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ABSTRACT

The widespread use and negative environmental effects of antibiotics have made their removal from aqueous
media essential in terms of wastewater treatment. Accordingly, a hybrid helical Cu@Cu,O@CuO-microalgae
photocatalyst for antibiotic photodegradation was synthesized in this study by a simple, inexpensive, and scal-
able process based on electroless Cu deposition and soft thermal treatment. The hybrid photocatalyst was more
competitive for the photocatalytic degradation of tetracycline, especially in terms of mineralization and energy
consumption, than state-of-the-art photocatalysts. The excellent photocatalytic performance is attributable to the
effective formation of onion-like Cu@Cu,0O@CuO heterojunctions, which synergistically lower the electron-hole
recombination rate, promote the utilization of light and photogeneration of charge carriers, and decrease the
photocorrosion activity. All these effects result in the enhanced photocatalytic degradation and mineralization of
tetracycline. The high photocatalytic performance of the Cu@Cu,O@CuO-microalgae hybrids under LED irra-
diation resulted in a significantly lower electrical energy per order—i.e., the electrical energy required to
diminish the tetracycline concentration by one order of magnitude in a unit of volume—of 57 kW h m~ order™..
Importantly, the Cu@Cu0@CuO-microalgae hybrids can easily be recycled after reaching their effective life-
time to fabricate competitive microalgal pellets, then integrated into a circular process in an environment-energy
nexus to minimize the generation of residues.

1. Introduction

treatment, and spread of infectious diseases [8-10].
Among antibiotic types, tetracyclines have long been some of the

Over the past several decades, the dumping of antibiotics into ponds,
canals, lakes, rivers, and other bodies of water has caused considerable
concerns regarding their unknown environmental impacts and potential
damage to aquatic biota [1-4]. Antibiotic drugs are continuously
released into bodies of water, especially in developing countries, due to
poor regulation, wastewater treatment, and management, as well as
their extended use in human/veterinary medicines and agricultural
production. The high levels of antibiotics in bodies of water are a leading
cause for the increased multidrug resistance of microorganisms such as
bacteria, viruses, fungi, and parasites that cause diseases in humans,
animals, and crops [5-7]. Non-antibiotic drugs and other emerging
pollutants can also increase the antibiotic resistance of microorganisms.
As a result, antibiotics become ineffective in the prevention, control,
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most widely used for the prevention of infectious diseases in animals and
humans, thus causing many environmental issues. Tetracyclines are the
second most consumed family of antibiotics in the world owing to their
low cost, easy synthesis, and favorable antimicrobial activity based on
the inhibition of protein synthesis [11,12]. This family of antibiotics is
mainly used for the therapy and prophylaxis of human infections (e.g.,
atypical pneumonia, cholera, pelvic inflammations, granuloma inguinal,
periodontal infection, acne vulgaris, etc.); the treatment of animal in-
fections in veterinary medicine (e.g., poultry, sheep, swine, etc.); as
animal growth promoters to improve growth rates and feed conversion
efficiency, which directly translate into an important reduction in food
consumption to reach marketable weight; and to control infections in
aquaculture (e.g., salmon, catfish), botany (e.g., fruit trees, seeds), and
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entomoculture (e.g., honeybees) [11-13].

In this context, tetracycline (TET) has been reported as the most
widely used tetracycline antibiotic in the livestock industries of many
countries like the USA, China, and India due to its low cost and extensive
production [5,8,10,14]. The majority of TET administered to humans
and animals is incompletely metabolized, and most of the remainder (i.
e., approximately 80-90%) is discharged into water environments or soil
through feces and urine. Although the monitoring of TET and other
antibiotics indicate that they are present in very low concentrations,
from nanograms to milligrams per liter, in treated water and in high
concentrations (100-800 mg LY in hospital, pharmaceutical, and live-
stock wastewater, the alarming increase in the antimicrobial resistance
of microorganisms mandates that the removal of antibiotics in water be
included in decontamination technology [8,15-18]. The global trends in
the antimicrobial resistance of animals evidence the influence of live-
stock industries, as drug-resistant microorganisms are gaining a
stronghold in regions such as India, China, Kenya, Uruguay, and Brazil,
where meat production has risen sharply since 2000 [10]. The devel-
opment of intensive farming practices based on the administration of
antibiotics, including TET, to promote growth and prevent infections, as
well as lenient legislation and poor wastewater treatment, are critical for
understanding these global trends [10,16,19,20].

Due to the potential risks of antibiotics, the development of efficient
and cost-effective strategies for their removal is urgent. The removal of
TET and its metabolites from aqueous environments is complicated due
to their low biodegradability, high stability, and structural complexity.
Various methods have been tested for the removal of TET such as
biodegradation, biofiltration, electrochemical oxidation, membrane
filtration, adsorption, and advanced oxidation processes like photo-
catalytic degradation [9,21-25]. Of these, adsorption and photocatalytic
processes have been noted as the most effective strategies due to the
amphoteric nature and multiple functional groups (e.g., phenol, alcohol)
of TET, which facilitate its adsorption onto adsorbents or photocatalyst
surfaces. However, there remains a need for appropriate adsorbents and
efficient photocatalysts that can easily be integrated into wastewater
plants and reused for real applications [21,22,26].

