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Orange peel biochar/clay/titania composites: low
cost, high performance, and easy-to-reuse
photocatalysts for the degradation of tetracycline
in watery
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New orange peel biochar/clay/titania nanocomposites (NCs) were studied for photocatalytic degradation
of tetracycline (TET) under both UV and natural solar irradiation by variation of NC dose, initial TET
concentration, ionic strength, and competing anions. Total organic carbon (TOC) reduction was used to
assess mineralization. Intermediate product formation during TET degradation was characterized using
liquid chromatography-mass spectrometry and agar-based diffusion assays. The as-synthesized material
prepared with biochar obtained at 600 °C (C600KT) exhibits the best TET degradation performance under
UV light exposure and solar irradiation with up to 92 and 89% after 2 h, respectively. Especially under UV
exposure, C600KT exhibits the highest apparent rate constant of 2.9 x 102 min™t and a half-life of 23.9
min. About 60 and 50% TOC are removed after 2 h under UV and solar irradiation, respectively. Quenching
experiments confirm that superoxide and hydroxyl radicals are the major reactive species involved in the
degradation process. Furthermore, the treated effluents are harmless to both Escherichia coli and
Staphylococcus xylosus, indicating that no intermediate products with higher toxicity are produced during
the photocatalytic degradation. Additionally, the results show that the main fraction of TET is degraded
within the first 15 min of irradiation. The C600KT composite is recyclable and retains its performance over
at least four cycles, proving its stability and reusability. Overall, the new NCs are therefore highly attractive
for the remediation of TET pollution in water.

The article focuses on a low cost-high impact technology for micropollutant removal from water. The water impact is very straightforward: the materials are
cheap, highly effective, and the synthesis can be scaled to larger amounts. The material and the process described here are therefore of high interest to
both the developing and industrialized countries for effectively treating (organic) micropollutant-contaminated waters.

1. Introduction

water environments due to its stable chemical structure,
which hinders complete metabolization or full uptake by

Tetracycline (TET), an antibiotic commonly administered in
human and veterinary medicine, is frequently detected in
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human or animal bodies."” Consequently, a significant
amount is released through feces or urine as persistent
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degradation by-products into the aquatic environment.’?
Residual TET concentrations have been found in various
water sources across several countries, including surface
water, groundwater, drinking water, and wastewater.”™® While
trace amounts of TET ranging from 2 ng L™'-60 ug L' have
been detected,®® their residues and metabolites contribute
to the spread of antibiotic-resistance genes, disrupting
ecosystem function and ultimately harming human
health.”°

Therefore, an effective treatment for the removal or
degradation of TET is of high interest and current relevance.
Titanium dioxide (TiO,) is a suitable photocatalyst for water
treatment due to its low toxicity, chemical and biological
inertness, and photocatalytic stability."* Its anatase phase has
a slightly larger band gap (3.20 eV) than the rutile phase
(3.03 eV).">"® Because of the wide band gap, both titania
phases only exhibit a strong photoactivity in the ultraviolet
(UV) region of the electromagnetic spectrum and low
efficiencies in the visible (vis) region.'**>

As such, a UV light-based device would be ideal for fully
exploiting the power of titania-based water treatment
materials. However, considering the situation in Africa and
other developing regions, there are two main issues: (1) the
cost of UV-based devices and (2) insufficient or intermittent
power supply in large parts of these regions.'® Therefore,
harnessing solar (visible) light instead of using UV lamps for
photocatalytic water treatment is one of the major factors in
reducing the cost and technical challenges of water treatment
via (titania-based) photocatalysis.

Moreover, in addition to poor activity under visible light
irradiation, any large-scale application of TiO, nanoparticles
(NPs) for water treatment is hampered by the tendency of
titania NPs to agglomerate and by difficulties in NP
separation after water treatment leading to poor catalyst
recovery."’2° Consequently, numerous efforts are underway
to

(1) improve the photocatalytic response of TiO, under
visible light,**

(2) improve the ease of separation of the photocatalyst
from a water body that has been treated,* and

(3) maintain a good catalytic performance over many
cycles of water treatment.>?

Several studies have investigated strategies of
immobilizing TiO, onto supports like biochar, glass,
activated carbon, or clay minerals to create composite
materials with improved visible light photocatalytic activity
and recovery properties.>*” In particular, the addition of a
carbonaceous component to a photocatalyst composite can
improve the photocatalytic efficiency by improving pollutant
adsorption, visible light absorption, and efficient charge
separation.”®*°  Carbon  materials have remarkable
adsorption properties allowing for the accumulation of
pollutants on their surface; this facilitates rapid interaction
between active species and pollutant molecules.?®?'
Secondly, doping of TiO, with carbonaceous material
contributes to increased absorption of visible light.>**> This
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doping interaction can occur through the substitution of
carbon at titanium (C-O bond) or oxygen sites (Ti-C bond) in
the TiO, lattice, resulting in band gap narrowing and
extended absorption edge.*”*” Moreover, carbon materials
can form electron sinks which can enhance the charge
separation within TiO,.***

On the other hand, clay minerals improve the
photocatalyst stability and its recyclability over extended
periods of wuse.'® The combination of titania, a
carbonaceous species, and a (clay) mineral should therefore
provide materials with a high application potential for
photocatalytic degradation of contaminants in water bodies.

