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Introduction

The products of our daily lives, such as personal care products,
pharmaceutically active compounds and drugs like antibiotics,
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Nowadays, in the field of environmental protection, a huge effort is focused on efficient and sustainable processes to treat
wastewaters. The current study emphasizes the photocatalytic performance of TiNbO,, a nano-heterostructure material
derived from the oxidation of (Tio.7sNbo.25)2CTx MXene. TiNbOx nano-heterostructure exhibited remarkable performance in
the degradation of caffeine (CAF) and sulfamethoxazole (SMX) under UVA irradiation in the presence of peroxymonosulfate
(PMS). Under optimal conditions, 0.2 g L™ of TiNbOx, 0.5 mM PMS and 50 uM concentration of pollutants, and natural pH of
deionized water, we observed a complete degradation of SMX and 91 % degradation of CAF. Scavenging studies provided
evidence for the involvement of *OH and SO4°~in the degradation of the pollutants, which was also supported by indirect
techniques of electron paramagnetic resonance (EPR) spectroscopy. The degradation pathway of the pollutants was
analyzed by liquid chromatography-mass spectrometry (LC-MS) and suggested several mechanisms including hydroxylation
and isoxazole ring-opening reactions. In addition, X-ray photoelectron spectroscopy (XPS) supported the proposed
degradation mechanism. The reusability test underscored the high stability and efficiency of TiNbOx. Moreover, the
significance of this research was emphasized by conducting degradation studies in tap water (TW) and tertiary effluents of
the wastewater (WW) treatment plant in Bratislava. Under optimal conditions, 49 % and 30 % of CAF were degraded in TW
and WW, respectively, after 12 hours of reaction. For SMX, 68 % and 67 % degradation were obtained in TW and WW,
respectively.

analgesics, anti-inflammatories, and antiepileptics, etc., have been
considered as contaminants of emerging concern (CEC).1 CECs can be
described as pollutants that are detected in the environmental
monitoring sample and have adverse effects on aquatic life and its
ecosystem, as well as human life through their bioaccumulation
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process.? Sulfamethoxazole (SMX) is a widely used antibiotic, and it
is one of the main sources of pollution in wastewater of
pharmaceutical companies and conventional wastewater treatment
plants.3 Caffeine (CAF) is another highly consumed substance around
the world from medicines, coffee, and illicit drugs.! After ingestion,
this CAF is partially metabolized and then excreted by the body,
contaminating wastewater.* Existing conventional methods cannot
completely remove these pollutants from the wastewater, leading to
their accumulation in the natural environment, which poses a serious
public health issue.> Although CAF lacks specific regulatory limits,
while SMX is regulated with a maximum allowable concentration of
0.1 pg/L in surface waters in the EU. Thereby both compounds
require careful consideration of their degradation products during
treatment evaluations.

Advanced oxidation processes (AOPs) are among the most promising
treatment methods to remove water pollution as they can
completely degrade organic pollutants into CO,, H,0, and inorganic
ions.> In AOPs, hydroxyl radicals (*OH) are generated by
photocatalytic and Fenton-based processes. These hydroxyl radicals
are strong and non-selective oxidants.® Having stronger oxidation
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capacity, higher selectivity for aromatic organic compounds, and
greater stability in a wide pH range makes sulfate radicals (S04*")
more promising than *OH.” 8 The SO4*~ can be generated by the
cleavage of peroxydisulfate (PDS) and peroxymonosulfate (PMS) in
the presence of light, heating, transition, and alkaline earth metals.®
However, these activation processes cannot be yet scaled up, as
some of the transition metals might have a toxic nature, might be
unstable at natural pH, or consume too much energy.1° To address
these issues, heterogeneous catalysts have been found to efficiently
activate PMS/PDS oxidants.! 12 Therefore, research based on
heterogeneous AOPs is currently a hot area of research to solve some
of the environmental issues.

As heterogeneous catalysts, 2D layered materials are promising
candidates due to their high specific surface area, large number of
surface-active sites, and superior electron mobility, which minimizes
the recombination of charge carriers.1® In the past few years,
atomically thin 2D multilayered transition metal carbides and
nitrides, known as MXenes, have emerged as cocatalysts because of
their unique structure and electronic conductivities, as well as ability
to tailor the functionalities present on their surface.l*"The
functional groups associated with MXenes (e.g., TisC,Tyx and Ti,CTy, Ty
stands for surface terminations) bestowed the formation of MXene-
derived metal oxides (MOy), MO,/MXene, and MOy/carbon/MXene
heterojunction materials by a mild, partial, and full oxidation
process.18-22 The beauty of utilizing MXene as the precursor to attain
MOy is that it provides a unique morphology and physiochemical
properties that cannot be accessed by other synthetic routes.?? 23
Several studies have already demonstrated the excellent
performance of different catalysts to activate PDS and PMS into *OH,
SO, and 10,.12 However, few of these studies take a comprehensive
approach, and many lack a detailed explanation for the activation
process.24-26

In this context, this study aims to investigate the role of a new type
of catalyst, TiNbOx derived from Nb-substituted Ti,CTy MXene, in
PMS activation for the degradations of both CAF and SMX. The
photoinduced activation of PMS by TiNbOy is explored for the first
time in tertiary effluents from a wastewater treatment plant (WWTP)
in Bratislava-Petrzalka. This study discusses the effect of reaction
conditions such as pH, catalyst, and PMS concentrations on the
degradation of CAF and SMX. The identified reactive oxygen species
(ROS) and the proposed degradation pathway were determined by
electron paramagnetic resonance (EPR), X-ray photoelectron
spectroscopy (XPS), and liquid chromatography-mass spectrometry
(LC-MS).

Results and discussion

MXenes are not considered as photocatalysts but they can be used
as cocatalysts. However, the oxidation of MXenes can act as efficient
photocatalyst by combining the properties of both MXene precursor
and the resulting oxide, thus offering potential unique photocatalytic
properties.?’ In the current study, we aimed to prepare innovative
oxide nano-heterostructures (TiNbOy) derived from oxidation of
(TiyNb1.,),CTx MXene that retains the layered morphological features
of the MXene precursors as drawn in scheme 1. The resulting TiNbOy
can activate PMS for degradation of CECs, thus being potentially
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Scheme 1 Schematic representation of preparation of TiNbOy oxide
nano-heterostructure.