In this work, a facile, mass-productive, green, and cost-effective
method for the fabrication of a hybrid helical Cu@Cu,0@-
CuO-microalgae photocatalyst with enhanced visible-light-driven
mineralization of TET was developed. The process holistically in-
tegrates the principles of green and circular chemistry, minimizing
waste and increasing the efficiency of the use of energy, water, and
chemicals [27-29]. The circular process begins and ends in the cultiva-
tion of microalgae (more specifically, Spirulina platensis), which have
significant potential for the fixation of carbon dioxide (i.e., the com-
pound produced by the complete photooxidation of TET) and other
residues that are generated throughout the process (i.e., copper-rich
ashes) [29,30]. Importantly, the cultivation of microalgae results in
the net release of large amounts of molecular oxygen into the atmo-
sphere. Furthermore, the cultivated microalgae can be used for multiple
applications, including biofuel production and cosmetics [30,31]. The
Cu@Cu0@CuO-microalgae photocatalyst was synthesized by a simple
two-step biotemplating process based on the electroless deposition of Cu
onto the surface of microalgae and subsequent controlled formation of
an onion-like Cu@Cu0@CuO multilayered architecture by annealing.
The formation of Cu/Cuy0/CuO heterojunctions resulted in an excep-
tional photocatalytic performance for mineralizing TET under white
light-emitting diode (LED) irradiation. The possibility of using LED
technology significantly reduces the energy consumption, simplifying
the integration of the photocatalyst into photo-reactors. The mecha-
nisms of the photodegradation, photostability, and reusability of the
photocatalysts were investigated. This work contributes to the fabrica-
tion of efficient, recyclable, green, and low-cost core@shell@shell
Cu@Cu0@CuO-microalgae photocatalysts to replace today’s linear
“take-make-dispose” thinking with circular processes with the final aim
of facilitating the applicability of photocatalysts to water
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decontamination.
2. Experimental

2.1. Synthesis and characterization of Cu@Cu,0@CuO-microalgae
photocatalyst

Arthrospira platensis cyanobacteria (axenic strain, Strain No. NIVA-
CYA 428) were used as a biotemplate for the cost-effective production of
the hybrid helical Cu@Cu,O@CuO-microalgae photocatalyst. The
cyanobacteria were cultivated in Zarrouk’s medium (pH = 9.8) in an
open-air tank at 30.0 & 0.4 °C under natural sunlight irradiation [27].
The synthesis of the hybrid helical Cu@Cu0@CuO-microalgae photo-
catalyst was based on a two-step method (Scheme 1):

(i) Electroless deposition of Cu: The microalgae were collected using a
nylon mesh filter and directly subjected to a Pd catalyzation
process. No expensive or time-consuming fixation process was
employed during biotemplating. The filtered microalgae were
dispersed in a Pd catalyzation bath, which consisted of stannous
chloride and palladium chloride colloidally dispersed in a dilute
solution of sulfuric acid and sodium chloride, for 35 min at 35 °C.
During this process, Pd nuclei were formed on the microalgae,
which catalyze the electroless deposition of Cu from a copper
electroless bath. After Pd surface functionalization, the micro-
algae were added to an electroless plating solution and main-
tained under magnetic stirring (400 rpm) at 40.0 + 0.6 °C for 120
min to deposit Cu onto their surface. The electroless plating so-
lution consisted of copper(Il) sulphate (0.04 M), potassium so-
dium tartrate (0.05 M), disodium ethylenediaminetetraacetate
dihydrate (0.07 M), formaldehyde (1 M), thiourea (1.3 pM), and
sodium hydroxide (0.25 M). The electroless plating solution was
prepared and its pH was adjusted to 12 immediately before the
addition of the catalyzed microalgae. After electroless Cu depo-
sition, the metalized microalgae were separated by filtration
using a nylon mesh filter, washed thoroughly with water and
ethanol, and finally completely dried in air. After drying, the
metalized microalgae were placed on a glass plate [32,33].

(ii) Controlled oxidation of Cu: The dried metallic microalgae were
annealed at 200 °C for 8 h in an air atmosphere at a heating rate
of 5 °C min~!. The annealing treatment was performed using
rapid thermal annealing equipment (Advanced Riko Mila 5050).
After the annealing process, the formation of the hybrid helical
Cu@Cu0@CuO-microalgae photocatalyst was expected.

Different characterization techniques were used to confirm the for-
mation and properties of the hybrid helical Cu@Cu,0@CuO-microalgae
photocatalyst. A field emission scanning electron microscope (FE-SEM;
Hitachi, S-4800) equipped with an energy-dispersive X-ray spectrometer
(EDX) was used to analyze the morphology of the microalgae surfaces
after the biotemplating process and to confirm the deposition of Cu. The
elemental composition was also estimated by X-ray fluorescence
(Fischer, Fischerscope X-RAY XDV-SDD). The architectures of both the
bare and metallized microalgae were examined by optical microscopy
(Zeiss, AxioMat), and the crystallinity and microstructure were deter-
mined by X-ray diffraction (XRD; Bruker, D8 Discovery diffractometer)
in the Bragg-Brentano configuration with CuK, radiation. The specific
surface area of the photocatalyst was determined based on the Bru-
nauer-Emmett-Teller (BET) method from Nj adsorption-desorption
isotherms measured at 77 K using a Micrometrics Tristar-II. The chem-
ical states of the photocatalyst were examined by X-ray photoelectron
spectroscopy (XPS; Physical Electronics, PHI 5600 Multitechnique)
using a monochromatic X-ray source (Al K, line = 1486.6 eV, 350 W).
The photocatalyst was etched by argon ion sputtering up to a few
nanometers prior to acquiring the angle-resolved XPS spectra. The op-
toelectronic properties of the photocatalyst were analyzed by the UV-vis
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Scheme 1. Schematic illustration of the Cu@Cu,O@CuO-microalgae hybrid photocatalyst synthesis.

diffuse reflectance spectra (DRS) obtained with a UV-vis spectropho-
tometer (PerkinElmer, Lambda 900 UV).

2.2. Degradation and mineralization of tetracycline

The adsorption experiments were carried out in dark conditions at
room temperature (25 + 1 °C) to determine the time required to reach
the adsorption-desorption equilibrium of TET (Alfa Aesar) on our pho-
tocatalyst. The adsorption process was investigated at pH 6 and 8. In a
typical experiment, 250 mg of helical Cu@Cuy0O@CuO-microalgae was
suspended in 500 mL of a TET solution (40 mg L)) and maintained
under constant magnetic stirring (500 rpm) in dark conditions. At given
time points during the experiment, 2.5 mL of the suspension was
removed and filtered using a 0.45 pm cellulose acetate syringe mem-
brane filter. Afterward, the TET content in the supernatant was
measured by UV-vis spectrophotometer (Lambda 900 UV, A = 362 nm).
All experiments were performed in quadruplicate.