Indeed, Cheng et al. reported an improved photocatalytic
efficiency of different TiO,-carbon hybrids for the removal of
rhodamine B, which they assigned to (1) improved electron-
hole separation and (2) a larger surface area of the composite
compared to pure titania.*> Lu et al. prepared a TiO,-biochar
composite by depositing TiO, onto walnut shell biochar. The
resulting composite showed a high photodegradation and
mineralization efficiency, implying that the addition of
biochar improved the photocatalytic process. At the same
time, the addition of biochar also seems to simplify the
recovery of the composite photocatalyst after use.*’ Oseghe
et al. described C-doped TiO, with a higher photocatalytic
efficiency under vis-LED light than undoped TiO,."” Likewise,
Alfred et al reported the efficient degradation of
pharmaceuticals in aqueous media using solar-active clay/
TiO, nanocomposites (NCs) prepared through a biomass-
assisted synthetic route."®

Recently, we reported the development and performance
of a new class of materials based on biochar derived from
orange peel (OP), kaolin clay, and titania for the removal of
the emerging contaminants (ECs); tetracycline (TET) and
bisphenol A (BPA).** The NCs have better adsorption
capacities for TET (30 mg g ') and BPA (23 mg g') than the
unmodified TiO, counterpart or any of the NC constituents
(OP biochar, kaolin, titania) alone. Moreover, the composites
show a performance that is comparable to some other
efficient materials for TET and BPA removal via
adsorption.”**” However, adsorption is a phase transfer
phenomenon, and once the active sites are occupied, no
further removal of pollutants is possible. On the other hand,
in the case of photocatalysis, the contaminants are
continually degraded and the fragments are removed from
the surface, extending the duration that the surface active
sites are available for usein catalytic degradation. This
reduces the cost of regeneration as well as the challenge of
disposing of spent adsorbent. Therefore, an additional
photoactivity of these NCs would offer a superior potential to
remove contaminants.

In this current study, we evaluate OP biochar/kaolin clay/
TiO, NCs, but with respect to the photocatalytic degradation
of TET under UV and visible light (rather than exploiting
pure adsorption, which was described previously**). The
choice of TET as a model case for this study is motivated by
the extensive use of this drug in veterinary and human

Environ. Sci.: Water Res. Technol., 2024, 10, 1432-1450 | 1433


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ew00037d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 10 2024. Downloaded on 08-11-2025 6:49:15.

(cc)

Paper

medicine around the world resulting in a significant
accumulation of TET in freshwater systems.*®

2. Experimental
2.1 Materials

Precursors and composites were obtained as described
previously;** details are available in the ESLt In short, 1.0 g
of biochar and 1.0 g of kaolin clay were dispersed in 30 mL
of ethanol, sonicated, then 5 mL of titanium
tetraisopropoxide (TTIP) was added and the mixture was
vigorously stirred for 1 h. Subsequently, 70 mL of deionized
water was added dropwise under continued agitation over
the course of another hour. The slurry was aged overnight at
room temperature, dried, and then pyrolyzed. The resulting
products obtained were washed, dried to constant weight,
and stored in a dry container. NCs are labelled CH###KT,
where C is carbon (biochar), ### = 300, 400, 500, 600 is the
calcination temperature for biochar synthesis, K is kaolin
clay, and T is titania. A pure TiO, powder (P-TiO,) without
the other components was also synthesized as a control.

2.2 Characterization

The analytical characterization (surface  chemistry,
morphology, composition, point of zero charge, thermal
properties, and surface areas) of the NCs has been reported
previously.** For the current study, optical and spectroscopic
properties were determined to further characterize the NCs.

Elemental maps were recorded on a JEOL JSM 6510
scanning electron microscope (JEOL, Freising, Germany)
equipped with an Xplore EDX detector (Oxford Instruments,
UK). The back scattered electron (BSE) detector was used for
material contrast images at 20 kV. The secondary electron
(SE) detector was used for topographic imaging at 7 kv.

Raman spectra were recorded with a Raman microscope
(Witec alpha300 AR, Ulm, Germany) and a 10x objective
(Nikon E Plan 10%/0.25). A 532 nm diode laser was used as
the excitation source. To increase the signal-to-noise ratio,
each Raman spectrum was accumulated over 10 individual
measurements with an integration time of 1 s each.

UV-vis diffuse reflectance spectroscopy (UV-vis DRS) data
were collected on a Perkin Elmer Lambda 750 UV-vis
spectrophotometer with the solid material attachment
Praying Mantis (Harrick Scientific Products Inc.). Magnesium
sulfate (MgSO,) AnalaR NORMAPUR (VWR, Leuven, Belgium)
was used as background material. The measuring range was
A = 250-850 nm with a resolution of 2 nm. The measured
reflection data R were converted to the K/S ratio according to
the Kubelka-Munk function, eqn (1).*°

$= (0-R?/2R ()

In eqn (1), K is the absorption coefficient, S is the
scattering coefficient, and R is the reflectance. From these
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data, the optical bandgaps were graphically analyzed using
the Tauc analysis’® via eqn (2).

(ahv)* = A(hv — E,) (2)

where a, hv, A, and E, are the absorption coefficient, photon
energy, a constant, and band gap energy, respectively. By
linear extrapolation of (ahv) vs. hv, the band gap energy can
be obtained.’

Photoluminescence (PL) spectra were recorded using a
homebuilt micro-spectrometer. In short, a 355 nm (Coherent
Genesis) laser was directed to the sample through a 40x
objective (Nikon Plan Fluor ELWD). The excitation power at
the sample plane was 1.5 mW. The emission was collected
through the same objective and separated from the excitation
beam by a dichroic mirror (Chroma zt 375 RCD). Finally, the
spectra were recorded by an imaging spectrograph (Andor
Kymera 328i, equipped with an Andor Newton EMCCD). The
spectra were averaged over 20 individual spectra each with an
integration time of 1 second per spectrum.

The chemical composition and chemical states of the NC
were obtained with an Axis Supra+ (Kratos Analytical, UK)
X-ray photoelectron spectroscopy (XPS) setup using
monochromatised Al Ko radiation for excitation (15 KkV,
typical 20 mA). CasaXPS software was used for data
processing and interpretation; XPS signals were fitted using
GL (30) line shapes combining Gaussian (70%) and
Lorentzian (30%) line shapes.>

2.3 Photocatalysis study

Photodegradation studies were carried out under UVB (using
a homebuilt photoreactor, see ESI;f Fig. S1) and sunlight
(during Potsdam summer 2022 between 10:00 and 16:00)
irradiation. The photoreactor has 8 sockets for the lamps (36
W each, UVB, Apax = 311 nm, Philips UV-B PL-L 36 W/01/4p
2G11) that are arranged circularly around a stir plate, where
the reaction mixture can be placed in an Erlenmeyer flask or
beaker. The lamp array is covered with an open cylindrical
aluminum jacket to prevent light emission to the outside and
to allow air circulation. In this study, six UV tubes were used,
that is, two sockets were left unused.

