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ABSTRACT: The overlooked role of reactive oxygen species (ROS), formed and stabilized on the surface of Nb,O; after H,0,
treatment, was investigated in the adsorption and degradation of ciprofloxacin (CIP), a model antibiotic. The contribution of ROS
to the elimination of CIP was assessed by using different niobia-based materials in which ROS were formed in situ or ex situ. The
formation of ROS was confirmed by electron paramagnetic resonance (EPR) and Raman spectroscopy. The modification of the
niobia surface charge by ROS was monitored with zeta potential measurements. The kinetics of CIP removal was followed by UV—
vis spectroscopy, while identification of CIP degradation products and evaluation of their cytotoxicity were obtained with liquid
chromatography—mass spectrometry (LC-MS) and microbiological studies, respectively. Superoxo and peroxo species were found to
significantly improve the efficiency of CIP adsorption on Nb,O; by modifying its surface charge. At the same time, it was found that
improved removal of CIP in the dark and in the presence of H,O, was mainly determined by the adsorption process. The enhanced
adsorption was confirmed by infrared spectroscopy (IR), total organic carbon measurements (TOC), and elemental analysis.
Efficient chemical degradation of adsorbed CIP was observed upon exposure of the Nb,Os/H,0, system to UV light. Therefore,
niobia is a promising inorganic adsorbent that exhibits enhanced sorption capacity toward CIP in the presence of H,O, under dark
conditions and can be easily regenerated in an environmentally benign way by irradiation with UV light.
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1. INTRODUCTION can contribute to the development of general resistance of
. Tes g: 2
Antibiotics are common pharmaceuticals that are used not only bacteria to antibiotic treatment.

as a medicine but also as growth promoters in agriculture, These arguments show that the removal of excessive amounts

aquaculture, beekeeping, and livestock." Most of the antibiotic of antibiotics from industrial and municipal sewage is a

doses administered (from 40 to 90%, depending on the class of significant challenge. One of the most effective methods of
the drug) have been documented to be excreted from urine and their depletion from wastewater is the sorption process
feces as the parent substance (active form).” The application of (immobilization of the antibiotic molecules on the surface of

antibiotics on a worldwide scale and the difficulties in their

elimination from industrial and municipal sewage result in the Received: March 16, 2022 ERATPUER
continuous discharge and accumulation of these chemicals in Accepted: June 28, 2022
the environment. As a result, antibiotics can be detected not only Published: July 11, 2022

. 3 . .
in wastewater” but also in natural ecosystems such as rivers and

1 . . . .
lakes.” The continuous increase in the concentration of these

pollutants in the environment poses a serious problem because it
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various adsorbents, e.g, activated carbons or chars,* mineral
clays,” amorphous silica,” or zeolites”). Its efficiency is strongly
affected not only by the properties of the target pollutant and
parameters of the wastewater (temperature, pH, presence of
other pollutants, etc.) but also by the physicochemical
characteristics of an adsorbent (e.g., surface area, surface acidity,
isoelectric point, etc.).”® The most important drawbacks of
sorption processes are associated with the need to regenerate the
spent adsorbents. The regeneration process usually requires the
use of other toxic chemicals, such as mineral acids, to desorb the
immobilized antibiotic.”® Thus, the regeneration process may
lead to the generation of additional corrosive waste, which must
be neutralized anyway before being released into the environ-
ment.

Other highly efficient and promising methods for the
elimination of antibiotics from wastewater are based on
advanced oxidation processes (AOPs) that include photo-
catalytic degradation,"10 Fenton and Fenton-like reactions,'" or
ozonation.'"” In all of these processes, antibiotic molecules are
degraded (preferably mineralized) by highly oxidizing reactive
oxygen species (ROS) formed in situ in reaction media. Recent
reports in the literature have shown that AOPs can be used not
only as an efficient approach to mineralize antibiotics'* but also
as an environmentally benign method for the regeneration of
spent adsorbents.> ™"’

Niobium pentoxide (Nb,O;) belongs to transition-metal
oxides that are nontoxic, stable under acidic or alkaline
conditions, and characterized by a large surface area and strong
acidity."® Nb,O; exhibits the ability to activate H,0, toward
ROS formation combined with its stabilization on the surface.'”
The type and amount of ROS formed in the Nb,0Os—H,0,
system have been shown to be strongly affected by pH."” The
system is capable of producing hydroxyl radicals (*OH) and
superoxide radical anions (O,*) through the electroprotic
mechanism. The first step of activation of H,0, over Nb,Os is
the formation of HO,™ through the dissociation reaction:
HZOZ(aq) + S—OH(Sm() - HOZ_(aq) + S_OH2+(surf) (S stands for
a surface site). As-formed HO,™ reacts in the liquid phase with
H,0, through the electroprotic reaction H,0,,) + HO, () =
HO%,q + O," (o + HyO(y) leading to the generation of
hydroxyl radicals and superoxide radical anions. The highest
efficiency of this reaction is observed under acidic conditions
(pH ~ 3) and can be enhanced by two factors: (i) the presence
of S—O species that are formed by dissociation of the surface
hydroxyl groups (S—OH) at pH above the isoelectric point
(IEP) of Nb,O; and/or (ii) the adsorption and stabilization of
superoxide radical anions on the surface of niobia. A similar
mechanism has been proposed by us for amorphous ZrO,.” At
higher pH values, the main ROS formed are surface peroxide
species (0,°7). Although numerous examples of applications to
the degradation of dyes and pigments are available in the
literature, reports on the application of this unique metal oxide
in the elimination of pharmaceuticals are scarce.