The photocatalytic removal of TET was performed in 500-mL solu-
tion consisting of 0.5 g L'} Cu@Cu,0@CuO-microalgae and 40 mg L
TET. The suspension was maintained at 25 + 1 °C and subjected to
magnetic stirring (500 rpm) before and during irradiation, and the
initial pH was adjusted with NaOH (1.0 M) or HCl (1.0 M) prior to the
addition of the photocatalyst. Before irradiation began, the suspension
was kept in the dark at 25 + 1 °C until the system reached adsorp-
tion-desorption equilibrium. Controlled irradiation of the suspension
was performed using three 6.2 W LEDs (luminous flux = 575 Im; energy
consumption = 7 kWh (1000 h)); Figure S1 depicts the relative intensity
as a function of wavelength. Photolytic experiments (without the pho-
tocatalyst) were conducted to consider the photolytic degradation of
TET during 80 min of exposure to the three 6.2 W white LEDs. The
photocatalytic experiments were conducted at pH = 6 and 8. The pho-
tocatalytic degradation of TET was measured according to the temporal
evolution of the reduction in the maximum absorption peak intensity of
TET (362 nm) under LED irradiation for 80 min using a UV-vis spec-
trophotometer (Shimadzu, UV-1800) in a quartz cuvette with an optical
path length of 1 cm. During the photocatalytic degradation experiments,
the major intermediate products in the degraded TET solution were
determined by liquid chromatography-mass spectroscopy (LC-MS, Wa-
ters Xevo G2-XS QToF) analysis. The mineralization was calculated by
measuring the reduction in total organic carbon (TOC) after 120 and
180 min under LED irradiation, by the high-temperature combustion

method using TOC-V¢sy equipment (Shimadzu) with a high-sensibility
column. All samples were subjected to filtration through a 0.22 pm
nylon membrane filter prior to determination of the TET content, in-
termediates or TOC. All experiments were performed in quadruplicate.

To determine the role of the reactive oxygen species generated
during the photocatalytic process, free radical trapping experiments
were performed via the addition of selective radical scavengers. For this
purpose, isopropyl alcohol (IPA; Sigma-Aldrich, >99.7%) as a quencher
of hydroxyl radicals, benzoquinone (BQ; Sigma-Aldrich, >99.7%) as a
quencher of superoxide radicals, and triethanolamine (TEOA; Sigma-
Aldrich, >99%) as a quencher of photogenerated holes were used. In
these experiments, the radical scavengers were independently added to
separate experiments to attain a concentration of 1 mM. Next, after
reaching adsorption-desorption equilibrium in dark conditions at 25 +
1 °C under magnetic stirring (500 rpm), the suspensions were irradiated
using the three 6.2 W LEDs for 120 min. Finally, the concentration of
TET was measured according to the maximum absorption peak intensity
of TET (362 nm) using a UV-vis spectrophotometer (UV-1800). The
trapping experiments were performed at pH 6 and 8. All experiments
were performed in quadruplicate. To further confirm the existence of
hydroxyl and superoxide radical’s electron spin resonance (ESR) ex-
periments in 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were performed
with a Bruker A200-9.5/12 spectrometer in the dark and under LED
visible light irradiation.

2.3. Reusability and photostability of Cu@Cu,0@CuO-microalgae
photocatalyst

The reusability and photostability of the Cu@Cu0@-
CuO-microalgae photocatalyst were evaluated by measuring the pho-
todegradation efficiency of a 40 mg L! TET solution for 10 consecutive
cycles under LED irradiation. The photocatalyst stability after this
reusability experiment was evaluated in terms of BET surface area and
FE-SEM morphological analysis. The long-term stability of the
Cu@Cu0@CuO-microalgae was evaluated by measuring the Cu(Il)
concentration every day for 4 d of exposure to the three 6.2 W LEDs. The
suspensions were maintained at 25 + 1 °C under magnetic stirring (500
rpm) during the irradiation period. The photostability of the photo-
catalyst was examined at pH = 6 and 8. The concentration of Cu ions was
determined by a spectrophotometric method using a thiomichlersketone
(>85.0%) and using a UV-vis spectrophotometer (UV-1800) [34]. All
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experiments were performed in quadruplicate.
3. Results and discussion

3.1. Synthesis and characterization of Cu/Cuz0/CuO-microalgae
photocatalyst

The microalgae hybrid photocatalyst consisted of A. platensis, which
acts as a structural support, covered with an onion-like Cu@Cu,O@CuO
multilayered shell. Under the employed cultivation conditions, the
average dimensions of the A. platensis microhelices (Figure S2) were a
wire diameter of 4-7 pm, helix diameter of 18-24 um, and length of
70-100 pm (5-9 turns). It is known that the shape and average di-
mensions of A. platensis microhelices can be tuned by varying the
cultivation conditions, like the temperature, light intensity, and culti-
vation environment [27,32,33].

The onion-like Cu@Cu,O@CuO-microalgae hybrid photocatalyst
was synthesized by a simple biotemplating process based on (i) copper
electroless deposition, which generates a smooth Cu metallic layer
(>95% in content), followed by (ii) a copper oxidation process via a
simple annealing treatment at 200 °C for 8 h in an air atmosphere [35].
Importantly, no time-consuming and expensive fixation of A. platensis is
required in our method. The electroless process begins with Pd cata-
lyzation, involving the formation and adsorption of Pd nuclei onto the
A. platensis surfaces, which subsequently catalyze the deposition of
metallic Cu from the copper electroless plating bath to completely cover
the microalgae surfaces and result in the formation of Cu-microalgae
hybrids. These hybrids were annealed in air, resulting first in the for-
mation of a CuzO layer on their surface, which in turn protected the
inner Cu layer and simultaneously acted as a precursor to grow CuO via
a vapor-solid mechanism [35-37]. This process resulted in the fabrica-
tion of the Cu@CuyO@CuO-microalgae hybrid photocatalyst.

