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Abstract

Tetracyclines (TCs) are among the most widely used antibiotics for disease control and livestock feed due to their
broad-spectrum therapeutic properties. However, their extensive use, particularly oxytetracycline (OTC) and doxycycline
(DC), has led to their widespread presence in water and soil environments, raising ecological and public health concerns.
The electron-rich functional groups of TCs, including ketone, carboxyl, amino, and hydroxyl moieties, enable strong
complexation with metal oxides, making nanoceramic materials promising adsorbents for their removal. In this study, the
adsorption behavior of OTC and DC onto commercial nanoceramics (SiO2, Al2Os, TiO-, and ZnO) was investigated using
UV-Vis absorption, fluorescence spectroscopy, and high-performance liquid chromatography (HPLC). Spectroscopic
analyses revealed significant reductions in absorbance and fluorescence intensity upon nanoceramic addition, indicating
strong antibiotic adsorption and fluorescence quenching, particularly for ZnO and AlOs. TiO: also demonstrated
moderate adsorption capacity, while SiO: exhibited a distinct behavior, enhancing fluorescence intensity and increasing
HPLC peak areas, suggesting weaker adsorption interactions possibly influenced by solvation effects or surface
passivation. HPLC results confirmed that DC exhibited a higher adsorption rate than OTC, with TiO2 and Al.Os achieving
over 80 % removal efficiency. The unique behavior of SiO. suggests that it does not strongly adsorb tetracyclines but
may influence their solubility or molecular stability. These findings provide mechanistic insights into tetracycline-
nanoceramic interactions and underscore the importance of material-specific adsorption behaviors for wastewater
treatment applications.
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Introduction

Tetracyclines are the most widely used antibiotics
in the United States, particularly for veterinary
medicine. Animal wastes, commonly used as fertilizers
on croplands, contribute to the accumulation of
antibiotics near areas with large confined animal feeding
operations or CAFO [1]. Between 2005 to 2007,
tetracyclines accounted for 38 % of the 27.85 million
pounds of total antibiotics used [2]. Globally, the

widespread use of tetracyclines has raised concerns
about their present in the environment, as they are often
detected as concentrations as high as 1,000 ug/kg [3].
For example, chlortetracycline (CTC) has been
identified at levels of 20 mg/kg in agricultural soils,
highlighting its persistence and potential ecological
impacts [4]. Tetracyclines excreted by livestock,
primarily through feces and urine, range from 70 % to
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90 % of the administered dose. For instance, studies
show that pigs excreted 72 % of administered TCs,
which subsequently degrade into antibiotic residues
depending on environmental pH. These residues can
exhibit altered biological activity compared to the parent
compound, further complicating their environmental
impact [5,6].

Current methods of removing antibiotics from
water include chemical, biological and physical
methods. Chemical methods primarily involve
transformation or degradation of antibiotics and include
several oxidation processes, such as Fenton oxidation,
ozonation, electrochemical oxidation (EO), and
photocatalytic oxidation, among others [7]. This
approach is highly successful for antibiotic degradation;
however, its application is limited on a small scale due
to elevated energy consumption, expenses, and complex
operational requirements [8]. Biological methods, on the
other hand, utilize microorganisms to degrade
antibiotics and include conventional activated sludge
(CAS) procedures, membrane bioreactors (MBRs), and
anaerobic reactor systems, among others. This method
is regarded as the most cost-effective and
environmentally sustainable for the removal of
antibiotics from wastewater; nonetheless, it presents
uncertainties, such as the potential impact of antibiotic-
resistant bacteria on the overall treatment efficacy [8].
Lastly, physical methods primarily rely on separation
techniques and include membrane filtration and
adsorption. Adsorption has various advantages over the
other removal methods dues to its simplicity,
affordability, reliability, minimal use of energy, rapid
performance and quick adsorbent recovery to its low
cost and rapid performance [9]. These methods are
widely used, and activated carbons, clay materials,
zeolites and biochars are effective adsorbent materials
in removing antibiotics. With the advancement of
nanomaterials and novel composite materials, their
efficacy in wastewater treatment has significantly
improved [8].

