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D polyurethane foams with
microwave-synthesized TiO2 nanostructures for
solar light-driven degradation of tetracycline†
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Carvalho, ef Mariana N. Amaral, gh Catarina Pinto Reis, gh
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Pharmaceutical substances present in soils and water supplies pose a significant risk to the ecosystem.

Solar light-driven photocatalysis with titanium dioxide (TiO2) nanophotocatalysts has been widely

explored for the degradation of these substances in aquatic resources. However, the lack of reported

sustainable methods to produce TiO2 nanophotocatalysts and the challenges associated with their

use in powder form during photocatalytic experiments further limit their scale-up. Herein, we show

an eco-friendly approach to synthesize TiO2 nanopowders using a fast microwave method (10 min)

and their further incorporation on polyurethane (PU) foams by a simple dip-coating process. Ethanol,

isopropanol (IPA), and water were employed for the microwave synthesis of TiO2 nanophotocatalysts,

unveiling distinct structural and optical properties for the material synthesized in each solvent. When

ethanol was used as a solvent, TiO2 anatase nanocrystals were obtained, which exhibited high-index

{012}/{102} facets with surface steps and bulk defects. These defects together with the superior

specific surface area and higher capacity for surface oxygen adsorption contributed to a significant

adsorption capacity (about 58% in 240 min) of tetracycline (TC) and overall TC removal of ∼90% after

30 min of simulated solar light exposure. Reusable TiO2-PU foams achieved ∼80% of TC removal in

180 min of light exposure. This study showcases the successful surface modification of PU foams

with TiO2 nanostructures highlighting their potential for an efficient removal of tetracycline from

water while ensuring ecological safety, as demonstrated by the ecotoxicity assays using the Artemia

salina model.
Environmental signicance

Wastewater recalcitrant contaminants, including antibiotics, pose a signicant risk to human health and the ecosystem. In this regard, the utilization of
solar-driven photocatalysts on sustainable platforms aims to avoid the issues of recovery and recyclability of powdered photocatalysts in photocatalytic
experiments, while providing a promising and scalable strategy for the treatment of polluted effluents. Various solvents were investigated to produce TiO2

nanostructures with distinct structural and optical properties through a fast and eco-friendly microwave approach. This approach in combination with
a dip-coating technique gave rise to 3D porous and defective TiO2 nanostructures on exible polyurethane foams. The relationship between the structural
defects and the nanomaterial's photocatalytic performance was evaluated for the degradation of tetracycline. Moreover, the produced platforms were
reusable and aquatic life safe.
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fCeFEMA, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais,

1049-001 Lisboa, Portugal
gResearch Institute for Medicines (iMed.ULisboa), Faculty of Pharmacy,

Universidade de Lisboa, Av. Professor Gama Pinto, 1649-003 Lisboa, Portugal
hInstituto de Biof́ısica e Engenharia Biomédica (IBEB), Faculdade de Ciências,

Universidade de Lisboa, Campo Grande, 1749-016 Lisboa, Portugal

† Electronic supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d4va00110a

the Royal Society of Chemistry Environ. Sci.: Adv., 2025, 4, 713–738 | 713

http://crossmark.crossref.org/dialog/?doi=10.1039/d4va00110a&domain=pdf&date_stamp=2025-04-25
http://orcid.org/0000-0001-9600-453X
http://orcid.org/0000-0003-1236-9262
http://orcid.org/0000-0002-7432-8725
http://orcid.org/0000-0003-0424-3248
http://orcid.org/0000-0001-6545-073X
http://orcid.org/0000-0001-6945-2759
http://orcid.org/0000-0002-5447-0409
http://orcid.org/0000-0002-4526-2157
http://orcid.org/0000-0002-1046-4031
http://orcid.org/0000-0002-2764-3124
http://orcid.org/0000-0002-8691-5695
http://orcid.org/0000-0002-1997-7669
http://orcid.org/0000-0003-3115-6588
https://doi.org/10.1039/d4va00110a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00110a
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA004005


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 8
/9

/2
02

5 
4:

16
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Introduction

The presence of contaminants in water resources has increased
worldwide due to the development of industrialization and
intensive farming activities, negatively affecting human health
and the ecosystem.1,2 Although various water quality parameters
are targeted in sewage treatment plants, such as turbidity, color
and pH,3 various toxic and recalcitrant organic and inorganic
contaminants are constantly being released to aquatic systems,
making the wastewater treatment of effluents an ecological
challenge.1,2 Typical organic contaminants found in effluents
include antibiotics.4 The sources of this type of pollution stem
from pharmaceutical wastewater, human and veterinary anti-
biotics that are not completely metabolized and expired/unused
antibiotics.5 Numerous antibiotics are detected in aqueous
systems worldwide, namely sulfonamides, tetracyclines, b-lac-
tams and macrolides.4 For instance, tetracyclines (TCs) are
a broad spectrum of antibiotics that can treat several bacterial
infections and other pathological conditions. This type of
antibiotic is frequently administered in humans and animals
and is also used as a feed additive in the agricultural sector.6–8

This class of antibiotics can be categorized into three groups
according to the production method. They can be produced
from strains of Streptomyces bacteria or by biosynthesis (e.g.
chlortetracycline, oxytetracycline, and demeclocycline), through
semi-synthetic methods (e.g. doxycycline, lymecycline, and
meclocycline) or completely synthesized (e.g. tigecycline).9–11

Tetracycline molecules comprise a hydronaphtacene framework
with four linearly condensed benzene rings. The main differ-
ences between the tetracycline analogues are the substituents at
the carbons in the positions 5, 6, 7 and 9.12 They contain two
different chromophoric regions and possess three pKa values:
pKa1 (protonation of oxygen bound at the carbon position 3),
pKa2 (protonation of oxygen bound at the carbon positions 10
and 12) and pKa3 (protonation of the dimethyl functional group
at the carbon position 4) at pH values of 3.3, 7.7 and 9.7,
respectively. Therefore, at pH values below pKa1 they have
cationic form, at pH between pKa1 and pKa2 they are neutral
(zwitterionic state) and above pKa3 they are anionic.11,13,14

Since the majority of pharmaceuticals exhibit low absorption
rates in both humans and animals, a signicant fraction is
excreted without structural changes via feces or urine.15 As
a consequence, low concentrations of antibiotics accumulate in
soils and reach aquatic environments,15,16 thus threatening
aquatic and terrestrial biodiversity.17 Moreover, the long-term
existence of antibiotics in the environment may induce
antibiotic-resistant bacteria and antibiotic-resistance genes,
leading to the spread of antibiotic resistance.5,18,19 For that
reason, it is imperative to remove these pollutants from the
environment, encompassing water and soil, to mitigate their
environmental impact.20

Several investigations have, however, focused on the devel-
opment of sustainable technologies to improve water quality.
Those technologies include physical, chemical and biological
methods.21,22 Inside these methods, each process possesses its
advantages and disadvantages dependent on the option chosen,
714 | Environ. Sci.: Adv., 2025, 4, 713–738
namely, the cost, effectiveness, operability, reliability, ecological
footprint, pre-treatment requirements and the production of
sludge and hazardous residues.23

Among these techniques, chemical methods and in partic-
ular advanced oxidation processes (AOPs) are effective for the
degradation of water pollutants, including pharmaceutical
residues.24 The Fenton reaction, ozonation, photocatalytic
oxidation and electrochemical oxidation are some of the
processes included in AOPs.25,26 In these AOPs, powerful
oxidation agents (such as hydroxyl radical species) are gener-
ated with the ability to degrade the pollutants into smaller
molecules or harmless products and can achieve complete
mineralization of hazardous pollutants.22,27 Moreover, AOPs are
easy to use, provide fast reaction rates and can eliminate dis-
solved organic contaminants present in low concentrations that
are challenging to remove.28,29 Photocatalysis is a promising
“green” AOP that can utilize solar energy to its fullest extent,
while the removal of pollutants can be conducted under normal
ambient conditions (temperature and pressure).22

Despite the numerous attempts to fabricate efficient photo-
active materials, TiO2 remains the benchmark photocatalyst,30

providing strong oxidation potential for pollutant decomposi-
tion, physical and chemical stabilities, and reduced cost and
toxicity.31 Concerning the synthesis approaches, microwave
irradiation hasmany advantages, such as high reaction yields in
a shorter amount of time and less energy consumption than
other conventional methods (e.g., oven), good reproducibility,
straightforward manipulation and control of the nano-
structures' properties based on the microwave parameters.
These attributes make it an ideal choice for the synthesis of
nanomaterials.32–34

The mixture volume, solvents employed, reaction vessel size,
power level and temperature are a few crucial microwave
parameters that can affect the properties of the nal mate-
rial.35,36 Previous studies have reported the effect of using
different solvents on the microwave-assisted synthesis of TiO2

nanostructures.37–40 For instance, Jalawkhan and his group38

performed a fast synthesis (5 min) of TiO2 nanostructures in
a commercial microwave oven (750 W) by using ethylene glycol
(EG) or water and titanium isopropoxide (TTIP). The materials
were subjected to a subsequent thermal annealing treatment at
400 °C for 1 h. The resultant TiO2 nanopowders were composed
of nanorods or spherical agglomerated particles when EG or
water was employed as a solvent, respectively. The TiO2 anatase
crystalline phase was obtained in both cases, but Brunauer–
Emmett–Teller (BET) analysis unveiled differences in the
specic surface areas of the produced nanomaterials. In
another study, different morphologies of TiO2 nanostructures
were obtained: beads, spindles, square platelets and porous
spheres in a mixture of ethanol and water for the rst two cases,
and hydrouoric acid (HF) and ethanol for the other cases,
respectively. Regardless of the solvent used, only the pure TiO2

anatase phase was identied. The TiO2 precursor used was
titanium butoxide and the microwave temperatures ranged
from 180 to 200 °C. The utilization of these TiO2 nanostructures
as photoanodes revealed different power conversion efficiencies
depending on their morphology.39
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Another reported research study explored the effect of eight
alcohol solvents, divided into two categories: primary and
secondary/ternary alcohols, on TiO2 anatase nanocrystals
synthesized by a microwave approach at 220 °C for 30 min.
Variations in both the crystallite size and shape were observed,
contingent upon the type of solvent used. The highest photo-
catalytic performance was obtained by using isopropanol as
a solvent owing to its tendency to crystallize preferentially on
the anatase {001} facets.40 This study also investigates how
various solvents (ethanol, isopropanol and water) inuence the
formation of TiO2 nanostructures. Nevertheless, a simple and
fast microwave approach (10 min) without any pre- or post-
treatment before or aer microwave synthesis and without
toxic reagents is carried out. Differences in terms of shape, size,
structural defects and crystalline phase are also reported.

The effective utilization of photoactive materials in hetero-
geneous photocatalysis commonly requires powdered materials
due to the higher surface-to-volume ratios and mass transfer
rates.41 Nonetheless, the recovery of these materials is difficult
and costly to implement in large-scale processes, making the
immobilization of photocatalysts on substrates an excellent
alternative to avoid these issues.42–44 Examples of those
substrates include glass, polymers, textiles, and cork, among
others.45,46 More recently, researchers have developed an inno-
vative class of photocatalysts, the “oating” photocatalysts. The
fabrication of these photocatalysts has received considerable
attention to address the limitations associated with non-
buoyant photocatalysts, such as agglomeration, recovery and
exibility.46

Polyurethane (PU) is a thermoplastic polymer, easily adapt-
able to several industrial applications: tubing, footwear,
industrial machinery, elastic bers, insulators, medical devices,
paints, and coatings, among others. This versatile material
presents outstanding abrasion resistance, low density, exi-
bility at reduced temperatures and suitable properties (chem-
ical, mechanical and physical).44,47 It is composed of repeated
urethane (–NHCOO–) basic units and fabricated through the
exothermic reaction involving diisocyanate (O]C]N–R0–N]
C]O) and either a polyester or a polyether polyol (HO–R–OH).41

The utilization of nanoparticles to modify the chemical and
mechanical properties of PU has proved to be effective in their
enhancement.