Materials structural, morphological, and optical properties

Fig. 1 shows the XRD patterns for Nb-substituted MAX referred to
with the formula (Tio7sNbo.2s)2AIC, and its corresponding MXene,
(Tio.7sNbg.25).CTx, obtained by HF etching. The XRD pattern for the
MAX phase agrees with the reported literature.?2 2 Compared to
MAX, the XRD pattern of the MXene shows a significant shift in 002
reflection towards a lower angle and the disappearance of mixed hk/
reflections, suggesting the extraction of the Al layers and the
enlargement of interlayer spacing due to surface functionalization
(Fig. 1a).1 22 Furthermore, the morphology of the MAX phase and
MXene was analyzed by SEM (Fig. Sla and S1b) (ESIT), which
confirmed the successful etching of the Al layers and the formation
of MXene, as the accordion morphology can be clearly noticed in Fig.
S1b (ESIt). The as-prepared MXene was subjected to oxidation, to
get a fully Nb-substituted titanium oxide (TiNbOy) material. The XRD
pattern after oxidation (Fig. 1a) suggests the formation of a biphasic
oxide compound. The marked reflections at 26 of 27.39°, 36.03°,
41.19° 44.13°, 54.32°, 56.74°, and 62.76° correspond to rutile TiO,
as major phase, while the rest of the reflections are analogous to
TizNb10029 in monoclinic symmetry (Fig. 1a). The SEM image in Fig.
Si1c (ESIT) highlights the oxidation of MXene nanosheets, resulting in
oxide particles smaller than 5um composed of aggregated
nanosheets. Based on EDS analysis, the stoichiometric ratio between
Ti and Nb remained consistent from the MXene precursors to the
TiNbOx product, with a significant amount of carbon still present
(Table S1).

The nanostructure of the sample was further investigated by TEM,
HRTEM, STEM, and EFTEM-SI methods. Low magnification SE-STEM
image, Fig. 1b, shows that the sample consists of nanostructures
showing a sheet morphology, which were formed by the fusion of
nanocrystals from 50 nm to 70 nm in size. More detailed image
depicting a portion of the nanosheet where nanocrystals are fused is
in Fig. 1c. EFTEM -SI mapping showed uneven distribution of Ti
(generated by Ti-L,3 edge), Nb (generated by Nb-M edge), and
O (generated by O-K edge) elements throughout the nanosheets.
This is manifested in RGB composite image, Fig. 1d, generated by
superposition of Ti (green) and Nb (blue) elemental maps. Fig. 1d
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indicates that nanosheets are heterostructures consisted of fused
titania TiO, (Ti: 32,6 at %, O: 67.4 at%) and Ti;Nb190,9 (Ti: 8.0 at%,
Nb: 23.9 at%, 68.1 at%) nanoparticles. HRTEM method was used to
determine TiO, polymorph in nanosheets. By evaluation of FFT
pattern, Fig. 1f, recorded from highlighted area in Fig. 1e it was
determined that nanoparticle is rutile TiO, single crystal oriented
along [111] direction. This is in accordance with result obtained by
XRD method, Fig.1a.
presence of Ti;NbioO,9 in nanosheets, as manifested in Figs. 1g, h.

HRTEM method was used to confirms the

Figs. 1g, h also shows that Ti,Nb;0029 nanocrystal with a monoclinic
crystal structure is surrounded by rutile TiO; (R) nanocrystals sharing
the same interfaces, which proves the appearance of nano-
heterostructures in the sample.?® Based on this results it can be
excluded a mixture of TiO, and Ti,NbioO29 nanoparticles in the
sample or single-phase composition of the sample generated by
incorporation of Nb atoms into structure of TiO,. The TEM images
show a nanoparticulate material that has retained the nanosheet-
like morphology of its precursors, thereby providing higher specific
surface area. Moreover, in TiNbO,, nano-heterostructure with the
highest proportion of rutile TiO, was accompanied by {101} and {110}
types of planes (Fig. 1e and 1f), suggesting high photocatalytic
activity.30
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Fig 1 (a) XRD patterns of (Tio75sNbo 25)2AIC (MAX), (Tio.7sNbo 25)2CTx
(MXene) and TiNbOy . In the XRD pattern, the blue and orange lines
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correspond to rutile TiO, (PDF#00-001-1292) and monoclinic
TizNb100,9 (PDF#00-040-0039), respectively. (b) low magnification SE
STEM image of TiNbOy nanosheet. (c)TEM of nanosheet consisted of
fused nanoparticles. (d) RGB Composite Ti (green) and Nb (blue)
elemental maps indicating distribution of TiO; and Ti2Nb1o02s grains
in nanosheet. (€)HRTEM of rutile nanocrystal oriented along [111]
direction along with surface planes marked and (f) relevant FFT
image acquired from highlighted area. (g) HRTEM image of
nanosheet showing coexistence of rutile and TizNb10029 nanocrystal
oriented along [211] direction. (h)FFT pattern acquired from squared
areain (g).

Table 1 Characteristic parameters for TiNbOy obtained from BET
analysis.

Sample b c d e
identifi [em3g [cm3g [cmig
2 35-1
cation [m?/g] ~ [cm’g”] 1] 1] ']
0.0 little ME,
TiNbOx *4 +1,0 0.014 0.001 ) less M,
more MA

a — specific surface area according to BET3! - marked+; b — volume of the adsorbed
monomolecular layer; ¢ — cumulative pore volume according to Gurvich3?; d — the
cumulative volume of micropores (MI) according to Horvath-Kawazoe3?; e —
cumulative volume of mesopore (ME) and macropore (MA) according to BJH
method3% 35; f — nature of the material.

In BET analysis, the multiscale porosity behavior of TiNbOy was
observed with a specific surface area of 4 m2g1, which is much lower
than other reports for rutile TiO, nanoparticles (46.3 m2g1)36 and
slightly higher than Ti;Nb10029 (3.4 m2g1) reported in the literature.3”
The smaller specific surface area for TiNbOy can be attributed to the
strong fusion of TiO, and Ti;Nb1gO29 nanoparticles during the
oxidation of MXene at high temperature (Fig. 1 and S1, ESIt), that
arises from surface self-diffusion phenomenon.3® The volume of
mesopores is 0.021 cm3g?! which is 21 times higher than that of
micropores, whereas the total volume of macropores is 0.167 cm3g
(Table 1). Overall, TINbOy has a predominantly low mesoporous (5-
10, 10-50 nm) character with some very low micropore (3-5 nm)
abundance but mainly more macropores (50-200, 200-300, 300-1000
nm).