Nanomaterials can be classified to carbon-based
nanomaterials, semiconductor-based nanomaterials,
metal nanoparticles, polymer-based nanomaterials, and
lipid-based nanomaterials [10]. Recently, metal-based
nanomaterials particularly metal oxide nanoparticles
such as silicon oxide (SiOy), aluminum oxide (Al>Os),
titanium oxide (TiOy) and zinc oxide (ZnO), have been

identified as promising materials for removing
antibiotics from aqueous systems due to their strong
adsorption reactivity and capacity and high specific
areas [11]. These materials offer advantages such as fast
Kinetics, selective sorption of pollutants and high
adsorption capacities [2,12]. Additionally, they also
strong photocatalytic reaction to destroy organic
contaminants which includes antibiotics. It is made
possible through the presence of oxygen which can
break down the organic contaminant on the surface of
the metal oxide nanoparticle through photocatalysis.
The production and enhancement of oxygen vaccines is
made possible through the absorption of semiconducting
nanomaterials by photons. The organic contaminants are
then converted to low-to-intermediate toxic products
and it finally results in the formation of chemicals such
as carbon dioxide, water, and inorganic ions [13,14].

In the recent years, among the nanomaterials,
Zn0, TiOy, SiO; have the largest production in the world
with an average annual peak production of 28,000,
40,000 and 55,000 tons, respectively [15]. Thus, in this
study, the potential of SiO;, Al;Os, TiO, and ZnO as
nanomaterials for remediating TCs focusing on
oxytetracycline (OTC) and doxycycline (DC) (Figure
1) was investigated. These commercially available
nanoceramics were selected due to their unique
properties that makes them particularly suited for
antibiotic adsorption. Compared to biochar, graphene
oxide and metal-organic frameworks, nanoceramics
offer superior thermal and chemical stability, ease of
commercial availability and relatively low production
costs. While biochar and graphene oxide exhibit high
adsorption capacities, their synthesis processes often
rely on high-energy inputs or non-renewable precursors.
Similarly, MOFs, though effective, present challenges
such as complex fabrication methods, high costs, and
limited scalability. Nanoceramics, on the other hand,
provide a balance between performance and practicality,
with proven efficiencies in pollutant adsorption and
compatibility with existing wastewater treatment
systems. Despite their potential, nanoceramics face
several challenges that limit their practical applications.
These challenges include high production costs, reliance
on non-renewable resources, secondary pollution,
limited regeneration efficiency, and variable
performance across different  pollutants  [16].
Highlighting and addressing these challenges are crucial
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for advancing the utility of nanoceramics in
environmental remediation.

The remediation of TCs with the nanomaterials
was evaluated using UV-Vis absorption spectroscopy,
fluorescence spectroscopy and high-performance liquid
chromatography (HPLC). The antibiotic solutions
prepared under controlled laboratory conditions, serve
as models for ground water, wastewater, and
environmental effluents. This study aims to determine
the remediation effect of nanoceramics to TCs, with the
broader goals of developing cost-effective strategies for
mitigating antibiotics pollution. In addition, this study

NH,

contributes by investigating the molecular-level
interactions of tetracycline analogs with commercial
nanoceramics to identify mechanisms that can enhance
adsorption efficiency and reduce environmental risks.
Specifically, this work builds on past studies by
focusing on the interactions of tetracyclines with
nanoceramics at the chromophore level, addressing gaps
in the mechanistic understanding of adsorption
processes. The findings aim to advance the optimization
of nanoceramics for real-world wastewater treatment
applications.
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Figure 1 Structure of oxytetracycline (left) and doxycycline (right).

Materials and methods

Reagents

Commercially available nanomaterials: aluminum
oxide (Al;O3), silicon oxide (SiOy), titanium oxide
(TiOy) and zinc oxide (ZnO) were purchased from Sun
Innovations, Inc. Oxytetracycline (OTC), doxycycline
(DC) and methanol were all purchased from Sigma
Aldrich (analytical grade, > 99 % purity).

Antibiotic-nanomaterial mixture preparation

Each nanomaterial (1.0 mg) was individually
weighed into separate Eppendorf tubes. Stock solutions
of the tetracycline antibiotics were prepared by
dissolving solid standard initially in methanol. A 10-
ppm solution of OTC and DC, as well as a mixed
solution containing both TCs, was prepared. The
nanomaterial was added to 2.0 mL of the antibiotic
solution in the respective tube. The resulting mixture
were incubated at room temperature for 1 h with
periodic manual shaking. Following incubation, the
samples were centrifuged at 10,000 rpm for 2 min using
a mini-centrifuge to settle nanoparticles. The
supernatant was filtered through a 0.22 um syringe filter
to remove any suspended particles before analysis.