For photodegradation experiments, the photocatalyst
composite (100 mg) was deposited in a 200 mL beaker
containing 100 mL of an aqueous TET solution (20 mg L™") and
afterwards the flask was exposed to the light source (either the
photoreactor or sunlight) with simultaneous agitation with a
magnetic stirrer. Aliquots of 3.0 mL were withdrawn at specific
times and immediately filtered through 0.45 um PTFE syringe
filters (VWR, Radnor, USA). The remaining TET concentration
in the liquid phase was determined via UV-vis spectroscopy
(Shimadzu UV-1900, Kyoto, Japan) using the TET absorption
band at 358 nm. Solutions were placed in a quartz cuvette with
a path length of 10 mm using water as reference. Calibration
was done via a dilution series with TET in water. To ascertain
that the PTFE filters do not adsorb TET and affect the

This journal is © The Royal Society of Chemistry 2024
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measurements, calibrated TET solutions were directly filtered
with the PTFE filters and no TET adsorption on the PTFE filter
was found. A control photolysis study was conducted under
identical experimental conditions as described above, but
without the photocatalyst.

The TET degradation efficiency was calculated from eqn (3):

R (%) = (Co — C))ICy * 100 3)

where C, and C, are the TET concentrations (mg L) in the
starting solution and after time ¢ of treatment (that is,
irradiation with either sunlight or in the photoreactor) with
the composite, respectively.

The degree of mineralization was determined via the
measurement of the total organic carbon (TOC) of the treated
and untreated water using a Vario TOC analyzer (TOC/TNb
Analyzer, vario TOC cube, Elementar Analysensysteme GmbH,
Hanau, Germany). The percentage of mineralization was
calculated using eqn (4),

% Mineralization = (TOC, — TOC,)/TOC, % 100 (4)

where TOC, and TOC. refers to the initial TOC at the
beginning of the experiment and the final TOC after
treatment, respectively.

The kinetics of the photodegradation
evaluated according to the Langmuir-Hinshelwood (L-H)
kinetics model (first-order kinetics model), eqn (5),

reaction was

In— =kt (5)

where k (min™') and ¢ (min) are degradation rate constant
and irradiation time, respectively. The k value was calculated
from the slope of the linear regression data.

The influence of operating variables on TET
photodegradation was studied using the best performing
catalyst, C600KT. To that end, 50 mL of a 20 mg L™ TET
solution were irradiated for 60 min using C600KT for the
effect of catalyst dose (10, 25, 50 mg), solution pH between
3.0 and 11.0 (adjusted with 0.1 M HCI or 0.1 M NaOH), ionic
strength (0.1, 0.01 M, and 0.001 M NacCl), and anions (1.0
mM of SO,>, CI, HCO;). For the effect of initial
concentration, different concentrations of tetracycline (10,
20, 40, 80 mg L") were investigated.

To evaluate the recyclability of the NCs, again the best
performing photocatalyst, C600KT, was selected. 200 mL of
20 mg L™" of TET solution was mixed with 200 mg of C600KT
for 120 min under UV irradiation. After each experiment, the
NC was recovered, rinsed with water, and dried in the oven at
80 °C before reuse.

2.4 Identification of reactive species and degradation
products

In order to identify the main reactive species (positive valence
band holes h*, hydroxyl radicals ‘OH, or superoxide 'O,)

This journal is © The Royal Society of Chemistry 2024
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generated upon irradiation, 1 mM sodium oxalate (Na,C,0y,,
a h' scavenger), 0.2 mL isopropanol (IPA, an ‘OH scavenger),
or 0.5 mM benzoquinone (BQ, a 'O, scavenger) were
used.?*"? All measurements were performed in duplicate.
Identification of the degradation products was done via
high-performance liquid chromatography-mass spectrometry
(HPLC-MS, Agilent Infinity HPLC 1260 System using Agilent
G6470A Series Triple Quad LC/MS, Agilent Technologies Sales
& Services GmbH & Co.KG, Waldbronn, Germany) using
solutions that were irradiated for 120 min in the presence of
the photocatalyst. A Poroshell 120 EC-C18 Column (3.0 x 50
mm, 2.7 pm, Agilent Technologies Sales & Services GmbH &
Co.KG, Waldbronn, Germany) was employed for separation.
The binary mobile phase consisted of 0.1% formic acid (A) and
methanol (B) at a flow rate of 0.6 mL min". The column
temperature was 25 °C. Analyses were performed in ESIf
positive ion mode using the following settings: nebulizer
pressure of 35.0 psi, fragmentor voltage of 80 V, and a
desolvation nitrogen gas at a flow rate of 11.0 L min™". MS
scans were performed in the range = 100-1000 m/z at
fragmentor voltage = 80 V with a scan time = 500 ms.

2.5 Toxicity assessment of treated water

Agar-disc diffusion assays were applied to determine whether
the degradation products still retain antibiotic activity and to
follow the effects of TET degradation over treatment (i.e.
irradiation) time. In order to compare the potential toxicities
of TET and aliquots from treated water at different time
intervals, the change in toxicity against TET-sensitive bacteria
(Gram-positive Staphylococcus xylosus and Gram-negative
Escherichia coli SCS1) was monitored. One colony of each
bacterial strain was cultured in 20 mL 2YT medium and
incubated overnight at 37 °C while shaking at 100 rpm min™
(called “overnight culture”). Subsequently, 20 mL of 45 °C
warm 2YT agar was mixed with 10 pL of the overnight culture
to prepare the plate. From each of the test samples (the
parent compound and the aliquots taken at specific time
intervals), 500 uL were taken and lyophilized down to 50 pL.
The necessary number of paper discs (4.5 mm) was deposited
on the bacteria agar plate and 25 pL of 10x concentrated
process samples were pipetted on each disc. The antibiotic
TET was used as a positive control and distilled water with
5% ethanol was used as a negative control. The plate was
incubated over night at 37 °C and evaluated. Finally, the
inhibition zone diameter was used as a criterion to determine
the antimicrobial toxicity.

