistent contamination.”
One example of an organic pollutant found commonly in
wastewater is Ciprofloxacin (CIP), an antibiotic used to treat
severe bacterial infections, such as pneumonia, conjunctivitis
and sexually transmitted infections.®? Due to its complex
chemical structure and high stability, it cannot be efficiently
removed in conventional wastewater treatment plants
(WWTPs). Consequently, it can damage aquatic ecosystems
and, due to bioaccumulation, can be consumed by humans.**
Therefore, developing new, more robust water remediation
methods has been extensively studied, and some of the most
suitable methods rely on advanced oxidation processes.*
Advanced oxidation processes (AOPs) produce oxidising
species, such as hydroxyl free radicals (OH"), that enable
pollutant oxidation and consequent degradation.” Among these
processes, photocatalysis represents a promising low-cost
solution for water remediation due to its photochemical
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stability and high efficiency.® Typically, photocatalysis involves
irradiating a semiconductor material - the photocatalyst - by
ultraviolet (UV) or visible radiation. If the incident energy is
equal to or higher than the photocatalyst's band gap, its
absorption will lead to the transition of an electron in an
electro-filled valence band (VB) to the conduction band (CB),
creating a positive hole (h*) in the valence band.>** The elec-
tron-hole pairs react with H,O and O, to produce highly reac-
tive oxygen species that initiate reactions to degrade pollutants
into CO,, H,0 and other harmless compounds.*

TiO, is the most used and researched photocatalyst due to its
abundance and low cost. Furthermore, it possesses unique
optical properties, chemical and thermal stability, chemical
resistance to decomposition, low toxicity, and good oxidising
properties.’*** However, it has some disadvantages, such as
aggregation due to its small size when used in the form of
nanoparticles, the high recombination of electron-hole pairs
and low photocatalytic activity under visible radiation because
of its band of 3.2 eV." This problem can be solved through the
functionalisation with noble metals, such as gold (Au), silver
(Ag), copper (Cu), and cobalt (Co). If added to the TiO, nano-
particle surface, these metals can receive electrons, preventing
the recombination of electron-hole pairs and absorbing visible
radiation due to a surface plasmon resonance (SPR)
phenomenon."®

Although various techniques have been developed to syn-
thesise Au/TiO, nanoparticles, toxic chemicals and high energy
consumption hamper their implementation on a larger scale.”
Studies have recently been conducted on green synthesis to
reduce pollution by implementing sustainable processes and
industries. These new environmentally friendly methods allow
the production of nanomaterials with optimised chemical and
physical properties while also reducing or even eliminating
toxic waste and reducing energy consumption by exchanging
the toxic chemicals used as reducing and stabilising agents with
natural extracts, such as microorganisms*® and plants.*

Plant-mediated synthesis of nanoparticles is farther stable
than those assisted by microbes.”® This, along with their
simplicity, efficiency, and low cost, makes them the most
studied natural extract used as reducing and stabilising agents
in the green synthesis of nanoparticles, mainly metallic
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oxides.” It must be noted that the 'extracts’ properties can
suffer daily alterations due to changes in the plant's environ-
ment. Therefore, using biomolecules found naturally in plants
has gained some interest recently since they can be processed in
controlled conditions, guaranteeing the same properties every
time.** Rutin is a flavonoid glycoside found in citrus fruits and
various plants, such as buckwheat, Japanese pagoda tree, and
eucalyptus.” It possesses good antioxidant, anti-inflammatory,
cardioprotective, anticancer, and cholesterol-lowering proper-
ties.”® Dessai, S. et al.** could synthesise TiO, nanoparticles
through a rutin-mediated co-precipitation method by adding
a rutin solution to titanium tetraisopropoxide (TTIP). They
evaluated the nanoparticles’ antibacterial, antidiabetic, and
antioxidant properties. To the best of our knowledge, there are
no recorded works of rutin-based green synthesis of Au/TiO,
nanoparticles for applications in water remediation through
photocatalysis.