As shown in Figure S2, the green microalgae turned dark gray after
the electroless plating and annealing processes. Importantly, although
no microalgae fixation was performed, a process that is normally used to
avoid fragmentation, the hybrid photocatalyst kept the initial shape of
A. platensis, and the microhelices were unbroken. FE-SEM (Fig. 1) and
EDX spectroscopic observations confirmed the formation of the
Cu@Cu0@CuO-microalgae hybrid photocatalyst. As shown in Fig. 1,
the hybrids maintained the original microhelical shape of the micro-
algae. Although the electroless process did not affect the architecture of
the microalgae, it did result in a significantly higher surface roughness
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(Figure S3). A similar rough morphology has also been observed during
the electroless deposition of other metals onto the surface of fixed
microalgae [27,33]. The surface morphology was typically rough, and
no obvious morphological changes were observed after the annealing
process. The average dimensions of the Cu@Cu,0@CuO-microalgae
hybrids were a wire diameter of 6-9 pm, helix diameter of 19-26 um,
and length of 70-100 um (5-9 turns). The thickness of the coating on the
surface of the A. platensis was estimated as approximately 1 pm.
Importantly, the Cu@CupO@CuO-microalgae hybrids can be consid-
ered lightweight photocatalysts since sedimentation was practically
negligible during 10 h of non-stirring conditions.

*Fig. 2a shows the XRD patterns of the non-annealed hybrids (i.e.,
Cu-microalgae hybrids; curve i) and the hybrids annealed at 200 °C for
8 h in an air atmosphere (i.e., Cu@Cu0O@CuO-microalgae hybrids;
curve ii). The XRD pattern of the as-synthesized Cu-microalgae hybrids
exhibited three clear peaks at 20 = 43.3°, 50.3°, and 74.1°, which were
indexed to the (111), (200), and (220) reflections, respectively, of the
pure face-centered cubic structure of Cu (JCPDS No. 04-0836). No ev-
idence of CuO, Cuy0, or Cu(OH), was found. However, after the
annealing treatment, new diffraction peaks appeared that perfectly
matched the cubic-phase crystal structure of cuprite (JCPDS No.
05-0667) and monoclinic crystal structure of tenorite (JCPDS No.
89-5898). The peaks at 20 = 29.9°, 36.4°, 42.3°, and 61.4° were indexed
to the (110), (111), (200), and (220) reflections of Cuy0O (JCPDS No.
05-0667), respectively, and those at 20 = 36.1°, 38.6°, 48.6°, 58.1°,
61.4°, and 65.9° were indexed to the (—-111), (111), (-202), (020),
(—113), and (022) reflections of the CuO phase (JCPDS No. 89-5898),
respectively. No other phases were detected after the annealing treat-
ment. Higher temperatures were detrimental to the integrity of the
hybrid architecture as the bioorganic skeleton of the microalgae began
to undergo calcination.

Fig. 2b shows the nitrogen adsorption-desorption isotherm of the
Cu@Cu0@CuO-microalgae hybrids. The BET surface area of the hy-
brids was 138 m? g™, which is significantly higher than that of the dried
microalgae powder (90.3 m? g~1). The higher BET of the hybrids is
attributable to the high surface roughness of the Cu@Cu,O0@CuO
coating, which may be beneficial for heterogeneous catalytic purposes.

XPS analysis was used to further investigate the elemental chemical
states of Cu and O in the Cu@Cuz0@CuO heterojunctions. The binding
energies obtained from the XPS analysis were corrected for specimen
charging by referencing the C 1 s peak to 284.60 eV. As shown in Fig. 2c,
the high-resolution Cu 2p spectrum consisted of two main asymmetric

Fig. 1. FE-SEM micrographs of the Cu@Cu,O@CuO-microalgae photocatalyst. Scale bar: 1 um.
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Fig. 2. (a) XRD patterns of the (i) Cu-microalgae hybrids and (ii) Cu@Cu,0@CuO-microalgae hybrids. (b) Nitrogen adsorption-desorption isotherm and (c) XPS

spectra of the Cu@Cu,O@CuO-microalgae hybrids.

peaks centered at 954.3 and 934.1 eV, which correspond to Cu 2p; /5 and
Cu 2p3/y, respectively, accompanied by two extra peaks centered at
964.0 and 944.1 eV attributable to the satellite peaks of Cuz0 and CuO,
respectively. The two main peaks were deconvoluted into four peaks at
953.5 and 933.5 eV corresponding to Cu 2p;,2 and Cu 2p3/» of Cu™,
respectively, which verified the existence of Cuy0, and 955.6 and 935.3
eV corresponding to Cu 2p;2 and Cu 2p3» of CuO, respectively
[35,38,39]. The Cu LMM Auger peaks located at 569.7 and 568.6 eV,
which were assigned to Cu™ and Cu2+, respectively, also are consistent
with the formation of Cu/Cuy0/CuO heterojunctions consisting of an
onion-like core@shell@shell Cu@Cu,O@CuO architecture. The O 1 s
region exhibited a clear asymmetric peak that was deconvoluted into
two peaks centered at 531.5 and 529.9 eV. The main peak at 529.9 eV
was ascribed to lattice oxygen from both the CuyO and CuO phases,
while the peak at 531.5 eV is related to surface hydroxyl groups
[35,38,39].

The EDX, XRD, and XPS analyses clearly proved the presence of Cu,
Cuz0, and CuO on the surface of microalgae after the biotemplating
process, but these results alone give no information about their
arrangement. However, the idea of the formation of Cu@CuO@-
CuO-microalgae hybrids in an onion-like arrangement is reinforced by
the formation mechanism based on the autocatalytic deposition of Cu
followed by its superficial thermal oxidation, resulting first in the for-
mation of a superficial layer of Cuy0, that in turn protects the inner Cu
layer and acts as a precursor for the formation of CuO.