The degradation of water-soluble pharmaceuticals in
heterogeneous systems can be considered as a combination of
two interdependent processes: physical adsorption (gauged by
the extent of surface area, acidity, presence of specific surface
groups, and surface charge of a solid) and chemical reactions
driven by ROS, which are generated, for example, during
interaction of H,0, with the surface. As a result, such a surface
must ensure the specific conditions necessary for the mutual and
effective 1performance of both processes. Among ROS, hydroxyl
radicals”’ ~** and superoxide anion radicals** show high activity

in complete oxidation processes, while in the case of selective
oxidation processes peroxo surface forms are very often
indicated.”>~** However, in addition to their chemical reactivity,
charged ROS may influence the surface properties of catalysts™
and thus their ability to adsorb organic compounds. This, in
turn, may have a significant impact on the efliciency of the
degradation process because the adsorption of a pollutant is
usually not only the first stage of its degradation but also
constitutes a rate-limiting step of the entire process. Therefore,
both processes, adsorption and oxidation, are linked by charged
ROS. However, reports investigating the impact of ROS
adsorption on the activity in environmental catalysis are lacking
in the literature. The effect of surface modification (e.g., change
of surface charge and ionic exchange) by adsorbed ROS is
completely ignored, and the difference between the efficiency of
removal of a toxicant in the presence or absence of H,0, is
assigned only to the degradation of organic compounds due to
ROS oxidation. This approach may be wrong because it does not
take into account the change of surface properties upon ROS
adsorption, which can recursively influence both the chemical
reactions and the adsorption process of an antibiotic.

Therefore, the main objective of this study was to investigate
the specific role of reactive oxygen species, formed on Nb,O4
upon treatment with H,O, in the dark, in the removal of
ciprofloxacin (CIP) as a model antibiotic pollutant. Of particular
interest was the evaluation of the contribution of adsorption and
oxidative degradation to the removal of the antibiotic from
wastewater under various conditions: (i) in the absence of
hydrogen peroxide, (ii) in the presence of a small amount of
H,0, in the reaction medium (ROS formed in situ on Nb,Oy),
and (iii) with the use of a niobia catalyst that had previously been
treated with concentrated H,0, (ROS formed ex situ on the
surface of Nb,O;) without hydrogen peroxide in the reaction
medium. Furthermore, this study covers the identification of
CIP degradation products formed in the dark and in the
presence of H,O, as well as after exposure of the spent niobia to
UV irradiation. The latter was proposed as a simple and
environmentally benign method for the regeneration of the
spent niobia samples.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. Reagents and chemicals used in the
study were the following: ciprofloxacin (CIP, Sigma-Aldrich, purity
>98%), nitric acid (HNO,;, Chempur, 65%), sodium hydroxide
(POCH, reagent grade), hydrogen peroxide (Sigma-Aldrich, 25—35%
w/w in H,O, for ultratrace analysis), methanol (Merck KGaA, LC-MS
grade), formic acid (Chem-Lab NV, 98—100%), S,5-dimethyl-1-
pyrroline N-oxide (DMPO, Sigma-Aldrich, >98%), and hydrochloric
acid (HCI, POCH, 0.1 mol/L). All reagents were used without further
purification. Deionized water was used throughout the experiments.

2.2, Preparation of Niobia Catalyst. In all experiments,
amorphous niobium pentoxide (Nb,O;) supplied by Companhia
Brasileira de Metallurgia e Mineragio (CBMM) was used as the model
catalyst. The BET surface area, the pore size distribution, and the low-
temperature N, adsorption—desorption isotherm recorded for this
commercial catalyst are provided in the Supporting Information
(Figure S1). The obtained surface area is equal to 155 m?/g. For the
preparation of the niobia sample treated with concentrated hydrogen
peroxide (sample with ROS formed ex situ on the surface of Nb,Oy),
100 mg of powdered niobium pentoxide was spread inside a glass bottle
in the form of a thin layer. Next, 500 4L of hydrogen peroxide (25—35%
w/w in H,0) was added, and the bottle was placed in a dryer. After 18 h
of drying at 60 °C, the yellow dry powder was obtained and used in
catalytic tests. The prepared catalyst was labeled as Nb,Os/H,0,.
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Figure 1. (A) Powder EPR spectrum of Nb,O; pretreated with H,0,, (B) isotropic EPR spectra of solution samples after reaction of H,0, with Nb,O;
in the presence of DMPO spin trap, and (C) Raman spectra of pristine Nb,O5 and Nb,Oj pretreated with H,0,.

2.3. Characterization of Catalysts. To determine the surface
charge of the niobia samples, measurements of the zeta potential as a
function of the pH of the aqueous suspensions were performed
(Zetasizer Nano ZS, Malvern). The zeta potential was estimated from
electrophoretic mobility by using the Henry equation: Uy = 2e(F(ka)/
31, where Uy is the electrophoretic mobility, { the zeta potential, € the
dielectric constant, F(ka) Henry’s function (set for 1.5 as in the
Smoluchowski approximation), and 7 the viscosity. The pH value was
adjusted with 0.1 mol/L of HCI or NaOH solutions. On the basis of the
obtained results, the value of the isoelectric point (IEP) was determined
by interpolating the { potential to zero for each of the tested samples.

Surface superoxide species were identified by using electron
paramagnetic resonance (EPR) spectroscopy. Niobia samples treated
with H,O, and dried in air were outgassed and sealed in quartz tubes.
Powder EPR spectra were measured with a Bruker Elexsys ES80
spectrometer after quenching in liquid nitrogen. The modulation
amplitude of 0.1 mT was used with 10 mW microwave power.

Surface peroxo species were detected by Raman spectroscopy. For
this purpose, a Renishaw inVia dispersion spectrometer equipped with a
CCD detector and coupled with a Leica DMLM confocal optical
microscope was used. The laser excitation wavelength of 785 nm was
used, and the laser power at the sample position was adjusted to 1.5
mW.

Free radicals (ROS) generated in the solution were detected in the
spin trapping experiments. The resulting EPR spectra were recorded
with a Magnettech MS400 spectrometer. In a typical experiment, 0.5
mg of Nb,O; was added to a solution composed of 0.5 mL of DMPO
solution (4 mg/1 mL) and 0.25 mL of 1.2% H,0,. In the case of H,0,-
pretreated niobia, 0.5 mg of Nb,O;/H,0, was added to 0.5 mL of
DMPO solution and diluted to the same final volume. The aqueous

sample was then transferred to a quartz capillary, and the EPR spectra
were recorded at room temperature. The EPR parameters of the
obtained spin adducts and surface species (powder EPR spectra) were
determined by computer simulations of the experimental spectra by
using EPRsim32 software.”