3. Results and discussion
3.1 Characterization

A previous study** describes the synthesis and the general
characteristics of the NCs in detail, including scanning
electron microscopy (SEM), elemental analysis (EA), energy
dispersive X-ray (EDX) spectroscopy, X-ray diffraction (XRD),
and nitrogen sorption (see ref. 44 for full details). SEM
showed that the NCs are composed of well-dispersed
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Fig. 1 SEM image and elemental maps of all elements present in the C600KT NCs. Green, blue, yellow, red, and cyan represent carbon,
aluminum, silicon, oxygen, and titanium, respectively. Scale bar applies to all images.

nanometer-sized titania particles deposited on a porous SEM image with elemental mapping of one of the
kaolin clay/carbon support.** composites, C600KT. The X-ray map shows the presence of C,

Furthermore, additional characterization of the NCs was Ti, Al, Si, and O. This result matches well with the EDX
done for the present study. Fig. 1 displays a representative  profile and elemental analysis obtained for the NCs in the

(@) [ Y (b)
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Fig. 2 (a) Raman spectra, (b) UV-vis DRS spectra, (c) Tauc plot analysis, and (d) PL spectra of P-TiO, and all NCs. Raman spectra in panel (a) are
shifted vertically for clarity. Band gaps calculated from Fig. 1c are shown in Table 1.

1436 | Environ. Sci.. Water Res. Technol.,, 2024, 10, 1432-1450 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ew00037d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 10 2024. Downloaded on 08-11-2025 6:49:15.

(cc)

Environmental Science: Water Research & Technology

previous study.** The Ti-, C-, and O-mapping shows that Ti,
C, and O are uniformly distributed in the composites
revealing the close contact between these elements. Si and Al
stem from the clay (and hence must be closely associated)
while C stems from the orange peel biochar.

Fig. 2a displays the Raman spectra of the NCs. The spectra
show five bands that are characteristic of anatase at 147 (E,,
O-Ti-O symmetric bending), 198 (E,, unassigned band from
TiO,), 395 (By,, Ti-O asymmetric bending), 513 (A + Big,
Ti-O symmetric stretching or asymmetric bending), and 636
(Eg, O-Ti-O symmetric stretching) em™. The spectra of all
NCs show an intense band at 147 cm™, suggesting that the
crystallite sizes of the NCs are identical. All other bands,
however, are broad, indicating the defective nature of TiO, in
the NCs.>>**

The bands observed in the Raman spectra of the NCs are
less intense and exhibit a slight red shift (ca. 2-3 cm™) when
compared to those found in the spectra of P-TiO,. This
suggests a slightly higher defect density in the TiO, in the
NCs.*""® which has been linked to the presence of impurities
such as carbon or oxygen vacancies in the TiO, lattice.”
Surprisingly, even though about 28% of the NC are carbon®*
there is no Raman signal that can be assigned to the
presence of carbonaceous species. Similarly, from the EDX
data,** the Si content (indicative of kaolinite) is very low at
ca. 3-4%, while the Ti content (indicative of the titania) is ca.
23%. This indicates that there is a rather high fraction of
defect-rich®*° titania which consequently dominates the
Raman spectra of the NCs.

Fig. 2b shows the solid-state UV-vis diffuse reflectance
spectroscopy (UV-vis DRS) data of P-TiO, and the NCs. They
all show similar absorption edges at around 380 nm. P-TiO,
has the strongest absorption band around 200-380 nm in the
UV region. The NCs show a much lower absorption in the UV
region in the order C600KT > C300KT > C500KT > C400KT.
Previous studies indeed report that the strong band edge of
TiO, is reduced when TiO, is amalgamated with another
material.’”*® Also, doping non-metals into wide band gap
metal oxide photocatalysts may effectively improve their
visible light absorption but at the same time reduces UV
absorption.>**°

This last observation is also consistent with the current
observation: the absorption for all NCs tails into the visible
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region beyond 700 nm, with the tailing in the order of
C500KT < C400KT < C600KT < C300KT. This clearly shows
that all NCs can absorb some visible light; this is in strong
contrast to P-TiO,, where the absorption is largely confined
to the UV region.

The band gaps of P-TiO, and the NCs were determined
using Tauc analysis as illustrated in Fig. 2c and a summary
of the band gap for all samples are presented in Table 1. For
P-TiO,, a wide band gap of 3.08 eV is obtained while band
gaps of 3.06, 2.99, 3.05, and 2.88 eV were obtained for
C300KT, C400KT, C500KT, and C600KT, respectively. The
slightly lower band gap energies of the NCs compared to P-
TiO, are likely due to impurities or defects within these
materials, thereby shifting the absorption window slightly
into the visible range.®*"®* The slight reduction in the band
gap of the band gaps in the NCs suggests that the
introduction of C into the TiO, lattice likely modifies the
TiO, band structure by creating impurity midgaps and thus
tuning its bandgap.'>**>°

Fig. 2d shows the PL spectra of the composite materials.
PL analysis has been widely used to understand the behavior
of photo-induced charge carriers and the recombination
process.®* With an excitation wavelength (L) of 385 nm,
broad emissions peaks in the visible region (420-800 nm)
with very low intensities are observed for P-TiO, and the NCs.
Generally, a low emission intensity indicates a decreased
recombination rate of the photogenerated electron/hole pairs
and thus a higher photocatalytic activity.">¢>°°

Alternatively, it is also possible that the carbonaceous
species generate defects in the TiO, crystal structure that
either deepen existing trap states or act as trap states
themselves.®”*® However, if those traps are too deep, they
can act as recombination centers if located within the bulk
or innermost part of the nanoparticles thereby reducing
degradation activity.®®®® This could explain, why the
degradation efficiency of C300KT is the lowest (see below for
details).