Fig. S2 (ESIT) shows the UV-visible DRS spectra of the TiNbOy.
Assuming an indirect energy band gap (Eg) for plotting the Tauc’s
plots,3® the estimated E, is 2.87 eV (~ 432 nm) (Fig. S2b) (ESIt).
Compared to reported values of Eg around 3.03 eV for rutile TiO,*°
and 2.98 eV for monoclinic TiNbijpO29%, TiNbOyx nano-
heterostructure oxide derived from Nb substituted MXene possess a
narrow band gap (2.87 eV), enabling better activation by solar light,
though primarily by its UVA part. For this reason, the photoinduced
experiments in this work were performed under UVA irradiation.

Effects of reaction conditions on the degradation of CAF and SMX

Fig. 2 displays the kinetic curves and apparent rate constants of CAF
and SMX degradation by using 0.2 g L™! of TiNbOy as a catalyst to
activate PMS in the dark and under UVA light in aerated aqueous
systems. In the dark, TiNbOx exhibited negligible effect on the
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removal of both the pollutants via adsorption process (Fig. 2). CAF
was not oxidized by PMS alone, while SMX was degraded by about
30 % either in the dark or under UVA irradiation (Fig. 2). Additionally,
the photocatalysis with TiNbOy without the addition of PMS, resulted
in the degradation of 47 % of CAF and 83 % of SMX (Fig. 2).
Considering the above results, it is reasonable to conclude that
photochemical activation of PMS for CAF and SMX degradation is
negligible.

When TiNbOy was added to the systems containing PMS, a significant
degradation of the pollutants is obtained in the dark, that was
strongly enhanced under UVA, thus reaching 100 % for SMX (k' =
0.0314 mint) and 93% for CAF (k' =0.0266 min-1) after 2 h of reaction.
The mineralization of CAF and SMX estimated by TOC (Fig. S3) (ESIT)
was 69% (k' = 0.0089 minl) and 60% (k' = 0.0072 minl),
respectively, after 2h of irradiation in the presence of 0.5 mM of PMS
and 0.2 g L'? of TINbOy. An incomplete mineralization of CAF and SMX
signified that there might be presence of several degradation by-
products, from which their identification will help in the
determination of the degradation pathway (see section 3.5).

These results indicated that TiNbOx plays a crucial role in the
activation of PMS that prompts to achievement of faster and more
efficient degradation of both pollutants under UVA light. For CAF
degradation, the kinetic graphs in Fig. 2c demonstrated a higher
value of rate constants for K'uvastinboxspms Which is 6 times of
kuvastinbox and 12 times of K'gark+TiNbOx+PMst- Similarly, for SMX
degradation, k'yvas+tinbox+pms Was found to be 2.3 times of k’yva+Tinbox
and 6 times of k'gark+Tinbox+pms (Fig. 2d).

This observation confirmed a synergic effect between TiNbOy and
PMS both in the dark and under UVA irradiation for the degradation
of the pollutants. The synergic efficiency (SE) can be calculated by
using the following egns.1 and 2:

!
K’ (UvA+TiNbOX+PMS)

SE(UVA)= (1)

K wvay+k rinvox)+ k' (pus)

k'
(TiNbOx+PMS)

SE(dark)= (2)

K rinbox)* k' (pus)

where, k'uvastinbox+pms, K'Tinbox+pms , K'uva, K'pms, K'tinbox, are the rate
constants for CAF and SMX degradation for the systems referred in
the subscripts.
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Fig. 2 Degradation data for (a) CAF and (b) SMX in various reaction
systems, (c) CAF and (d) SMX degradation constant in PMS systems
in dark and upon UVA exposure. Initial conditions: co(CAF) = co(SMX)
= 50 uM, co(PMS) = 0.5 mM, c(TiNbOy) = 0.2 g L™ at natural pH of
distilled water.

The SE value for CAF degradation was derived to be 3.9 (dark) and
48.1 (UVA), whereas for SMX degradation was calculated to be 2.0
(dark) and 2.2 (UVA), respectively. The differences in SE values for
SMX and CAF degradation can be attributed to their different
molecular structure which impacts their adsorption on the catalyst.
In addition, the structure of CAF might be more susceptible to the
attack by ROS than SMX, thus explaining the larger difference in SE
between dark and light, compared to SMX. So far, the observed
higher photocatalytic activity of SMX than CAF is relevant to the
literature since SMX is susceptible to photodegradation whereas CAF
exhibits conservative photoreactivity.*?

To further explore the effect of reaction conditions on the
degradation of the pollutants, several parameters such as TiNbOy
dosage, PMS concentration, and pH variation were only investigated
and discussed for CAF degradation (Text S1 and Fig. S4 and S5) (ESIT).
Indeed, this system exhibits a significant effect of UVA light
compared to the case of SMX, and CAF is not oxidized by PMS alone,
thus the reaction conditions might be better approached in the case
of CAF degradation.
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Fig. 3 Degradation data of (a,c) CAF and (b,d) SMX in the presence
of different scavengers. Initial concentrations: co(CAF) = co(SMX) =
50 uM, c(TiNbO,) = 0.2 g/L, co(TBA) = 10 mM, co(ISOP) = 10 mM,
co(FFA) = 0.5 mM, ¢o(PS) = co(PMS) = 0.5 mM, at natural pH of
distilled water.

Based on these studies, for the degradation of CAF and SMX, 0.2 g L~
1of TiNbOy, 0.5 mM PMS, and 50 uM of pollutants at the natural pH
of the system were considered as optimal conditions to further
investigate PMS activation mechanism and pollutant degradation
pathway along with tests in different water matrices. To emphasize
the novelty and efficiency of TiNbOyx which was prepared by
oxidation of Nb-substitution MXene, a similar synthetic approach
was opted to prepare TiO; from unsubstituted Ti,CTx. The
degradation efficiency of this TiO, was investigated with and

This journal is © The Royal Society of Chemistry 20xx
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without PMS under UVA irradiation (Fig. S6) (ESIT). Briefly, only 52 %
(k" = 0.0053 min1) of SMX and 28 % (k’ = 0.0026 min1) of CAF were
degraded in the presence of PMS, while a decrease by factor 2 was
achieved without PMS. These results clearly revealed that Nb-
substitution to the Ti,CT, system has a substantial positive role in
enhancing the performance of TiNbOx (see section 3.2).