Although PU recycling presents some challenges, primarily
due to the chemically cross-linked structure of most PUs in the
market (thermosets) and the diverse compositions of PUsmixed
during waste disposal,48 it has been demonstrated that poly-
urethanes can undergo chemical recycling, reverting to their
constituent monomers or segments, and be utilized to generate
new ones.49 In this regard, research work is still in progress, but
results indicate potential circular economy solutions for PU.50

Therefore, the combination of nanoparticles with this polymer
extends its applicability across an extensive range of research
elds, for instance, photocatalysis, sensors, solar/fuel cells,
biomedical materials and self-cleaning coatings.47 PU foams,
besides having a oating character, present a large surface area,
high adsorption ability and excellent reusability.44,51,52 Nano-
structures can be directly embedded into the polymer matrix
716 | Environ. Sci.: Adv., 2025, 4, 713–738
throughout the fabrication process of polyurethane foams or
membranes.44,53 Despite that, to expose the total surface of
nanostructures to water pollutants, other alternatives are
required. For instance, a possible strategy for the immobiliza-
tion of nanostructures could be achieved by the chemical bath
deposition (CBD) method41 or by in situ synthesis of the nano-
structures,54 in which the latter can be combined with a PU's
surface chemical treatment.55 However, one technique that has
shown promising results is dip-coating. Various studies have
shown an effective functionalization of PU foams with nano-
particles by dip-coating. The simplicity, ability to scale up and
use of inexpensive reagents are the main advantages of this
method.56–58

Various studies have been performed with PU sponges as oil
adsorbents,51,59,60 but few studies have reported the photo-
degradation of water pollutants using reusable polyurethane
foams immobilized with nano TiO2-based photocatalysts. To
compare the performance of different TiO2-based photo-
catalysts on PU supports for the decomposition of water
contaminants, Table 1 presents the studies that were found in
the literature. Studies with missing data were not included in
Table 1.

Encouraged by the lack of research work regarding the
decontamination of wastewater using TiO2 nanophotocatalysts
immobilized on reusable polyurethane foams, and considering
the potential that oating photocatalysts may bring to replace
the conventional TiO2 photocatalysts, herein we report the
adsorption and photocatalytic performance of TiO2 nano-
structures immobilized on PU foams by dip-coating for the
removal and degradation of tetracycline under solar light radi-
ation. As far as the authors are aware, this has never been re-
ported. The effect of ethanol, IPA and water on the formation of
TiO2 nanostructures by a simple and fast microwave approach
(10 min) is also systematically studied, at the atomic level,
demonstrating the direct relation between the structural defects
and the nanomaterial's photocatalytic performance. In addi-
tion, we report the photocatalytic efficiency of the TiO2 nano-
powders synthesized with the three different solvents for the
degradation of tetracycline. Recyclability tests were performed
with TiO2 nanopowders and 3D TiO2 PU foams. Chemical
quenching experiments are also presented for a comprehension
of the photocatalytic mechanism. Moreover, we report the
results of ecotoxicity experiments by evaluating the acute
toxicity of PU foams (with and without TiO2 nanostructures) to
nauplii of Artemia salina.

Experimental section
Materials

Hydrochloric acid (HCL, 37% from Merck), titanium(IV) iso-
propoxide (TTIP, 97% from Sigma-Aldrich), polyacrylic acid
(PAA, Mv ∼450 000 from Sigma-Aldrich), sodium hydroxide
(NaOH, 98% from PanReac AppliChem), commercial poly-
urethane foam (“Bio Filter Media Sponge”, r= 0.016 g cm−3 and
a number of pores per unit area of 35 pores per cm2) from
Shunting, tetracycline TC, (C22H24N2O8, 98% from Sigma-
Aldrich), ethylene diamine tetra acetic acid (EDTA,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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C10H16N2O8, $98% from Sigma-Aldrich), hydrogen peroxide
(H2O2, >30% w/v from PanReac AppliChem), isopropanol (IPA,
C3H8O, 99.8% from Sigma-Aldrich), p-benzoquinone (BQ,
C6H4O2, $98% from Sigma-Aldrich), sodium azide (NaN3, Bio-
Xtra, from Sigma-Aldrich), commercial seawater salt (JBL
GmbH & Co., Neuhofen, Germany) and dimethyl sulfoxide
(DMSO, $99.5% from Sigma-Aldrich). Ethanol (96% from
PanReac AppliChem) and Millipore water were also used.

Synthesis of TiO2 nanostructures using a microwave digestion
system

TiO2 nanostructures were obtained by a rapid microwave
approach. A solution volume of 50 mL was prepared, in which
4 mL of HCL was mixed with 44.4 mL of different solvents
(deionized water, ethanol, or IPA). Aerwards, 1.6 mL of TTIP
was added dropwise to the previous mixture and it was le to
stir for 10–20 min, or until a homogeneous solution was ob-
tained. A CEM microwave digestion system (MARS one) was
employed to conduct the microwave synthesis at 1000 W, 200 ±

10 °C for 10 min. Since each Teon vessel has a capacity of 75
mL, 25 mL of solution volumes were distributed into 2 vessels.
The resultant TiO2 nanopowders were washed with Millipore
water and ethanol multiple times using a centrifuge at 5300 rpm
until the pH of the solution was 6–7. In the end, the nano-
powders were kept in a desiccator and dried at 80 °C under
vacuum for 12 hours. It is important to mention that the
microwave-assisted syntheses are reproducible and the ob-
tained weights were 0.43 g (% yield = 100%), 0.32 g (% yield z
74%) and 0.15 g (% yield z 35%) when ethanol, IPA and H2O
were used as solvents, respectively. From hereaer the TiO2

nanostructures synthesized in ethanol, isopropanol and water
will be denoted as TiO2_EtOH, TiO2_IPA and TiO2_H2O,
respectively.

Incorporation of TiO2 nanostructures into PU foams

The microwave-synthesized TiO2 nanopowders (30 mg) were
dispersed in 20 mL of Millipore water and ultrasonically
agitated for 30 min (solution A), see step 1 in Fig. 1. A second
Fig. 1 Diagram illustrating the process of preparing the dip-coating
solution for the impregnation of PU foams with TiO2 nanostructures.
Steps 1 and 2 illustrate the preparation of solutions A, B and A + B,
respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
solution (solution B) was prepared by mixing 10 mg of PAA with
20 mL of Millipore water. Solution B was le to stir for 30 min,
see step 1 in Fig. 1. Aer that, solution B was poured into
solution A and stirred magnetically. Then, the pH was adjusted
with NaOH to 7,63 see step 2 in Fig. 1. Commercial porous
polyurethane foam was cut into parallelepipeds of 1.5 cm3 by
volume (0.5 cm height × 1 cm width × 3 cm length). The
previously cut PU foams were cleaned for 15 min in deionized
water using an ultrasonic bath to remove possible dirt.

Similarly to previous papers,41,55 to improve the hydrophi-
licity, PU foams were pre-treated in a 1 M aq. solution of NaOH
at 60 °C for 20 min, under agitation. This solution is going to
etch away part of the cell windows within the foam structure,
exposing hydrophilic groups.64 To study the hydrophilicity of
the PU sponges, pristine and pre-treated foams were immersed
in distilled water for 30 s and le to dry for another 30 s at
room temperature (RT) in a vertical position. PU foams were
then weighed. Aer being soaked in water, the weighted
averages were 0.54 ± 0.14 g and 1.39 ± 0.20 g for the pristine
and pre-treated foams, respectively. Hence, it was demon-
strated that PU foams with the pre-treatment can retain more
water. To complete the pre-treatment, the sponges were rinsed
many times with Millipore water and dried under vacuum for
12 h at 80 °C.

The incorporation of TiO2 nanostructures into PU was
carried out by manually dipping the PU foams into the previ-
ously mixed solution (solution A + B). The immersion time was
5 s and a sequence of 5 dipping cycles was performed at RT (see
step 3 in Fig. 2). Some bubbles were formed aer each dip and
to remove them, foams were squeezed several times with
tweezers. A hairdryer was then used to dry the foams (the height
of the foams was 22 cm and the distance between the hairdryer
and the foam was around 7 cm). Between each dipping cycle,
foams were dried for 10 min,65 Fig. 2. Lastly, they were ultra-
sonically cleaned for 1 h to remove unbonded particles and
dried at 80 °C overnight under vacuum in a desiccator. The
same foam was weighed before the TiO2 impregnation (∼0.066
g), aer the TiO2 impregnation (∼0.071 g) and aer the ultra-
sonic cleaning (∼0.069 g). The nal weight of the TiO2 nano-
powder on the foam substrate was around 3 mg and it
Fig. 2 Diagram illustrating the dip-coating procedure. Step 3 repre-
sents the dip-coating and drying processes to obtain TiO2-PU foams.
Real photographic images of the produced TiO2-PU foam are also
visible.
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maintained the same initial dimensions. Macrographs of the
TiO2-PU foam are visible in Fig. 2, in which one of them shows
that its exibility is maintained aer the impregnation and
drying procedures. The technique employed proved to be
simple and replicable.

Characterization techniques

XRD measurements of the nanopowders were conducted with
an Aeris Benchtop XRD System equipped with a PIXcel1D
detector. The XRD diffractograms were acquired from 10° to 90°
(2q) considering a step of 0.02°. The TiO2 brookite, rutile and
anatase simulated diffractograms were obtained from the
Crystal Structure Database (ICSD) with le numbers 36408, 9161
and 9852, respectively.

SEM images were acquired with a Regulus 8220 Scanning
Electron Microscope from Hitachi. The microscope has an EDS
from Oxford Instruments.

STEM and transmission electron microscopy (TEM) images
were obtained with an HF5000 microscope from Hitachi oper-
ated at 200 kV. High-angle annular dark-eld (HAADF) imaging,
This is a probe-corrected cold eld emission gun (FEG) instru-
ment equipped with an EDS detector (100 mm2) also from
Oxford Instruments. The sonicated dispersion containing the
nanopowders was directly dropped onto lacey-carbon copper
grids and permitted to air-dry prior to observation. STEM
observations allowed the determination of the average particle
size and standard deviation, estimated by measuring 40
nanostructures.66

The determination of the specic surface area was achieved
by nitrogen adsorption according to the BET method, in the
determined p/p0 range and following the methodology
described in ISO-9277.67 The results were obtained at 77 K using
the ASAP 2010 Micromeritics adsorption equipment. Before the
experiments, an outgassed procedure was carried out overnight
(at 120 °C, under vacuum) for the TiO2 nanopowders (∼0.2 g).

The XPS experiments were performed using a Kratos Axis
Supra with monochromatic Al Ka irradiation (1486.6 eV). The
XPS scans were acquired using a 225W X-ray power and 40 eV of
pass energy. The peaks were adjusted to C 1s at 284.8 eV. The
XPS data were analysed using the CasaXPS soware.

RT PL and PL excitation (PLE) experiments were conducted
for all TiO2 nanopowders. A Fluorolog-3 setup from Horiba
Scientic was used with a double additive grating Gemini 180
monochromator (1200 g mm−1 and 2 × 180 mm) in the exci-
tation and a triple grating iHR550 spectrometer in the emission
(1200 g mm−1 and 550 mm). The excitation source used was
a 450 W Xe lamp, exploring different excitation wavelengths.
The PLE experiments were carried out by monitoring the
observed emission maximum.