As shown in Fig. 3, the optical properties of the Cu@CuO@-
CuO-microalgae hybrids were investigated by UV-vis DRS to understand
the effect of the CupO/CuO heterojunctions on light absorption. The
bandgap energies of pure CuyO and CuO are 2.2 and 1.7 eV, respectively,
and the corresponding bandgap energy of the
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Fig. 3. UV-vis DRS of Cu@Cu,O0@CuO-microalgae hybrids (inset: Tauc plot
from the UV-vis analysis).

Cu@Cu0@CuO-microalgae hybrids calculated by the transformed
Kubelka-Munk function was 1.78 eV [35,40-42]. The microalgae archi-
tecture and formation of CupO/CuO heterojunctions translated into
enhanced photo-absorption, which might result in a higher photoactivity.

3.2. Degradation and mineralization of TET

The photocatalytic performance of the Cu@Cu,O@CuO-microalgae
hybrids was determined by photocatalytically degrading TET in an
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aqueous solution under visible LED irradiation [9,43,44]. The photolytic
and photocatalytic degradation of TET were carried out at pH 6.0 and
8.0. At pH = 6.0, the dominant TET species is the zwitterionic form (i.e.,
equal number of positively and negatively charged functional groups),
whereas at pH = 8.0, the primary species is negatively charged [45-47].
Note that the point of zero charge of the Cu@CuyO@CuO-microalgae
hybrids is approximately 9.3. Thus, at pH < 9.3, the surface charge of
the Cu@Cuy0@CuO-microalgae hybrids is mainly positive; at pH ~ 9.3,
the surface is neutral; and at pH > 9.3, the surface charge is predomi-
nantly negative [35,38]. The speciation of TET and the surface charge of
the photocatalyst are governed by the solution pH, which may have an
important influence on photolytic and photocatalytic degradation. In
addition, copper oxides, especially CuyO, dissolve well under acidic
conditions (pH < 5). It is not recommended to employ copper-oxides-
based photocatalysts in acidic or weakly acidic conditions; instead, the
ideal operational pH range at ambient temperatures is from 7 to 10 for
Cuz0 and 8 to 11 for CuO, where dissolution is practically negligible
[48,49]. Therefore, considering both the surface charge and solubility of
copper oxide based photocatalysts, the speciation of TET, and the
normal pH of wastewater, the photocatalytic degradation of TET was
investigated at pH = 6.0 and 8.0.

The adsorption of TET species by the Cu@CusO@CuO-microalgae
hybrids was investigated in dark conditions. As shown in Fig. 4a, the
system quickly reached adsorption-desorption equilibrium within 40
min in dark conditions at pH = 6.0 and 8.0. Importantly, the interaction
capacity of the Cu@Cu0@CuO-microalgae hybrids was significantly
higher at pH = 8.0 (19.1%) than at pH = 6.0 (6.1%) (Figure S4). This can

da
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be attributed to the fact that the Cu@Cu,O@CuO-microalgae hybrid
surfaces remain positively charged in this pH range, which enables the
electrostatic attraction of not only negatively charged TET species (pH
= 8.0) but also the zwitterionic species (pH = 6.0). The improved
electrostatic interaction performance at pH = 8.0 is expected to result in
enhanced photocatalytic degradation. In dark conditions and in the
absence of the photocatalyst, the degradation of TET was negligible. The
photolytic degradation of TET was also investigated in the absence of
photocatalysts. At pH = 6.0, only a small amount (<1.2%) of TET was
degraded after 4 h under LED irradiation, whereas the photolytic
degradation at pH = 8.0 was significantly higher (<3%). Thus, the
photolytic degradation of TET was enhanced by increasing the pH.

As shown in Fig. 4b, the photocatalytic degradation of TET under
LED irradiation strongly depended on the solution pH. The results
showed that 98.3% and 76.5% of the TET was photocatalytically
degraded after 80 min of LED irradiation at pH = 8.0 and 6.0, respec-
tively. This can be attributed to both the higher adsorption of TET onto
the photocatalyst surface and the greater absorption of light by TET
molecules at pH = 8.0. The photocatalytic degradation kinetics were
investigated according to the Langmuir-Hinshelwood model. As shown
in Fig. 4b, the photocatalytic degradation behavior complied with the
pseudo-first-order kinetic model. The kinetic rate constants were esti-
mated as 5.01 x 102 min™! (4.0 x 10! min~! g7!) and 1.83 x 102
min~! (1.5 x 10 min™! g’l) at pH 8.0 and 6.0, respectively. These
photocatalytic TET degradation rates for the Cu@Cu0@-
CuO-microalgae hybrids are similar to or even higher than those of the
most competitive state-of-the-art photocatalysts (Table 1) [18,22,44,50-
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Fig. 4. (a) Time-dependent UV-vis spectra of TET adsorption in dark conditions using 0.5 g L'} Cu@Cu,0@CuO-microalgae hybrids. (b) Photocatalytic degradation
of TET (40 mg L!) under LED irradiation using 0.5 g L'! Cu@Cu,0@CuO-microalgae hybrids. (c) Photocatalytic degradation (80 min) and mineralization (120 min)
of TET (40 mg L)) using 0.5 g L'} Cu@Cu,0@CuO-microalgae hybrids after 80 and 120 min of LED irradiation, respectively.
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59]. More importantly, the energy consumption, which is directly
associated with the cost of the photocatalytic treatment, is markedly less
than that of state-of-the-art photocatalysts due to the use of LED light
and the excellent photocatalytic performance of the Cu@CuyO@-
CuO-microalgae hybrids. As shown in Table 1, the electrical energy per
order (Egp)—i.e., the electric energy required to diminish the TET
concentration by one order of magnitude in a unit of volume—of this
system at pH = 8.0 is 57 kW h m~3 order™, which is much lower (18-700
times) than that of other systems and reactor configurations
[18,22,44,50-59]. Note that the Egp parameter cannot be solely attrib-
uted to the photocatalyst nature as some of the aspects of Egg are
intrinsic to the reactor configuration. However, it can be used to
compare different systems regardless of the experimental setup. This is
extremely important since the viability of photocatalytic water treat-
ment lies largely in the energy costs.