In this work, Au/TiO, nanoparticles are synthesised with the
flavonoid rutin, and their physical and chemical properties are
compared to those of pristine TiO,. The photocatalytic effi-
ciency is tested by degrading CIP under UV and simulated solar
radiation to determine the sustainability of the developed
approach.

Experimental
Materials

Evonik provided P25 titanium dioxide (TiO,) nanoparticles. A
gold(ur) chloride (HAuCl,) solution and rutin hydrate (=94%)
were purchased from Sigma-Aldrich, and AppliChem supplied
sodium hydroxide (NaOH) pellets. Milli-Q ultrapure water
(resistivity 18.2 MQ cm) was used in all experiments. Cipro-
floxacin (CIP, =98% HPLC) (C;,H;3FN;0;) with maximum light
absorption at a wavelength of 277 nm was supplied by Thermo
Fisher Scientific.

Green synthesis of Au/TiO, nanoparticles

The Au/TiO, synthesis is conducted using a green deposition-
precipitation method, which is schematised in Fig. 1. Firstly,
200 mg of TiO, P25 nanoparticles are dispersed in 40 mL of
ultrapure water in an ultrasonic bath for 30 minutes. 100, 1000
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Fig. 1 Schematic representation of the Au/TiO, synthesis process.
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and 4000 pL of an aqueous solution of HAuCl, (0.05 wt%) is
added to obtain the specific Au concentrations of 0.025, 0.1, and
1 wt%. Afterwards, 1.6 mL of a solution of rutin (0.05 wt%),
previously produced by dispersing 12.5 mg of rutin hydrate
powder in 25 mL of NaOH (0.1 M), is added. This leads to an Au/
rutin ratio of 0.0625, 0.625 and 2.5 for the samples with Au
concentrations of 0.025, 0.1, and 1 wt%, respectively. The
resultant solution is mixed in a magnetic plate for 6 hours until
the colour changes from yellow to purple.

After mixing, half of each sample, marked in the following as
“Cent”, is centrifuged for 30 minutes (14 000 rpm and at 8 °C).
The supernatant is discarded, and 40 mL of fresh ultrapure
water is added. The nanoparticles are dispersed with ultra-
sounds for 2 minutes, and the solution is centrifuged. This
process is repeated with 20 mL of ultrapure water. Afterwards,
another 20 mL of ultrapure water is added to disperse the
nanoparticles, and the solution is dried overnight at 80 °C. The
resulting powder is placed in a mortar and grounded. The other
half of each sample, marked as “NCent” (non-centrifuged) in
the following, is directly placed in the convection oven at 80 °C
overnight to dry the supernatant, and the resulting powder are
also grounded in a mortar. This allows for the evaluation of the
influence of rutin on the nanoparticle properties and photo-
catalytic efficiency.

Characterisation of the Au/TiO, nanoparticles

The morphology of Au/TiO, nanoparticles is evaluated by
transmission electron microscopy (TEM) using a FEI Tecnai
T20. The crystalline structure of the nanoparticles is analysed
through X-ray diffraction (XRD) with a Philips diffractometer
PW 1710 with radiation Cu Ko (40 kv and 30 mA), corre-
sponding to a wavelength of 1.54 A. The Scherrer equation® is
used to derive the average crystallite size:

D = (kN)/(8 cos §), (1)

where D is the crystallite size, « is a dimensionless shape factor
with a value of 0.9 due to the spherical shape of the nano-
particles, A = 1.54 A is the wavelength of the X-rays, § is the full
width at half maximum (FWHM) of the diffraction peak in the
XRD pattern, and 6 is the angle at which the maximum peak is
observed.

