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Two imide-linked porous organic polymers (POPs), PI-POP and NI-POP, were synthesized and evaluated
as multifunctional materials for chemical sensing, adsorption, and temperature-responsive release
applications. Characterization revealed hierarchical porosity, with surface areas of 723 m? g~ for PI-POP
and 385 m? g™ for NI-POP. Their nt-rich frameworks enabled strong fluorescence-based detection of
tetracycline (TC) as a probe molecule. PI-POP showed stronger quenching behavior, aligning with the
Lehrer model, while NI-POP followed Stern—Volmer dynamics. Beyond sensing, the adsorption behavior
of tetracycline was systematically investigated under various conditions, including pH, initial drug
concentration, adsorbent dose, and contact time. Optimal removal was observed under neutral pH, with
PI-POP achieving ~90% TC removal at a solid-liquid ratio of 1.5. The higher surface area and pore
volume of PI-POP explain its superior uptake capacity and promote it as a more effective adsorbent.
Both polymers followed the Elovich model in kinetic studies and aligned with Freundlich (PI-POP) and
Temkin (NI-POP) models in isothermal analysis. Comparable removal efficiencies in tap water and
buffered systems confirmed their robustness and practical applicability. Furthermore, controlled release

Received 8th June 2025, tests at physiological temperature showed faster TC release from NI-POP, likely due to weaker host—

Accepted 14th July 2025 guest interactions, making it suitable for short-term delivery applications. The released TC exhibited a
clear inhibition zone against both E. coli and S. epidermidis. This confirms the retained antibacterial
activity and structural integrity of TC post-release. This work highlights the potential of tailored POPs for

integrated environmental and biomedical applications.
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1. Introduction

Antibiotic-contaminated wastewater poses a significant envir-
onmental concern, particularly due to the persistence of these
compounds and their role in fostering antibiotic-resistant and
multi-drug-resistant bacteria." Despite their effectiveness in the
treatment and prevention of diseases caused by bacterial
infections, the extensive usage of antibiotics in agriculture
leads to inevitable introduction into wastewater systems.>®
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Key sources of antibiotic contamination include agriculture
runoff, hospital waste and pharmaceutical industry effluents.”*
The persistence of antibiotics in aquatic environments disrupts
microbial ecosystems by exerting selective pressure on suscep-
tible bacteria.”> This gives rise to antibiotic-resistant strains,
rendering current treatments less effective.>” Moreover, these
contaminants can infiltrate human and animal microbial eco-
systems through consumption via the food chain and drinking
water.®

To effectively address this escalating issue, it is essential to
develop integrated approaches that go beyond the detection and
removal of antibiotics from water systems, encompassing their
sustainable reuse. Advances in sensing technologies have intro-
duced several detection methods including microbiological
assays, liquid chromatography-mass spectrometry, electrochemi-
cal sensors, and fluorescence-based systems.® While microbio-
logical assays are time-consuming and lack sensitivity,'°
spectroscopic methods are often costly and complex; and elec-
trochemical sensors often fall short in stability and accuracy.’
Recently, luminescent sensor-based analysis has gained

© 2025 The Author(s). Published by the Royal Society of Chemistry
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attention due to its key advantages such as high sensitivity, real-
time response, simplified procedures, and cost efficiency."

Following detection, efficient removal strategies are crucial to
mitigate the negative impact of persistent antibiotics. Techniques
such as photocatalytic degradation,"* microbial degradation,'® and
adsorption'® have been developed. Among these, adsorption
stands out due to its simplicity, high efficiency, and resource
availability."® Furthermore, moving beyond conventional remedia-
tion, enabling the controlled release of captured antibiotics offers
the potential for their reuse as therapeutic agents. Recent advances
in stimuli-responsive multifunctional nano-biomaterials, such as
biopolymer-based composites, metal nanoparticles and meso-
porous carbon nanospheres,'® have demonstrated promising
potential for integrated removal and delivery systems.'” However,
their practical use is hindered by weak mechanical properties,
poor aqueous stability, and challenges in scalability and toxicity
concerns."®™® These limitations have accelerated the search for
more chemically and structurally robust systems.