LC-MS was used to further investigate the photocatalytic degradation
of TET at pH = 8.0. The major intermediates generated during the
photocatalytic degradation of TET were identified to explore the pho-
tocatalytic degradation pathway. As shown in Figure S5, 13 major
compounds appeared during the irradiation process. The intensity of the
characteristic peak of TET (m/z = 445) decreased gradually with
increasing irradiation time, indicating its degradation. During the irra-
diation process, new peaks were detected at m/z = 447, 431, 417, 362,
340, 329, 319, 283, 227, 149, 120, 118, 100, and 91. A plausible TET
photocatalytic degradation pathway was proposed based on the detec-
ted emerging molecules. As shown in Fig. 5, the proposed pathway starts
via the demethylation of an amino group (position 2). The small peak at
m/z = 363 may be ascribable to deamination and dehydroxylation re-
actions. The peaks at m/z = 340, 319, and 283 may be due to dehy-
droxylation, whereas the peak at m/z = 329 is likely caused by the
removal of methyl, amino, and hydroxyl groups. The peaks at m/z =
149, 120, 118, 100, and 91 are potentially caused by the cleavage of
carbon-carbon bonds and ring-opening reactions. In order to evaluate if
the intermediates were completely mineralized into carbon dioxide,
water, and eco-friendly inorganic species, the TOC was also determined
after the irradiation process.

The mineralization of TET by the Cu@Cu0O@CuO-microalgae under
LED irradiation was evaluated by TOC measurements. As shown in
Fig. 4c, a>90% (pH = 8.0) and 60% (pH = 6.0) decrease in TOC of the
TET solutions was observed after 120 min of irradiation. These are lower
than the TET degradation values, which indicated that the photo-
catalytic mineralization of TET occurred via many complex steps.
Moreover, the mineralization was also enhanced at a higher pH. The
total mineralization of TET (>99%) was confirmed after 180 min of
irradiation at pH = 8.0, whereas a greater mineralization time was
needed at pH = 6.0. Importantly, the mineralization activity of the
Cu@Cu0@CuO-microalgae hybrids is also equal to or higher than that
of state-of-the-art photocatalysts (Table 1) [18,22,44,50-59]. Therefore,
the Cu@Cu0@CuO-microalgae hybrids offer an excellent photo-
catalytic mineralization performance under LED irradiation in addition
to their economic competitivity.

The role of the main active photogenerated species (i.e., hydroxyl
radicals, superoxide radicals, and photogenerated holes) involved in the
photodegradation process was investigated through free radical trap-
ping experiments to explore the photodegradation mechanism of the
Cu@Cu0@CuO-microalgae hybrids. In this experiment, 1 mM TEOA,
BQ, or IPA solutions were employed as a scavenger of holes (h™), su-
peroxide radicals (®03), or hydroxyl radicals (|OH), respectively. As
shown in Fig. 6a, at pH = 8, the photocatalytic degradation (98.3%) of
TET using the Cu@Cuz0@CuO-microalgae hybrids after 80 min of LED
irradiation decreased to 18%, 48%, and 8% in the presence of the hole,
superoxide radical, and hydroxyl radical scavengers, respectively. The
same trend was observed at pH = 6. These results suggested that the
photogenerated holes and especially the hydroxyl radicals governed the
photocatalytic degradation of TET when the Cu@Cu0@-
CuO-microalgae hybrids were used as photocatalysts.
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To further confirm the role of hydroxyl and superoxide radicals in the
photocatalytic degradation of TET under LED visible light irradiation,
ESR spin-trapping experiments were performed. As shown in Fig. 6b and
6¢, no obvious signals corresponding to the DMPO-®OH and DMPO-®05
adducts were detected in dark conditions. However, after 5 min of
irradiation, the characteristic quadruple signal with a relative signal
ratio of 1:2:2:1, corresponding to the DMPO-®OH adduct emerged under
visible-light irradiation. Importantly, the signal intensities gradually
increased with irradiation time (Fig. 6b). The characteristic signal of
®0; with a relative signal ratio of 1:1:1:1also appeared and increased in
intensity with visible light irradiation time, but it was weaker than the
®0H signal. Based on these results, which indicate an abundance of ®°OH
radicals, ®OH radicals govern the photooxidation of TET, whereas ®0;
only partially contributes to TET oxidation.

Based on the above experimental results, a possible TET photo-
degradation mechanism for the Cu@Cu,O@CuO-microalgae hybrids
under visible LED irradiation was proposed (Fig. 6d). According to the
literature, pure Cu0 and CuO are photosensitive in the visible domain
due to their narrow bandgaps (2.2 and 1.7 eV, respectively) [35,42,62].
However, the relatively rapid recombination of electron-hole pairs and
high photocorrosion rate hinder their potential use in photocatalytic
applications. Knowledge of the relative band edge positions of the
Cu@Cu0@CuO-microalgae hybrid photocatalyst is crucial to clarify
the improved photocatalytic performance. The band edge positions of
the valence band (VB) and conduction band (CB) of CuO and Cu50 can
be determined using the following equation (Eq. (1)):

o1
Ely =y —E° —EEK (€]

where y is the Mulliken absolute electronegativity (5.81 and 6.85 eV
for CuO and Cuy0, respectively), E° is the energy of free electrons on the
hydrogen scale (i.e., 4.5 eV), and Eg is the band gap of the semiconductor
[35,42]. The predicted band edge positions for CuO and CupO are
summarized in Table 2.