2.4. CIP Removal Studies. All reactions were performed in the
dark at 25 °C with the use of an EasyMax 102 Advanced Thermostat
system (Mettler Toledo). In a typical experiment, SO mg of the catalyst
was added to 100 mL of CIP solution (C¢pp = 15 mg/L) under vigorous
stirring. After a given reaction time, CIP removal was estimated on the
basis of UV—vis measurements. For this purpose, 4 mL aliquots were
collected from the reactor, and the catalyst was separated from the
solution by filtration through a 0.2 yum Whatman filter (PTFE). The
absorption spectrum of the filtrate was recorded by using a
spectrophotometer (Varian Cary 300) in the range 200—400 nm.
The CIP concentration in the catalytic tests ranged from S to 30 mg/L.
In this concentration range, a linear correlation was observed between
absorbance (A, = 270 nm) and CIP concentration (see Figure S2).

For catalytic tests performed in the presence of hydrogen peroxide,
the latter was added to the CIP solution before the addition of niobia.
As shown in Figure S3, the presence of a small amount of H,0, in the
reaction medium (from 10 to 100 L of concentrated H,O, per 100 mL
of CIP solution) had a negligible influence on the absorbance of CIP at
270 nm. Therefore, the removal of CIP in the presence of H,O, could
be correctly estimated from UV—vis measurements. During experi-
ments under acidic or alkaline conditions, the pH of the reaction
mixture was adjusted to a given value before the addition of niobia with
nitric acid or sodium hydroxide.

For regeneration experiments under UV irradiation, the reaction
vessel was irradiated from the top with a 200 W Hg—Xe lamp

https://doi.org/10.1021/acsami.2c04743
ACS Appl. Mater. Interfaces 2022, 14, 31824—31837


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c04743/suppl_file/am2c04743_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c04743/suppl_file/am2c04743_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c04743?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c04743?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c04743?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c04743?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c04743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

A B Nb,Oj, no H,0,
A Nb,O; + 50 pL H,0,

1001 ¢ Nb,0,H,0,
S .
—_ e °
s °
g 50 ° A
o A A
= A
5. :
25 - [] u
n
Catalyst loading: 0.25 g/L
ol + CIP: 15 mg/L, pH ~7
0 5 10 15 20 25 30
time, min
C ®  Nb,O; no H,0,
A Nb,O; + 50 pL H,0,
100- ® Nb,0,H,0,
e 2 2 2
A
754 A
X
_ | |
3 - "
n
2 501 i
e
o
O 25,
Catalyst loading: 0.75 g/L
0l « CIP: 15 mg/L, pH~7
0 5 10 15 20 25 30
time, min

B ®  Nb,Oj, no H,0,
A Nb,O; +50 pL H,0,

1001 ¢ Nb,0,H,0,
L[]
[ ] ® A
75 ¢ 4
R e .
S A
o
50 -
5 . "
= []
[ .
O 25/
Catalyst loading: 0.50 g/L
0l CIP: 15 mg/L, pH ~7
0 5 10 15 20 25 30

time, min

D B Nb,O; no H,0,
A Nb,O; + 50 uL H,0,
A Nb,O4H,0,

100
N 4 4 A '
A
2 75+ .. u
E: [ ]
> n
g 50
[
=)
[
O 25/
Catalyst loading: 1.00 g/L
0 CIP: 15 mg/L, pH ~7

10 15 20 25 30
time, min

o
(3]

Figure 2. Effect of increasing catalyst loading [ (A) 0.25, (B) 0.50, (C) 0.75, and (D) 1.00 g/L] on changes in CIP removal after interaction with Nb,Oy
and Nb,Oj pretreated with H,0,. The reaction conditions are given in the graphs. All experiments were performed in the dark to avoid photocatalytic

degradation of the pollutant.

(Hamamatsu LC8 spot light) equipped with a UV filter (transmissive
light of around 365 nm only) and a UV-light guide (model: A10014-50-
0110). In a typical reuse experiment, the catalyst was separated from the
postreaction mixture by centrifugation and then used in the next
reaction cycle without any additional treatment.

The degradation products formed during the adsorption of CIP in
the presence of H,0O, and after regeneration with UV light were
analyzed by using the liquid chromatography mass spectrometry (LC-
MS) technique. The degradation products were separated in an
UltiMate TM 3000 UHPLC system (Thermo Scientific/Dionex) using
a Kinetex C18 column (100 X 2.10 mm i.d., 2.6 ym, Phenomenex). The
mobile phase consisted of water and methanol containing 0.1% formic
acid (v/v), and the flow rate was set to 0.4 mL/min. The gradient
started with a 10% methanol solution and increased to 20% in 8 min and
to 45% in 7 min; this composition was maintained for 2 min, and then
the initial composition was restored in 2 min, followed by an
equilibration time of S min. The column was kept at 30 °C. The
mass spectra were recorded by using a hybrid QTOF instrument
(Impact HD, Bruker Datonics). It was operated in positive ion mode by
using ESI under the following conditions: end plate voltage 500 V,
capillary voltage 4.2 kV, nebulizer pressure 1.5 bar, dry gas (nitrogen)
temperature 200 °C, dry gas flow rate 8 L/min. The spectrometer was
previously calibrated with the standard tune mixture for the m/z range
100—500. Corroborative measurements of the total organic carbon
(TOC) content were performed by using a total organic carbon
analyzer (TOC-L, Shimadzu, Japan).

The antibacterial activity of CIP solutions after treatment with
Nb,Os in the presence of H,0, or Nb,O;/H,0, was examined by using

31827

the disc diffusion method with reference strains of Bacillus subtilis
(ATCC 6633) and Escherichia coli (ATCC 10536). Mueller-Hinton
Agar Petri plates (Merck Life Science, Poland) were first inoculated
with 2 X 10® cfu mL™" cells to form a bacterial lawn. Then 20 mm
Whatman grade 1 filter paper discs (GE Healthcare, Poland) were
impregnated with 30 yL of the tested solution and placed separately on
the agar plates. The experiment was performed in triplicate. Plates were
incubated for 24 h at 37 °C, and the diameter of the inhibition halo was
measured and used as an indicator of the residual antibacterial activity
of the CIP degradation products.

The concentration of antibiotic adsorbed on the surface of the niobia
samples was estimated on the basis of elemental analysis using a FLASH
2000 elemental analyzer (Thermo Scientific). Infrared spectra of niobia
after CIP adsorption and regeneration with UV light were acquired by
using a Bruker Vertex 70 spectrophotometer equipped with an
attenuated total reflectance (ATR) accessory (Bruker). Before ATR-
IR measurements, the samples were separated from the reaction
mixtures by centrifugation and dried overnight at 60 °C.