A Zetasizer Nanoseries nano-zs from Malvern Instruments
Limited is used to obtain the hydrodynamic sizes and poly-
dispersity index (PDI) of the Au/TiO, nanoparticles at pH 3. Zeta
potential measurements were also performed at pH 3, 5, 7, 9,
and 11. A PerkinElmer Spectrum Two Fourier-transform
infrared spectroscopy (FTIR) spectrometer with universal
Attenuated Total Reflection (ATR) was used to identify the
chemical constitution of the Au/TiO,. Sixteen scans are carried
out per sample, with a wavenumber range from 4000 to
500 cm ', and the spectra are obtained with the software Per-
kinElmer Spectrum IR. Finally, the absorbance spectra of the
Au/TiO, nanoparticles are measured through reflectance spec-
troscopy with a UV-2501 PC UV-vis Recording Spectrophotom-
eter. Barium sulphate (BaSO,) is used as a reference, and the
measurements are carried out in a wavelength range from 240
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to 800 nm. The Tauc expression®® was used to calculate the band
gaps of the nanoparticles:

(hva)'"" = A(hv — E,), (2)

where £ is Planck’'s constant, » is the vibration frequency, « is
the absorption coefficient, A is the proportional constant, and
E, is the band gap energy. Since, in this study, the indirect
allowed sample transition is used, n = 2.

Photocatalytic degradation of ciprofloxacin

The nanoparticles' photocatalytic activity is tested by degrading
a CIP solution (5 mg L") under UV and simulated solar radi-
ation. A control sample is withdrawn from this solution. Firstly,
50 mg of nanoparticles are added and stirred in 50 mL of the
CIP solution in the dark for 30 minutes to ensure the adsorp-
tion-desorption equilibrium.

The UV degradation tests are then carried out in a photo-
reactor with eight UV Philips lamps of 8 W, with an emission
peak at 365 nm (radiation spectra on ESI Fig. 11). The solutions
are irradiated for 60 minutes under continuous agitation.
Samples are withdrawn at times 0, 2, 5, 10, 15, 20, 30, 40, 50, and
60 minutes, and the absorption spectra are recorded using
a spectrophotometer in the wavelength range between 230 and
400 nm.

For the simulated solar radiation degradation, a xenon lamp
of 300 W m~? from Oriel Instruments (radiation spectra on ESI
Fig. 21) with an excitation peak at 550 nm is used to simulate
solar radiation. The solutions in agitation are placed 20 cm
from the lamp for 3 hours. Samples are withdrawn at times 0, 2,
5, 10, 15, 20, 30, 40, 50, 60, 90, 120, 150, and 180 minutes and
the absorption spectra are also measured for the same wave-
length range. Both cases follow the Langmuir-Hinshelwood (L-
H) pseudo-first-order kinetics model,”” which simplified equa-
tion can describe:

ClCy=e, (3)

where C, is the initial CIP concentration, C is the concentration
at a time ¢, and k is the pseudo-first-order constant.

Results and discussion
Characterisation of the Au/TiO, nanoparticles

Au/TiO, nanoparticles are synthesised with rutin with different
Au concentrations (0.025, 0.1, and 1 wt%). Fig. 2 shows the
influence of the different Au concentrations on the colour of the
nanocomposites synthesised using rutin.

It is observed that the nanocomposites with larger concen-
trations of Au show a more distinct purple colour. Furthermore,
the non-centrifuged nanocomposites show a yellow hue related
to the presence of rutin, which is removed by the centrifugation
process.

Fig. 3 shows TEM micrographs of the morphology of pristine
TiO, and synthesised Au/TiO, nanoparticles.

The spherical shape of TiO, nanoparticles is confirmed for
both the pristine and synthesised samples. The presence of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Influence of different Au concentrations and presence of rutin
on the synthesised nanoparticles’ colour.

100 nm

Fig. 3 TEM images of (a) pristine TiO, nanoparticles and synthesised
(b) Au/TiO, 0.025% Cent, (c) Au/TiO, 0.1% Cent, (d) Au/TiO, 1% Cent
nanocomposites.

Au nanoparticles is not observed, as their size is below image
resolution.

The pristine TiO, nanoparticles have an average size of 21.2
£ 0.5 nm. The nanoparticles with Au concentrations of 0.025,
0.1, and 1 wt% show average sizes of 21.9 £+ 0.6 nm, 20.4 +
0.4 nm, and 20.0 + 0.5 nm, respectively.