In this study, the spectra of all the NCs exhibit a similar
curve shape, and the peak intensities are nearly the same.
However, the position the bands in the spectra of C300KT
and C600KT is more red-shifted. This suggests that these
NCs are active emitters in the visible region of the
electromagnetic spectrum.'®’® Contrary to our data, other

Table 1 Band gaps obtained from Tauc plot analysis, total organic content (TOC) mineralization, degradation efficiencies, and kinetic parameters vs.
catalyst. Note that the data shown in the last row were obtained in the absence of a catalyst (pure photolysis of TET solutions)

Degradation

efficiency TOC mineralization

(%) at 120 min (%) Band gap Kinetic parameter
Materials uv Sunlight uv Sunlight (eV) k (min™) t1), (min)
C300KT 82 80 53 44 3.06 0.012 57.8
C400KT 88 84 55 46 2.99 0.022 30.1
C500KT 90 84 50 50 3.05 0.028 24.8
C600KT 92 89 60 50 2.88 0.029 23.9
P-TiO, 97 91 58 39 3.08 — —
TET (photolysis in solution) 20 18 — — — 0.0014 495

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 High-resolution XPS spectra of survey (a), C 1s (b), O 1s (c), and Ti 2p (d) of P-TiO, and C600KT, respectively.

data suggest that the hybrid clay components do not
necessarily contribute to the photoactive nature of the
nanocomposites but merely acted as substrates for the
development of the nanocomposites.”””> The reason for this
difference is currently unknown.

XPS analysis was performed to investigate the chemical
state of the elements present in P-TiO, and C600KT. Fig. 3a
shows the survey spectra of P-TiO, and C600KT from 0 to
1100 eV, which show fairly strong O 1s, Ti 2p, and C 1s peaks
for both samples, while Si 2p and Al 2p signals are only
weakly visible in C600KT due to the small amount of
kaolinite combined with P-TiO, (Fig. S2f). Particularly,
compared to the data of P-TiO,, the survey spectrum of
C600KT revealed the highly pronounced C 1s peak due to the
introduction of carbon species from the biochar during the
pyrolysis.

In Fig. 3b, the binding energies of C-C bonds in both
samples were charge-corrected by setting it as equal to 284.8

1438 | Environ. Sci.: Water Res. Technol., 2024, 10, 1432-1450

eV, and the oxygen-bound species of C 1s were fitted as C-O,
C=0, O-C=0 bonds at 286.2 eV, 287.8 eV, and 288.8 eV
equally in both samples, respectively.”>”® Different from the
XPS peak fitting of P-TiO,, the C 1s of C600KT revealed three
more peaks at 281.85 eV, 283.07 eV, and 289.5 eV, where the
most intense peak at 283.07 eV could be designated as
binding energy of AI-C-O organometallic complex,”®”® which
suggests that various alcohol and carbonyl groups in orange
peel, including those from cellulose, lignin, and
hemicellulose, may lead to  aluminum-mediated
organometallic compounds with the chemical bonds (e.g., Al-
O-Al or Al-O-Si) in kaolinite during the pyrolysis reaction
(Fig. S2at).**7°

In addition, C600KT showed two more peaks at 281.85
eV and 289.5 eV. Basically, in the binding energy shift of
XPS, the more chemical bonds with electronegative atoms
are formed in the chemical structure, the stronger the
positive XPS chemical shift is observed.®®®" Therefore, when

This journal is © The Royal Society of Chemistry 2024
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considering the pyrolysis reaction of orange peel and
kaolinite with P-TiO,, the higher binding energy at 289.5 eV
can be assigned to Ti-O-C bonds because Ti atoms can be
partially replaced by the more electronegative C atoms,”
while the lower binding energy at 281.85 eV can be ascribed
to Ti-C bonds due to the low electronegativity of C atom
relative to O atom.®® Thus, it can be inferred that some
amount of carbon from the biochar is incorporated inside
the TiO, lattice of the composite materials.

Fig. 3c shows photoelectron signals from Ti 2p in two
samples, which consist of doublet peaks with a 2:1 ratio in
intensity due to their degeneracies. In the case of P-TiO,, the
binding energy of Ti 2p;, and Ti 2p,, for P-TiO, were
determined at 458.65 eV and 464.37 eV, respectively, with the
doublet separation as 5.72 eV between them, which mostly
indicates a Ti*" valency state,** matched with a form of
anatase TiO,.>>*>® Contrarily, the Ti 2p of C600KT requires
two components to be fitted, where the second component at
459.15 eV can be attributed to the Ti**~O bonds originated
from TiO/Al,0;.%*™% Also, the Ti*'-O (Ti 2ps,) peak of
C600KT was slightly shifted toward lower binding energy
from 458.65 eV to 458.59 eV as compared to that of P-TiO,,
which might be attributed to the strong interaction between
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the anatase TiO, with newly formed Ti**-O bonds and the
kaolinite substrate.>*%?

Similar to this trend of the chemical interaction between
P-TiO, kaolin clay, and biochar, in Fig. 3d, the O 1s
spectrum of C600KT also revealed three more peaks
centered at 530.86 eV, 531.83 eV, and 532.69 eV besides
Ti-O bonds (529.86 eV), where the binding energy at 530.86
eV can be attributed to Al-C-O organometallic bonds.”®”®
This data may indirectly support the existence of an Al-C-O
organometallic complex detected in the C 1s scan. Also, the
highly shifted binding energy, peaking at 531.83 eV and
532.69 eV, can be assigned to the Al,SiOs or Al,O;, and
Si0,, respectively.®™*

3.2 Degradation study

Fig. 4a shows the photocatalytic degradation of TET under
UVB irradiation (using the photoreactor described in the
Experimental section) vs. irradiation time. With no catalyst
present in the mixture, only a slight decrease (19%) in the
TET concentration is observed after 120 min of irradiation.
This indicates that TET is not easily degraded by UVB
irradiation only.
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g 60 —<—P-TiO2
s —&— C600KT
o —v¥— C500KT
§ 40- —&— C400KT
4
—e— C300KT
20 - —=a— Photolysis
0
0 20 40 60 80 100 120
Time (min)
(d) oof, . -
-0.24# *
-0.4
-0.6 -
;o -0.8
g -1.0
£ 129 4 caookT
1.4 e C400KT
464 4 csookT
: v C600KT
-1.84 & Photolysis
-2.04 —L-Hmodel
T T T T T T
0 10 20 30 40 50 60