Identification of ROS reactive intermediates

To investigate the generation and identification of reactive oxygen
species (ROS) by the PMS activation in the presence of TiNbOy under
UVA irradiation, scavenging experiments were first performed by
employing t-butanol (TBA), isopropanol (ISOP) and furfuryl alcohol
(FFA). Fig. 3 shows the degradation curves and apparent kinetic
constants of CAF and SMX degradation in the presence of TBA, ISOP,
and ISOP+FFA (for UVA irradiated systems containing PMS and
TiNbOy).

The degradation extents of the pollutants after 2 hours are as
follows: 32.5 %, 27.3 %, and 3.9 % for CAF, and 57.3 %, 52.6 %, and
43.6 % for SMX in the presence of TBA, ISOP, and ISOP+FFA,
respectively (Fig. 3a and 3b). Similarly, in the presence of TBA, ISOP,
and ISOP+FFA, the apparent kinetic constants of the pollutant’s
degradation decreased by 10, 11.5, and 73.5 times to that of the
control experiment for CAF degradation and 6.5, 7.3, and 7.7 times
of their control experiment for SMX degradation (Fig. 3c and 3d).
Based on the calculations to estimate the contribution of ROS (Text
S2) (ESIt), 90.23 % *OH, 1.13 % SO4*~, and 7.29 % 10, were found to
contribute to CAF degradation, thus demonstrating *OH is the major
ROS from the activation of PMS. In the case of SMX degradation, a
similar trend is observed where the order of ROS contribution is:
84.72 % °*OH, 1.59% SO;*~ and 0.64 % 0,. The summary of the
above studies suggested that PMS activation comprises by the
formation of *OH, SO;*~ and 10, species. However, among them *OH
is the predominant ROS. Further, the presence of *OH is manifested
by using coumarin as a probe and results showed a maximum of 17.3
UM of °*OH in 100 minutes (Fig. S7) (ESIt). Moreover, the
consumption of PMS by using the spectrophotometric detection
method suggested 64% of PMS was consumed during the
photocatalytic degradation of caffeine (Fig. S8) (ESIT).*3
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Fig. 4 Experimental and simulated EPR spectra of TiNbO,/SMX/PMS
in the presence of (a) DMPO and (b) BMPO spin trap in aerated
aqueous suspension measured after UVA exposure (LED@365 nm;
radiation dose 6.4 J cm™2). Initial concentrations: ¢(TiNbO,) = 0.2 g L~
1, co(SMX) = co(CAF) = 50 uM, co(PMS) = 0.5 mM, co(DMPO) = 35 mM,
co(BMPO) =35 mM.

To provide better insights into the identification of transient
paramagnetic species like ROS, the EPR spin trapping technique was
employed with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 5-tert-
butoxycarbonyl-5-methyl-1-pyrroline N-oxide (BMPO) as spin traps.

Table 2 Hyperfine coupling constants and g-values of the DMPO and BMPO spin-adducts elucidated from the simulations of

experimental spectra.

Spin-adduct an, mT auf, mT ay’, mT g

*‘DMPO-OH 1.510+0.005 1.466+0.004 - 2.0057
*DMPO-SO4~ 1.317+0.008 1.004+0.006 0.106+0.005, 0.098+0.005 2.0059
*DMPO-CR 1.583+0.005 2.298+0.004 - 2.0058
*BMPO-OH(I) 1.431+0.005 1.571+0.008 0.065+0.008 2.0058
*BMPO-OH(Il) 1.413+0.007 1.267+0.005 0.065+0.001 2.0058
*BMPO-SO4~ 1.293+0.010 0.904+0.006 0.134+0.003, 0.083+0.003 2.0059

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




In systems containing both TiNbOx and PMS (HSOs™), the formation
of sulfate radicals from PMS via one-electron reduction was
expected.** Before UVA light exposure, in both reaction systems i.e.,
aerated aqueous TiNbO,/SMX/PMS and TiNbO,/CAF/PMS
dispersion, the °DMPO-OH spin-adduct formation in low
concentration (data not shown) was monitored. Upon UVA light
exposure (LED@365 nm) the EPR signals significantly increased, and
*DMPO-OH (spin Hamiltonian parameters in Table 2, crei = 94 %) spin-
adduct dominated (Fig. 4a). Two other species were monitored in
low concentration attributed to *DMPO-SO4~ (spin Hamiltonian
parameters in Table 2, ¢;e; = 2 %) and to *DMPO-CR (spin Hamiltonian
parameters in Table 2, crel = 2 %) spin-adducts. It can be deduced that
PMS is reduced at the surface of TiNbOy to SO4°~ and *OH. The low
concentration of °*DMPO-SO,~ could be explained by its fast
decomposition to °*DMPO-OH (nucleophilic substitution via
hydrolysis),%> and SO4*~ can also react with H,O/HO™ to produce *OH.
The spin-adduct *DMPO-CR probably originates from the DMPO
cleavage.

Besides the reduction of PMS to SO4;*~ and *OH, TiNbOx may also
react with molecular oxygen forming superoxide radical anion (0,°7).
Since the spin-adduct *“DMPO-0,7/O0OH is not stable and rapidly
disproportionate to *DMPO-OH in water,* 47 BMPO spin trap is
preferred, due to in aqueous media the *BMPO-0,7/OOH has a
longer lifetime (% = 23 min) and does not decay into *"BMPO-OH. 4
49 The simulation analysis revealed the presence of three spin-
adducts (Fig. 4b), two spin-adducts representing the *BMPO-OH
conformers (Table 2: I; cre = 19 % and Il; ¢re) = 47 %). The presence of
these species was expected, and hyperfine coupling constants (hfcc)
correlate well with previously published data. However, the
attribution of the other detected spin-adduct is not so
straightforward. The hyperfine coupling constants elucidated from
the simulations of experimental spectra (Table 2) do not match to
hfcc for BMPO superoxide radical anion spin-adducts which were
published previously.*® 4% Therefore, the formation of *BMPO-SO4~
(Table 2; crei=34 %) may be considered. Indeed, to support the
assumption, similar experiments were performed under inert
atmosphere (removing of the molecular oxygen avoids the
generation of O,*~ via O, reduction). Upon UVA light exposure, the
same three spin-adducts were monitored (Fig. S9) (ESIt)
corroborating the formation of *BMPO-SO4~ spin-adduct. Under
given experimental condition the stability ®BMPO-SO4~ is longer than
its analogue with DMPO, as well as its decomposition to hydroxyl
spin-adduct is also suppressed.