3. RESULTS AND DISCUSSION

3.1. ROS Formation after Interaction of H,0, with
Nb,Os. To probe the products of the interaction of H,0, with
the surface of Nb,O;, EPR and Raman techniques were
employed. Both the liquid and solid phases were analyzed.
These measurements revealed a significant ability of amorphous
Nb,O; to generate surface superoxide radical anions (O,°”) and
peroxo species (O,””). The presence of O,°~ was confirmed by
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Figure 3. Analysis of CIP adsorption/degradation products. (A) LC-MS analysis of CIP and postreaction solutions, (B) comparison of CIP removal
determined with UV—vis vs TOC, (C) ATR-IR spectra of adsorbed CIP on Nb,Oj (a, parent Nb,Og; b, Nb,O; after interaction with H,O,; c, parent
Nb,Oj after CIP adsorption (Nb,O + CIP); d, Nb,Oj after CIP adsorption in the presence of H,0,; e, Nb,Oj after CIP adsorption in the presence of
H,0, and after regeneration with UV irradiation; f, powder ciprofloxacin), and (D) comparison of the final CIP removal efficiency obtained with UV—
vis, TOC, and elemental analysis of adsorbed antibiotic. All reactions were performed in the dark. Irradiation with UV light was applied only when

indicated.
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Figure 4. Influence of H,0, on { potential measurements of
amorphous Nb,O; and Nb,Oj pretreated with hydrogen peroxide in
the dark.

its characteristic EPR spectrum recorded for the solid phase
dried after interaction with an aqueous solution of H,O, (Figure
1A). Computer simulation of the resulting spectrum provided
the following spin-Hamiltonian parameters: g,, = 2.000, g,, =
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Figure S. Influence of pH on the efficiency of CIP removal with Nb,Oj.

All reactions were performed in the dark to avoid photocatalytic
degradation of the antibiotic.

2.017, g.. = 2.032, 1A, | = 1 mT, with A,, and A_, remaining
unresolved. The powder EPR spectrum exhibits a rhombic signal
with a resolved hyperfine structure (Ayy) due to interaction with
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Figure 6. Influence of pH on relative concentration of *OH and O,°~
radicals formed during the interaction of H,0, with the parent
amorphous Nb,Os.

the *Nb nucleus (I = 9/2, 100%). The EPR parameters
obtained are indicative of the presence of the surface Nb(V)—
0O,°” adducts, where the superoxide radical anions are directly
bound to a center of Nb(V). Furthermore, EPR measurements
of the liquid phase by using the DMPO spin trap revealed the
presence of hydroxy radicals (*OH) (Figure 1B). Both Nb,O;
and Nb,O;/H,0, were positively tested in this reaction;
however, pristine Nb,O; appeared to be more active in *OH
generation.

Furthermore, the formation of peroxo species was proven by
the presence of the diagnostic Raman band at 875 cm™" (Figure
1C). A more detailed account of the reactivity of Nb,Os in the
activation of hydrogen peroxide toward the formation of ROS
has been described in our previous publications.'*°

3.2. Removal of CIP in the Presence of H,0,. To fully
understand the role of ROS in the removal of CIP over the
niobia catalyst, the following catalytic experiments were
performed under various conditions: (i) in the absence of
H,0, in the reaction medium (no ROS is formed on Nb,Oy),
(ii) in the absence of H,O, but with the use of the niobia catalyst
treated previously with concentrated hydrogen peroxide and
dried (superoxo and peroxo species were formed ex situ on the
surface of Nb,O¢ without the involvement of hydroxyl radicals),
and (iii) in the presence of a small amount of H,0, in the
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Figure 8. UV—vis spectra showing (A) CIP adsorption under neutral
conditions and (B) CIP desorption after acidification of the reaction
medium. Reaction conditions: catalyst loading = 1.00 g/L, CIP = 15
mg/L, 50 uL of H,0,. All reactions were performed in the dark to avoid
photocatalytic degradation of the antibiotic.
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Figure 10. (A) Total ion chromatograms of the postreaction media of the CIP, H,0,, and Nb,Oj system interacting in the dark or under UV
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reaction medium (ROS is formed in situ on the surface of niobia
during the reaction). The kinetic results of these experiments
obtained for successively increasing loading of the niobia catalyst
are shown in Figure 2.

The lowest efficiency of CIP removal was observed for the
reaction performed in the absence of H,O,, for the process
depended only on CIP adsorption without its chemical
degradation. When a small amount of H,0, was added to
generate ROS in situ, the efficiency of CIP removal was
significantly improved. The greatest response was observed for
the lowest load of Nb,O5 (0.25 g/L). In this case, the amount of
CIP removed increased nearly twice after 30 min. The highest
efficiency was observed for the reaction with niobia pretreated
with concentrated H,0, (Nb,O/H,0,). In this case, a further
decrease in the CIP concentration by almost 50% (compared to
that in the Nb,O; + CIP + H,O, system) was observed, but only
for the lowest catalyst loading. For the highest loadings, after 30
min of reaction time, this progressive effect almost disappeared.
The strongest influence of in situ or ex situ ROS formation on the
elimination of CIP observed for 0.25 g/L catalyst loading was
related to the lowest CIP removal efficiency (up to 75%) (Figure
2A). For higher loads (and higher conversion), the observed
changes were still noticeable but much less pronounced (Figure
2B). When loadings of as high as 0.75 and 1.00 g/L were applied,
the observed level of CIP removal was almost the same (for both
native catalysts with H,0, and Nb,Oj pretreated with H,0,),
indicating that the equilibrium state was most likely achieved,
resulting in depletion of ~95% of the initial antibiotic
concentration (Figure 2C,D).