Time (min)

Fig. 4 Degradation of TET under (a) UVB and (b) solar irradiation using com-TiO,, P-TiO,, C300KT, C400KT, C500KT, and C600KT along with the
control photolysis experiment (no catalyst present), (c) comparison of the efficiency of C600KT with the dark experiment, and (d) Langmuir-
Hinshelwood kinetic fits for all measurements. Some of the error bars are small and directly on the plot symbols, the same figure only showing the

error bars can be found in the Fig. S3.f
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In the presence of all photocatalytic NCs, however, the
degradation is effective and between 82 and 93% of TET is
degraded within 120 minutes of irradiation (Table 1). As a
result, we conclude that all composites show a rather high
photocatalytic activity and are highly suited for the removal
and degradation of TET under UVB irradiation. Among the
four NCs studied, C600KT has the best performance with
about 85% TET removal/degradation after 60 min and 93%
after 120 min of irradiation.

It must be noted, however, that P-TiO, (the control
material not containing biochar and clay) prepared in this
study has a slightly higher catalytic activity than even the best
of the NCs, C600KT, resulting in a final degradation of 96%
of TET after 120 minutes. However, P-TiO, is much more
difficult to separate from the liquid phase than any of the
composites, Fig. S8, ESIi As a result, the NC photocatalyst
C600KT has a clear advantage over com-TiO, and P-TiO, in
that the performance is comparable to P-TiO,, and separation
and recycling is much more straightforward.

Fig. 4b shows the photocatalytic degradation of TET under
solar irradiation (as opposed to UVB lamps, Fig. 4a). All NCs
again exhibit a good performance in TET degradation and
their degradation efficiencies (>80%) are essentially identical
to the data obtained via UVB irradiation (Table 1). Overall,
Fig. 4 therefore demonstrates that the NCs are highly
effective, regardless of whether UVB or natural light is used.
The visible-light absorption ability of the NCs for TET
degradation can be attributed to:

(1) their slightly lower band gap (Fig. 2b and ¢) compared
to com-TiO, and P-TiO, allowing for more photons to be
harnessed for the photocatalytic degradation,

(2) the presence of carbonaceous species, providing
improved surface areas and also acting as a carbon source
both of which promote the narrowing of the band gap, and
enhancing charge-carrier separation (electron sink),”> %’

(3) their relatively small crystalline size (about 60 nm
obtained from the Scherrer equation),** and

(4) the larger specific surface area (70-163 m* g”*)** which
offers a larger contact area between the TET molecules and
the catalyst surface, thus reducing the charge recombination
rate on the catalyst surface.

From the Tauc plot, C600KT has the lowest band gap (2.88
eV, Table 1) suggesting that the carbonaceous species could
introduce lattice or surface defects in the titania that
effectively lower the band gap, similar to previous reports by
Oseghe et al.," Alfred et al.,'® and Li et al.*' and improve the
visible light catalytic performance of TiO, catalysts. The
presence of carbon in the catalytic composites can lead to the
formation of new active sites, which may be responsible for
the more pronounced absorption tail into the visible region
of the spectrum.®® These concepts should also apply to the
current materials because elemental analysis and nitrogen
sorption results indicate that the photocatalytic composites
contain some amount of carbon and that the composites
have a larger specific surface area than the unmodified
titania, respectively.**
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Furthermore, to differentiate the adsorption from
photocatalytic properties of C600KT in the degradation of
TET, a dark experiment was carried out (Fig. 4c). About 29%
of TET is removed in the dark compared to the reaction in
the presence of light, where the removal (or degradation) is
about >89%. This confirms that C600KT is photoactive and
that the most significant contribution to TET removal is via
photocatalysis.

Fig. 4d shows that TET degradation follows pseudo-first-
order kinetics (eqn (5)). The corresponding kinetic
parameters (rate constant k and half-life ¢,,,) are presented in
Table 1. Composites with the highest k and lowest ¢, are
considered the best materials."”> Among the materials
studied, C600KT has the highest k and the lowest ¢,
consistent with the highest efficiency found earlier,
Fig. 4a and b. In contrast, photolytic degradation (that is,
irradiation only, with no catalyst present) has the lowest rate
constant and largest t;,. These data also illustrate why
generally TET degradation in natural systems is rather slow
in the absence of a catalyst.

Table S1f compares the photo-efficiency of the
photocatalysts to other materials and processes that have
been reported for the removal of TET molecules in water.
Given the lower weight of the composite utilized in this
study, the efficiency of C600KT is better than some previously
reported in terms of kinetics, percentage of TET removal, and
TOC removal efficiency.

3.3 Effect of operating variables

As C600KT is the most efficient material among those
described here, it has been studied in detail in the
following sections. The degradation efficiencies (% removal)
vs. various operating variables for C600KT are shown in
Fig. 5.

The effect of the mass of the photocatalyst composites
on degradation was studied in order to prevent excess
catalyst usage and to determine the optimum mass needed
for maximum TET degradation. Fig. 5a shows the effect of
the catalyst dose on the removal rate at a fixed TET
concentration of 20 mg L™". TET degradation increases from
80% to 90% as the composite dose increases from 10 to 50
mg. This increase in degradation efficiency is attributed to
the higher number of available active (photocatalytic) sites
on the composite surface. This enables a more effective
formation of reactive oxygen species (ROS) upon irradiation.
The resulting higher number of ROS can then accelerate
TET degradation.”®

Fig. 5b shows that the amount of TET degraded by the
composite decreases with increasing TET concentration (10-
80 mg L'). This is likely because as concentration
increases, more TET molecules and degradation
intermediates are present in the solution. These will then
absorb a higher fraction of the incoming light and, as a
result, lower the number of photons reaching the
photocatalyst surface. This results in a decrease in the

This journal is © The Royal Society of Chemistry 2024
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removal efficiency.”® %

Moreover, the photolysis experiment
(Fig. 4a) demonstrates that light absorption by TET
molecules does not significantly contribute to TET
photodegradation since TET is not easily degraded by UVB
irradiation alone.