In this context, porous organic polymers (POPs), which are
amorphous three-dimensional network materials constructed
from diverse covalently bonded organic building blocks and
characterized by well-defined porosity, have emerged as promis-
ing candidates to serve a multifunctional role."®*° Their intrinsic
features—including structural diversity, high chemical and ther-
mal stability, substantial porosity and surface areas, tunable
structures, metal-free nature, and ease of functionalization®'—
allow the integration of multiple functionalities into a single
platform.

The incorporation of chromophoric entities within their struc-
tures renders POPs highly effective as fluorescent sensors®* cap-
able of detecting antibiotic residues, while their porous and
chemically versatile frameworks support efficient adsorption
capabilities.”® Notably, with appropriate molecular design, POPs
can also be engineered to allow stimuli-responsive drug release
under physiological conditions.> In this context, tetracycline (TC),
a widely used broad-spectrum antibiotic,”® was selected as a
representative probe molecule due to its environmental relevance
and persistence in aquatic systems. Consequently, TC serves as a
suitable model for investigating the multifunctional performance
of POPs in antibiotic detection, capture and release.

In this study, we report the synthesis of two imide-linked
porous organic polymers, PI-POP and NI-POP, designed for
multipurpose applications. These polymers possess n-rich
networks comprising triazine rings, imide functionalities,
and phenyl groups, which impart fluorescence sensitivity and
promote strong host-guest interactions. Their potential, as
chemical sensors, was demonstrated through fluorescence
titration with TC, where both polymers exhibited notable
quenching responses. PI-POP, in particular, showed stronger
fluorescence turn-off. Following detection, the adsorption cap-
abilities of the polymers were systematically evaluated in buffer
solutions. Both materials feature hierarchical
mesoporosity—facilitating efficient TC uptake. PI-POP achieved
a higher adsorption capacity, likely due to stronger binding
interactions with TC. The removal efficiency increased with
higher adsorbent doses, with PI-POP achieving ~90% TC

micro-
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removal. Comparable results in tap water validated their applic-
ability under realistic environmental conditions.

Importantly, the study also explored the sustainable reuse of
the captured TC through controlled release experiments con-
ducted at physiological temperature (37 °C), showing that TC
retained its antibacterial activity upon release, effectively inhi-
biting Staphylococcus epidermidis (SE) and Escherichia coli (EC),
with NI-POP exhibiting a more pronounced drug release. These
findings underscore the multifunctional potential of PI-POP
and NI-POP, presenting a holistic solution encompassing detec-
tion, removal, and sustainable reuse of antibiotics.

2. Materials and methods

2.1. Materials

All solvents, starting materials, and reagents were purchased
from Sigma-Aldrich (Germany) and used as received unless
otherwise specified. Tetracycline hydrochloride (TC) was used
in this study. 1,4-Bis-(2,4-diamino-1,3,5-triazine)-benzene (BATB)
was synthesized following a previously reported procedure.*® Our
group has recently reported the synthesis of the naphthalene-
based polyimide NI-POP.”” Building on the same protocol, we
now report the synthesis of a novel polyimide derived from the
same amine precursor (BATB) with pyromellitic dianhydride
(PMDA) vig an imidization reaction.

2.2. Instrumentation

Fourier transform infrared (FT-IR) spectroscopy was performed
using a Shimadzu IRTracer-100 spectrometer equipped with a single
reflection attenuated total reflectance (ATR) accessory. The thermal
stability of the synthesized polymers was assessed with a Perkin
thermogravimetric analyzer (TGA) at a heating rate of 5 °C min ™"
under nitrogen flow. Scanning electron microscopy (SEM) images
were captured using a TESCAN-LMU field emission scanning
electron microscope in ultra-high mode to investigate the morphol-
ogy of polymers. Powder X-ray diffraction (PXRD) patterns were
obtained with a Panalytical X’pert3 Pro multipurpose diffractometer
using Cu Ka radiation over a 26 range of 5-50°. Nitrogen adsorp-
tion-desorption measurements at 77 K were performed using a
Quantachrome analyzer to evaluate the surface area and pore width
and volume. The surface area was calculated using the Brunauer—
Emmett-Teller (BET) method, while the pore size distribution (PSD)
was analyzed using the density functional theory (DFT) method, and
the pore volume was obtained by the single point pore volume
method at a relative pressure P/P, of 0.95. The concentration of
tetracycline solutions was determined using a UV-Vis spectrometer
(Shimadzu UV-1800) with a quartz cuvette and calculated according
to calibration curves. Photoluminescence measurements were per-
formed using an Edinburgh Instruments FLS-900 scanning spectro-
fluorometer. Zeta potential measurements were conducted using a
Litesizer 500 particle analyzer (Anton Paar).