Our attention was also oriented toward the detection of singlet
oxygen. Oxidation of sterically hindered amines (SHA) results in the
formation of stable nitroxide radicals derived from 4(R)-2,2,6,6-
tetramethylpiperide N-oxyl (R = H—, HO—, O=) which can be detected
via EPR spectroscopy as characteristic three-line signal.#’” The main
species responsible for its oxidation is singlet oxygen, however,
interactions with other reactive species cannot be excluded.>° In the
presence of 4-oxo0-2,2,6,6-tetramethylpiperide (TMPO), its oxidation
to 4-oxo-2,2,6,6-tetramethylpiperide N-oxyl (Tempone) was
monitored in aerated TiNbO,/CAF/TMPO and TiNbO,/SMX/TMPO
systems under UVA light exposure, but in negligible amounts (Fig.
S10a) (ESIT). In water, the lifetime of singlet oxygen is very low (ty =
4.2 ps,*®) thus explaining the weak detection of Tempone under
given experimental conditions. In addition, the presence of PMS in
the systems caused the immediate formation of a three-line EPR
signal with well-resolve 13C-sattelites characteristic for stable
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nitroxide Tempone (Fig. S10b) (ESIt). This behavior was not
expected, however, our observation correlates well with the recently
published data,’! where the mechanism of Tempo generation via
reaction of SHA with PMS was proposed. For this reason, the
detection of singlet oxygen via EPR spectroscopy in the system
containing PMS and SHA is not reliable.

Proposed mechanism of PMS activation

The degradation of CAF and SMX without the addition of PMS
revealed that TiNbOy is a good photocatalyst. Under UVA irradiation,
TiNbOy triggers the generation of electron/hole pairs (eqn. 3) from
which a cascade of consecutive reactions (eqns. 4-8) leads to the
formation of ROS as summarized in Fig. 5a. Based on the
characterization data (section 3.1) and the literature, TiNbOy is
considered a type-ll heterojunction, after homogenization of the
Fermi level, composed of TiO, and Ti;Nb10029 thus increasing the
lifetime of the charge carriers and leading to high degradation
efficiency of CAF and SMX.

TiNbOy et TiNbOx (hys* + ecs ) (3)
hyg* + HO™ = *OH (4)
ecB_ + 02 -> Oz'_ (5)
0, + H* > HO>* (6)
HO,*+ HOy* - H,0,+ 0, (7)
H,0, h—>v 2 *OH (8)

Besides this, in the presence of PMS (HSOs™), further reactive
intermediates in higher quantity are produced due to the activation
of this radical precursor which took place by the formation of the
complex at the surface of TiNbOy (Fig. 5b).>2 The formation of this
surface complex Ti-O0SOs;  (eqn. 9) is followed by interactions
between PMS and TiNbO,, where PMS serves as an electron donor to
the conduction band of TiNbOy (eqn. 10). Simultaneously, HSOs~
undergoes a reductive conversion to generate SO4*~ and *OH by
transfer of electrons through LMCT as shown in eqgns. 11 and 12.52
Also, the photogenerated holes can activate the formation of SOs°-,
which can be converted into SO4*~ and *OH (eqgns. 13-17).53, 54

Ti-OH + HSOs~ - Ti-00S03™ + H,0 (9)
Ti-00S0;3~ 5 Ti-*00SOs + ecg (10)
HSOs +ecs - SOs*” +HO™ (11)
HSOs_+ ecs_ - 5042_ + *OH (12)
HSOs_+ hyst > 505'_+ H* (13)
SOs" "+ 505" > 2S04 + O, (14)
SO4°_+ H,0 > *OH + S042 +H* (15)
S04 + HO~ - "OH + SO,*~ (16)
2505 +H,0 > 1.510,+2 5042 +2H*  (17)

To support the above-proposed mechanism of PMS activation, the
interactions between TiNbOy and PMS have been investigated by
recording XPS spectra before (Text S3) (ESIt), and after the
degradation of CAF and SMX in the presence of PMS and TiNbOy
under UVA irradiation (Fig. S11) (ESIT). The peak positions in Ti 2p
and Nb 3d spectra remained consistent before and after the
degradation experiments with SMX and CAF, suggesting the chemical
stability of the catalyst (Fig. S11a, b) (ESIt). After degradation studies,
the share of the C-O component at 286.3 eV in the C 1s spectra
significantly decreased. A possible explanation is the cleavage of the
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O(H) group from C-O(H) bonds which can further support the
degradation efficacy. In the O 1s spectra of TiNbOy, the position of
the OH component bonded to metallic elements corresponds to the
binding energy of around 531.6 eV. However, the position of the OH
group can be overlapped with the component corresponding to
oxygen defects in the crystal lattice of transition metal
oxides.>*Nonetheless, the same position is overlapped with the main
O 1s peak of PMS (Fig. S11c) (ESIT). Thereby, to elucidate the possible
attachment of the PMS on the catalyst surface, the K 2p and S 2p
spectra of the samples were analyzed (Fig. S11e, f) (ESIT). Presence
of sulfur on the surface of TiNbOy after degradation of SMX and CAF
was detected at the same position as for PMS with the main peak
around 168.7 eV, which significantly supported the adsorption of
PMS on the surface of TiNbOy (Fig. S11f) (ESIT). Moreover, after the
degradation experiment, potassium was also detected on the TiNbOy
surface (Fig. S11e) (ESIT). The position of K 2p lines in PMS spectra is
292.8 eV for K 2p3/; and 295.6 eV for K 2p1/2. However, compared to
the PMS spectra the position of K 2p doublet lines of samples after
SMX and CAF degradation the position of lines was shifted towards
the higher binding energy by 0.2 eV (Fig. S11e) (ESIT).
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Fig. 5 Schematic representation of pollutant degradation and
generation of ROS under UVA irradiation using TiNbOy photocatalyst
(a) without PMS and (b) with PMS.