In addition, when the initial TET concentration is high, a

greater number of intermediate products are released into

This journal is © The Royal Society of Chemistry 2024

the solution during degradation. This might result in direct
competition between the TET molecule itself and the
intermediate products for the active sites, thereby slowing
down TET degradation.'®?

Fig. 5c shows the influence of the solution pH on the
degradation efficiency of C600KT. The TET
photodegradation efficiency slightly increases from ca. 80 to
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ca. 85% from pH 3 to 7. Above pH 7, the efficiency of the
photocatalyst drastically decreases and reaches ca. 70% at
pH 11. From our previous study,** pHp,. of C600KT is 6.23
while TET exists as a cationic species at pH < 3.32, as a
neutral species at pH 3.32-7.68, and as an anionic species
at pH > 7.68. Taking this information into account it can
expected that at pH < pHp,. the composite is positively
charged. As a result, the lower the pH the more positively
charged the photocatalyst surface is. In contrast, if pH >
pHp,c, the surface is negatively charged; this effect is more
pronounced at higher pH.'”* Similarly, TET is more
negatively charged at higher pH values so that at high pH,
a rather weak interaction can be expected. Due to negative-
negative coulombic repulsion, TET will not interact as
effectively with C600KT than when the pH is lower; this in
turn reduces the system's overall effectiveness.

As a result, proper choice of the solution pH can improve
the interaction between the photocatalyst and TET. In the
current case, a pH around 7 works best. This suggests that
electrostatics may not be the major driving force for
interaction between photocatalysts and TET. We currently
speculate that n-m and van der Waals forces along with
hydrogen bonding may be important for TET adsorption onto
the catalyst and subsequent photocatalytic degradation.

To explain the different photocatalytic activities at low and
high pH, there are different aspects to consider. While the
photocatalytic efficiency is only slightly lower at lower pH
(that is, at higher H' concentrations) and significantly lower
at higher pH (pH < 9, higher OH™ concentrations), this could
be attributed to repulsion between the surface charge of the
C600KT and the charged TET species inhibiting the
adsorption of TET on C600KT, as stated above. On the other
hand, the concentration of OH" influences the
photodegradation and at a high solution pH (>9.7) more OH’
can be generated,'® while TET is also present as H(TET)>".
This negatively charged TET species could attract the
electrophilic OH', due to the high electrical density on its
ring  system, leading to enhanced photocatalytic
activities."”>'°®  Apparently, based on the adsorption
mechanism and the concentration of OH’, there may be an
optimum condition for TET photocatalytic degradation. In
this study, only a slightly alkaline pH (pH = 9) was suitable
for photocatalytic degradation of TET. However, the
maximum degradation efficiency of C600KT is at pH 7
(=~89%), similar to ref. 100.

Fig. 5d shows the influence of foreign anions present in
the system. CI” and SO,>” show no inhibitory effect on the
photocatalytic activity of C600KT. Interestingly, CI” improved
catalytic performance slightly. Previous studies have noted
that CI” can facilitate the degradation of certain organic
substance containing electron-rich groups, although the
authors did of this study not provide a detailed explanation
of this observation.'®”'°® In contrast, HCO; reduces the
activity of C600KT by 10-15% compared to the control
reaction. This may be a result of this anion competing with
organic molecules such as TET for active sites on the
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composite surface.'® Furthermore, HCO; is a free radical
scavenger, which consumes some active free radicals.'*® This
would then lead to a reduction in the photocatalytic activity
due to two competing reactions and a concurrent, reduced
degradation of TET.

Finally, Fig. 5e shows the effect of added salt on TET
degradation. Typically, in water, the presence of Na* and CI”
(and related ions) is inevitable. In this study, Na" and CI°
have no significant effect on the efficiency of C600KT in the
photodegradation of TET up to a concentration of 0.1 M. The
efficiency of the composite is maintained at =87%
irrespective of the ionic strength.

3.4 Reusability study

One major advantage of the C600KT over P-TiO, and com-
TiO, is its ability to be reused over several cycles without
losing its photocatalytic activity. In part this is due to the fact
that titania NPs are difficult to separate post-treatment,
which complicate the recovery process. The incorporation of
the clay component into the composites facilitate a fast and
uncomplicated recovery of the photocatalyst NCs (see Fig.
S51), allowing for a much easier reuse than P-TiO, and com-
TiO,. This easy separation of composites can be assigned to
much larger particle sizes in the composites than in the P-
TiO,; this advantage is caused by the large clay particles. This
is consistent with our previous study that has shown that the
addition of clay to the composites greatly enhances the
recyclability.**

The photocatalyst was reused for four cycles to degrade
TET (20 mg L™") under the same conditions as described
previously. Fig. 6a shows that the degradation efficiency
observed in these four cycles is ca. 85%, 79%, 68% and 71%,
respectively. The slight decrease in efficiency is likely caused
by the loss of catalyst particles and the gradual buildup of
TET molecules and their intermediates on the active sites
during each cycle, which may hinder the generation of
reactive species.’*™'? Overall the data show that the
degradation process and the recycling of the nanocomposites
are viable and are candidates for effective low cost
photocatalytic water treatment.

3.5 Identification of main reactive species

To understand the photocatalytic mechanism and to identify
the reactive species involved in the photocatalytic TET
degradation with C600KT, three different radical scavengers
- isopropyl alcohol (IPA), sodium oxalate (NaO,), and
benzoquinone (BQ) - were used for quenching hydroxyl
radicals (‘'OH), holes (h"), and superoxide radicals (‘O,"),
respectively. Fig. 6b shows that the addition of IPA hardly
affects the TET degradation over 60 min reaction time.
NaO, leads to a visible decrease and only 74% of the TET is
degraded. The addition of BQ leads to a significant decrease
in TET degradation down to only 26% TET degradation.
This implies that the composite releases more ‘O,” than h*
and 'OH radicals in solution when exposed to irradiation.

This journal is © The Royal Society of Chemistry 2024
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Superoxide radicals ‘O, appear to be the major active
species involved in TET degradation via the C600KT
photocatalyst. Despite this, h" and 'OH also play a pivotal
role in the reaction system because these two ROS
contribute to the TET degradation.