Characterization of TiO2 nanopowders: adsorption and
photocatalytic degradation of tetracycline under simulated
solar light

Tetracycline standard curves were obtained from RT UV-vis
absorption spectra with various concentrations of 5, 10, 15, 20
and 30 ppm. The linear expression that relates TC
718 | Environ. Sci.: Adv., 2025, 4, 713–738
concentration and absorbance can thus be obtained (Fig. S1†).
The photocatalytic experiments followed the ISO-10678.68 25 mg
of each nanopowder (TiO2_EtOH, TiO2_IPA and TiO2_H2O) was
stirred at 120 rpm with the pollutant's solution (50 mL of the
tetracycline solution (∼30 ppm)) and kept in the dark for
240 min (4 h) to establish the adsorption–desorption equilib-
rium. Aerwards, 3 mL of aliquots were collected and the decay
of the maximum absorption peak of tetracycline (at l = 360 nm
(ref. 69)) was analyzed using a spectrophotometer at xed time
intervals in the 200–450 nm range. The adsorption mechanisms
were studied by using ve kinetic models: rst-order, the McKay
and Ho pseudo-second order, Weber–Morris intraparticle
diffusion, Elovich, Bangham and Boyd.70,71 The respective
equations (eqn (S4)–(S11)†) are depicted in the ESI le.†

Aer the adsorption experiments, the photocatalytic activity
of the TiO2 nanopowders was evaluated considering the
degradation of tetracycline from Sigma-Aldrich. The photo-
catalytic experiments were also conducted at RT and in tripli-
cate (n = 3) for the TiO2 nanopowders, as can be seen by the
error bars included (before and aer light exposure).

A blank experiment was also carried out without the catalysts
and under solar light. The solar light experiments were per-
formed by using a light-emitting diode (LED) solar simulator LSH
7320 (AM 1.5 spectrum) with an output of 100 mW cm−2

(equivalent to 1 sun). The photocatalytic performance of the TiO2

nanopowders was evaluated by recording the spectra on a UV-vis
spectrophotometer at various times, up to a complete duration of
0.5 h (30 min). For the reusability tests, aer the rst cycle, the
catalyst that exhibited the best performance was recovered from
the solution by centrifugation at 6000 rpm for 5min. The solution
was discarded and the nanopowder was dried at 60 °C overnight
under vacuum. The dried nanopowder was then tested under
identical experimental conditions with the volume of TC solution
adjusted to match the amount of available material. The pH of
the solution remained unchanged.

For the regeneration and reutilization experiments, 40 mg of
the recovered catalyst (obtained by centrifugation aer the rst
photocatalytic cycle) was dispersed in 150 mL of deionized
water and exposed to UV light. The UV system (model HNSL
from Osram Puritec) is composed of three mercury lamps of
95W each. The total light intensity is 35mW cm−2. The solution
vessel was positioned 27.5 cm away from the UV light source for
240 min. Subsequently, the TiO2 nanopowder was separated by
centrifugation, washed with deionized water and dried under
vacuum overnight. The dried material was used as the catalyst
in the following catalytic cycle for adsorption and photocatalytic
degradation of TC under the solar simulator.72

The species and mechanisms involved in the photocatalytic
degradation process of TC over the TiO2_EtOH nanopowder
under simulated solar irradiation were explored by using reac-
tive oxygen species (ROS) scavengers. In these assays, EDTA was
used as a hole (h+) scavenger, H2O2 as an electron scavenger
(e−), IPA as a hydroxyl radical (cOH) scavenger, BQ as the
superoxide radical (cO2

−) scavenger and sodium azide as
a singlet oxygen (1O2) scavenger.73

The trapping experiments were carried out using identical
conditions to those employed to assess both adsorption and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic performance. Before the trapping experiments,
5 mL of a 0.5mM aqueous solution of each scavenger was added
to 50 mL of TC solution containing 25 mg of the TiO2 nano-
powder.32,74 The time of the solution in the dark and under light
irradiation was kept xed for 240 min and 30 min, respectively.
For comparison, a solution without a scavenger, but with
a photocatalyst and 5mL of deionized water was also exposed to
light.32,74
Fig. 3 X-ray diffractograms of the TiO2 nanopowders (TiO2_EtOH,
TiO2_IPA and TiO2_H2O) synthesized under microwave irradiation at
200 °C for 10 min. The simulations of TiO2 brookite (ICSD 36408),
rutile (ICSD 9161) and anatase (ICSD 9852) are also presented for
comparison.
Characterization of TiO2 PU foams: photocatalytic
degradation of tetracycline under simulated solar light

The photocatalytic activity of the TiO2_EtOH nanostructures on
PU foams was also evaluated for the degradation of tetracycline.
Each TiO2 PU foam is added to 15 mL of tetracycline solution
and the experiments are conducted in the dark for 1 h to achieve
the absorption–desorption equilibrium and under simulated
solar light for 180 min. For the reusability tests, in this case, no
centrifugation was required prior to the measurements in the
spectrophotometer. The functionalized TiO2 PU foam was only
washed with deionized water prior to the following cycle.
Ecotoxicity assays

Artemia salina or brine shrimp is a zooplankton used to feed
larval sh.75–77 This organism is reported to be a suitable test
organism for toxicity studies in the presence of nano-
structures.75,76 For this reason, it was selected as a biological
safety model test. Acute toxicities of PU foams with and without
TiO2 nanostructures on A. salina were investigated.

To prepare Artemia's environment, articial seawater was
rst prepared by mixing regular tap water with commercial
seawater salt, according to supplier instructions. Then, dry A.
salina cysts were added to the articial seawater and were le to
hatch under aeration and articial light, for 48 h, at 25–30 °C.
Aerwards, 900 mL of articial seawater, containing 10 to 15
nauplii, pristine PU foams and pre-treated TiO2 PU-foams with
dimensions of 1.5 × 1.5 × 1.5 cm3; 10% DMSO as positive
control; and articial seawater as negative control were added to
24-well plates and incubated for 24 h, at 25–30 °C. Aer that, the
dead nauplii were counted. To kill the remaining nauplii, 100%
DMSO was added to all the wells and le to incubate for 2 h, at
25–30 °C.78,79 Aer counting the total A. salina, the mortality (%)
was calculated according to eqn (1).

Mortalityð%Þ ¼ Dead24 h

DeadTotal

� 100 (1)

Dead24 h represents the number of dead A. salina nauplii 24 h
aer incubation and DeadTotal represents the total of nauplii
present in each well test. PU foams were tested with ve
replicates.
Results and discussion
Structural characterization of the TiO2 nanopowders

XRD. The X-ray diffractograms of the TiO2 nanopowders
(TiO2_EtOH, TiO2_IPA and TiO2_H2O) are shown in Fig. 3. In
the presence of ethanol, all experimental diffraction maxima
© 2025 The Author(s). Published by the Royal Society of Chemistry
can be assigned to the tetragonal TiO2 anatase crystalline phase
(ICSD 9852). An analogous study reported the production of
TiO2 nanostructures by microwave irradiation in ethanol under
similar conditions of time and temperature, i.e., 10 min and
200 °C. In this study, the XRD also showed a pure TiO2 anatase
phase.39 However, when isopropanol was used, besides
observing the anatase diffraction maxima, another diffraction
maximum appears at around 30° (2q), ascribed to the (121)
plane of the orthorhombic brookite crystalline phase (ICSD
36408). Despite the experimental difficulties in obtaining pure
brookite, previous studies have shown that this phase can
appear as a secondary phase in acidic alcohol-based solutions
under optimum conditions of acidity, temperature and
precursor concentration.80–82 For the TiO2_H2O nanopowder,
a clear mixture of rutile (ICSD 9161) and anatase crystalline
phases is identied. This result is in accordance with previous
reports on TiO2 synthesis in an acidic medium by a microwave-
assisted hydrothermal synthesis at 200 °C for 10 min, in which
the formation of both anatase and rutile was observed.83

Electron microscopy
Scanning electron microscopy. The effect of different solvents

on TiO2 nanomaterials was investigated using scanning elec-
tron microscopy. From Fig. 4(a and b), the formation of micro-
sized TiO2 aggregates can be seen. These aggregates tend to
have a spherical shape; however, elongated aggregates were also
observed. From Fig. 4(b) and its inset, it can be noted that these
larger aggregates are composed of very ne nanocrystals. TiO2

micrometer spherical aggregates were previously reported with
ethanol as a solvent inmicrowave synthesis.39,68Moreover, it can
also be inferred that these larger aggregates are highly porous
(refer to the arrows/dark spots in the inset of Fig. 4(b)). When it
comes to the TiO2_IPA nanopowder (Fig. 4(c and d)), the
formation of one-dimensional (1D) nanostructures can be
detected, with other smaller nanocrystals with an undened
shape (refer to the inset in Fig. 4(d)). These very ne TiO2

nanocrystals tend to aggregate;84 however, no specic larger
structure was found for this condition of synthesis. XRD
Environ. Sci.: Adv., 2025, 4, 713–738 | 719
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Fig. 4 SEM images of the TiO2 nanomaterials, (a and b) TiO2_EtOH, (c and d) TiO2_IPA and (e and f) TiO2_H2O.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 8
/9

/2
02

5 
4:

16
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
measurements determined that this nanomaterial was mostly
composed of anatase with a minor presence of brookite, and for
that reason, the heterogeneity observed in this nanomaterial
can be related to the mixture of phases. As for the TiO2_H2O
nanomaterial, the synthesis carried out in water resulted in 1D
nanostructures. However, under this condition, it is clear that
the TiO2 nanorods presented a tetragonal shape, which has
Fig. 5 (a and d) SE-STEM, (b and e) BF-STEM, and (c and f) HAADF-S
nanomaterial highlighting their porous characteristics. The inset shows th
spaces/voids is also evident between the nanocrystals (arrows) suggestin

720 | Environ. Sci.: Adv., 2025, 4, 713–738
been previously reported to be from the rutile phase.85 This
observation corroborates the XRD measurements, in which
amixture of rutile and anatase was identied. Nanocrystals with
an undened shape were also observed, but the 1D nano-
structures dominated, as can be seen in Fig. 4(e and f) and the
inset in Fig. 4(f). The nanocrystals synthesized with H2O also
tended to aggregate in larger structures, and in this case, the
TEM images of the micro-scaled TiO2 aggregates of the TiO2_EtOH
at the aggregates are composed of TiO2 nanocrystals. The presence of
g porosity at the nanoscale.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formation of quasi-spherical micro-sized aggregates can be
observed.

Scanning transmission electron microscopy. The TiO2_EtOH,
TiO2_IPA and TiO2_H2O nanostructures were also investigated
using STEM analyses. In accordance with SEM images, the
formation of micro-sized TiO2 nanocrystal aggregates for the
material synthesized with ethanol is clear. From the STEM
images in Fig. 5, the presence of porosity is evident even at the
nanoscale (arrows in the inset). As shown in the inset of Fig. 5
and S2,† faceted TiO2 nanocrystals and others with round edges
could also be observed. The average TiO2 nanocrystals' size was
found to be 5.93 ± 0.94 nm.

The TiO2_EtOH nanocrystals were further investigated using
atomic-resolution annular bright-eld (ABF) and high-angle
annular dark-eld (HAADF) imaging (Fig. 6). The STEM
secondary electron (SE) images were of great importance since
the topographical contrast assisted the interpretation of the
ABF and HAADF images.86 The Ti atomic columns are visible in
the ABF and HAADF images, albeit with reverse contrast.87 The
Ti atomic columns correspond to lattice spacings of 0.27 nm
and 0.29 nm that perfectly match the (110) and (102) atomic
planes of anatase, respectively. Fast Fourier transform (FFT) of
lattice images acquired along the [221] zone axis showed that
the angle between (11�0) and (102�) is ∼56°, in accordance with
the theoretical value reported for pure crystalline TiO2 anatase
Fig. 6 (a) SE-STEM, (b) ABF-STEM and (c) HAADF-STEM images acqu
nanomaterial. The inset shows the FFT image obtained from (c). (d) SE
nanocrystal with a FFT image of (f) presented in the inset. The facet nanoc
the atomic-level surface structural defects.