Because at the highest catalyst loadings the changes in CIP
removal after longer reaction times were negligible, the kinetics
of the process was analyzed on the basis of the experiments with
the use of the smallest concentration of the catalyst. As
evidenced in Figure 2A, a high decrease in CIP concentration
was achieved after S min of the process. Extending the reaction
time from $ to 30 min increased the efficiency of CIP removal by
~20%. Consequently, there were no significant differences in the
CIP removal rates with the use of parent Nb,O (no H,0, and
without ROS) and in the reaction in which ROS was present on
the surface of the niobia (formed in situ or ex situ). Furthermore,
a very fast decrease in CIP concentration at the beginning of the
reaction (up to S min) and significantly less pronounced changes
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in the course of the reaction progress might suggest that the
main process responsible for the elimination of CIP was simple
adsorption. Given these primary observations, we hypothesized
that the chemical degradation of CIP caused by ROS was
negligible under the applied reaction conditions, while the
adsorption of the antibiotic on the surface of the niobia played a
major role in its removal.

To verify this hypothesis, postreaction mixtures were analyzed
with LC-MS, and the results are shown in Figure 3A. The
chromatogram recorded for the initial CIP solution shows a
single very intense peak at a retention time of 9.4 min and a
second peak of very low intensity recorded at 8.5 min. On the
basis of the corresponding mass spectra, the former peak was
assigned to CIP molecules (see Figure S4), while the minute
peak was attributed to some unidentified impurity present in
negligible amounts (since no degradation products of CIP could
be formed under such conditions; see Figure SS). Similar
analysis of the LC-MS data obtained for the mixture of CIP
solution and H,O, revealed no changes in the chromatograms,
indicating that the antibiotic could not be degraded by H,0, in
the absence of the catalyst. In the case of ROS formed in situ after
the interaction of H,0O, with niobia or when niobia was
pretreated with H,0,, the intensity of the CIP peak was
negligible.

Consistent with the kinetic data, the highest decrease in CIP
concentration was found for the reaction in which ROS was
formed ex situ on the surface of the niobia (see Figures 3A and
S6). Interestingly, no noticeable degradation products were
observed either for the pretreated catalyst with Nb,Os/H,0, or
in the presence of H,O, in the reaction mixture. It shows that
under such conditions the rate of CIP degradation was much
slower than that of antibiotic adsorption on the niobia surface. It
is important to note that during mass spectrometry experiments
the m/z range was scanned from 100 to 500. Thus, some
degradation products with low m/z values could be overlooked.
To resolve this issue, additional analyses of total organic carbon
(TOC) in postreaction mixtures were performed.

As shown in Figure 3B, the data obtained from TOC analyzes
are in very good agreement with the results of UV—vis
measurements. This consistency supports the adsorptive
mechanism of CIP removal. In fact, the IR spectra of the
spent niobia catalysts separated from the reaction mixtures
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Table 1. CIP and Its Degradation Products Identified by LC-MS Analysis of the Postreaction Mixtures after 30 min of Reaction in
the Dark (Adsorption Step) Followed by 60 min of Irradiation with UV Light (Regeneration Step)

Theoretical

+H]* i
Product [Iltlll}n] mass Urlm/ZH)] Frr::i 2::::5:1 Proposed structure
[M+H]* PP
o o
F OH
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HN\) A
o o
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o o
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kN N
H,N
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P4 and 334.1203 and and Ci6H17FN3O4" and
15.0 334.1209 1.8 o 0

F OH
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(Figure 3C) revealed the presence of typical ciprofloxacin bands
(for example, 1474 and 1271 cm™). CIP can be efficiently
adsorbed in its parent form on the surface of the niobia, even in
the presence of H,0, and ROS. The amount of adsorbed CIP
was assessed on the basis of elemental analysis (Figure 3D) and
was found to be comparable to that calculated from the data on
CIP removal from the liquid phase (UV—vis and TOC
measurements). Thus, given all the analytical results, one can
conclude that the enhanced removal of CIP in the presence of
ROS on the surface of the niobia resulted mainly from the
improved ability of this metal oxide to adsorb the antibiotic
molecules.

Because of the Bronsted acidity of the Nb,Oj surface and the
zwitterionic nature of the CIP molecules, we further investigated
the influence of pH on the adsorption and degradation process.
At first, the total surface charge as a function of pH was
established based on the results of the { potential measurements
shown in Figure 4. The results obtained indicate a slight change
in the isoelectric point of the parent Nb,O; (IEP = 2.9) toward a
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lower value (1.5) after the accumulation of negatively charged
ROS on the surface. For the sample Nb,O;/H,0,, the changes
in { potential with pH are less abrupt than for Nb,O; (also for
niobia in the presence of H,0, in solution), and the surface
exhibits a buffering effect due to the presence of abundant
surface ROS. Taking into account the above results, two
different pH values were chosen, at which electrostatic repulsion
between the surface of the niobia and the CIP molecules should
result in very low adsorption: (i) pH ~ 2.5 at which CIP exists in
the form of protonated molecules’' and the surface of the parent
niobia is positively charged; (ii) pH ~ 10.5 at which the CIP
molecules and the surface of the niobia are both negatively
charged.”

Negligible antibiotic adsorption was expected to allow a
precise determination of the contribution of the degradation
process, especially under acidic conditions in which niobia
shows a very low ability to adsorb antibiotics and a relatively
high ability to activate H,O, toward ROS formation.'” As shown
in Figure 5, the removal of CIP under both highly alkaline and
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Figure 11. Comparison of efficiency of CIP removal for fresh Nb,Os
sample (first cycle), used sample (second cycle), and sample after first
cycle regenerated by irradiation with UV light for 60 min. The reaction
was performed in the dark.