Speculatively, this effect can be ascribed to charge transfer between
the catalyst surface and PMS. Notably, nitrogen which forms SMX
and CAF was not detected on the surface of the catalyst after
degradation experiments. The presented observations demonstrate
the stability of the TiNbOy after degradation of SMX and CAF. The
formation of Ti-OOSO3  as a reactive intermediate on the surface of
TiNbOy can enhance the degradation activity via charge transfer from
PMS and further support the formation of SO, and °*OH as
proposed by work.52

Proposed degradation mechanism of CAF and SMX

This journal is © The Royal Society of Chemistry 20xx

Since the TOC analyses exhibited a mineralization of 69 % and 60 %
for CAF and SMX, respectively, the LC-MS was performed to identify
the degradation by-products and to provide insights into the
degradation mechanism (Fig. 6). For CAF, only hydroxylated caffeine
molecule was detected (data not shown), thus suggesting the
formation of fragmented by-products such short chain molecules.
While caffeine can lead to significant adverse effects at high doses,
hydroxylated forms and short-chain metabolites tend to exhibit
reduced toxicity and different physiological effects. For SMX, the
molecular structure of the degradation by-products was determined
from the ion peaks presented in Table S2 (ESIt). SMX was detected
at 3.2 min in positive mode with a signal at 254.0588 m/z
corresponding to the [M+H]* and 276.0407 corresponding to the
sodium adduct [M+Na]*. In negative mode, SMX was detected at
252.0437 corresponding to [M-H]". Different reaction mechanisms
lead to the formation of by-products. The first degradation pathway
involves photoisomerization of the isoxazole ring, resulting in the
formation of product P1 which can undergo further oxidation to form
the hydroxylated by-product P4. Hydroxylation on the aromatic ring
of SMX leads to the formation of product P2 which can subsequently
undergo several transformations, including isoxazole ring opening,
which produces P10. Additionally, P2 can be further oxidized to yield
P8 and di-hydroxylated molecule P3. This di-hydroxylated product
can then undergo ring opening reactions, leading to the formation of
P11. Other reactions involve the cleavage of the S-N bond in the SMX
molecule. This cleavage can produce P5 and P6, highlighting another
pathway in the degradation mechanism of SMX. Many of the
degradation products (P1 to P11) are expected to exhibit lower
toxicity compared to sulfamethoxazole itself, especially those that
undergo hydroxylation or ring-opening reactions. P1 to P4, P6, P7,
and P11 have been classified as harmful to fish with LC50 values
between 10-100 mg/L, while the remaining products were non-
harmful (LC50 > 100 mg/L).56 However specific toxicity data for each
degradation product are limited, and further research is needed to
fully understand their toxicological profiles.
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Fig. 6 Degradation pathway of SMX based on the chemical structure
of identified products by LC-MS analysis.

Application of TiNbO,/PMS in different water matrices
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To estimate the reliability of TiNbOx for potential integration to
WWTP, the degradation of CAF and SMX was performed in tap water
and tertiary effluents of WWTP in Bratislava. Indeed, such a
technology might aim to be integrated into conventional WWTP in
order to achieve higher degradation efficiency to fulfil the
requirements of policymakers like the European Commission.57-60
Under optimal conditions, 49 % (k’ = 0.0230 mint) and 30 % (k' =
0.0181 mint) of CAF was degraded in tap water (TW) and wastewater
(WW), respectively, after 12 h of reaction, whereas for SMX, 68 % (k’
=0.0248 min!) degradation extent is obtained in TW and 67 % (k' =
0.0203 mint) in WW (Fig. 7).
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Fig. 7 The degradation extent of (a) CAF and (b) SMX in tap water
(TW) and wastewater (WW) by TiNbOx under UVA with varying PMS
concentrations after 12 h. Initial conditions: ¢(TiNbO,) = 0.2 g/L,
¢o(CAF) = co(SMX) = 50 uM.

Since in water matrices, the presence of organic and inorganic
compounds can consume PMS or quench the generated ROS,
experiments were also performed with higher PMS concentrations
(Fig. 7). The degradation extents of CAF and SMX increased with
increased PMS concentration and a complete removal was observed
in TW for both the pollutants (k' = 0.0302 min-1), whereas 81% (k' =
0.0213 min?) of CAF and 93% (k' = 0.0270 min) of SMX can be
degraded in WW. The lower performance of TiNbOy in CAF and SMX
degradation can be explained as (i) a variety of suspended and
soluble particles can interfere with light utilization by TiNbOj, thus
limiting the generation of ROS,%! and (ii) several other organic and
inorganic compounds compete with CAF and SMX thus consuming
the generated ROS.? 62
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Fig. 8 The degradation response of mixture of CAF and SMX in (a)
distilled water by 0.2 g/L of TiNbO,, 0.5 mM of PMS under UVA after
2 h and (b) % degradation of a mixture of CAF and SMX in (b) tap
water and wastewater after 12 h, initial conditions: ¢(TiNbO,) = 0.2
g/L, co(PMS) = 2.0 mM, co(CAF) = co(SMX) = 50 uM.

Furthermore, the “cocktail” of CAF and SMX was also evaluated in DI
water, TP, and WW under optimal conditions. In 120 min, more than
80 % degradation extent (k' = 0.0166 for CAF and 0.153 min-! for
SMX) for both pollutants was observed in DI water (Fig. 8a). In a
duration of 12 h in TW and WW, SMX degradation has significantly
higher efficiency than CAF degradation (Fig. 8b). It can be stated that
CAF is more prone to react with *OH than other pollutants.t3 Also, in
wastewater matrix effluents, the presence of organic matter which
competes with CAF and SMX for the reaction with radical species
explains the significant decrease in the degradation efficiency of
TiNbO,.% 62 64 65 However, the obtained results in different water
matrices and “cocktail” mode highlight that TiNbOy can be used as an
efficient catalyst for PMS activation, thus opening the door for
potential scaling-up studies.