XRD is performed to determine the crystalline structure of
rutin, pristine TiO, and synthesised nanoparticles (Fig. 4). The
typical reflexes from the anatase (25.3°, 37.8°, 48.0°) and rutile
(27.5°) phases of TiO, are observed in both pristine nano-
particles and nanocomposites, independently of the centrifu-
gation process.*® No reflexes of Au or rutin are detected since the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD reflexes of rutin, pristine TiO, and synthesised Au/TiO,
nanoparticles, both centrifuged (Cent) and non-centrifuged (NCent),
showing the peaks corresponding to the anatase (A) and rutile (R)
crystalline phases.

low concentrations are below the detection limit of the
equipment.

The Scherrer equation (eqn (1)) is applied to determine the
average crystalline size of the TiO, particles in the different
samples. The FWHM and the diffraction angle are determined
using the Power Cell software. For every sample, § = 0.203° and
6 = 25.31°. Consequently, the calculated diameter of the crystal
is D = 6.9 nm for every sample. This further proves that Au or
rutin's presence does not change the crystallinity of TiO,.

The hydrodynamic size distribution histograms (Fig. 5) and
the average sizes of pristine TiO, nanoparticles and synthesised
Au/TiO, nanocomposites are determined by DLS at pH 3. The
results show an average hydrodynamic size of 283 + 1 nm for
pristine TiO,. This value is decreased for every functionalised
sample, ranging from 144 + 2 nm to 173 + 2 nm. The obtained
PDI for the synthesised nanocomposites is ~0.15, which indi-
cates a monodisperse sample. For the pristine TiO, nano-
particles, the PDI is 0.35, implying a worse size distribution or
a polydisperse sample.” The presence of Au over the TiO,
nanoparticle's surface reduces the hydrodynamic size
compared to pristine TiO,.

Table 1 shows the average sizes for every sample obtained
through each technique, explaining further the differences in
the dimension data obtained by TEM, XRD, and DLS
measurements.

Compared to the nanoparticle size measurements by TEM
(~20 nm for all analysed samples), the hydrodynamic sizes
determined by DLS are significantly larger. This is explained by
the fact that the samples used for the TEM measurements are
dry. Conversely, the samples in the DLS analysis were dispersed
in an aqueous medium, which promotes the formation of

RSC Sustainability, 2024, 2, 3090-3099 | 3093
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Fig. 5 Hydrodynamic size distribution of pristine TiO, and Au/TiO, nanoparticles, both (a) centrifuged and (b) non-centrifuged.

Table 1 Summary of the nanoparticle sizes determined by TEM, XRD, and DLS*

Sizes (nm)

Sample TEM XRD (Scherrer equation) DLS

TiO, 21.2 £0.5 6.9 283 £1
Cent Au/TiO, 0.025% 21.9 £ 0.6 158 +1

Au/TiO, 0.1% 20.4 £0.4 151 + 2

Au/TiO, 1% 20.0 = 0.9 173 £ 2
NCent Au/TiO, 0.025% ND 153 £ 3

Au/TiO, 0.1% 150 £ 1

Au/TiO, 1% 162 + 2

¢ (ND - not determined).

agglomerates that influence the diffusion processes and lead to
a larger overall volume producing higher scattering intensi-
ties.**** Furthermore, since the hydrodynamic sizes of the
nanocomposites from DLS are lower than that of pristine TiO,,
it can be inferred that the functionalisation with Au nano-
particles promotes a higher repulsion between particles in
dispersion, leading to lower trends towards agglomeration.®*

The sizes obtained through the Scherrer equation® in the
XRD measurements show the lowest value (6.9 nm) as it only
accounts for the average crystallite size, not the entire nano-
particle size.**

The periphery surface charge of the nanoparticles is studied
through measurements of the zeta potential for pH 3, 5, 7, 9,
and 11 (Fig. 6). Every sample presents positive zeta potential
values for acidic pH and negative values for basic pH. The
maximum values (= |40] mV) are obtained for pH 3 and 11,
which is consistent with the literature.*® The results for the
centrifuged and non-centrifuged samples generally present
similar behaviour at different pHs. The isoelectric point, in
which the particles carry no electrical surface charge, is between
pH 5 and 7. For pH 3, approximately the pH of the ciprofloxacin
solution used in the photocatalytic tests, the synthesised
nanocomposites absolute zeta potential values (= |40| mV) are