2.3. Methods

2.3.1. Synthesis of PI-POP. PI-POP was synthesized simi-
larly to NI-POP. BATB (3.0 mmol, 0.89 g) and PMDA (6.0 mmol,
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1.3 g) were added to a flask containing 15 mL of freshly distilled
dimethyl sulfoxide (DMSO). The solution was stirred at room
temperature under argon for 30 min, then 0.7 mL of toluene
was added to the mixture. The imidization reaction was con-
ducted at 180 °C for 72 hours. The precipitate was filtered and
washed thoroughly with tetrahydrofuran (THF), dichloro-
methane (CH,Cl,) and acetone. The residue was soaked in
chloroform for 24 h, filtered, washed with CH,Cl,, and dried
in an oven overnight at 80 °C, yielding PI-POP in the form of a
white colored powder (1.72 mg, yield: 87%).

2.3.2. Luminescence sensing. Fluorescence titration experi-
ments were conducted to assess the potential of PI-POP and NI-
POP as chemical sensors for detecting TC. Each polymer (1 mg)
was suspended in 10 mL of PBS and sonicated for 40 min. Their
fluorescence emission was recorded at Aeycitation = 310 nm. Sub-
sequently, incremental additions (5 pL to 1000 puL) of TC solution
were introduced into the polymer suspensions, ensuring that the
polymer concentration remained constant throughout the titra-
tion process. Fluorescence emission intensities were measured
before (I,) and after (I) each TC addition. The quenching
behavior was analyzed using the Stern-Volmer (SV) model,
plotting I,/I versus TC concentration to elucidate the interaction
mechanisms between the polymers and TC.

2.3.3. Adsorption studies. A tetracycline (TC) solution
with a concentration of 50 mg L™" was prepared by dissolving
2.5 mg of tetracycline hydrochloride in 50 mL of a buffer
solution. Separate solutions were prepared using different
buffers to achieve the desired pH levels: acetate buffer (pH 4),
phosphate-buffered saline (PBS; pH 7.5), and bicarbonate buf-
fer (pH 8.5). To study the effect of pH, 5 mL of each prepared TC
solution was taken, and then 5 mg of either PI-POP or NI-POP
was added to the 5 mL aliquot. The mixtures were shaken
in a ThermoShaker at 25 °C for 4 h. The initial and final
concentrations of TC were determined using a dual-beam UV-
Vis spectrophotometer, measuring absorbance at wavelengths
corresponding to each buffer medium: 358 nm for acetate,
363 nm for PBS, and 373 nm for bicarbonate. Calibration curves
were used to quantify TC concentrations. Adsorption capacities
(e, mg g ') and percentage removal efficiencies (E%) were
calculated using eqn (S1) and (S2), respectively (Table S1, ESIT).

To evaluate the effect of adsorbent dosage, varying amounts
of the adsorbent (0.5 to 15 mg) were added to 10 mL of TC
solution in PBS (50 mg L™ "). The mixtures were shaken at 25 °C
until equilibrium was reached. Initial and equilibrium TC
concentrations were measured, and g. and E% were calculated
as described above.

For the effect of contact time, 10 mg of each POP was added
to 20 mL of TC solution in PBS (50 mg L™ '). The mixtures were
shaken at 25 °C. Aliquots were taken at predetermined intervals
over 28 hours. The residual TC concentrations were measured,
and g. and E% were calculated.

Adsorption isotherms were studied by adding 10 mg of each
POP to 20 mL of TC solution in PBS with varying initial
concentrations. The mixtures were shaken at 25 °C for 48
hours. Initial and equilibrium TC concentrations were deter-
mined, and similarly, g. and E% were calculated.
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2.3.4. Adsorption kinetics and isotherm modelling. Several
models are employed in adsorption kinetics to describe the rate
at which adsorbates adhere to surfaces. In this study, three
widely used models—the pseudo-first-order, pseudo-second-
order, and Elovich models—were applied in both linear and
nonlinear forms.