© 2025 The Author(s). Published by the Royal Society of Chemistry
(ICSD 9852). The TiO2 nanocrystals show structural defects in
the STEM images, attested by a darker topographical contrast in
the SE images (arrows pointing to the absence of Ti atoms).
Surface steps can also be observed in Fig. 6(e and f). The TiO2

faceted nanocrystal was further investigated (Fig. 6(h and i)) and
high-index {012} and {102} facets can clearly be observed. TiO2

anatase high-index nanocrystals have been reported to display
high photocatalytic activities when compared to low-index
faceted crystals due to their unique atomic and electronic
structure, with a high density of atomic steps, kinks, ledges,
dangling bonds and abundant unsaturated coordination sites.88

It has been proposed that higher index planes containing
structural steps cause the electrons to be trapped at the low-
coordinated Ti cations at the steps, thereby enhancing the
separation of charges. Consequently, these additional electrons
contribute to surface processes. On the other hand, the trapping
of holes at the surfaces of anatase is facet-dependent. Studies
have shown that the (001) and (100), and the (105) and (107)
surfaces have the strongest affinity to trap holes, favoring the
charge separation on anatase crystals and allowing the presence
of holes on these surfaces to interact withmolecular adsorbates.
It has been suggested that hole trapping mainly occurs within
the subsurface layers rather than on the surface facets for the
(101), (110), (112) and (103) surfaces. This could potentially
extend the lifetime of electrons, preventing recombination.89 In
ired simultaneously of a TiO2 anatase nanocrystal of the TiO2_EtOH
-STEM, (e) ABF-STEM and (f) HAADF-STEM images of a TiO2 faceted
rystal of images (d–f) was furthermagnified in (g–i). The arrows point to

Environ. Sci.: Adv., 2025, 4, 713–738 | 721
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the case of the (102) facets of anatase, the presence of surface
defects was demonstrated with terminations of oxygen
completely distinct from the predicted stoichiometric struc-
tures.90 Low-index faceted anatase nanocrystals were also
observed in the TiO2_EtOH nanomaterial (Fig. S2†); however,
no topographical contrast was detected in the SE images or the
ABF and HAADF images of these nanocrystals, suggesting that
they are defect-free. To the authors' knowledge, for the rst
time, TiO2 anatase faceted nanocrystals with sizes in the order
of ∼6 nm had their atomic structure investigated using STEM
experiments to determine the nanocrystals' surfaces and pres-
ence of structural defects, including steps on their high-index
{012} facets and absence of Ti atoms in the bulk (see arrows
in Fig. 6(b, c, e and f)). Previously, only larger TiO2 anatase
defective crystals like sub-micrometer rods were reported.90 The
STEM experiments in this study determined that microwave
synthesis with ethanol as the solvent resulted in low- and high-
index faceted anatase nanocrystals, the latter with surface
structural defects, that when associated with the porous struc-
ture of the micro-sized aggregates, effectively play a key role in
the photocatalytic activity of these materials.

The TiO2_IPA nanomaterial was also studied using atomic-
resolution STEM (Fig. 7), and in accordance with the SEM
observations, the nanomaterial is composed of 1D nanostructures
and nanoparticles with undened shapes. XRD analysis demon-
strated that this material is mainly based on the TiO2 anatase
phase with a minor presence of brookite. This mixture of phases
was conrmed using the electron diffraction pattern in the inset
of Fig. 7(d). The presence of TiO2 nanorods is evident in the STEM
images (Fig. 7(a–c)) and in the BF-TEM image (Fig. 7(d)), in which
1D nanorods with different sizes are perceptible. The larger
nanorods with ∼200 nm in length were in minority, while the
majority of nanorods appear with 28.5 ± 4.3 nm in length and
width, respectively. One of the larger TiO2 nanorods was indi-
vidually investigated (Fig. 7), and from the atomic-resolution
Fig. 7 (a) SE-STEM, (b) ABF-STEM, (c) HAADF-STEM and (d) BF-TEM im
diffraction pattern of TiO2 nanocrystals with the anatase (A) and brook
images of an individual TiO2 nanorod (∼200 nm). The inset in (f) shows

722 | Environ. Sci.: Adv., 2025, 4, 713–738
STEM images and the FFT patterns, it can be concluded that
the nanorods had the tetragonal TiO2 anatase phase (Fig. 7(f)).
Moreover, the nanorod grew along its c axis in the [100] direction,
suggesting a fast growth rate along this direction. From Fig. 7(e
and f), it can be observed that Ti atomic columns are perpen-
dicular to each other. A lattice spacing of 0.19 nm perfectly
matches the (200) and (020) atomic planes of anatase.91 When
observed along the [00�1] zone axis, it is evident that the angle
between (200) and (020) is 90°, in accordance with anatase (ICSD
9852). The facets of the nanorod are {010} surfaces. The surface
energy of themajor facets of anatase follows the order {001} (0.90 J
m−2) > {010}/{100} (0.53 Jm−2) > {101} (0.44 Jm−2).88 The relatively
high surface energies of the {001} and {100}/{010} facets are
ascribed to the 100% ve-fold coordinated titanium atoms (Ti5c),
in contrast to the 50% Ti5c found on {101} facets.92 The {101}
facets of anatase have been extensively investigated; however, it
has been reported that the {010}/{100} facets display higher
reactivity than {101} ones due to the higher concentration of low-
coordination Ti5c centers making crystals with these high-energy
facets desirable for photocatalysis.92,93 When it comes to surface
energy, it has been reported that high-index facets display higher
surface energy. The surface energy associated with the {012}/{102}
facets is unknown, as far as we know, and cannot be easily
measured in the present case, due to the mixed nanocrystal types.
However, the {201} facets, with a surface energy of 1.72 J m−2 have
been described to have more uncoordinated Ti atoms, promoting
the photogeneration of hydroxyl radicals.88 The {102} and {103}
surfaces have undersaturated Ti atoms and high-density step
defects, resulting in high photocatalytic activity.94 The surface
energy and atomic structure of crystals are vital for the photo-
catalytic performance of TiO2 anatase88 and the literature suggests
that high-index facets have better photocatalytic behavior.

Fig. 8 shows STEM images of the TiO2_H2O nanomaterial.
XRD analysis showed that the TiO2 nanostructures are amixture
of TiO2 rutile and anatase with the presence of tetragonal-
ages of TiO2_ IPA nanocrystals. The inset in (d) depicts the electron
ite (B) phases. Atomic-resolution (e) ABF-STEM and (f) HAADF-STEM
the FFT image of the area in (f).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) SE-STEM, (b) ABF-STEM and (c) HAADF-STEM images of TiO2_ H2O nanocrystals. An individual TiO2 nanorodwasmagnified and in (d) the
FFT image of the area observed in (e and f) is presented. (e) Atomic-resolution ABF-STEM and (f) HAADF-STEM images of the nanorod analyzed.
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shaped nanorods, attributed to the rutile, as conrmed by SEM
(Fig. 8(e and f)). STEM observations corroborated the SEM
images, in which the nanostructures are mostly nanorods, with
other nanocrystals having an undened (quasi-spherical)
shape. The rutile tetragonal nanorods have a pencil-like tip
shape, and the presence of structural defects on the nanorod tip
and throughout its length was detected. An individual nanorod
(∼100 nm) was further investigated (Fig. 8), and based on the
atomic-resolution STEM images and the FFT pattern, it can be
proven that the nanorods correspond to the tetragonal rutile
(Fig. 8(d–f)). The axis direction of the nanorod is [001]. The
crystal growth along the c-axis has been associated with the
fastest growth rate.95 A lattice spacing of 0.2959 nm has been
ascribed to the (001) atomic planes of rutile,96 while the re-
ported 0.2054 nm matches the (120) rutile atomic planes, as
seen in Fig. 8(f). Along the [210] zone axis, the angle between
(001) and (120) is 90°, in accordance with the tetragonal rutile
structure (ICSD 9161). Moreover, photocatalysts based on
a mixture of rutile and anatase have been largely investigated
for their high photocatalytic activity.97–99

Specic surface area. The BET specic surface area of the
TiO2 nanopowders synthesized with different solvents is pre-
sented in Table 2.
Table 2 BET specific surface area of the TiO2_EtOH, TiO2_IPA and
TiO2_H2O nanopowders synthesized under microwave irradiation at
200 °C for 10 min

TiO2 nanopowders Specic surface area (m2 g−1)

TiO2_EtOH 231
TiO2_IPA 177
TiO2_H2O 121

© 2025 The Author(s). Published by the Royal Society of Chemistry
As seen in Table 2, the highest specic surface area was
obtained with TiO2_EtOH followed by TiO2_IPA and then
TiO2_H2O. Several solvents led to TiO2 nanostructures with
various morphologies and, consequently, different specic
surface area values were obtained. Moreover, intraparticle pores
were observed in the TiO2_EtOH nanopowder aggregates by
SEM and STEM analyses. Hence, the high density of pores is
likely to have a signicant inuence on the specic surface area
value. A larger surface area provides more available sites on the
particle surface for the adsorption of pollutant molecules,
which in turn enhances the photocatalytic process.100 Although
large aggregates were formed when ethanol was used as
a solvent, these aggregates were composed of very small TiO2

nanocrystals (average size of 5.93 nm), see the inset of Fig. 4(b).
Therefore, not only the shape of the particles but also their size
is likely to have contributed to the differences observed in Table
2. It should also be noted that compared with previous
studies,38,39,101 all the microwave-synthesized TiO2 nanopowders
exhibited much higher specic surface area values.