3094 | RSC Sustainability, 2024, 2, 3090-3099

larger than for TiO, (|38.7| mV). Notably, larger zeta potential
values indicate a higher peripheric surface charge, promoting
repulsions between nanoparticles that ensure enhanced
stability and prevent aggregation.'®** This confirms the DLS
results, which show that higher repulsions between nano-
particles avoid the formation of agglomerates and lead to
smaller hydrodynamic sizes.

Fig. 7 shows ATR-FTIR results for the produced nano-
particles. In the rutin spectrum, a peak at 3394 cm ' is
observed, corresponding to the symmetrical stretching vibra-
tions of the hydroxyl (-OH) group. The transmission bands
obtained at 850 to 670 cm™ " are assigned to the C-H aromatic
hydrocarbon bending vibration, while the bands at 1239 and
1652 cm™ " correspond to the C-O phenol stretching vibration
and the C=0O0 stretching vibration of aryl ketones, respectively.*
The transmission band related to the symmetrical stretching
vibrations of the (-OH) group is also found in the spectra of
pristine TiO, and Au/TiO, nanoparticles, being more intense for
the pristine and the non-centrifuged samples. In addition,
a band at 1624 cm ™" can be identified as the bending mode of
absorbed water molecules (Ti-OH). The band that extends from
860 to 500 cm™ ' corresponds to the Ti-O-Ti bending mode.
These results are consistent with the literature.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Zeta potential of pristine TiO, and Au/TiO, nanoparticles, both (a) centrifuged and (b) non-centrifuged.
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Fig. 7 ATR-FTIR spectra of rutin, pristine TiO, and synthesised Au/
TiO,, both (a) centrifuged and (b) non-centrifuged.

Finally, the nanoparticles' optical properties were studied
through reflectance spectroscopy. The absorbance spectra for
the pristine TiO, and the synthesised samples Au/TiO, 0.025%
Cent, Au/TiO, 1% Cent, and Au/TiO, 1% NCent are shown in
Fig. 8. The expected UV light absorption peak observed in the
literature for pristine TiO, at 300 nm was extended to 320 nm
with the addition of Au nanoparticles.’” Furthermore, a new
absorption peak is identified in the visible region between 480
and 600 nm due to the SPR phenomenon related to the Au
nanoparticles.’” It is also observed that higher concentrations of
Au nanoparticles and the lack of centrifugation steps lead to
a more intense peak due to the samples’ residual materials.

Table 2 summarises the band gap energies, E,, of different
samples obtained by applying the Tauc expression (eqn (2)).

The obtained band gap for pristine TiO, is 3.25 eV, consis-
tent with the literature.*®**° This value is reduced for the syn-
thesised samples, with a lower limit of 2.52 to 2.68 eV,

© 2024 The Author(s). Published by the Royal Society of Chemistry

depending on Au concentration. This confirms that adding Au
nanoparticles promotes absorption in the visible region
(redshift) and influences absorption in the UV region.

Photocatalytic degradation of ciprofloxacin

The photocatalytic efficiency of the synthesised Au/TiO, nano-
particles is first tested through CIP (5 mg L") degradation
under UV radiation for 60 minutes. The photolysis effect on the
degradation of CIP (5 mg L™ ") for UV and Xenon Lamp radiation
is found in (ESI Fig. S13 and S14+) characteristic CIP absorption
peak (277 nm) as a function of irradiation time. The obtained
results reveal the negligible CIP degradation by photolysis both
under UV and Xenon lamp radiation, which is related to the low
absorbance displayed by CIP (absorbance peak 277 nm) in the
wavelength range emission peak of both lamps (UV 365 nm and
Xenon lamp >385 nm) - (ESI Fig. S157). These first results are
paramount to demonstrating CIP's photostability under UV and
simulated sunlight radiation.