Table 2. Antimicrobial Activity of CIP and Its Degradation
Products Tested against E. coli and B. subtilis”

diameter of inhibition zone [mm]

sample E. coli SD B. subtilis SD?
control (saline) 20.00 0.00 20.00 0.00
cIp® 32.90 0.49 28.98 0.32
CIP + H,0," 33.18 1.17 29.93 1.38
Nb,O; + CIP + H,0," 2148 004 20.00 0.00
Nb,O; + CIP + H,0, + UV° 2000  0.00 20.00 0.00

“Selected images presenting results of the diffusion tests are shown in
Figure S8. Reaction conditions: 100 mL of CIP solution (15 mg/L),
H ~ 7, S0 uL of H,0, (30%), S0 mg of Nb,Os, 600 rpm, 25 °C.
Stirred in the dark for 90 min. “Stirred in the dark for 30 min
followed by irradiation with UV light (4 = 365 nm) for 60 min
(adsorption followed by regeneration). 9SD stands for standard
deviation.

acidic conditions was negligible, indicating that the efficiency of
antibiotic degradation by ROS formed on the surface of the
niobia was very low in both cases. The slight differences
observed at pH ~ 2.5 and pH ~ 10.5 resulted from the shift in
the IEP value induced by H,O, (see above). At pH close to 2.5
the surface becomes neutral or slightly negatively charged, which
lowers the electrostatic barrier of adsorption. Therefore, the
highest activity of Nb,O; under neutral conditions (pH ~ 7) in
which the formation of hydroxyl radicals was found to be
significantly less efficient than under acidic conditions (see
Figure 6) must originate mainly from the adsorption process.
Note that under neutral conditions the antibiotic existed in the
zwitterion form,”" while the surface of the niobia was negatively
charged (pH above the isoelectric point of Nb,Os, Figure 4).
Under such conditions, CIP molecules could easily be adsorbed
on the surface of the niobia by electrostatic interaction.’"**
To gain a deeper understanding of the role of H,0, and ROS
in the removal of CIP in the presence of niobia, additional
experiments were performed by using various concentrations of
hydrogen peroxide. As shown in Figure 7A, the positive impact
of hydrogen peroxide was noticeable even at a very low H,O,
dose of 10 uL per 100 mL of CIP solution. A further increase in
H,0, doses from 10 to 100 uL enhanced slightly improved
antibiotic adsorption, but this effect was still much less
pronounced than that observed for the H,0O, pretreated niobia

catalyst in which ROS were formed ex situ. This observation is
well correlated to the amount of surface ROS detected for
Nb,O; contacted with the H,0, solution and the Nb,O;/H,0,
sample. For the latter, the estimated amount of ROS was 5 times
higher (Figure 1C).

In addition, we evaluated the impact of CIP concentration on
the reaction in which ROS were formed in situ on the niobia
surface. The results are shown in Figure 7B. Very high efficiency
was observed within the initial 5 min of the adsorption process,
almost in the entire concentration range studied (5—30 mg/L).
Only in the case of the highest concentration was CIP depletion
slightly reduced in a short reaction time, but it was significantly
increased when the reaction time was extended. After 2 h of the
process, more than 90% of the CIP was successfully removed.
Therefore, the results obtained above from the activity tests are
representative of the investigated CIP concentration range, not
only for the selected value.

The results of CIP removal at different pH levels (Figure S)
clearly show that the antibiotic cannot be efficiently adsorbed on
the surface of the niobia when the pH of the reaction mixture is
strongly acidic or alkaline. Given this observation, we expect that
the change in pH of the reaction mixture after the adsorption
step can be used for the desorption of CIP molecules from the
niobia surface and regeneration of the spent catalyst. Indeed, by
using a niobia catalyst preadsorbed with CIP under neutral
conditions in the presence of H,0, and then decreasing the pH
of the reaction mixture to 2.5, we observed reversible
adsorption—desorption cycles (Figure 8A,B).

During the adsorption step (Figure 8A), more than 90% of the
initial CIP molecules were removed from the solution. Already
after the addition of 2 droplets of concentrated nitric acid to the
reaction mixture (pH changed from 7.0 to 2.5), we observed a
significant desorption of CIP from the catalyst (Figure 8B).
These results not only demonstrate that CIP adsorbed on the
niobia surface can be simply desorbed by changing the pH but
also unambiguously indicate that CIP molecules were not
degraded under such reaction conditions. Regeneration of the
niobia catalyst by adjusting the pH requires further optimization,
but these initial results clearly show that ROS formed on the
surface of the niobia are responsible mainly for its enhanced
ability to adsorb CIP molecules.

3.3. Regeneration of Nb,O; Catalyst with UV Light. A
recent study by Taher et al.'” has shown that the photocatalytic
properties of Nb,O; can also be used for the regeneration of
spent niobia catalysts after adsorption of methylene blue.
Inspired by this idea, we not only investigated the influence of
UV irradiation on the spent niobia samples but also performed a
detailed analysis of the degradation products that could be
formed in response to exposure of Nb,Os to both H,O, and
light. To do this, the reaction mixture was stirred in the dark for
30 min (adsorption step) and then irradiated for 60 min with UV
light (A = 365 nm; regeneration step). A control reaction
performed in the dark for 90 min was performed in parallel.
Particular attention was paid to the analysis of both organic
species adsorbed on the surface (elemental analysis and ATR-
IR) and organic molecules in the liquid phase (LC-MS and
TOC). The results of these experiments are summarized in
Figures 9 and 10.

After 90 min of reaction in the dark, the concentration of
organic species adsorbed on the surface of the niobia in the
presence of H,0, increased significantly (Figure 9). At the same
time, no noticeable degradation products were identified by LC-
MS (compare Figure 10A), which confirmed the adsorption of
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Figure 12. Possible CIP adsorption states and two different ways of regeneration of the Nb,Oj surface subjected to CIP and H,O,: (A) regeneration

under acidic conditions; (B) regeneration by UV irradiation.

CIP only under such conditions. Interestingly, when the reaction
mixture was irradiated with UV light (regeneration step), the
amount of TOC in the liquid phase increased significantly at the
expense of the organic species adsorbed on the surface of the
niobia (Figure 9). It is important to emphasize that the decrease
in the concentration of organic species adsorbed on the surface
of the niobia (estimated by elemental analysis) and the increase
in the total organic carbon (TOC) in the liquid phase were
commensurate.

The observed changes resulted from the degradation of
adsorbed CIP molecules upon UV irradiation, forming less
complex organic compounds that were then desorbed from the
niobia surface. Indeed, LC-MS analyses of the postreaction
mixtures clearly showed that after the UV regeneration step
several new peaks appeared in the chromatograms (Figure 10A).
A more detailed analysis of the mass spectra based on the
observed values of m/z detected by LC-MS allowed
identification of the degradation products (Figure 10B and
Table 1; mass spectra of the identified compounds are shown in
Figure S7). In particular, exposure to UV light was found to
result in degradation of the piperazine moiety of the CIP
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molecule to produce P2 as the main product. According to the
this degradation pathway indicates a predominance
of the surface reaction mechanism in which CIP molecules

. 33
literature,

adsorbed on the photocatalysts are oxidized by photogenerated
holes (h*). This degradation mechanism is in agreement with
that previously established for niobia-based photocatalysts, in
which photogenerated holes have been identified as the main
oxidative species responsible for the degradation of selected
organic pollutants.’* Taking into account the amorphous nature
of the investigated Nb,Os, which can suppress effective
photocatalytic activity, it cannot be excluded that degradation
of CIP molecules during the UV regeneration step proceeded, to
some extent, by simple photolysis of the antibiotic, as pointed
out elsewhere.”