XPS. To study the surface properties of the TiO2 nano-
powders, XPS measurements were conducted. The survey
spectra (Fig. S3†) show that all synthesized TiO2 nanopowders
are composed of titanium, oxygen and carbon (related to the
adventitious carbon102). The high-resolution XPS spectra of Ti
2p and O 1s (deconvoluted) are visible in Fig. 9. As seen in
Fig. 9(a), for all synthesized TiO2 nanopowders, the Ti 2p core
level shows two components: Ti 2p1/2 and Ti 2p3/2, which are
located at 458.6 eV and 458.6 eV and are both associated with
Ti4+ oxidation state.103,104 The Ti 2p peak shapes are identical for
all TiO2 nanopowders and no peak shi could be identied.
Regarding O 1s spectra, the deconvolution was tted with three
components according to the literature,105 see Fig. 9(b). The rst
component at 529.7 eV corresponds to lattice oxygen atoms
Environ. Sci.: Adv., 2025, 4, 713–738 | 723
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Fig. 9 (a) XPS high-resolution Ti 2p spectra of the TiO2_EtOH, TiO2_IPA and TiO2_H2O nanopowders. (b) XPS high-resolutionO 1s spectra of the
TiO2_EtOH, TiO2_IPA and TiO2_H2O nanopowders. The peak area of each component (lattice oxygen (Ti–O), oxygen-deficient regions and
surface oxygen) is also shown for each synthesis condition.
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(O2−) in a fully coordinated TiO2 with the Ti4+ ions mainly from
the bulk, the second component at 530.2 eV is usually assigned
to oxygen-decient regions (O−, O2−) of the metal oxide and the
third component at 531.8 eV is related to surface oxygen,
associated with the loosely adsorbed, dissociated oxygen or OH
species from O2 or H2O on the surface of TiO2.106,107 These peak
positions have been kept xed during the tting. Initially, the
full-width half maxima (FWHM) have been le free to adjust
(within ±0.1 eV). For the nal tting, an average FWHM was
calculated for all components, which was then held constant
between each nanopowder. Through the tting, a clear decrease
in surface oxygen was revealed for the TiO2_H2O nanopowder,
compared to the ones synthesized with alcohol. This difference
can be further visualized by plotting the normalized intensity of
all O 1s emissions (Fig. S4†). This is also supported by the peak
areas of the surface oxygen component (see Fig. 9(b)), in which
a decrease in the peak area percentages was observed from
around 12% for the TiO2_EtOH and TiO2_IPA nanopowders to
9% for the TiO2_H2O nanopowder. This suggests a higher
adsorption of oxygen species by the TiO2 nanopowders synthe-
sized with alcohol, rather than water. As observed previously
with the obtained specic surface areas and STEM analysis, the
higher porosity and density of structural defects present at the
high-index facets of TiO2 anatase (surface and bulk structural
defects) should be the major factors in the enhancement of
capacity for surface oxygen adsorption.106,107
Fig. 10 RT PLE/PL spectra (represented by dashed lines and solid lines,
respectively) of the TiO2_EtOH, TiO2_IPA and TiO2_H2O nanopowders.
PL was acquired under the 390 nm excitation of an Xe lamp, while the
PLE spectra were obtained by monitoring at the maxima of the PL
bands.
Optical characterization of the TiO2 nanopowders

Photoluminescence measurements. Fig. 10 displays the PLE
and PL spectra obtained for all synthesized TiO2 nanopowders
at RT. The PL spectra were obtained by exciting the nano-
powders with 390 nm photons of an Xe lamp. As can be seen,
724 | Environ. Sci.: Adv., 2025, 4, 713–738
the spectra are dominated by a broad visible band peaked in the
yellow-orange spectral region. The maxima of the PL bands are
slightly different depending on the solvent used. The TiO2_-
EtOH nanomaterial exhibits its maximum at ∼576 nm (∼2.15
eV), while the TiO2_IPA and TiO2_H2O nanomaterials display
maxima at ∼565 nm (∼2.19 eV) and ∼584 nm (2.12 eV),
respectively. Besides, the TiO2_EtOH nanomaterial evidences
a higher PL intensity, ∼2.7 times higher than the one recorded
for IPA, suggesting a lower contribution from nonradiative
processes when compared to the remaining nanopowders and/
or a higher contribution from the defect centres that give rise to
the observed luminescence. It is also worth noting that the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Influence of contact time on tetracycline adsorption capacity
onto TiO2 nanopowders. Experimental conditions: qmax is 34 mg g−1,
[tetracycline] ∼25–30 ppm, V = 50 mL, max. adsorption time =
240 min, madsorbent = 25 mg. The error bars indicate the standard
deviations of triplicate experiments (n = 3).
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quantity of powder analyzed was similar for all experiments and
that all excitation and light collection conditions were kept
constant during the experiments to enable a reliable compar-
ison of the absolute intensities of the PL emission.

Broad yellow/orange bands have been previously reported in
the literature for TiO2 anatase.108–112 According to Iijima et al.,112

the band that appears at∼2.1 eV is likely related to the presence
of oxygen vacancies at the particle's surface, since these authors
observed that its contribution decreases with increasing
annealing in a owing oxygen atmosphere. It has also been
considered that the broad band observed was composed of
more than one component overlapped. Indeed, the large FWHM
observed for the present nanopowders should also consider this
possibility. Another common band present in this spectral
region for anatase crystals is the one centered around 2.3–
2.5 eV,111,112 which is oen attributed to the radiative recombi-
nation of self-trapped excitons (STE) localized in TiO6 octa-
hedra, and which the mentioned authors claimed to be
independent of the annealing process.112 Tang et al.113 analyzed
the PL properties of TiO2 anatase single crystals and argued that
the luminescence observed in this region was due to self-
trapped excitons and/or impurity-trapped excitons, in line
with what is oen reported in several titanates containing TiO6

octahedra.113 Nevertheless, the peak position and spectral shape
of this band are seen to be strongly dependent on the
surrounding environment and the excitation conditions, which
suggests the overlap with other possible contributions.111 The
presence of other recombination processes involving surface
states and trap states has been identied as potential contrib-
utors to the broad PL band observed in anatase crystals in this
spectral region, which becomes more relevant as the specic
surface area of the particles increases.111

In fact, when one considers the PLE spectra, a broad exci-
tation band is observed in all cases, particularly for the TiO2_-
EtOH and TiO2_IPA nanopowders. In both cases, the bands
have a peak at∼395 nm (∼3.15 eV), likely corresponding to their
optical bandgap energies. These results indicate that the
emission bands are preferentially populated via photons with
energies equal to the bandgap one, with an important contri-
bution from shallow sub/below bandgap states, likely related to
defect states, as mentioned above. For the TiO2_H2O nano-
powder, the excitation band maximum was found to be at
∼401 nm (∼3.09 eV), at a slightly lower peak position than the
one identied for the other two nanopowders. Indeed, this
nanopowder was shown to be composed of both rutile and
anatase phases and rutile is known to have a lower bandgap
energy than that of anatase (∼3.0 eV vs. ∼3.2 eV (ref. 114));
hence, the observed PLE band may correspond to an overlap of
both contributions.

Adsorption kinetics study of the TiO2 nanopowders. To
understand the effectiveness of pollutant molecule uptake from
the solution by the adsorbent, the adsorption kinetics was
studied.115 The inuence of contact time on tetracycline adsorp-
tion capacity onto TiO2 nanopowders is depicted in Fig. 11. The
uptake of tetracycline molecules reaches its maximum value on
average aer 120 min for TiO2_IPA, whereas for TiO2_EtOH,
240 min are necessary to reach equilibrium. Since the adsorption
© 2025 The Author(s). Published by the Royal Society of Chemistry
capacity of TiO2_H2Owas almost null, it cannot be seen in Fig. 11.
Fig. 11 shows that at the initial moments of the contact period,
the adsorption is fast, especially with the TiO2_EtOH nano-
powder, and aer that time it becomes slower near the equilib-
rium. A larger amount of vacant surface sites may be initially
available for the adsorption to occur and then repulsive interac-
tions between the solute molecules and the solid might take
place.116 In fact, the improvement of adsorption efficiency with
the TiO2_EtOH nanopowder compared with the other nano-
powders might be related to its high specic surface area
(Table 2), during the rst 120 min (Fig. 11).

The average adsorption capacities of the TiO2 nanopowders
decrease in the following order: TiO2_EtOH (28.73 mg g−1) >
TiO2_IPA (17.80 mg g−1) > TiO2_H2O (∼0 mg g−1). Since the
sorption efficiencies of TiO2_IPA and TiO2_H2O are too low
(34.7% and 0% aer 240 min (4 h)) compared with the sorption
efficiency of ethanol (∼55%), see eqn (S2) and (S3),† the
adsorption mechanisms of tetracycline with both IPA and water
nanopowders were not further investigated.

The adsorption process comprises three distinct stages.
Initially, solute species are transferred from the bulk solution
into the outer surface of the adsorbent (lm diffusion). Then,
solute molecules migrate from the adsorbent outer surface to
the pores of the adsorbent internal surface (intraparticle diffu-
sion). The last step is the adsorptive attachment of the solute
species onto the active sites on the inner and outer surfaces of
the adsorbent. Since this step occurs very quickly, it is consid-
ered negligible as a rate-controlling step. Hence, the adsorption
rate is primarily governed either by the outer diffusion, intra-
particle diffusion or both.117,118

To explore the adsorption process of tetracycline on the
TiO2_EtOH nanopowder, several models were employed to t
the experimental data, including pseudo-rst-order kinetic,
pseudo-second-order kinetic, Elovich, intraparticle diffusion,
Bangham and Boyd plot models.71 Through linear regressions
of the kinetic plots, the kinetic parameters for each model were
Environ. Sci.: Adv., 2025, 4, 713–738 | 725
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calculated and are listed in Tables S1 and S2.† For the calcula-
tions, only the rst cycle of adsorption was considered.

The pseudo-rst-order model characterizes the rate at the
initial stage of adsorption, but cannot describe the entire
adsorption process.119 The pseudo-second-order kinetic model,
on the other hand, presumes that chemisorption governs the
adsorption mechanism, with the sorption capacity being
proportional to the number of active sites occupied on the
adsorbent.120 Conversely, the Elovich model suggests that the
active sites of the adsorbent have different activation energies for
chemisorption, and so, the rate of solute adsorption decreases
exponentially with the accumulation of adsorbed solute.121,122

Comparing the three models, the experimental data are
more closely aligned with the pseudo-second-order model,
showing higher correlation coefficient values (R2 = 0.98).
Additionally, the calculated q values (qcalce ) from the pseudo-
second-order model are a better approximation of the experi-
mental q values (qexpe ). Hence, the adsorption process is driven
by chemisorption. Other studies have already reported a similar
behavior by TiO2 nanomaterials.123,124

Since the pseudo-second-order model cannot identify the
diffusion mechanism and the possible rate-limiting step of the
adsorption process, the intraparticle diffusion model was also
analyzed.117

According to eqn (S5),† a linear relationship between q and
t1/2 indicates the involvement of intraparticle diffusion in the
adsorption process. Furthermore, if a straight line intercepts
the origin in the plot, intraparticle diffusion is the rate-
controlling step.118

As visible in Fig. S5,† multi-stage mechanisms are present.
The linear regression analysis of the data gives three different
Fig. 12 Degradation profiles of tetracycline over TiO2 catalysts (a) TiO2_E
dark and under simulated solar light. Error bars indicate the standard de

726 | Environ. Sci.: Adv., 2025, 4, 713–738
regions for the TiO2_EtOH nanopowder. The three stages are
likely related to external diffusion or lm diffusion, gradual
adsorption and equilibrium.125 The absence of intercepts at the
origin (value of the intercept C) in the linear plots of the second
and third stages is likely attributed to variations in mass
transfer rates from the initial to nal adsorption stages.126 This
suggests that intraparticle diffusion may not be the only rate-
limiting step, with lm diffusion also inuencing the adsorp-
tion process.71

Bangham's model was also investigated and the value of the
obtained regression coefficient was not higher than 0.95. This
corroborates the major contribution of lm diffusion of tetra-
cycline onto the nanopowder (Fig. S6†).127

To determine the rate-limiting step in the adsorption process
of TC onto TiO2_EtOH nanopowder, the Boyd model was
employed.71,118 Through the plot of Bt (Boyd parameter) versus
time (t), if a straight line intercepts the origin, intraparticle
diffusion governs the rate of the process. Otherwise, the
adsorption process is governed by lm diffusion or chemical
reaction dominates the adsorption rate. Fig. S7† shows that
even though the plot was linear, it did not intercept the origin.
Therefore, lm diffusion primarily controls the adsorption
process.128,129

Photocatalytic degradation of tetracycline using TiO2 nano-
powders. The photocatalytic activity of the TiO2 nanomaterials
synthesized at 200 °C for 10 min with different solvents under
microwave irradiation was evaluated through the degradation
of tetracycline under simulated solar irradiation. Before light
exposure, the solutions containing tetracycline and the photo-
catalysts were stirred in the dark for 240 min. Aer that time,
the solutions were exposed to simulated solar light for 30 min.
tOH, (b) TiO2_IPA, (c) TiO2_H2O and (d) without a photocatalyst, in the
viations of triplicate experiments (n = 3) in (a–c).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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During the blank experiments (photolysis), no degradation was
observed, indicating that tetracycline does not degrade over
time (Fig. 12). As previously discussed, the TiO2_EtOH and
TiO2_IPA nanopowders showed a signicant TC adsorption
percentage aer the dark (about 58% and 30% during the rst
cycle, respectively, see Fig. S8†), whereas with the TiO2_H2O
there was no adsorption. However, aer the time in the dark,
under 30 min of solar light exposure and for all nanopowders,
a clear decrease in C/C0 is observed (Fig. 12). Moreover, the total
TC removal percentages reach around 88%, 77% and 72% with
the TiO2_EtOH, TiO2_IPA and TiO2_H2O nanopowders (Fig. 12),
respectively.