) [—Tio, b) [—AwTi0, 0.025% Cent
. ) ¢ AWTIO, 0.025% Cent
-~ & 5 UV light -~ (ER=268cV Pl
\;/6 4 >=-Y absorption Ei(’ . €. /
o o S /
24 24 &l /
S k= L
] 5
224 221
< =< $T20 28 30 38 40 45 50 88
Energy (eV)
0 0
200 400 600 800 200 400 600 800
Wavelength (nm) Wavelength (nm)
©), —— AwTiO, 1% Cent d). —AuTi0, 1% NCent
o [
9 24
£ : £
2 SPR absorption peak <
2 24 A 2 24
B2 22
< <
0+ ~-- 0
T T T T T ;
200 400 600 800 200 400 600 300

Wavelength (nm) Wavelength (nm)

Fig. 8 Absorbance spectra of (a) pristine TiO, and synthesised (b) Au/
TiO, 0.025% Cent, (c) Au/TiO, 1% Cent, (d) Au/TiO, 1% NCent
nanoparticles.
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Table 2 Bandgap (Eg) energy values of pristine TiO, and synthesised
Au/TiO, nanoparticles

Sample Eq (eV) AE,
TiO, 3.25 0.01
Cent Au/TiO, 0.025% 2.68 0.01
Au/TiO, 0.1% 2.62 0.01
Au/TiO, 1% 2.60 0.01
NCent Au/TiO, 0.025% 2.52 0.01
Au/TiO, 0.1% 2.59 0.01
Au/TiO, 1% 2.52 0.01

The percentages of CIP adsorbed to the nanoparticles’
surface and degraded through photocatalysis are calculated
through the variation in CIP concentration between the control
sample and the samples withdrawn at times ¢ = 0 min and ¢ =
60 min, respectively. From the graphs in Fig. 9, it is possible to
draw the exponential line that best fits the data of each test and
corresponds to the L-H equation (eqn (3)), from which the
pseudo-first-order reaction rate constants k, are determined.
The estimated values are summarised in Table 3.

The control sample of the original CIP solution is compared
to those withdrawn after 30 minutes under agitation in the dark
to quantify the adsorption phenomenon and establish the
adsorption equilibrium. The results show that only 2% of CIP
adsorbs on the surface of pristine TiO, nanoparticles. For the
centrifuged samples, the adsorption percentage ranges from
1% to 6%, Le., it increases with the concentration of Au. This
data is consistent with previous works indicating that Au also
has an affinity with CIP molecules, favouring the adsorption
process. A significant CIP adsorption increase is observed for
the non-centrifuged samples, with percentages ranging from
22% to 32%. Demonstrating that, in the non-centrifuged
samples, the presence of rutin is the predominant factor
affecting the CIP adsorption, leading to stronger intermolecular
forces and, consequently, higher adsorption percentages when
compared to the centrifuged samples.'®*"*>

The photocatalytic efficiency under UV radiation improves
with the addition of Au. Pristine TiO, nanoparticles can degrade
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Table 3 Quantification of degraded CIP (5 mg L™Y after photo-
catalysis under UV radiation and pseudo-first-order reaction rate
constant, k, for pristine TiO, and synthesised Au/TiO, nanoparticles

Adsorption Degradation k

Sample (%) (%) (min™") Ak
TiO, 2 66 0.023 0.005
Cent Au/TiO, 0.025% 1 75 0.026 0.002
Au/TiO, 0.1% 4 74 0.025 0.002
Au/TiO, 1% 6 74 0.024 0.002
NCent Au/TiO, 0.025% 32 65 0.020 0.001
Au/TiO, 0.1% 24 67 0.020 0.001
Au/TiO, 1% 22 58 0.016 0.002

66% of CIP. At the same time, all nanocomposites with Au
concentrations of 0.025, 0.1, and 1 wt% that went through the
centrifugation steps managed to degrade ~75% of CIP. With the
functionalisation of pristine TiO,, the recombination of elec-
tron-hole pairs is reduced since the excited electrons can be
conducted to the Au nanoparticles.” This explains the
improvement of photocatalytic efficiencies.