These conditions, including antibiotic concentrations
and pH values, were chosen to reflect common
environmental contamination scenarios reported in
wastewater and agricultural runoff studies.

Instrumentation

These instrumental methods (UV Vis and
fluorescence spectroscopy and HPLC) were selected for
their sensitivity and ability to detect both individual and
binary mixtures of antibiotics in solution, providing
quantitative insights into the adsorption efficiencies of
different nanoceramics.

The ultraviolet-visible (UV-Vis) absorption
spectra and fluorescence emission spectra were
collected at room temperature using a quartz cuvette
with cell pathlength of 1.0 cm. The absorbance spectra
from 200 to 600 nm were obtained using Jasco V-570
spectrophotometer (Easton, MD). The emission spectra,
on the other hand, were collected using a FluoroMax-4
Spectrofluorometer (Horiba Jobin Yvon Inc., Edison,
NJ) with excitation wavelength of 350 nm. Standard
solutions of antibiotics were also analyzed for
comparison to understand the relative impact of
nanomaterial adsorption on the spectra.
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The concentration of the antibiotics without and
added with nanomaterials was determined using
chromatographic analysis (HPLC). An Agilent 1,100
unit was used with a Zorbax Eclipse XDB-C8 column
(4.6x150 mm (Agilent)). A mobile phase of 11 %
methanol: 22 % acetonitrile: 67 % 0.01 M oxalic acid
was used for TC analysis. Standard solutions of all
antibiotics were also analyzed to compare with those
solutions mixed nanomaterials.

High-performance liquid chromatography
(HPLC) was performed using an Agilent 1100 HPLC
system equipped with a Zorbax Eclipse XDB-C8
column (4.6x150 mm, Agilent). The mobile phase
consisted of 11 % methanol, 22 % acetonitrile, and 67
% 0.01 M oxalic acid at a flow rate of 1.0 mL/min. The
injection volume was 20 puL. OTC and DC were detected
at 360 nm. Retention times were recorded for both
tetracyclines, and peak areas were used to quantify the
antibiotics in solution. These methods were selected for
their sensitivity and ability to detect both individual and
binary mixtures of antibiotics in solution, providing

quantitative insights into the adsorption efficiencies of
different nanoceramics.

Results and discussion

There are 3 peaks that can be observed in both DC
and OTC solution. These are at 250, 270 and 360 nm.
These peaks can be due to the presence of 2
chromophores in the TC group structure [17,18]. The A
chromophore consists of the B-tricarbonyl system of
ring A, responsible for the strong absorption at around
270 nm, while the BCD chromophore comprises the z-
electron system present in rings B, C and D, which
produces a major visible peak at 360 nm (Figure 2) [18].
The BCD peak is also responsible for the pale to dark
bright yellow color observed in all TC samples.
Reduction in the absorbance of both DC and OTC
solutions were observed when nanomaterials are added
as presented in Figures 3 and 4. Furthermore, the
following changes were observed when nanomaterials
are mixed with TC solutions: Broadening and shifting
(red shift) of the peak at around 370 nm and the
disappearance of peak at around 250 nm.

H3C\ /CH3

N
H.C OH
3 H OH

OH O

Figure 2 Structure of tetracycline (TC).

As presented in Figure 3, the addition of
nanomaterials in the DC solution leads to a reduction in
absorbance. ZnO exhibited the lowest absorbance,
succeeded by Al,Os, TiO2, and SiO, when compared to
the DC solution only. The absorbance reduction for ZnO
at the peak of 270 nm is 80 %. The absorbance
reductions were 75 % for Al>Os, 63 % for TiOy, and 30
% for SiO,. For the peak at 360 nm, reduction of the
absorbance ranges from 83 % for ZnO to 35 % of SiO..

OH O

It has also been observed that there is a red shift in the
peak at this region with DC solution containing ZnO and
Al;O3 showing significant shift of 5 nm. The same can
be observed for DC added with SiO; and TiO- although
not as significant as the other 2 nanomaterials. The DC
solution added with ZnO and Al,Os; also showed
broadening of the peak at this region. Lastly, the peak at
270 nm disappeared upon addition of the different
nanomaterials with the exception of SiO..
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Figure 3 Average absorbance spectra of DC solutions without and with nanomaterials.
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Figure 4 Average absorbance spectra of OTC solutions without and with nanomaterials.