Therefore, analysis of the LC-MS data, in combination with
the results obtained from the elemental analysis and TOC
measurements, allowed us to conclude that the piperazine
moiety was probably responsible for the efficient adsorption of
CIP on the Nb,O; surface. Upon degradation of this functional
group, the formed organic pollutants P1—P4 (Table 1) were
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Table 3. Calculation of the Amount of Adsorption Sites
Derived from Brensted Acid Centers and Their Occupancy
Changes during Removal of CIP

amount of
available
adsorption sites
occupied by
CIP molecules
no. of CIP molecules adsorbed after given
after given reaction time® reaction time
[mol] (%]

no. of
available
adsorption

sample” sites” [mol] S min 30 min Smin 30 min
Nb,O; 250X 107°  828x 107  131x107° 33 52
Nb,Os+ 250X 107  143x107° 226x10° 57 91

HZOZ

(50 uL)
Nb,Os/ 250X 107° 235 107°  3.19x107° 94 128

H,0,

“Reaction conditions: 100 mL of CIP solution (15 mg/L), pH ~ 7,
catalyst loading: 0.25 g/L, reaction in the dark. “Number of Bronsted
acid sites in the parent Nb,Os calculated form IR spectra after
pyridine adsorption.'” “Calculated on the basis of CIP removal
efficiency in the dark conditions.

desorbed from the metal oxide, leading to regeneration of the
spent catalysts.

Such a process was also indicated by ATR-IR studies. As
shown in Figure 3C, the typical vibrational bands of CIP
molecules adsorbed on the niobia could be easily identified in
the IR spectra of the spent solid samples, which were not
irradiated with UV light (spectrum d). However, after
irradiation with UV light, the typical IR bands disappeared
(spectrum e). It should be noted that some IR bands typical of
other organic compounds could still be detected, indicating their
presence on the niobia surface after the regeneration step. These
results are in agreement with the data obtained from the
elemental analysis showing that some organic species were still
present on the surface of the niobia after 60 min of UV
irradiation (Figure 9).

To investigate the possible recyclability of the niobia catalyst,
we used regenerated oxide in a second reaction cycle. As shown
in Figure 11, the regenerated Nb,Os removed a significantly
higher amount of CIP than the sample not exposed to UV light
(reference material that was stirred in the dark for 90 min). The
efficiency of CIP removal by the regenerated sample was slightly
lower than that observed in the first reaction cycle by using the
parent metal oxide, but the positive impact of regeneration could
still be easily observed. The apparent decrease in efficiency
compared to that of the fresh sample is a result of the persistent
presence of some CIP degradation products on the niobia
surface. Such products occupying adsorption sites decreased the
overall number of active sites available for CIP molecules. The
presence of partially degraded products on the niobia surface
was confirmed by ATR-IR measurements (see Figure 3C,
spectra d and e) and elemental analysis (Figure 9). Therefore,
niobia can be successfully regenerated upon exposure to light
and hydrogen peroxide, but further studies are necessary to
optimize the regeneration conditions to improve the mineraliza-
tion efficiency of the antibiotic.

3.4. Biological Activity of CIP—Nb,O; Assay. To further
illustrate the great potential of Nb,Oj as a regenerable adsorbent
for CIP removal, microbiological tests were performed to detect
the cytotoxicity of antibiotic degradation products, formed

during the UV regeneration step. Antibacterial activity toward
E. coli and B. subtilis as model microorganisms was evaluated by
using a disc diffusion method. As evidenced in Table 2, the initial
CIP solution strongly inhibited the growth of both model
bacteria. As expected, the inhibition effect was greatly reduced in
the presence of the postreaction mixture obtained after the
adsorption step (reaction in the dark), where most of the CIP
was adsorbed on the surface of the niobia, but some amount of
antibiotic was still detected in the reaction medium (as
concluded from the LC-MS studies; see Figure 10A). No
inhibition effect of bacteria growth was observed for post-
reaction mixtures after 60 min of the UV regeneration step, in
which CIP was not identified by LC-MS, while the main
degradation product was P2 (see Figure 10B and Table 1).
Therefore, the antibacterial activity of CIP can be simply
eliminated by degradation of the piperazine moiety upon
exposure of the reaction mixture to UV light. It shows not only
that niobia can be used for efficient elimination of antibiotics by
adsorption but also that the spent niobia adsorbent can be easily
regenerated in an environmentally benign way, leading to the
formation of degradation products that do not exhibit any
antibacterial activity toward E. coli and B. subtilis.

3.5. Role of ROS in Enhanced Adsorption of CIP on
Nb,Os. Elimination of water-soluble organic pollutants requires
the concerted action of adsorption and degradation by
oxidation, which defines the so-called adsorption-triggered
process.’®” There have been several reports indicating that
ROS formed after the interaction of niobia with H, O, are highly
active in the oxidative degradation of organic dyes’® and the
selective oxidation of alcohols*®*® or olefins.”® However, the
implicit contribution of ROS in the adsorption of organic
pollutants on the niobia surface has not been considered yet. In
this study, we have documented that ROS stabilized on the
surface of niobia has a significant impact on the { potential of
Nb,O;. For the parent niobium pentoxide, a strong negative
charge immediately accumulated on the surface when the pH
increased slightly above the isoelectric point of Nb,Os. The
higher the pH value, the stronger the negative charge
accumulated on the surface of the niobia (Figure 4). On the
contrary, the { potential of niobium pentoxide treated with
concentrated H,O, was not as sensitive to an increase in the pH
value. The results show that the surface of the Nb,O,/H,0,
catalyst was negatively charged at a pH value already lower than
the IEP of the parent niobia, but the accumulated charge was not
as strong as that established for Nb,Ojs. The negative charge did
not change significantly when the pH value increased from 3 to
12, indicating very good stability of the suspension obtained in a
wide pH range. It shows that the formation of ROS on the niobia
surface caused some important changes in the properties of this
metal oxide, preventing the accumulation of a strong negative
charge on its surface. Previous studies by Ziolek et al."” revealed
that treatment of Nb,O; with a H,O, solution led to a significant
decrease in the concentration of Bronsted acid sites (that is,
acidic hydroxyl groups). On the basis of these results and given
direct proofs of ROS accumulation and stabilization on the
surface of Nb,Os (Figure 1), we attribute the different behavior
of the sample treated with hydrogen peroxide to the exchange of
surface hydroxyl groups into superoxide radical anions or peroxo
species. The more efficient the exchange, the lower the
concentration of the surface hydroxyls, which could be
deprotonated upon increasing the pH value. Therefore, we
have established that the surface of the niobia covered with ROS,
which is formed at the expense of surface hydroxyls, acted as a
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buffer, preventing the accumulation of a strong negative surface
charge at pH values higher than the IEP of the parent Nb,O;.