Similarly, adsorption isotherms describe the relationship
between the amount of adsorbate retained on the adsorbent
surface (g.) and its concentration (C.) at equilibrium under
constant temperature. The experimental data were fitted using
three established isothermal models—the Langmuir, Freundlich,
and Temkin models—also in both linear and nonlinear forms.

Detailed explanations of each model and the corresponding
equations are provided in the ESL¥

2.3.5. Adsorption in tap water. To evaluate the perfor-
mance of the adsorbents in complex media, adsorption experi-
ments were conducted in tap water using a TC solution with an
initial concentration of 50 mg L. The removal efficiency in tap
water was compared with that in PBS to assess the impact of
complex media on the adsorption behavior. The tap water used
was sourced from the laboratory sink.

2.3.6. Controlled release and antibacterial activity of the
TC-loaded POPs. To evaluate the release behavior of tetracy-
cline from the synthesized POPs under different thermal con-
ditions, 1.5 mg of the loaded polymer was dispersed in 3 mL of
PBS (pH 7.4) and incubated at either room temperature (RT) or
physiological temperature (37 °C). UV-vis absorbance measure-
ments were conducted at predefined intervals over a 10-hour
period to monitor the cumulative release of TC. 1 mL of the
solution was withdrawn and replaced with an equal volume of
fresh PBS at 1-hour intervals to maintain a consistent volume
and concentration gradient.

The antibacterial activity of the TC-loaded POPs was deter-
mined against SE and EC bacteria, respectively, using the agar
diffusion test. A sample (1 mg) of each TC-loaded polymer was
placed in a Petri dish seeded with the bacterial strain, covered
with a wet paper disc, and incubated for 24 h. The diameter of
growth inhibition of the bacteria was then measured and
compared to a positive control (TC disc; 30 ug TC) and a
negative control (unloaded polymer; 1 mg). Studies were con-
ducted in triplicate.

3. Results and discussion

3.1. Synthesis and characterization of POPs

We have recently reported®” the synthesis of an imide-linked
porous polymer, NI-POP, using an imidization reaction
between BATB and the naphthalene-1,4,5,8-tetracarboxylic dia-
nhydride (NTDA) precursor, as depicted in Scheme 1. In this
study, a second polymer, PI-POP, was synthesized using a
similar approach but employing a different anhydride precur-
sor (PMDA). The use of this smaller, more compact aromatic
building block was intended to enhance the surface area.’® As
reported in previous studies,”*° shorter linkers reduce con-
formational flexibility and interpenetration between polymer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route for PI-POP and NI-POP.2”

chains, thereby minimizing space filling and preserving micro-
porosity, leading to an increase in surface area.

Both polymers were strategically designed to incorporate
chromophoric building blocks, enabling their use in
fluorescence-based sensing. The afforded polymers are insoluble
in common organic solvents, which facilitates their purification
and highlights their robust interconnected network. Various
spectroscopic and analytical techniques were used to character-
ize the polymers. FTIR spectroscopy confirmed the successful
synthesis of PI-POP, with spectra from two independently pre-
pared batches (Fig. S1, ESIt) showing excellent consistency and
demonstrating the reliability of the synthetic protocol.

Fig. 1A and Fig. S1A (ESIt) show that the bands corres-
ponding to the stretching of the -NH of the primary amine,
falling in the range of 3140-3420 cm™ ", as well as the band at
1629 cm~ ' referring to the in-plane bending of -NH, disap-
peared. The triazine’s quadrant band and semi-circle stretching
bands are observed at 1527 and 1469 cm ', respectively, con-
firming the conversion of the amine functionalities and the
successful incorporation of the triazine moieties of BATB in the
structure.®® Moreover, the carbonyl symmetrical stretching
band shifted to 1716 cm ™" in comparison to the corresponding
anhydride.** This is attributed to the conversion of the anhy-
dride (-CO-O-CO-) to imide (-CO-N-CO-). The disappearance
of the multiple bands (from 1100 to 1300 cm™ ") corresponding
to the C-O stretching of the anhydride®® and the emergence of

the imide ring stretching bands at 1226 and 1369 cm™',** along

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with its deformation band at 731 em™, further endorse the
conversion of the anhydride ring to the imide ring.>**