For OTC, on the other hand, as presented in
Figure 4, the same trend can be observed as that in DC
in the reduction of absorbance. Both Al,O3 and ZnO had
the lowest absorbance among the 4 nanomaterials and
SiO; had the highest absorbance although lower than the
OTC solution. The reduction in absorbance at 280 nm
was 19 % for SiOy, 44 % for TiO,, 66 % for ZnO and 63
% for Al,Os. The reduction, on the other hand, at peak
of 360 nm was 28 % for SiOz, 44 % for TiO2, and 76 %
for both ZnO and Al,Os.

Shifting of peaks varies from one nanomaterial to
the other. At 270 nm, both SiO; and ZnO showed a slight

blue shift while both Al,O3 and TiO, showed a slight red
shift. On the other hand, at 360 nm, all OTC solutions
added with nanomaterials red shifted by as much as 10
nm with ZnO. It was also observed that the peak at 260
nm disappeared upon addition of any nanomaterials
similar to that of DC solution.

Addition of nanomaterials to solution containing
both TCs were also performed. Similar to results of
individual TC solutions (DC and OTC), reduction in
absorbance was observed.
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Figure 5 Average absorbance of DC and OTC mixture without and with nanomaterials.

As presented in Figure 5, 3 peaks at 250, 270 and
360 nm were also observed when DC and OTC are both
mixed in a prepared solution. The peak at 250 nm
disappeared when ZnO and Al,O3; nanomaterials were
added. ZnO had the highest percentage reduction at 71
%, followed by Al,O3 at 67 %, TiO; at 39 % and SiO at
22 %. A blue shift of 5 nm was observed at 270 nm upon
the addition of each nanomaterial, with SiO exhibiting
the most significant shift. ZnO exhibited the highest
percentage reduction at 77 %, followed by Al,Os at 73
%, TiO at 42 %, and SiO; at the lowest with 22 %.
Significant red shifts are observed at 360 nm upon the
addition of SiO, and TiO». A red shift was also observed
upon the addition of ZnO and Al;Os, and there was a
significant reduction in peak intensity in the solutions
containing these nanomaterials. SiO2 exhibited the most
significant redshift, having shifted by 10 nm. ZnO
exhibited the highest percentage reduction at 77 %,
followed by Al,Os at 73 %, TiO at 44 % and SiO; at 24
%. One study shows a removal rate of 92.0 % of within
40 using minhydroxyapatite nanowires (HApNWSs)
[19] while another study showed the removal of 90 % of
TC in only 20 min using a novel porous nanocomposite
composed of hydroxyapatite nanorods (HAP), a MIL-
101(Fe) metal-organic framework, and Fe3O.
nanoparticles [20]. Unlike the present study which
readily utilized the commercial nanoceramics, these
reported studies, however, involved fabrication or
synthesis of materials.

The observed reduction in absorbance of
tetracycline solutions upon the addition of nanoceramics
indicates strong adsorption interactions between the
antibiotics and the nanoceramic surfaces. This reduction
can be primarily attributed to the interactions of the
electron-rich chromophores present in tetracyclines with
the surfaces of metal oxide nanoceramics. Specifically,
the B-tricarbonyl group in ring A and the conjugated nt-
systems in rings B, C, and D of tetracycline molecules
are susceptible to interactions such as hydrogen
bonding, electrostatic attractions, and n- stacking with
nanoceramics like ZnO and Al.Os. These interactions
disrupt the electronic transitions within the
chromophores, leading to a measurable decrease in
absorbance Mojica et al. [18]. Furthermore, the
adsorption of tetracycline molecules may induce
structural or conformational changes that alter their
optical properties, as suggested by the red shifts and
peak broadening observed in UV-Vis spectra. These
findings align with previous studies that demonstrated
how adsorption onto active surfaces affects the
electronic environment of antibiotics [17]. It is also
possible that the adsorption of the TC antibiotics on the
nanoceramics was a combination effect of both
electrostatic interaction and complexation as reported in
one study involving TC interaction with Fe3Os
incorporated polyacrylonitrile nanofiber mat (Fe-NFM)
[21].
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Among the nanoceramics tested, ZnO and Al.Os
exhibited the most significant reductions in absorbance,
reflecting their higher adsorption efficiencies. Their
strong interactions with tetracycline molecules can be
attributed to their high surface energy and chemical
reactivity, which enhance their ability to bind with
functional groups such as hydroxyl and amino groups.
These findings are consistent with earlier work on
adsorption efficiencies of nanomaterials for removing
antibiotics [21].