Investigation of reusability behavior

To potentially implement TiNbOy in a larger-scale reactor, the
reusability of TiNbOy is an important parameter. Fig. 9 shows the
performance of TiNbO. decreased from 98 to 89 % for SMX
degradation and from 93 to 78 % for CAF degradation. It should be
highlighted the catalyst was reused without any regeneration and
minimal mass loss of TiNbOy during the handling process might occur,
thus explaining the decrease in degradation efficiency. Besides, the
observed consistency in the peak positions based on XPS and FTIR
evidence for the TiNbOy obtained after CAF and SMX degradation,
suggested the chemical surface stability of the catalyst (Fig. S11 and
S12) (ESIT).
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Fig. 9 Reusability behavior of TiNbOy in the removal of CAF and SMX
after 2 h. Initial conditions: ¢(TiNbOy) = 0.2 g/L, co(PMS) = 0.5 mM,
co(CAF) = co(SMX) = 50 uM.

Experimental

Chemical and reagents

All the chemicals used in this work including metal powders Ti (Alfa
Aesar, 99.5 % metal basis, < 44 um), Nb (Thermo scientific, 99.8 %
metal basis, <44 um ), Al (Thermo scientific, 99.5 % metal basis,
<44 um ), carbon powder (Alfa Aesar, 99 % C, 0.2 % ash, graphite
powder, APS-7-11 um), hydrochloric acid (HCI, Thermo scientific, for
analysis, fuming 37 % solution), hydrofluoric acid (HF, ACS reagent,
48 vol.% solution), caffeine (CAF, Merck, anhydrous, 99 %),
sulfamethoxazole (Merck, VETRANAL®, analytical standard), tert-
butanol (TBA, Merck, EMSURE® ACS analysis), isopropanol (ISOP,
Merck, LiChrosolv®), furfuryl alcohol (FFA, Sigma Aldrich, analytical
standard), potassium peroxymonosulfate (PMS, Sigma Aldrich,
OXONE®) and coumarin (Acros organics, > 99 %) were of analytical
standard grade and used without further purification. Spin trapping
agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO) purchased from
Sigma-Aldrich was distilled before application, while spin trapping
agent 5-tert-butoxycarbonyl-5-methyl-1-pyrroline N-oxide (BMPO,
high purity, Enzo Life Science) was applied as supplied and both spin
traps were stored at —18 °C. 4-ox0-2,2,6,6-tetramethylpiperidine
(TMPO) was purchased from Sigma-Aldrich.

Preparation of TiNbO

TiNbOy was prepared by following earlier established procedure by
our group.%6 Briefly, first, Ti;.sNbo sAIC (MAX) powders were prepared
by mixing metal powders in a stochiometric molar ratio
1.5:0.5:1.2:1.0 (Ti:Nb:Al:C) at 56 rpm for 3 h in the presence of 20
Yttria-stabilized zirconia balls of diameter 10 mm each, using a
Turbula T2F mixer. Then, the powders were transferred to an
alumina boat and subjected to annealing at 1500 °C for 3 h with a
heating rate of 10 °C min-tunder a continuous argon (Ar) flow of 0.4
mLmin-t,

For the preparation of (Tig7sNbo2s5).CTx (MXene), 1.0 g MAX phase
powder was added to a plastic bottle containing 10 mL HF solution
and placed in an ice bath to avoid overheating due to exothermic
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reactions. The mixture was stirred in an oil bath for 72 h at 40 °C.
After etching, the solution mixture along with deionized (DI) water
was transferred to centrifuge tubes and centrifuged at 3500 rpm for
2 min. The supernatant acid was removed, and the washing
procedure (adding DI water, centrifuging, and decanting) was
repeated until the pH reached ~ 7. Then, the settled powders in the
centrifuge tubes were extracted using DI water, vacuum-filtered, and
dried at room temperature.

Finally, 1.0 g of MXene was heated in an alumina crucible with
dimensions 100 x 40 x 40 mm in a muffle furnace at 900 °C for 1 hin
air, with a heating rate of 5 °C minl. The obtained white color
powder was referred as TiNbOx.

TiNbOy characterization

The crystal structure of MAX, MXene, and TiNbO4 were examined
using X-ray diffractometer (XRD, Rigaku D/Max-2200) equipped with
Cu Ka X-ray, at a 20 step size of 0.02°, a sweep rate of 1° min, and
operating condition of 40 kV and 40 A. Scanning electron microscopy
(SEM) images were recorded using SEM Hitachi S-4800, at 20 kV.
Transmission electron microscopy (TEM) examination was
performed by using JEOL JEM ARM 200 cF. Fourier Transform
Infrared Spectroscopy (FTIR, Ve equipped with rtex 70v, Bruker) with
diamond Attenuated total reflectance (ATR) accessory was
complementary used for chemical analysis. The surface chemistry
was studied by XPS using an AXIS supra spectrometer (Kratos
Analytical Ltd., United Kingdom). A monochromatic X-ray Al Ka
source (emission current 15 mA, acceleration voltage 15 kV) was
used for generating a beam of photons of 1486.6 eV energy. The
charging of the samples was compensated using an automatic
electron-flood gun system. The core-level spectra were acquired at a
pass energy of 20 eV respectively. The pressure in the working
chamber was in the order of 107 Pa. For the analysis of the spectra,
CasaXPS software was used.®’ The spectra were referenced using a C
1s signal at 284.8 eV corresponding to C-C, and C-H bonds. The
background signal was subtracted by the Shirley algorithm. The
specific surface area measurements were carried out using BET
(Brunauer-Emmet-Teller method, Sorptomatic 1990 SERIES, Thermo
Quest CE Instruments, Italy) in the range of relative pressure p/po =
0.05-0.25, size and adsorption-desorption isotherms were measured
at p/po=0.00 — 1.00, with the low-temperature adsorption method
of nitrogen (N,) at its boiling point of 77.7 K from vacuum to
atmospheric pressure. The optical properties of the materials were
measured by UV-Vis diffuse reflectance spectroscopy (DRS) using
PerkinElmer Lambda-35 with a 50 mm integrating sphere and
utilizing BaSO4 as an external reference. The measured reflectance
spectra were transformed by the Kubelka-Munk algorithm and
Tauc’s plot was applied to determine the energy of the band gap (Eg)
based on a previous work.3°