In contrast, the nanocomposites with Au concentrations of
0.025, 0.1, and 1 wt% that were not submitted to centrifugation
degraded 65%, 67%, and 58% of CIP, respectively. The literature
states that the functionalisation with high concentrations of
noble metals leads to a shield effect that blocks the surface-
active sites of TiO, nanoparticles. In this work, the variation
of Au concentration does not seem to significantly affect the
photocatalytic efficiency under UV radiation. In this work, rutin
over the nanoparticle's surface leads to higher CIP adsorptions;
it can be assumed that the adsorbed CIP reduces the radiation
harvesting on the nanoparticles’ surface.'® This may explain the
lower photocatalytic efficiencies regarding the centrifuged
samples’ efficiency.

Since rutin decreases photocatalytic efficiencies, only the
centrifuged nanoparticles were considered for testing under
simulated solar radiation for 180 minutes. Figure 10 presents
the variation of CIP concentration as a function of irradiation
time under simulated solar radiation.

a) = TiO, b) = TiO,
1,04 = ® Au/TiO, 0.025% Cent 1,00 = ® AUTiO, 0.025% NCent
. AU/TiO, 0.1% Cent ¥ A AUTiIO, 0.1% NCent
B v AWTIO, 1% Cent %, v AWTIO, 1% NCent
0.8 x ; 0,8 w
; . .
n § " v a e
v
=3 i v
< 0,6+ = 2 & 0.6+ - A o
&) A | O = ¥
.y A °
o ° - v A o
0,44 L} - 0.4 ™ - ‘ -]
P, - X
¢
0,24 0,24
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Fig. 9 Photocatalytic degradation of CIP (5 mg L™) under UV radiation for 60 minutes for pristine TiO, and synthesized Au/TiO, nanoparticles,

both (a) centrifuged and (b) non-centrifuged.
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Fig. 10 Photocatalytic degradation of CIP (5 mg L™%) under simulated
solar radiation for 180 minutes for pristine TiO, and centrifuged Au/
TiO, nanoparticles.

Table 4 Quantification of degraded CIP (5 mg L™ through photo-
catalysis under simulated solar radiation and pseudo-first-order
reaction rate constant, k, for pristine TiO, and synthesised Au/TiO,
nanoparticles

Adsorption Degradation &
Sample (%) (%) (min~' Ak
TiO, 2 55 0.005 0.001
Cent TiO,Au 0.025% 8 62 0.006 0.001
TiO,Au 0.1% 4 75 0.010 0.002
TiO,Au 1% 7 75 0.010 0.002

Similarly to the photocatalytic tests under UV radiation, the
percentages of adsorbed and degraded CIP and the pseudo-first-
order reaction rate constants, k, are calculated through the L-H
model and summarised in Table 4.

In this case, the adsorption percentages are similar to those
in the degradation of CIP under UV radiation, while a more
apparent difference in photocatalytic efficiencies is observed.
The pristine TiO, nanoparticles can only degrade 55% of CIP,
while the nanoparticles with Au concentrations of 0.025, 0.1,
and 1 wt% succeeded in degrading 62%, 75%, and 75% of CIP,
respectively. In the presence of gold, the excited electrons may
be conducted to the gold particles, and the electron-hole
recombination may be reduced, prolonging the generated
holes' lifetime. Additionally, it leads to an absorption peak in
the visible radiation region due to the SPR phenomenon.'®
These results also show that with higher Au concentrations, the
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photocatalytic efficiency increases, which is consistent with the
intense absorption peaks in the visible region observed through
reflectance spectroscopy (Fig. 8). However, it must be noted that
higher concentrations of Au lead to a shielding effect that
blocks the surface-active sites of TiO, nanoparticles. For
example, when Au concentration is increased from 0.025 wt% to
0.1 wt%, the degradation efficiency is improved by 13%, and, in
contrast, when the concentration is further increased to 1 wt%,
the efficiency remains the same.