In addition, the changes observed in the
absorbance profile would only mean that the
chromophore system is affected with the addition of
nanomaterials. It is possible that the shifts can be
attributed to the non-electrostatic-dispersion interaction
between the added nanomaterial and the TC molecular
by hydrophobic, n-n interactions. The results obtained

HiC /CH3
HsC_ O

N
OH

O T *
D" “CONH,

OH O OH O

are similar to one study that reported the addition of
reduced graphene oxide with a TC solution. The peaks
observed in TC solution at 356 and 275 nm shifted to
348 and 262 nm, respectively, upon addition of the
reduced graphene oxide [22]. Furthermore, the changes
in absorbance profile could also due to the
photodegradation of TC during the UV irradiation
which was enhanced by the addition of nanoceramics.
This could be mostly due to the active oxygen species
generated during the photocatalytic process involving
nanoceramic, such as OH. radical, hole and superoxide
ion [23]. The disappearance of peak at 270 and 360 nm
during UV irradiation which was enhanced by
nanoceramics is due to the production of acylamino and
hydroxyl groups [24] and 4a,12a-anhydro-4-oxo-4-
dedimethylaminote-tracycline [25], respectively.

+ 2H,0

Figure 6 Photodegradation of TC into 4a, 12a-anhydro-4-oxo-4-dedimethylaminotetracycline (AT).

To look further on their interaction, the emission
intensity of the same resulting solution was obtained.
Results from the fluorescence studies showed
conflicting trends when the antibiotics are mixed with
nanomaterials. Doxycycline (DC) exhibited less
fluorescence in comparison to OTC as shown by the
higher Rayleigh scattering in DC solutions compared to
OTC solutions. The removal of the hydroxyl group from
the general structure of OTC could have contributed to
the weak fluorescent nature of DC.

As presented in Figure 7, 2 peaks around 410 and
460 nm were observed in the DC solution emission

spectra. Upon addition of nanomaterials, SiO,and Al,O3
enhanced the emission signal with SiO2 having the
highest signal (4x than the DC solution) followed by
Al,0O3 (2x than the DC solution). The peak was also
broader for SiO, (which have 2 peaks at 445 and 500
nm) and Al,O3; (maximum peak at 465 nm). The other 2
nanomaterials solution (TiO and ZnO) has almost the
same emission signal as the DC solution with ZnO
maximum peak red shifting to 505 nm while TiO;
maximum peak blue shifting to 450 nm.
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Figure 7 Average emission spectra of DC solutions without and with nanomaterials at an excitation wavelength of 350

nm.

As presented in Figure 8, SiO; enhanced the
emission spectra of OTC solution which was also
observed to DC solution spectra. In addition to the
enhanced signal, there was a redshift of 15 nm in the
maximum peak. The red shift was apparent upon the
addition of ZnO to the OTC solution, despite a reduction

in emission intensity. The other nanomaterials (TiO2 and
Al,Oz3) also exhibited a reduction in emission intensity
that was slightly lesser than that observed with ZnO.
Furthermore, a blue shift is observed in the fluorescence
emission profile of OTC when combined with TiO; and
AlO.
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Figure 8 Average emission spectra of OTC solutions without and with nanomaterials at an excitation wavelength of 350

nm.

Furthermore, the addition of nanomaterials to the
mixture of DC and OTC resulted in an increase of the
emission signal as presented in Figure 9. Generally, the
fluorescent properties of the solutions can be attributed

to OTC, however the addition of DC enhanced the signal
of the mixed solution, as only SiO; exhibited a stronger
signal when combined with the OTC solution. The
addition of DC in the mixture resulted in a blue shift of
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the peaks observed in the solution containing only OTC.
For instance, the peak of OTC solution blue shifted from
484 to 497 nm upon mixing with DC. This can also
observe in solutions added with nanomaterials. By

— DC +0TC
—— DC + OTC + AlIO
800~ — pc+O0TC +Sio
S —— DC +OTC + TiO
‘_.: —— DC + OTC + ZnO
> 600
i
c
g
<
5 400
@
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|

comparing the solution containing the 2 TCs, a red shift
can be seen from both SiO; and ZnO by 4 nm while a
blue shift can be observed when Al,Os; and TiO were
added with Al>Os shifting to as high as 20 nm.

|

400 450

500 550 600

Wavelength (nm)

Figure 9 Average emission spectra of OTC and DC mixtures without and with nanomaterials at an excitation wavelength

of 350 nm.