The photocatalytic performance is highly inuenced by the
crystalline phase, particle morphology, crystallite size, specic
surface area and crystal facets of the photocatalyst.130 In terms
of crystalline phases, mixtures of anatase/brookite, anatase/
rutile, and pure anatase phase were obtained, respectively for
the nanopowders synthesized in IPA, H2O and ethanol. Many
reports state that a mixture of TiO2 crystalline phases could lead
to a synergistic effect that would improve the separation of
photogenerated charges.131,132 However, this was not veried in
the present study, and the ndings demonstrated that the
nanopowder comprising pure TiO2 anatase displayed better
photocatalytic performance. As seen from SEM and STEM
images, the TiO2_EtOH powder presented micrometer
spherical/elongated aggregates with faceted nanocrystals and
displayed porosity even at the nanoscale. In the case of both
TiO2_IPA and TiO2_H2O, nanorods and some particles with
undened shapes were observed, and for the latter, these
nanostructures aggregated in quasi-spherical micro-sized
particles. The porous structure of TiO2_EtOH suggested that
this material would have a higher surface area, which was
conrmed by the BET measurements. In heterogeneous catal-
ysis, most reactions between the catalysts and reactants occur
on the catalyst's surface, in a way that a large surface area will
not only provide more active sites at the catalyst surface to
produce radical species but also anchor the organic pollutant's
molecules.133 Indeed, a larger specic surface area was obtained
with the TiO2_EtOH nanopowder, which provided more
adsorption sites, resulting in an enhancement of tetracycline
molecules to adsorb onto the surface of TiO2, as visible with the
adsorption kinetics study. The combination of a high adsorp-
tion capacity, together with the ability to produce radical
species contributed to enhancing the removal of the pollutant
from water. In fact, XPS measurements attested the ability of
both TiO2_EtOH and TiO2_IPA nanopowders to adsorb surface
oxygen.

At the atomic level, differences were evident between the
different solvents used. In the case of the TiO2_EtOH nano-
powder, faceted nanocrystals (∼6 nm) with atomic structural
surface (steps) and bulk (absence of Ti atoms) defects were
observed on the high-index facets. The atomic arrangement of
titanium and oxygen on the anatase phase determines the
different facets formed, dominating the TiO2 surface chem-
istry.88 It is known that the low-index (101) TiO2 anatase surface
is the most stable, followed by the (001) one. However, the (001)
surface has a higher photocatalytic activity than the (101)
© 2025 The Author(s). Published by the Royal Society of Chemistry
surface.134 Therefore, the interest in high-index TiO2 anatase
surfaces has been increasing lately since these nanomaterials
exhibit exceptional photocatalytic properties when compared to
low-index ones. Indeed, it has been demonstrated that high-
index TiO2 nanomaterials exhibit better adsorption and
photooxidation performance than the low-index {001}, {100}
and {101} surfaces.88 Moreover, generally, high-index facets
exhibit high surface energy, resulting in a high reactivity.88 TiO2

high-index faceted nanocrystals ({012} and {102} facets) were
observed through STEM, and thus, are expected to signicantly
impact the overall photocatalytic activity of the nanomaterial
owing to the presence of structural defects. In fact, the surface
defects observed in the high-index facets, and suggested by the
photoluminescence results, can contribute to stabilize these
high-index facets, and consequently, enhance the separation of
photogenerated charges and ultimately aid to boost the pho-
tocatalytic performance.89,135 It is noteworthy that most reports
on the synthesis of high-index facets of TiO2 highly depend on
the use of toxic chemicals.88 Unlike these studies, an environ-
mentally benign approach is herein proposed.

Integrating high-index facets with defective TiO2 nano-
crystals is highly desirable to strengthen the response in the
visible light region and limit the recombination of photo-
generated carriers.88 Regarding the defects in TiO2, Kong
et al.136 discovered that adjusting the ratio of bulk defects to
surface defects in TiO2 nanocrystals can signicantly boost the
separation of photogenerated charge carriers and lastly improve
the photocatalytic performance. Yet, establishing a direct
correlation between surface/bulk defects and photocatalytic
activity remains difficult, mainly due to their interaction with
other factors that inuence the photocatalytic performance,
such as crystalline phases and exposed crystal facets.137

Nevertheless, when it comes to surface defects, various
reasons are attributed to their improvement in the removal of
pollutants. The rst is related to changes in the surface prop-
erties of TiO2, which could induce different adsorption/
desorption capabilities of reactants, intermediates, or prod-
ucts. Another reason is the light absorption ability. Due to the
existence of these surface or sub-surface defects, new interme-
diate levels could be created within the band gap of TiO2,
leading to enhanced capacity for visible light absorption. The
third reason has to do with disorders at the surface that could
turn into traps for electrons or holes, limit the recombination of
photogenerated charge carriers and consequently increase the
lifetime of charge carriers in the material.138–140

Therefore, the enhanced photocatalytic activity observed in
the TiO2_EtOH nanopowder can be ascribed to a synergistic
effect of factors. These include its high surface area stemming
from a porous structure at the micrometer scale, as well as
nanometer and atomic level contributions, characterized by
pores within the nanocrystals, and the exposure of high-index
crystal facets with atomic bulk and surface defects. Addition-
ally, the higher capacity for surface oxygen adsorption further
contributes to this enhanced activity.

To quantitatively compare the decomposition efficiency
under solar light, the experimental data were tted according to
Environ. Sci.: Adv., 2025, 4, 713–738 | 727
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Table 3 Kinetic parameters (rate constants kap and linear regression
coefficients R2) for the tetracycline degradation under simulated solar
light without a photocatalyst (control) and with TiO2 nanopowders
synthesized with ethanol, IPA and watera

Kinetic parameters

kap (min−1) R2

Control 2.2 × 10−4 0.94
TiO2_EtOH 0.04 0.90
TiO2_IPA 0.03 0.97
TiO2_H2O 0.02 0.99

a Reaction conditions: [TC] in the dark = 12, 24, 19 mg L−1 for the
solutions with TiO2_EtOH, TiO2_IPA and TiO2_H2O nanopowders. VTC
= 50 mL, mcatal = 25 mg, reaction time = 30 min, source of light:
simulated solar light.
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the pseudo-rst-order kinetic model's eqn (S12).† The kinetic
parameters can be found in Table 3.

Comparing the rate constant (kap) values in Table 3 with
previous studies, Safari et al.141 reported similar rate constant
values when using nanosized TiO2 for the photodegradation of
TC in aqueous solutions under UV light (kap = 2.49 ×

10−2 min−1, [TC]initial = 27 mg L−1). Bouafıa-Cherguı et al.142

also reported the photocatalytic degradation of TC in water
using TiO2 as a photocatalyst also under UV light. The most
concentrated solution had an initial tetracycline's concentra-
tion of 20 mg L−1 and the obtained apparent rate constant value
was 2.1 × 10−2 min−1. Again, this value is in line with the
present results for TiO2 nanopowders; however, in this study
solar radiation was used, which adds signicant environmental
value, with the incorporation of renewable sunlight energy and
not being restricted just to UV radiation. Moreover, it is worth
mentioning that this work reports a simple and fast microwave
synthesis (10 min at 200 °C) of TiO2 nanostructures by
employing non-toxic reagents, which showed excellent ability
for the removal of tetracycline molecules from polluted water.

Recyclability tests. To determine the stability of the photo-
catalysts, reusability tests were performed in the presence of the
Fig. 13 (a) Comparison of TC adsorption (240min in the dark) and adsorp
simulated solar light exposure) without and with a UV exposure regene
zation). (b) SEM images of the TiO2_EtOH nanopowder without and with

728 | Environ. Sci.: Adv., 2025, 4, 713–738
best photocatalyst (the TiO2_EtOH nanopowder) under a simu-
lated solar light source. For the second cycle, as seen in
Fig. 13(a), little adsorption (∼15%) occurred within 240 min (4
h) in the dark (no regeneration). This result may be due to the
fact that tetracycline molecules are blocking all active sites
around the photocatalyst. Aer the completion of the second
cycle, the TiO2 nanopowder without regeneration was observed
through SEM (Fig. 13(b)). A clear thick layer is wrapping the
photocatalyst structures, which is thought to be causing the
signicant loss of TC adsorption's capability. It also impacted
the overall percentage of TC removal, and the material can only
reach 40% of TC degradation, compared to the initial 88%
(Fig. 12(a)). To fully recover the adsorption capacity of the
photocatalyst, a strategy based on UV exposure was explored,
since it is simple to implement in a real production process.72

Aer the rst cycle (adsorption + photocatalytic activity), the
TiO2_EtOH nanopowder was exposed for 4 h to UV light irra-
diation in an aqueous solution. A complete recovery is observed
in terms of TC adsorption (∼60% aer 240 min in the dark) and
overall TC removal (∼80% is obtained aer 240 min in the
dark + 30 min of light exposure), see Fig. 12(a). In contrast with
the TiO2 nanopowder without regeneration, the SEM image of
the nanopowder treated with UV light shows the presence of
well-dened particles without a coating layer (Fig. 13(b)), which
conrms the total recovery. To the best of our knowledge, there
are no other studies in the literature showing similar SEM
images of nanostructures encapsulated/coated with tetracycline
compounds and/or products from the photodegradation reac-
tion of tetracycline.

Reactive oxygen species (ROS) experiments. The inuence of
different reactive oxygen species (ROS) on the degradation rate
of TC using the TiO2_EtOH nanopowder was investigated under
simulated solar light and aer 240 min in the dark (Fig. S9†).
Several ROS contribute to the photocatalytic degradation
process, encompassing holes (h+), hydroxyl (cOH), superoxide
ions (cO2

−), singlet oxygen (1O2) radicals and electrons
(e−).74,143,144 As shown in Fig. S9,† a reduction in the degradation
percentages can be observed upon the use of p-benzoquinone
tion followed by photocatalytic activity (240min in the dark + 30min of
ration of 240 min (both corresponding to the second cycle of reutili-
regeneration.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00110a


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 8
/9

/2
02

5 
4:

16
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(BQ) and sodium azide (SA) scavengers. This indicates that cO2
−

and 1O2 radicals are the main active species involved in the
degradation process of TC. These ndings are well aligned with
earlier research reporting the presence of superoxide radical
species in the degradation process of tetracycline over TiO2

nanostructures.17,106,145,146 Regarding the generation of singlet
oxygen radical species, several pathways have been proposed in
the literature.147 Nevertheless, surface defects that can act as
both reactive sites and trapping sites might enhance the pho-
tocatalytic performance. Studies indicated that the existence of
surface oxygen vacancies (VOs) can be further reduced into
superoxide anions and then converted into singlet oxygen.148,149

Although the existence of surface oxygen vacancies could not be
conrmed by XPS and photoluminescence spectroscopy anal-
yses, the surface defects of the photocatalyst, as observed
Fig. 14 SEM images of the PU foams. (a and b) Pristine PU foam; (c and
coating of the TiO2 nanomaterials synthesized with ethanol. The correspo

© 2025 The Author(s). Published by the Royal Society of Chemistry
through STEM, may be associated with the origin of these
reactive species.
Structural characterization of the PU foams

The photocatalytic experiments with the TiO2_EtOH nano-
powder showed enhanced overall adsorption and degradation
of tetracycline molecules compared with the other solvents (i.e.,
nanopowders with isopropanol and water). Therefore, this
nanopowder was chosen for further impregnation on PU foams
to avoid costly recovery processes of nanopowders and guar-
antee the sustainable character of the materials produced. The
photodegradation of tetracycline under simulated solar light
and ecotoxicity assays against Artemia salina were both con-
ducted in the presence of these functionalized TiO2 PU Foams.
d) pre-treated PU foam and (e and f) pre-treated PU foam after dip-
nding EDSmaps of C (g, i and k); O (h, j and l); and Ti (m) are presented.