As shown in Fig. 6b, the bandgap positions of CupO and CuO facili-
tate interfacial charge transfer in the Cu/Cuy0/CuO heterojunctions.
The excited electrons in the CB of Cus0 can shift to the CB of CuO or be
accepted by the conductive metallic Cu core, while the holes photo-
produced by CuO are transferred to the VB of Cuy0. This phenomenon
results in the effective separation of electron-hole pairs. Therefore, the
transfer and separation of electron-hole pairs in the Cu/Cu0/CuO
heterojunctions could significantly hinder their recombination and
consequently improve the photocatalytic performance [42,62]. The
electrons in the CB of CuO can react with adsorbed oxygen molecules,
leading to the formation of superoxide radicals. On the other hand, the
holes in the VB can react with adsorbed water or hydroxyl ions to form
hydroxyl radicals or with TET molecules to form smaller molecules, or
directly transform small adsorbed organic molecules into CO2 and H0.
The hydroxyl radicals are mainly generated via the reaction of photo-
generated holes with the adsorbed water and hydroxyl ions since the
other possible sources, like the reaction of superoxide radicals with
protons or the photolysis of water, are less prevalent in neutral and
alkaline media [27,35,63]. In conclusion, the formation of Cu/CuyO/
CuO heterojunctions leads to an enhanced photocatalytic performance
due to a reduced recombination process. In addition, the formation of
these heterojunctions also improves the photocorrosion resistance (see
section 3.3) [27,63]. Therefore, the Cu@Cup,O@CuO-microalgae hy-
brids exhibited an improved photocatalytic performance that is relevant
to the challenge of real applicability to photocatalytic water treatment.

3.3. Reusability and photostability of Cu@CuzO@CuO-microalgae
photocatalyst

The photostability and reusability of photocatalysts are pivotal fac-
tors for their applicability in photocatalytic water treatment. According
to the literature, the formation of Cu/Cuz0/CuO heterojunctions not



Table 1
Operational conditions and photocatalytic performance for TET photodegradation.
Photocatalyst Photocatalyst dosage TET / g pH Volume / Light source Treatment time /  Degradation / Kinetic constant /  Mineralization Electrical energy per order (Ego) /  Reference
/g Lt Lt mL min % min ! (time) / % kW h m~3 order
Cu/Cuy0/Cu0- 0.5 0.040 6 250 3 LEDs (6.2 80 76.5 0.0183 66 (120 min) 156 This work
microalgae w)
Cu/Cu0/Cu0- 0.5 0.040 8 250 3 LEDs (6.2 80 98.3 0.0501 94 (120 min) 57 This work
microalgae w)
BiOI microspheres 1.0 0.040 n. 50 Xe lamp 240 94 0.0198 73 (240 min) 12,921 [22]
a. (1000 W)
TiO, P-25 1.0 0.040 9 40 UV (300 W) 60 95 n.a. 60 (60 min) n.a. [18]
MWNTs-Bi;WOg 0.5 0.020 11 50 Xe lamp (800 60 83 0.0295 n.a. 27,752 [17]
W)
CNS-TiO, 0.5 0.005 9 250 Xe lamp (150 180 97 0.0210 26 (180 min) 1,096 [54]
w)
InyS3@MIL-125(Ti) 0.3 0.046 5.9 100 Xe lamp (300 60 63 0.0167 17 (60 min) 6,894 [53]
w)
CDs/g-C3N4/MoOs3 0.6 0.020 n. 50 Xe lamp (350 90 88 0.0231 n.a. 11,629 [55]
a. w)
Agl/BiVO, 0.3 0.020 n. 100 Xe lamp (300 60 95 0.0547 91 (60 min) 2,105 [44]
a. w)
BiOI/Ag@Agl 0.3 0.020 n. 100 Xe lamp (300 60 86 0.0317 48 (60 min) 3,631 [56]
a. W)
Ag/BisTaO7 n.a. 0.010 n. n.a. Xe lamp (250 60 86 0.0390 n.a. n.a. [57]
a. w)
Ag/Ag>,CO3/BiVO, 0.4 0.020 n. 50 Xe lamp (500 150 83 0.0186 n.a. 11,004 [13]
a. W)
MWCNT/TiO, 0.2 0.010 5.0 200 2 UVC lamps 60 98 0.0640 83 (300 min) 48 [60]
6wW)
Ag3P0O,4/CuBiy04 0.5 0.010 n. 100 Xe lamp (300 60 75 0.0201 n.a. 7,637 [58]
a. w)
Ag/AgInsSg 0.3 0.010 4.5 100 Xe lamp (300 240 93 0.0111 56.3 (540 min) 3,457 [59]
W)
SrTiO3/MnFe,04 1.0 0.022 n. 20 Hg lamp 25 68.5 0.0868 n.a. 14,148 [50]
a. (200 W)
Polyaniline/perylene 0.5 0.020 5.0 50 LED (5W) 120 65 0.0088 40.1 (120 min) 437 [51]
diimide
BiVO,4/FeVO4@rGO 0.6 0.030 n. 50 Xe lamp 100 91.5 0.0247 n.a. 24,859 [61]
a. (1000 W)
Agl/UiO-66(NH;) 0.3 0.010 6.0 100 Xe lamp (300 40 81 0.0360 66 (40 min) 6,396 [52]

w)
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Fig. 5. Possible photocatalytic degradation pathway of TET.