In terms of thermal stability, the TGA curve of PI-POP (Fig. 1B)
showed a 13% weight loss up to 80 °C, which is attributed to the
evaporation of trapped solvent molecules. The polymeric network
remained stable up to approximately 275 °C, with an additional
11% weight loss observed. Beyond this point, continuous degra-
dation of the network was noted. It is worth noting that NI-POP
demonstrated higher thermal stability, remaining stable up to
375 °C. This enhanced thermal stability is likely due to the
presence of an additional phenyl unit in its structure, which
promotes stronger n-n stacking between the polymeric chains.

PI-POP and NI-POP exhibit an amorphous nature, as shown
by XRD data (Fig. S1B, ESIt). The absence of sharp peaks and
the presence of only a broad peak centered around 21°-22° are
characteristic of many amorphous POPs.*® SEM images of PI-
POP revealed a morphology comparable to that of NI-POP,
given their similar chemical structures. PI-POP exhibited a
coarse surface and porous texture on the microscale (Fig. 1C).
At higher magnification (Fig. 1D), nearly spherical particles
with an average diameter of 35 nm were observed, similar to
those found in NI-POP.

Porosity studies were conducted to analyze their textural
features, revealing that both polymers exhibited similar iso-
therm behavior despite differences in BET surface area, with PI-
POP and NI-POP displaying hybrid isotherm types. N, adsorp-
tion-desorption isotherms of PI-POP (Fig. 2A) demonstrated an

Mater. Adv., 2025, 6, 6022-6037 | 6025
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Fig. 1 Characterization of PI-POP using various techniques: FT-IR spectrum for chemical structure identification (A), TGA curve for thermal stability (B),
and SEM images (C) and (D) at different scales showing morphological features.

increase in the nitrogen gas uptake at low relative pressure,
indicative of micropore filling (type I isotherm), followed by a
gradual uptake at higher relative pressure,’” specifically the
steep increase at P/P, > 0.9, suggesting the presence of meso-
pores (type II isotherm)*® with the presence of a hysteresis loop.

Table 1 summarizes the textural characteristics of both
polymers. The BET surface areas of PI-POP and NI-POP were
723 m® g~ ! and 385 m” g~ ', respectively. The hybrid porosity
was further supported by the pore size distribution calculated

using the DFT method, which showed a dominant pore size
centered at 1.23 nm for both polymers, along with a relatively
small mesopore (>2 nm) volume, highlighting the mixed pore
structure (Fig. 2B). The single-point pore volume method
calculated at P/P, = 0.95 showed a total pore volume of
1.201 ecm® g~ " for PI-POP, approximately twice that of NI-POP.
The discrepancy observed in surface area and pore volume
further supports the design strategy of incorporating a smaller
dianhydride monomer in PI-POP. This pre-design approach

0.07
1000 (A) (B)
0.06
800 ~ 0.05
3 &
§ 600 g 0.04
2 8
I =0.03-
S 400 - <
2 © 0.021
200
0.01
0 0.00 4
T T T T T T T T T
0.0 0.2 0.4 06 08 1.0 20 40 60

P/P, (mbar)

Full pore width (A)

Fig. 2 Nitrogen adsorption—desorption isotherms (A) and PSD curve (B) of PI-POP.
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Table 1 Porosity features of both polymers

Dominant  Range of

Pore volume?  pore® size mesopore

Polymer  Sppr” (m*g™")  (em®g™) (nm) size (nm)
PI-POP 723 1.201 1.23 2-6
NI-POP 385 0.6042 1.23 2-6

@ BET surface area. ? Pore volume calculated at Py/P = 0.95. ¢ Dominant
pore size obtained by DFT calculations.

indeed resulted in a more porous framework, demonstrating
enhanced overall porosity.

Owing to their hierarchical porosity, structural stability,
diverse chemical functionalities, and richness in conjugated
frameworks encompassing light-responsive units, both POPs
were first evaluated for their potential as efficient chemical
sensors for tetracycline.