Considering this and from a sustainability standpoint, the
samples with 0.1 wt% of Au nanoparticles present the most
exciting results since they present the best photocatalytic effi-
ciencies under UV and simulated solar radiation while utilising
the least necessary resources. This is important to avoid waste
and potential secondary contamination.*® Thus, for this sample,
Table 5 compares the photocatalytic efficiency obtained in the
present work with two works that studied the effects of the
functionalisation of TiO, nanoparticles with Au nanoparticles
in the degradation of CIP under UV and simulated solar radi-
ation. It must be noted that photocatalytic efficiency depends
heavily on the specific experimental parameters of photo-
catalysis,* such as the radiation intensity, time of irradiation,
and concentration of catalyst, Au, and contaminant.

In the case of degradation of CIP (5 mg L) under UV
radiation, Martins et al.*® obtained the highest photocatalytic
efficiency (91%). In contrast, Zheng et al.** achieved results
similar to the present work (~77%). Since the UV lamps utilised
were the same for every work, the efficiency difference is due to
different photocatalyst concentrations. Regarding the degrada-
tion of CIP (5 mg L") under similar simulated sunlight radia-
tion (300 W m™?), the previous works obtained a lower efficiency
than the present work (~55%), even with a longer irradiation
time, probably due to the lower Au concentration. The first work
also obtained a lower efficiency of 49% due to an inferior
radiation intensity (98 W m™>). This comparative analysis shows
that the TiO,Au 0.1 wt% nanoparticles synthesised in this work
display an improved performance under sunlight radiation
range, making it a more cost-effective and sustainable
approach. This feature is particularly relevant, as the intention
is to offer an integral solution that contributes to sustainability
during the production of the materials, based on avoiding the
use of hazardous chemicals and, additionally, enabling the
enhanced performance of the materials under free and clean
sunlight radiation instead of costly UV radiation.*®

Table 5 Comparison of the photocatalytic efficiency obtained in the present work with previous studies using TiO, nanoparticles for CIP

degradation

Au concentration Radiation Time of irradiation (min) Degradation (%) Reference
0.1 wt% uv 60 74 Present work
Xenon lamp 180 75
0.05 wt% uv 30 91 16
Xenon lamp 180 49
uv 60 77 45
Xenon lamp 240 55

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

The flavonoid rutin is utilised to functionalise pristine TiO,
with Au nanoparticles. It is confirmed that using green
synthesis methods does not alter the spheric morphology, size
(~20 nm), and crystallinity of TiO, nanoparticles. A decrease in
hydrodynamic size from 283 nm to ~150 nm with the addition
of Au demonstrates the improvement of stability and preven-
tion of aggregate formation. The band gap of the nanoparticles
is improved from 3.14 eV to an average of 2.85 eV with the
addition of Au, which allows the AU/TiO, nanocomposite to use
sunlight radiation for the photocatalytic process efficiently.

The photocatalytic efficiency of pristine TiO, is 66% and 55%
in the degradation of ciprofloxacin under UV radiation for 60
minutes and simulated solar radiation for 180 minutes,
respectively. With the addition of Au nanoparticles onto the
TiO, nanoparticles’ surface and with centrifugation steps to
remove rutin residue, these results are improved to an average
of 74% and 71% under UV and visible radiation, respectively.
With the photocatalytic tests under UV radiation, it was also
shown that rutin on the nanoparticles reduces the photo-
catalytic efficiency to approximately 63%. The sample Au/
TiO,Au, 0.1% Cent, presents the best trade-off between the
presence of Au and efficiency, as the sample containing 1% of
Au does not show enhanced performance nor under UV or
simulated sunlight radiation.

In conclusion, few works focus on developing green synthesis
of photocatalysts, and fewer focus on the degradation of
contaminants of emerging concern, such as pharmaceuticals.
The herein-produced Au/TiO, nanocomposites using a natural
rutin extract are confirmed as a promising approach for
producing environmentally friendlier photocatalytic materials
capable of efficiently removing contaminants of emerging
concern under UV and simulated solar radiation. Further studies
should be performed in the future with real water matrixes to
confirm their potential and practicability in real scenarios.
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