3.6 Mineralization efficiency

Fig. 7a and b shows the efficiency of the different
photocatalyst composites for TET mineralization as evaluated
via measurements of the total organic carbon (TOC)'"? of the
effluent after UVB and solar irradiations in selected
conditions (see Experimental section for details). Upon
irradiation, C600KT mineralizes approximately 60% (UVB
irradiation) and 50% (solar irradiation) of TET, respectively.
This is higher than the values obtained for the other

This journal is © The Royal Society of Chemistry 2024

composites investigated in this study. Under visible light
irradiation, C600KT also shows a higher TET mineralization
efficiency than P-TiO,.

The intermediate products obtained during the TET
photodegradation over C600KT were detected by liquid
chromatography-mass spectrometry using electrospray
ionization (ESI-LC-MS). Fig. S31 shows the information on
the extracted ion chromatograms of the TET solution before
and after degradation. The primary characteristic peak with a
retention time (rt) of 2.31 min and mass-to-charge ratio (m/z)
of 445 corresponds to the deprotonated TET molecule ion.
After photodegradation, three main intermediates with m/z of
198 (rt = 2.71 min), 170 (rt = 1.39 min), and 156 (rt = 0.91
min) were detected.

According to Fig. S6-S9 (ESIf), two of the intermediates
exhibit shorter retention times than TET, indicating that they
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Fig. 8 Proposed structure of degradation intermediates identified from mass spectrometry.

are more hydrophilic than TET. This is consistent with the
TOC data, which shows that complete mineralization is not
achieved within the 120 min degradation time proving that
prolonged irradiation duration is required for complete
mineralization of the residual fragments. The results suggest
that the generation of these intermediates results from a loss
of functional groups and various reactions such as ring-

opening, bond cleavage, demethylation, dehydration,
dehydroxylation, deamination, and oxidation.'****®
Moreover, we have shown above (Fig. 6b) that

superoxide radicals are key players in TET degradation
with C600KT. As a result, based on the data shown in
Fig. 7 and the mass spectrometry data, a number of
intermediates (Fig. 8) can be postulated. These can form
upon irradiation and are present in the liquid phase after
120 minutes of irradiation. Upon longer irradiation, they

1444 | Environ. Sci.: Water Res. Technol., 2024, 10, 1432-1450

can be transformed further or
mineralized to CO, and H,O.

ultimately be fully

3.7 Toxicity assessment

One of the key setbacks of the advanced oxidation process
is the possibility of producing a photodegradation product
with higher toxicity to the environment and humans due to
incomplete mineralization. As a result, the toxicity of
C600KT-treated aqueous solutions against E. coli and S.
xylosus bacteria was investigated. Effluents collected after
15-120 min treatment with C600KT show no toxicity to both
bacteria. The starting material (¢ = 0 min; 20 mg L' TET)
shows a clear growth inhibition around the paper disk.
With increasing incubation time of the water sample treated
with C600KT the size of the inhibition zone becomes

This journal is © The Royal Society of Chemistry 2024
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Table 2 Comparison of growth inhibition of water samples after different incubation times with C600KT to a serial dilution of TET

Radius of inhibition
area [mm] (radius
additional to paper

disc)
Plate Sample E. coli S. xylosus
Reference plate 20 mg L™ 2 3.6-3.8
15 mg L™ 1.5 3.6
12.5 mg L™ 1 2.5
10mg L™ — 1.8
7.5mg L™’ — 1.4
5mgL™" — 1.1
1mgL™" — —
Negative control — —
TET concentration in water
sample®
E. coli S. xylosus
Plate with 10x concentrated process samples Blank 6-7.5 9 20 mg L! >2mg L™
5 min 4.5 6.5 >20 mg L™ >2mg L™
15 min 1.5 2.7-3.1 ~1.25mg L™ ~1.25mg L™
30 min — — n.d. n.d.
60 min — — n.d. n.d.
120 min — . n.d. n.d.

Negative control

“ The factor due to concentrating the samples (10x) was taken into account. The radius of the inhibition area of the water sample was

compared to the dilution series.

E. coli

t=120min

Fig. 9 Toxicity test for untreated (t = 0) and treated water collected at different time intervals against Escherichia coli SCS1 and Staphylococcus

xylosus.

smaller. Already after 15 min, the inhibition zone is nearly
the size of the paper disk. This means that at this time
point around 1.25 mg L' TET is present in the water
sample.

If TET is used undiluted, almost no infection of the
growth can be seen after 15 minutes. This means that the
TET concentration must be less than 10 mg L™ (Table 2, see
reference plate). If the sample is concentrated by a factor of
10, this results in a radius of inhibition of ~1.5 mm, which
corresponds to a concentration of 15 mg L™ of the 10-fold
concentrated sample or less than 1.5 mg L™ of the undiluted
sample. This corresponds to a reduction in TET of over 90%.
These data also show that the rate of TET degradation is fast
and the intermediate products generated are less toxic than

This journal is © The Royal Society of Chemistry 2024

the TET molecules, at least to the two bacterial strains
investigated here (Fig. 9).

4. Conclusion

Contamination of water bodies with antibiotics is a severe
issue and low cost yet effective solutions to treat
contaminated water are highly sought after. The current
study demonstrates that the combination of a high surface
area biochar and clay composite, which is rendered
photoactive by the addition of titania nanoparticles is an
effective means for removing tetracycline from an aqueous
solution. While the composite also works in the dark, the
combination of multiple components providing high surface

Environ. Sci.: Water Res. Technol., 2024, 10, 1432-1450 | 1445
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areas, good recyclability, and photoactivity shows its full
potential when irradiated with UV lamps or natural sunlight.
Under appropriate pH, tetracycline concentrations,
photocatalyst dose, and appropriate light sources, up to ca.
90% of tetracycline can be degraded using these new low cost
photocatalysts. The comparison of the chemical
characterization of the reaction products and degradation
time with a biological readout shows very good comparability
and also demonstrates that no toxic products are generated
during the photodegradation process.
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