Environ. Sci.: Adv., 2025, 4, 713–738 | 729
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Fig. 15 Degradation profiles of tetracycline over PU foams (pristine
and pre-treated TiO2 PU foam) in the dark (for 60 min) and under
simulated solar light (for 180min). The black curve represents theC/C0

over time for the pristine foam (uncoated), while the blue curve is for
the pre-treated TiO2 PU foam.

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 8
/9

/2
02

5 
4:

16
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
SEM/EDS. The PU foams observed by SEM showed a typical
cellular structure specic to polyurethane foams
(Fig. S10†).150,151 The pores of the commercial PU foam were in
the millimeter range (Fig. S10†). From the SEM images, it is
possible to observe that the surface of the pristine PU foam is
smooth without any macro-sized defects and crack-free, but
with wrinkling edges (Fig. 14(a)). In the micrometer range, it
was possible to observe artifacts throughout its surface
(Fig. 14(b)). The PU foams were also observed aer the NaOH
treatment (pre-treated) and no clear difference could be inferred
when compared to the pristine PU foam (Fig. 14(c and d)).
Nevertheless, when the pre-treated PU foam aer the dip-
coating process was observed, the differences became evident
(Fig. 14(e and f)), even at the macro-scale, with the presence of
some agglomerates on the wrinkling edges of the PU foam
resultant from the deposition process (Fig. 14(e)). SEM images
(Fig. 14(a and b)) show that the TiO2 nanomaterials synthesized
with ethanol as solvent resulted in micrometer TiO2 aggregates,
and aer the dip-coating process, these aggregates are still
discernible. The artifacts observed in the pristine and pre-
treated PU foams can still be observed aer the deposition
process, however, other smaller structures were observed, sug-
gesting the presence of dispersed TiO2 particles or smaller TiO2

aggregates in the foam surface.
Pristine PU foam, pre-treated PU foam and pre-treated PU

foam aer dip-coating of the TiO2_EtOH nanomaterial were
also analysed using EDS. The analyses were carried out simul-
taneously in the same areas of the SEM images for all the PU
foams. EDS analysis conrmed that the pre-treatment with
NaOH did not leave residues at the surface of the substrates,
since no impurities were detected, i.e., sodium. Both pristine
and pre-treated PU foams were composed of C and O, which is
expected for polyurethane foam substrates152 (Fig. 14(g–j)). In
Fig. 14(k–m), not only C and O are observed from the substrate,
but also Ti and O are present on the TiO2 agglomerates. Ti was
also detected throughout the foam surface as can be observed
from the Ti EDS map in Fig. 14(m). Based on the EDS analyses,
it can be inferred that the NaOH surface treatment assisted the
immobilization of the TiO2 nanostructures in the PU surface.

Photocatalytic degradation of tetracycline using the pre-
treated PU foams. The photocatalytic activity of the pre-
treated PU foams, with and without the photocatalyst, was
determined considering the degradation percentages when
exposed to simulated solar light. The study in the absence of
light was performed for 1 h to achieve adsorption–desorption
equilibrium. Aer this time, it can be seen that both pristine
(uncoated) and pre-treated TiO2 PU foam did not adsorb TC
molecules (Fig. 15). Despite the microporosity, the foam's
surface is at and smooth (Fig. 14(c and d)), leading to the low
adsorption of tetracycline molecules observed with the pristine
PU foam during the dark phase. Regarding the pre-treated TiO2

PU foam, as seen previously in Fig. 12(a), the TiO2 nanopowder
showed signicantly high adsorption towards molecules of
tetracycline during the dark phase. Throughout this process,
the surface area played an important role. In contrast with the
use of nanopowder, upon immobilization on a PU foam
730 | Environ. Sci.: Adv., 2025, 4, 713–738
(Fig. 15), this adsorption was almost null. A possible explana-
tion could be related to the use of polyacrylic acid in the dip-
coating process, impacting the adsorption mechanism of the
photocatalysts. This polymer may be blocking the available sites
on the surface of the photocatalyst. Nevertheless, under light
irradiation a notable decay in the concentration of tetracycline
is observed in the presence of the TiO2 PU foam, in comparison
with the pristine PU foam, attesting the photocatalytic behavior
of the TiO2 nanostructures, Fig. 15, by reaching around 80% of
TC degradation in 180 min of light exposure.

The organic water pollutant photodegradation in the pres-
ence of semiconductors is achieved when the photocatalyst is
exposed to light with an energy superior to its band gap energy;
the photons' energy is absorbed, leading to the excitation of
electrons from the valence band to the conduction band, and
thus creating electron–hole pairs. If the recombination of
electrons and holes does not occur, electrons and holes can
migrate to the surface of the photocatalyst and participate in
redox reactions. Holes will oxidize water molecules and form
superoxide radical species (OHc). Simultaneously, electrons will
reduce oxygen molecules and generate hydroxyl radicals (O2c

−).
The superoxide radicals will be aerwards protonated to harvest
hydro-peroxyl radicals (HOOc) and thereaer hydrogen peroxide
(H2O2) and hydroxyl radicals are formed.153–156 These hydroxyl
radical species will be further responsible for the trans-
formation of tetracycline molecules into different intermedi-
ates. Although multiple degradation pathways could be
proposed due to these various intermediates that may be
formed, the ROS produced would attack the double bonds,
aromatic ring and amino group in tetracycline, typically via ring
opening and cleavage of the central carbon bond reac-
tions.144,157,158 Smaller intermediates would be generated and
eventually would be mineralized into some tiny molecules, such
as CO2, H2O159 and inorganic ions that are gradually formed via
oxidation steps.144

Recyclability tests with the pre-treated TiO2 PU foam. To verify
the integrity of the TiO2 PU foam, reusability tests were con-
ducted under 5 consecutive cycles (Fig. 16). In each cycle, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Photocatalytic recycling activity of pre-treated TiO2 PU foam
under 5 consecutive cycles, under simulated solar light for 180 min.
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foam was exposed to solar light for 180 min. A minimal pho-
tocatalytic efficiency loss of around 20% was obtained upon
completion of the h cycle. This indicates that the TiO2 PU
foam is stable160 and can be reused up to 5 cycles. In fact, the
dip-coating method enables a good adhesion of the nano-
materials to different substrates with various compositions and
intricate geometrical structures, as previously demonstrated.161

Moreover, studies have shown that the polymer used for dip-
coating (PAA) is compatible with this technique.162,163 The
present results demonstrate that reusable photocatalysts with
high degradation efficiency towards water pollutants can be
produced in an effective and affordable manner while avoiding
the issues associated with the recovery of powdered
photocatalysts.

Ecotoxicity assays. Exposure studies on Artemia salina
(nauplii) were conducted in the presence of the pre-treated TiO2

PU foams to examine the effects of the functionalized substrates
on the marine ecosystems. The mortality (%) was determined
under acute exposure for 24 h with the PU foams, (without
photocatalyst, with pre-treatment and photocatalyst), as well as
with the negative control (articial seawater) and positive
control (10% DMSO), see eqn (1). The mortality rate (%) for
Artemia is shown in Table 4. As expected, the pre-treated TiO2

PU foam exhibits a slightly higher mortality percentage
compared with the foam without the catalyst. This may be
related to the photocatalytic behavior of TiO2 under light irra-
diation and the generation of ROS causing oxidative stress on
the organisms.164 However, the aim of the utilization of
Table 4 Mortality rate (%) for Artemia salina (nauplii) measured for 24 h
exposure to pristine (without photocatalyst) and pre-treated PU foam
(with the TiO2 photocatalyst). Mean ± SEM, n = 5

Mortality
(%)

Standard error
of the mean (%)

Negative control (Artemia salt) 2 1.79
PU foam (without) photocatalyst 2 1.79
Pre-treated PU foam (with photocatalyst) 8 4.92
Positive control (10% DMSO) 100 0

© 2025 The Author(s). Published by the Royal Society of Chemistry
a polymer (in this case, polyacrylic acid) to coat the TiO2

nanostructures is not only to promote a better adhesion of the
nanostructures to the PU foam but also to minimize possible
toxic effects on aquatic organisms. According to the literature,
polyacrylic acid can hinder the formation of ROS by TiO2

nanostructures and help mitigate their phototoxicity under
sunlight.165 Most importantly, it should be noted that the
functionalized substrates presented very low mortality (<10%),
and hence, are considered safe for aquatic species.166 As for
current eco-toxicological studies, these oen assess the toxicity
effects with suspensions of nanoparticles,75,166–168 rather than
determining the acute toxicity of nanoparticles functionalized
on substrates to aquatic organisms, as herein investigated.

Conclusions

Solar-light-driven TiO2 photocatalysts on 3D polyurethane
foams were developed with the aid of microwave irradiation and
a dip-coating method. Microwave synthesis of TiO2 nano-
powders was performed at 200 °C for 10 min in the presence of
different solvents (ethanol, IPA and water). Pure anatase was
obtained for the synthesis in ethanol, whereas in IPA and H2O,
a mixture of anatase/brookite or anatase/rutile phases was
present, respectively, as revealed by XRD. SEM/STEM results
revealed highly porous micro-sized spherical/elongated TiO2

aggregates composed of ne nanocrystals for the TiO2_EtOH
nanomaterial. These TiO2 nanocrystals had low and high-index
facets, while the latter presented bulk/surface structural defects.
For the syntheses using IPA and water, 1D nanostructures were
formed together with other smaller nanocrystals with an
undened shape. A higher contribution from the defect states
for the TiO2 ethanol nanopowder was also suggested based on
the photoluminescence measurements. BET analysis conrmed
that the specic surface area of the porous TiO2 synthesized
with ethanol was superior to the nanopowders synthesized with
IPA and H2O, thus conferring it enhanced capacity for surface
oxygen adsorption, as observed through XPS. This characteristic
enabled a high TC sorption efficiency (∼58% in 240 min).
Reusability tests demonstrated that UV exposure effectively
restored its adsorption capacity and overall performance for the
removal of TC. Although TC adsorption was suppressed when
TiO2 nanostructures were incorporated into a PU foam, almost
the same percentage of TC removal from aqueous systems could
be obtained (∼80% in 180 min of solar light exposure with the
TiO2 PU foam and ∼88% with the TiO2_EtOH nanopowder aer
240 min in the dark + 30 min of solar light exposure). Moreover,
the exposure of TiO2 PU foams to aquatic organisms had no
signicant toxic effects aer 24 h. In summary, this study
highlighted the production of reusable 3D TiO2 PU foams with
a strong ability to remove water pollutants, such as antibiotics,
by the combination of a fast microwave-assisted approach and
a simple dip-coating technique.