Degradation experiment setups and related analyses

The prepared TiNbOy was tested for the photocatalytic degradation
of caffeine (CAF) and sulfamethoxazole (SMX) under UVA irradiation.
The UVA source of irradiation has an intensity of 1.9 mW cm=2.58 |n
each case, 0.2 g L™! of TINbO, was added to 50 mL solutions of 50 uM
CAF and SMX and stirred in the dark for 20 minutes to attain
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adsorption-desorption equilibrium. Then, 500 pL aliquots were
sampled out every 20 min up to 2 h and filtered out using PTFE
microfilter with a pore size of size below 0.45 um, containing 100 uL
of methanol to quench the degradation reaction. The collected
samples were analyzed by high-performance liquid chromatography
(HPLC, Merck AS-2000 L-6200A L-4250) equipped with a C18 column
(Hypersil Gold, 5um 150 mm x 4.6 mm; Thermo Fisher Scientific). The
mobile phase was a mixture of methanol (MeOH) and water (H,0)
using a flow rate of 1 mL min~! in isocratic mode H,0:MeOH (50:50
v/v). The detection wavelength used for SMX and CAF was 268 nm
and 272 nm, respectively. Total organic carbon (TOC) analysis was
performed on TOC-5000A (Shimadzu). The degradation kinetic of
CAF and SMX were determined by using the pseudo-first-order
kinetic.

The effect of reaction conditions on the efficiency of TiNbO, was
examined by varying TiNbOy and PMS concentrations, and initial pH
(from 3 to 9). These studies contributed to determining the optimal
conditions for the degradation of CAF and SMX using TiNbOy in the
presence of PMS.

Further, a scavenging study was performed by using tert-butanol
(TBA), isopropanol (ISOP), and furfuryl alcohol (FFA) to scavenge the
generated reactive oxygen species (ROS) during degradation of CAF
and SMX under optimized reaction conditions. To find out the
suitable concentration of scavengers, the eqn. S4 was used (Text S4)
(ESIT),%2 and 10 mM of TBA, 10 mM of IPA, and 0.5 mM of FFA were
used. The TBA has high selectivity for *OH with a second-order rate
constant of 6.0x108 M~1s~1, while ISOP could scavenge both *OH and
SO,;* with a rate constant of 8.2x107 M-1s~and 1.9x108 M-1571,70, 71
Moreover, FFA has capability to quench singlet oxygen (10,) with a
second-order rate constant of 1.2x108 M~1s71,72 but it can also react
with *OH and SO4*". Therefore, FFA along with ISOP was used to find
out the contribution of 10,.°

In addition, indirect technique of electron paramagnetic resonance
(EPR) spectroscopy was also used to detect and identify the
generated transient paramagnetic intermediates. The dispersions for
EPR experiments were prepared in Dl water and measurements were
carried out at room temperature (295 K) under air employing EPR
spectrometer EMXPlus (Bruker, Germany) operating at 100 kHz field
modulation using the high sensitivity probe-head with the small
quartz flat cell (WG 808-Q, Wilmad-LabGlass, optical cell length
0.045 cm). The reaction systems containing TiNbOx with the other
components were prepared directly before measurement and
aerated by a gentle airstream before the experiment or saturated by
a stream of argon (inert atmosphere). The systems were irradiated
at 295 K directly in the EPR high-sensitivity resonator, and the EPR
spectra were recorded in situ. The value of the UVA irradiance
(LED@365 nm), determined using a UVX radiometer (UVP, USA)
within the EPR cavity, was 20 mW cm=2. All EPR experiments were
performed at least in duplicate. EPR spectra acquisition started
2 minutes after experimental system mixing. The experimental EPR
spectra were analysed using WIinEPR software (Bruker), while the
calculations of spin-Hamiltonian parameters and relative
concentrations of individual spin-adducts were performed with the
EasySpin toolbox working on the MatLab® platform.” To confirm the
presence of hydroxyl radicals (*OH), coumarin was used as a probe
molecule, since it forms a 7-hydroxycoumarrin compound and
further its formation was detected by using fluorescence
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spectrophotometer (Shimadzu RF-6000) lex/ lem = 325 nm/425 nm.
All the experiments were repeated three times to obtain a standard
deviation in results.

The SMX and CAF degradation products were identified using ultra-
high performance liquid chromatography (UHPLC, “Ultimate 3000”
ThermoScientific) coupled to high-resolution mass spectrometry
equipped with an Q-Exactive Orbitrap. The column was a
Phenomenex Kinetex C18 (1.7um x 100 A; 100 x 2.1mm)
thermostated at 30 °C. The initial gradient was 5% CH3CN and 95%
H,0 with 1% formic acid, followed by a linear gradient to 99% CH3CN
within 8.5 min and kept constant during 1 min. The flow rate was
0.45 mL min and the injection volume was 5uL. lonization was set
to 3.2 kV (ESI+) and 3.0 kV (ESI-).

To determine the reusability of TiNbO, and its potential application
in water treatments, additional experiments were performed using
tap water and tertiary effluents from municipal WWTP in
Bratislava — Petrzalka, Slovakia (collected on 10/10/2023 with
physicochemical characteristics presented in Table S3) (ESIT).

Conclusions

For the first time, Nb-substituted binary Ti,CT, MXene was used
as a precursor to produce an innovative TiNbOx nano-
heterostructure for wastewater treatment. TiNbOyx was
investigated as a catalyst for PMS activation in the dark and
under UVA irradiation, where it displayed excellent activity in
caffeine and sulfamethoxazole degradation. The optimized
reaction conditions were found to be 0.2 g L1 of photocatalyst,
0.5 mM of PMS, and 50 uM of pollutants, by examining the
effect of pH and PMS concentration under UVA irradiation in 2
h at the natural pH of distilled water.

The study conducted using TBA, ISOP, and FFA as scavengers
suggested *OH are the main ROS during the degradation of CAF
and SMX. The proposed PMS activation mechanism involves the
formation of a surface complex on TiNbOy, which undergoes
reductive conversion to generate SO;*" and °*OH, which was
supported by EPR spin trapping technique. The degradation
pathway of the pollutants suggested several mechanisms
including hydroxylation and isoxazole ring-opening reactions.
Furthermore, the degradation of CAF and SMX was carried out
in water matrices such as tap water and tertiary effluents from
WWTP in Bratislava, indicating that TiNbOy is a promising
candidate for potential integration into conventional WWTP.
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