The interaction of oxytetracycline (OTC) and
doxycycline (DC) with nanoceramics was characterized
by distinct fluorescence quenching behaviors, driven by
structural and electronic differences between the 2
antibiotics. OTC, which retains a hydroxyl group at the
C5 position, exhibited stronger fluorescence intensity
compared to DC. This structural feature facilitates
intramolecular hydrogen bonding, stabilizing the
excited-state energy levels and reducing non-radiative
decay, as previously observed in pH-dependent
spectroscopic studies of tetracyclines [18]. In contrast,
DC lacks this hydroxyl group, resulting in weaker
fluorescence and greater susceptibility to quenching by
nanoceramics such as ZnO and Al:Os. These findings
align with reports highlighting the critical role of
functional groups in mediating interactions between
tetracyclines and adsorbents [26].

The fluorescence quenching mechanism for ZnO
and ALOs likely involves dynamic electron transfer
from the excited-state tetracycline molecules to the
nanoceramic surfaces, a process well-documented for
materials with high electron affinity [11]. Static
quenching, through the formation of non-fluorescent
ground-state complexes, further contributed to reduced

emission intensity. The hydroxyl and amino groups of
tetracyclines served as primary interaction sites,
engaging in hydrogen bonding or electrostatic
interactions with the nanoceramic surfaces [17]. For
instance, ZnO’s high surface energy promoted strong
adsorption, altering the electronic environment of the
chromophores and inducing red shifts in fluorescence
spectra (Figure 4). These shifts are consistent with
studies on graphene oxide, where similar quenching
mechanisms were reported [22].

Notably, SiO: exhibited anomalous behavior,
enhancing fluorescence intensity in DC solutions by
fourfold (Figure 6). This phenomenon may arise from
weak hydrogen bonding between tetracycline molecules
and silanol groups on the SiO: surface, stabilizing
radiative transitions rather than quenching fluorescence.
Unlike ZnO and Al:Os, SiO: lacks electron-accepting
metal centers, which likely diminishes electron transfer
efficiency. Such behavior mirrors observations with
hydrophilic silica nanoparticles, where solvation effects
enhance emission intensity [26]. Further investigation
using advanced surface characterization techniques,
such as FTIR or XPS, is warranted to confirm these
interactions.
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To further evaluate the adsorption of tetracyclines
onto nanoceramic surfaces, HPLC analysis was
conducted to quantify the reduction of OTC and DC
concentrations in solution. The chromatograms revealed
distinct peaks at ~2.0 min for OTC and ~6.0 min for DC
(Figure 10). The peak area at these retention times was
used to determine the antibiotic concentration before
and after nanomaterial addition. A significant reduction
in OTC and DC peak intensities was observed upon
exposure to ZnO, Al:Os, and TiO-, confirming effective
adsorption by these materials.

Interestingly, DC exhibited a higher percent
reduction than OTC, indicating that doxycycline has a
stronger affinity for nanoceramic surfaces. This result
aligns with fluorescence quenching data, where DC
demonstrated greater susceptibility to adsorption-
mediated interactions. The addition of TiO. and Al>Os
resulted in more than 80 % reduction in DC
concentration, while ZnO showed slightly lower

mAUj §
] N
20 |
10 ]
0 s
40— | T
0 1

|

Figure 10 HPLC chromatogram of OTC and DC mixture.

100

efficiency, with a reduction just under 80 %. This trend
can be attributed to differences in surface chemistry,
where TiO: and ALOs facilitate stronger electrostatic
interactions and hydrogen bonding with the functional
groups of DC [20].