Data availability

The data supporting this article have been included as part of
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Environ. Sci.: Adv., 2025, 4, 713–738 | 731

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00110a


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 8
/9

/2
02

5 
4:

16
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Author contributions

All authors reviewed and approved the nal version of the
manuscript for publication.
Conflicts of interest

The authors declare no conict of interest.
Acknowledgements

National Funds from FCT – Fundação para a Ciência e a Tec-
nologia, I. P., supported this work through the projects UIDB/
50025/2020-2023, UIDP/50025/2020-2023, LA/0037/2020 of the
Associate Laboratory Institute of Nanostructures, Nano-
modelling and Nanofabrication-i3No. The authors are also
thankful to FCT for the essential nancial support under project
references UIDB/04138/2020, UIDP/04138/2020 and UIDB/
00645/2020, UIDB/04138/2020 and UIDP/04138/2020. M. L.
Matias would like to thank FCT for the PhD scholarship UI/BD/
151292/2021 and M. Amaral for the PhD scholarship SFRH/BD/
05377/2021. J. Rodrigues acknowledges FCT for Program Stim-
ulus of Scientic Employment – Individual Support (grant
2022.00010.CEECIND/CP1720/CT0023) and J. Deuermeier for
the FCT Scientic Employment Stimulus – Institutional Call
(CEECINST/00102/2018) contract. A. S. Reis Machado also
acknowledges the support by the FCT project “CO2RED”
(reference: PTDC/EQU-EPQ/2195/2021). Acknowledgments are
also extended to the EC project SYNERGYH2020-WIDESPREAD-
2020-5, CSA, proposal no 952169 and to EMERGE-2020-
INFRAIA-2020-1, proposal no 101008701. We are thankful to
the Sustainable Stone project by Portugal – Valorization of
Natural Stone for a digital, sustainable, and qualied future,
numbered 40, proposal number C644943391-00000051, which
is co-nanced by the PRR – Recovery and Resilience Plan of the
European Union (Next Generation EU).
References

1 L. Lin, H. Yang and X. Xu, Effects of Water Pollution on
Human Health and Disease Heterogeneity: A Review,
Front. Environ. Sci., 2022, 10, 880246.

2 D. Ghime, P. Ghosh, D. Ghime and P. Ghosh, in Advanced
Oxidation Processes - Applications, Trends, and Prospects,
ed. C. Bustillo-Lecompte, IntechOpen, 2020.

3 A. Patel, A. Arkatkar, S. Singh, A. Rabbani, J. D. Solorza
Medina, E. S. Ong, M. M. Habashy, D. A. Jadhav,
E. R. Rene, A. A. Mungray and A. K. Mungray, Physico-
chemical and biological treatment strategies for
converting municipal wastewater and its residue to
resources, Chemosphere, 2021, 282, 130881.

4 S. J. Kimosop, Z. M. Getenga, F. Orata, V. A. Okello and
J. K. Cheruiyot, Residue levels and discharge loads of
antibiotics in wastewater treatment plants (WWTPs),
hospital lagoons, and rivers within Lake Victoria Basin,
Kenya, Environ. Monit. Assess., 2016, 188(532), 1–9.
732 | Environ. Sci.: Adv., 2025, 4, 713–738
5 S. Zheng, Y. Wang, C. Chen, X. Zhou, Y. Liu, J. Yang,
Q. Geng, G. Chen, Y. Ding and F. Yang, Current Progress
in Natural Degradation and Enhanced Removal
Techniques of Antibiotics in the Environment: A Review,
Int. J. Environ. Res. Publ. Health, 2022, 19(17), 1–31.

6 G. Gopal, S. A. Alex, N. Chandrasekaran and A. Mukherjee, A
review on tetracycline removal from aqueous systems by
advanced treatment techniques, RSC Adv., 2020, 10(45),
27081–27095.

7 A. Fiaz, D. Zhu and J. Sun, Environmental fate of
tetracycline antibiotics: degradation pathway
mechanisms, challenges, and perspectives, Environ. Sci.
Eur., 2021, 33(64), 1–17.

8 H. Zhu, M. Li, L. Zou, Y. Hu, H. Hao, J. Dou and J. Mao, A
study on singlet oxygen generation for tetracycline
degradation via modulating the size of a-Fe2O3

nanoparticle anchored on g-C3N4 nanotube photocatalyst,
Nano Res., 2023, 16(2), 2236–2244.

9 M. Bortolanza, B. L. Santos-Lobato, G. C. Nascimento and
E. Del-Bel, in Diagnosis and Management in Parkinson's
Disease: the Neuroscience of Parkinson's Disease, ed. C. R.
Martin and V. R. Preedy, Academic Press, 2020, vol. 1, pp.
491–510.

10 S. Tariq, S. F. A. Rizvi and U. Anwar, Tetracycline:
Classication, Structure Activity Relationship and
Mechanism of Action as a Theranostic Agent for
Infectious Lesions-A Mini Review, Biomed J Sci Tech Res,
2018, 7, 1–10.

11 I. Janser, in Bioactive Carboxylic Compound Classes:
Pharmaceuticals and Agrochemicals, ed. C. Lamberth and J.
Dinges, John Wiley & Sons, Ltd, 2016, pp. 115–131.

12 A. Rusu and E. L. Buta, The development of third-
generation tetracycline antibiotics and new perspectives,
Pharmaceutics, 2021, 13, 2085.

13 G. Gopal, S. A. Alex, N. Chandrasekaran and A. Mukherjee,
A review on tetracycline removal from aqueous systems by
advanced treatment techniques, RSC Adv., 2020, 10,
27081–27095.

14 J. Chico, F. van Holthoon and T. Zuidema, Ion Suppression
Study for Tetracyclines in Feed, Chromatogr. Res. Int., 2012,
2012, 1–9.

15 A. di Cerbo, F. Pezzuto, G. Guidetti, S. Canello and L. Corsi,
Tetracyclines: Insights and Updates of their Use in Human
and Animal Pathology and their Potential Toxicity, Open
Biochem. J., 2019, 13, 1–12.

16 C. Gu and K. G. Karthikeyan, Interaction of tetracycline
with aluminum and iron hydrous oxides, Environ. Sci.
Technol., 2005, 39(8), 2660–2667.

17 M. Sharma, M. K. Mandal, S. Pandey, R. Kumar and
K. K. Dubey, Visible-Light-Driven Photocatalytic Degradation
of Tetracycline Using Heterostructured Cu2O-TiO2

Nanotubes, Kinetics, and Toxicity Evaluation of Degraded
Products on Cell Lines, ACS Omega, 2022, 7(37), 33572–33586.

18 O. Baaloudj, I. Assadi, N. Nasrallah, A. El Jery, L. Khezami
and A. A. Assadi, Simultaneous removal of antibiotics and
inactivation of antibiotic-resistant bacteria by
photocatalysis: A review, J. Water Proc. Eng., 2021, 42, 1–11.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00110a


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 8
/9

/2
02

5 
4:

16
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
19 K. O'Dowd, K. M. Nair and S. C. Pillai, Photocatalytic
degradation of antibiotic-resistant genes and bacteria
using 2D nanomaterials: What is known and what are the
challenges?, Curr. Opin. Green Sustainable Chem., 2021,
30, 1–7.

20 M. Malakotian, S. N. Asadzadeh, M. Khatami,
M. Ahmadian, M. R. Heidari, P. Karimi, N. Firouzeh and
R. S. Varma, Protocol encompassing ultrasound/Fe3O4

nanoparticles/persulfate for the removal of tetracycline
antibiotics from aqueous environments, Clean Technol.
Environ. Policy, 2019, 21, 1665–1674.

21 A. G. Capodaglio, Critical Perspective on Advanced
Treatment Processes for Water and Wastewater: AOPs,
ARPs, and AORPs, Appl. Sci., 2020, 10(13), 4549.

22 H. Liu, C. Wang and G. Wang, Photocatalytic Advanced
Oxidation Processes for Water Treatment: Recent Advances
and Perspective, Chem. Asian J., 2020, 15, 3239–3253.

23 I. A. Saleh, N. Zouari and M. A. Al-Ghouti, Removal of
pesticides from water and wastewater: Chemical, physical
and biological treatment approaches, Environ. Technol.
Innovation, 2020, 19(4), 101026.

24 E. M. Abd El-Monaem, M. Hosny and A. S. Eltaweil,
Synergistic effect between adsorption and Fenton-like
degradation on CoNiFe-LDH/ZIF-8 composite for efficient
degradation of doxycycline, Chem. Eng. Sci., 2024, 287,
119707.

25 E. M. Abd El-Monaem, N. Al Harby, M. El Batouti and
A. S. Eltaweil, Enhanced Redox Cycle of Rod-Shaped MIL-
88A/SnFe2O4@MXene Sheets for Fenton-like Degradation
of Congo Red: Optimization and Mechanism,
Nanomaterials, 2024, 14, 54.

26 J. Wang and R. Zhuan, Degradation of antibiotics by
advanced oxidation processes: An overview, Sci. Total
Environ., 2020, 701, 135023.

27 P. Zawadzki, Visible Light–Driven Advanced Oxidation
Processes to Remove Emerging Contaminants from Water
and Wastewater: a Review, Water, Air, Soil Pollut., 2022,
233(9), 1–38.

28 Y. Mikhak, M. M. A. Torabi and A. Fouladitajar, in
Sustainable Water and Wastewater Processing, ed. C. M.
Galanakis and E. Agraoti, Elsevier, 2019, pp. 55–91.

29 E. M. Abd El-Monaem, H. M. Elshishini, S. S. Bakr, H. G. El-
Aqapa, M. Hosny, G. Andaluri, G. M. El-Subruiti,
A. M. Omer and A. S. Eltaweil, A comprehensive review on
LDH-based catalysts to activate persulfates for the
degradation of organic pollutants, npj Clean Water, 2023,
6, 1–24.

30 J. M. Coronado and M. D. Hernández-Alonso, in Design of
Advanced Photocatalytic Materials for Energy and
Environmental Applications, Green Energy and Technology,
Springer, London, 2013, vol. 71, pp. 85–101.

31 F. M. dela Rosa, M. Popović, J. Papac Zjačić, G. Radić,
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P. Samyn and J. Yperman, Fe-TiO2/AC and Co-TiO2/AC
composites: Novel photocatalysts prepared from waste
streams for the efficient removal and photocatalytic
degradation of cibacron yellow F-4G dye, Catalysts, 2021,
11(10), 1–24.

116 I. A. W. Tan, A. L. Ahmad and B. H. Hameed, Adsorption
isotherms, kinetics, thermodynamics and desorption
studies of 2,4,6-trichlorophenol on oil palm empty fruit
bunch-based activated carbon, J. Hazard. Mater., 2009,
164(2–3), 473–482.

117 F. Yu, J. Ma and S. Han, Adsorption of tetracycline from
aqueous solutions onto multi-walled carbon nanotubes
with different oxygen contents, Sci. Rep., 2014, 4(5326), 1–8.

118 B. Ghanim, J. J. Leahy, T. F. O'Dwyer, W. Kwapinski,
J. T. Pembroke and J. G. Murnane, Removal of hexavalent
chromium (Cr(VI)) from aqueous solution using acid-
modied poultry litter-derived hydrochar: adsorption,
regeneration and reuse, J. Chem. Technol. Biotechnol.,
2022, 97, 55–66.

119 L. Zhang, T. Ai, X. Tian and S. Dai, An efficient removal
mechanism for different hydrophilic antibiotics from
aquatic environments by Cu–Al–Fe–Cr quasicrystals, RSC
Adv., 2022, 12, 9995.

120 D. N. R. de Sousa, S. Insa, A. A. Mozeto, M. Petrovic,
T. F. Chaves and P. S. Fadini, Equilibrium and kinetic
studies of the adsorption of antibiotics from aqueous
solutions onto powdered zeolites, Chemosphere, 2018,
205, 137–146.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00110a


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 8
/9

/2
02

5 
4:

16
:3

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
121 G. W. Kajjumba, S. Emik, A. Öngen, H. K. Ö. Aydın,
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