only improves the photostability of copper-oxide-based photocatalysts,
primarily by preventing photocorrosion, but also critically hinders their
relatively strong electron-hole pair recombination. Note that an
important limitation of using copper oxides in photocatalytic water
treatment is the relatively high photocorrosion activity of CusO and CuO
[41,64-66]. As shown in Fig. 7a, the Cu@CupO@CuO-microalgae hy-
brids exhibited excellent reusability, as the level of photocatalytic
degradation remained nearly constant across 10 consecutive experi-
ments at both pH = 6.0 and 8.0. The high stability of the Cu@Cu,0@-
CuO-microalgae hybrids was reflected by the high and stable
photocatalytic turnover numbers (TONs). The calculated TONs of the
Cu@Cup0@CuO-microalgae hybrids achieved in 10 consecutive cycles
were approximately 480 and 620 for pH = 6.0 and 8.0, respectively.
Importantly, these experiments did not affect the catalyst surface
morphology (Fig. 7b). The BET surface areas measured after the reus-
ability experiments were 136 and 139 m? g~! for the Cu@Cu,0@-
CuO-microalgae hybrids used at pH = 6.0 and 8.0, respectively. The
XRD, XPS, and EDS analyses after the reusability experiments
(Figure S6) compared with those of the as-prepared photocatalysts
elucidated the high stability of these hybrids. Thus, the formation of a
Cu/Cuz0/CuO heterojunction seems to have significantly hindered the
two known photocorrosion pathways of CupO (i.e., CuxO self-
photoreduction into Cu metal by photo-generated electrons and self-
photooxidation into CuO by photo-induced holes). This outcome may

be attributable to the promoted transfer of electrons and holes to the
surface of CuO and CuyO, respectively, which facilitates external
photochemical reactions (Fig. 6d) that minimize the CuyO self-
photooxidation and self-photoreduction [67].

To further investigate the stability of the Cu@Cu0@-
CuO-microalgae hybrids, the time-dependent concentration of Cu ions
in the aqueous solution was spectroscopically determined over 120 h
under LED irradiation. As shown in Fig. 8, the Cu@Cu0@-
CuO-microalgae hybrids displayed excellent resistance to chemo- and
photocorrosion at both pH = 6.0 and 8.0, with photocatalyst dissolu-
tions of<6% and 3%, respectively. Even so, the stability improved at pH
= 8.0, the lowest reported point of solubility for CuyO. Because Cuy0 is
unstable in both acidic and basic conditions [48,67], the formation of a
Cu/Cuz0/CuO heterojunction also improved the chemical stability of
Cuy0 by virtue of its protective outer layer of CuO. Ultimately, after 120
h of continuous irradiation, no structural or morphological damage was
observed with FE-SEM.

Finally, based on a recently published paper from our group, the
fabrication of microalgae pellets (i.e., biofuel for combustion) was
proposed to recycle the photocatalyst upon reaching its effective lifetime
[30]. Microalgal pellets satisfy the requirements for consideration as
commercial biofuels according to the ISO 17225-6:2014 standard for
non-woody pellets. In turn, the microalgal ashes resulting from the
combustion of these recycled microalgal pellets can be used for water
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decontamination and/or as a supplement for microalgae cultivation

Tabl.e 2 . [29,31]. Therefore, the Cu@Cu,O@CuO-microalgae hybrids offer an
Mulliken absolute electronegativity, band gap energy, calculated CB edges, and . . .
excellent photocatalytic performance owing to their nature, optoelec-
calculated VB edges of CuO and Cu,O. . . .. . .
tronic properties, reduced recombination rate, high photocorrosion
Semiconductor 7 Eg/eV CB edge / eV VB edge / eV resistance, and potential recyclability after their effective lifetime.
Cuo 5.81 17 0.46 216 Consequently, they can be integrated into circular processes to increase
Cu,0 5.32 2.2 —0.28 1.92 the efficiency of the use of energy, water, resources, residues, and

human capital.
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Fig. 7. (a) Photocatalytic degradation ratio (80 min) of TET (40 mg L) using 0.5 g L' Cu@Cu,0@CuO-microalgae hybrids under LED irradiation for 10 reusability
cycles. (b) FE-SEM micrographs of Cu@Cu,O@CuO-microalgae hybrids after use for 10 reusability cycles. Scale bar: 1 pm.

10



A. Serra et al.

0.15 : :
! pH=6 ]
o
< 0.10 .
= &
: ]
2. 0.05- o -9
o
. ¢ o )

60 80 100 120
Time /h

Fig. 8. Time-dependent concentration of Cu ions in an aqueous solution under
LED irradiation in the presence of 05 g Lt Cu@Cu,0@-
CuO-microalgae hybrids.

4. Conclusions

A hybrid Cu@Cu,0@CuO-microalgae photocatalyst was synthe-
sized using simple and scalable electroless deposition and thermal
treatment processes. This simple biotemplating approach is a more
scalable process than other physical methods for fabricating well-
defined microhelices. It is known that microhelical architectures are
beneficial in terms of light absorption, pollutant adsorption, and sus-
pension in aqueous media. Moreover, the use of a microalgae skeleton
allows for recycling of the Cu@CuyO@CuO-microalgae photocatalysts
after their effective lifetime to produce microalgal pellets, which can
then be used as a supplement for microalgae cultivation media, thus
offering a circular process to reduce/eliminate the generation of
residues.

The formation of onion-like Cu@Cu,0O@CuO heterojunctions not
only improves the photocatalytic performance, which principally de-
rives from the synergistic effects between the three materials, but also
lowers the electron-hole recombination rate, which promotes the utili-
zation of light and the photogeneration of charge carriers, and reduces
the photocorrosion activity. As a result, the formation of heterojunctions
effectively addresses two major setbacks to the use of copper oxides as
photocatalysts in water decontamination —the relatively high recom-
bination rate of electron-holes pairs and the photocorrosion of CuyO.
The excellent performance of the Cu@CuO@CuO-microalgae photo-
catalyst for the photocatalytic degradation of TET as a representative
antibiotic is markedly more competitive than that of state-of-the-art
photocatalysts due to the rapid mineralization and low Egp from the
use of LED irradiation. The outstanding photocatalytic performance of
the photocatalyst in TET photocatalytic degradation and its chemo- and
photostability from pH = 6.0 to 8.0—the usual pH range of wastewater
containing TET— reinforces its applicability in technologies for decon-
taminating real water.
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