Surprisingly, SiO: exhibited a negative trend,
where the addition of SiO2 to DC solutions led to an
apparent increase in HPLC peak area rather than a
reduction (Figure 11). This result is consistent with
fluorescence data, suggesting that SiO:. does not
effectively adsorb DC but rather enhances its
dispersibility in solution. Weak hydrogen bonding
between SiO2 and DC may lead to a more homogeneous
distribution of the antibiotic, preventing aggregation and
allowing for higher detection sensitivity in HPLC
analysis [27]. Such behavior highlights the importance
of selecting adsorbents based on their surface chemistry
and interaction mechanisms with target contaminants.

mSIOmZnO = TiO mAIO
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Figure 11 Percent reduction of peak area after addition of nanomaterials.
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All fluorescence and HPLC measurements were
performed in triplicate, with standard deviations below
5 %, ensuring statistical reliability. The adsorption
efficiencies observed for ZnO and Al.Os (~80 % for DC
and OTC) are comparable to those of activated carbon
(70 - 90 %) but exhibit significantly faster kinetics (< 1
h vs. 2 - 4 h) [21]. However, practical implementation
of nanoceramics for wastewater treatment must consider
factors such as nanoparticle leaching and regeneration
costs. ZnO, despite its high adsorption capacity, poses
potential ecotoxicity risks due to metal ion leaching. In
contrast, SiO2, while exhibiting lower adsorption
efficiency (~30 % for DC), is inert and may be
preferable in environmentally sensitive applications.

Although this study provides mechanistic insights
into tetracycline-nanoceramic interactions, several
limitations must be acknowledged. The lack of
adsorption isotherm models (e.g., Langmuir/Freundlich)
prevents a detailed quantitative analysis of binding
capacities and surface heterogeneity. Future research
should integrate isotherm modeling with spectroscopic
data to refine mechanistic interpretations. Additionally,
testing under real-world conditions, such as variations in
pH, temperature, and competing contaminants, is
critical for evaluating scalability. Recent advances in
regenerable nanoceramics, such as magnetic FesOa
composites, offer promising pathways for cost-effective
remediation [28]. Addressing these gaps will help
translate laboratory findings into practical applications,
advancing nanoceramics as sustainable tools for
mitigating antibiotic pollution.

Conclusions

This study systematically investigated the
adsorption  behavior of tetracycline analogs,
oxytetracycline (OTC) and doxycycline (DC), onto
commercial nanoceramics (SiO2, Al.Os, TiO2, and ZnO)
using UV-Vis absorption, fluorescence spectroscopy,
and HPLC. The results demonstrated that ZnO and
ALOs exhibited strong adsorption capacities, as
evidenced by significant reductions in absorbance and
fluorescence intensity, suggesting efficient binding
through electron transfer, hydrogen bonding, and
electrostatic interactions. TiO: also showed moderate
adsorption efficiency, while SiO. exhibited anomalous
behavior, enhancing fluorescence intensity and

increasing HPLC peak areas instead of reducing them.
This behavior suggests a weaker adsorption mechanism,
potentially driven by solvation effects or surface
passivation rather than strong molecular interactions.

HPLC results confirmed that DC exhibited a
higher adsorption rate than OTC, with TiO. and AL.Os
achieving more than 80 % removal efficiency. The
unique behavior of SiO2, which showed increased peak
areas in HPLC, suggests that it may not effectively
adsorb tetracyclines but rather influence their solubility
or stability in solution. These findings highlight the
material-specific nature of tetracycline adsorption and
the need for careful selection of nanoceramics for
wastewater treatment applications.

Future studies should incorporate adsorption
isotherm models (Langmuir, Freundlich) to quantify
binding affinities and provide deeper mechanistic
insights. Additionally, experiments in real wastewater
matrices, including varying pH, competing ions, and
temperature fluctuations, will be essential to validate the
practical applicability of these nanoceramics. Advanced
surface characterization techniques, such as Fourier
Transform Infrared Spectroscopy (FTIR), X-ray
Photoelectron  Spectroscopy (XPS), and Nuclear
Magnetic Resonance (NMR), should be employed to
further  elucidate  molecular-level interactions.
Investigating the reusability and regeneration efficiency
of these materials will also be critical for their
sustainable application in environmental remediation.

Overall, this study contributes to the growing body
of knowledge on nanoceramic-based antibiotic removal
and underscores the importance of material-specific
adsorption behaviors. Understanding these interactions
will aid in the optimization of nanomaterials for large-
scale applications in wastewater treatment and
pharmaceutical contamination mitigation.
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