The results obtained in this study are in favor of the
electrostatic interaction between the negatively charged surface
groups of niobia and the positively charged nitrogen atom of the
piperazine moiety of CIP, as shown schematically in Figure 12A.
The highest CIP adsorption efficiency was observed under
neutral conditions in which the antibiotic was present in
zwitterionic form.”’ Taking into account that such a form
contains two opposite charges in two different functional groups,
it is highly probable that the accumulation of a strong negative
charge on the surface of the niobia may be responsible for the
lower ability of the parent Nb,O; to absorb CIP molecules. On
the basis of experimental data, we claim that the strong negative
charge on the surface of the parent Nb,O; caused electrostatic
repulsion between the surface and the negatively charged
carboxyl group of CIP, and this resulted in a lower efficiency of
CIP removal by the adsorption process than that observed for
the niobia catalyst treated with hydrogen peroxide. The {
potential measurements clearly showed that the latter samples
exhibited a lower surface negative charge, providing more
favorable conditions for the efficient adsorption of the antibiotic
in the zwitterionic form.

As far as CIP adsorption is concerned, it is important to
emphasize that adsorbed CIP molecules could be simply
desorbed from the surface of the niobia by changing the pH of
the reaction mixture (Figure 8B) or by degradation of the
piperazine moiety of the antibiotic after irradiation with UV light
(Figures 9 and 10). The adsorption of CIP on the niobia surface
in the dark and regeneration of the spent niobia catalyst after
exposure to UV light are schematically summarized in Figure 12.

Our studies clearly indicated that the adsorption of CIP on the
niobia surface was caused by an electronic interaction between
the protonated piperazine moiety of CIP and the negatively
charged surface of niobia. This conclusion was supported by the
desorption of the degraded CIP molecules when the piperazine
moiety was oxidized upon exposure of the reaction mixture to
UV light (Figure 10 and Table 1) and ineffective adsorption of
CIP when the surface of Nb,Oj was positively charged at pH ~
2.5 (Figures S and 8). The main source of negative charge on the
surface of the parent Nb,Ojs is dissociated hydroxyl groups
(dissociation of surface hydroxyls S—OH to S—O~ is observed at
a pH above the IEP of Nb,O;). The same hydroxyl groups can
be quantified by pyridine adsorption. According to our previous
studies,'? the concentration of Bronsted acid sites in commercial
Nb,O5 CBMM is equal to 100 ymol g This value has been
considered by us as a number of possible active sites that can
take part in the adsorption of CIP molecules. On the basis of this,
we estimate the number of active sites that were occupied by
CIP molecules under various reaction conditions (Table 3).
After 5 min of the reaction in the absence of hydrogen peroxide,
~33% of the available adsorption sites were occupied by CIP
molecules. When a small amount of H,0, was added to the
reaction mixture, the number of occupied adsorption sites
increased from 33% to 57%. The highest number of possible
adsorption sites was occupied when the reaction was performed
in the presence of the Nb,O5/H,0, catalyst. In this case, ~94%
of the initial sites were occupied by antibiotic molecules, but
after 30 min of the reaction the calculated amount of the
occupied sites exceeded 100%. This estimate clearly shows that
CIP molecules were adsorbed not only on the deprotonated
surface hydroxyl groups (S—O7) but also on negatively charged
ROS stabilized on Nb,Os/H,0, (e.g., superoxide and peroxide
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anions detected with EPR and Raman, respectively). Because no
oxidative degradation of CIP was observed (reaction in the
dark), the data collected in Table 3 confirm that treatment of
Nb,O; with H,0, results in the formation of additional
adsorption sites for CIP molecules.

4. CONCLUSIONS

In this paper, the contribution of adsorption and degradation
processes to the removal of ciprofloxacin by amorphous niobium
pentoxide in the presence of hydrogen peroxide was analyzed.
Particular attention was paid to the evaluation of the role of
reactive oxygen species (formed by the interaction of H,0O, with
Nb,O;) in the elimination of the antibiotic in the dark. In
addition to the well-established oxidative properties of surface
ROS, widely used for the degradation of organic pollutants, it
was found that the improved efficiency of Nb,Oj resulted from
its improved ability to adsorb CIP molecules due to the
formation of superoxo and peroxo species that modified the
surface properties. At low catalyst loadings and with a short
reaction time, adsorption was the main process responsible for
the enhanced CIP elimination under dark conditions, while the
contribution of the degradation by ROS was negligible. This
unexpected role of ROS stabilized on the Nb,Os surface needs
to be emphasized because in many studies devoted to the
removal of environmental pollutants with the use of niobia-
based catalysts, the analysis of the adsorption contribution,
which may be dominant in short reaction times, has been
neglected. Instead, only oxidative degradation of organic
compounds has been taken into account, which can lead to
misinterpretation of the kinetic results and wrong conclusions
about the reactivity of ROS in degradation processes.
Furthermore, Nb,Og appeared as a versatile catalytic material
active in the adsorptive removal of CIP; the oxide can be easily
regenerated by environmentally benign UV light treatment in
the presence of H,0, which results in degradation of CIP
molecules and desorption of its degradation products from the
niobia surface.
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