3.2. Luminescence sensing of TC

Early detection of TC at low concentrations is essential for
environmental monitoring. In this context, both POPs were
investigated for their potential as efficient fluorescence-based
chemical sensors. Each polymer was suspended in PBS and
exhibited significant fluorescence emission: PI-POP displayed
an emission peak centered at ~510 nm, while NI-POP had a
peak around 345 nm, both with an excitation wavelength of
310 nm (Fig. 3). The photoluminescence of these polymers
originates from their n-conjugated skeletons composed of rigid
aromatic rings.*

Prior to titration with TC, the emission spectrum of each
polymer was monitored over time to confirm the stability of
their intrinsic fluorescence. This ensured that any subsequent
changes in emission intensity could be attributed solely to
interactions with TC during titration. Emission intensities were
recorded before (I,) and after (I) incremental additions of TC
solution, while maintaining a constant polymer suspension
concentration throughout the titration process.

In Fig. 4A and B, both polymers exhibit a decrease in
emission intensity as the concentration of TC increases from 0
to 10 mg L' (equivalent to 0-22.5 pM). To analyze this lumines-
cence quenching, a Stern-Volmer (SV) plot of Iy/I versus [TC] was
employed. The two porous polymers display distinct behaviors.
The SV plot for NI-POP shows a perfect linear increase, indicating a
consistent quenching effect proportional to the TC concentration.
This linearity is confirmed by a high correlation coefficient (R* >
0.99), suggesting mainly a dynamic (collisional) quenching
between NI-POP and TC molecules*® (Fig. 4F). Collisional quench-
ing refers to the interaction between an excited-state fluorophore
and a ground-state quencher during the fluorophore’s excitation
lifetime. This interaction leads to the formation of a transient
complex, which subsequently dissociates through a non-radiative
relaxation process.”’ As a result, the number of emitted fluores-
cence photons decreases, reducing the overall fluorescence inten-
sity. In contrast, the SV plot of PI-POP deviates from linearity,
exhibiting a downward curvature (Fig. 4C). A linear fit of the SV
model yields an R* of 0.90 (Fig. 4D), indicating a less consistent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 UV-Vis absorbance and emission (at Aexcitation = 310 nm) spectra of
both POPs.

quenching response. This deviation suggests a more complex
interaction mechanism between PI-POP and TC.

To better understand the sensing behavior of PI-POP, the
Lehrer equation—a modification of the standard SV equa-
tion—was applied (eqn (S10), Table S1, ESIt). This model
accounts for complex porous systems with two distinct popula-
tions of fluorophores: one accessible to analytes and the other
inaccessible.*® The application of the Lehrer equation provided a
linear fit that closely aligned with the experimental data for PI-
POP (R* > 0.99; Fig. 4E), explaining the observed saturation effect
at higher TC concentrations due to accessible-site saturation.

To understand the actual quenching mechanism of PI-POP,
further investigations were conducted. As shown in Fig. S2A
(ESIT), the absorbance spectrum of TC and the emission
spectrum of PI-POP exhibited no significant overlap, ruling
out the internal filtration effect (IFE) mechanism.**> To probe
molecular interactions, UV-Vis absorbance spectra of pure
components were compared with that of the mixture. After
subtracting the absorbance of PI-POP, a redshift in the TC
absorption peak from 275 nm to ~286 nm was observed in the
mixture (Fig. S2B, ESIt). This shift, indicating an alteration in
the electronic structure, is most likely due to hydrogen bonding
interactions leading to formation of a complex**** between
ground-state PI-POP and TC molecules at high concentrations,
likely causing static quenching. In addition to strong mn-m
interactions,* the formation of PI-POP complexes with TC via
hydrogen bonding*® was verified by FTIR spectroscopy through
comparison of the spectra of pristine polymers with those of
TC-loaded samples. As illustrated in Fig. S3 (ESIf), the TC-
loaded PI-POP retains the key structural bands of the pristine
polymer but with notable shifts and additional features. Speci-
fically, a reduced intensity and a slight shift of the carbonyl
peak around 1714 cm ™ were observed, along with a redshift of
the triazine bands (at ~1527 and 1465 cm™ ') and the imide
group (~1369 cm ™). As proved by IR, the triazine rings, rich in
nitrogen sites,”” significantly facilitated the adsorption. An
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additional broad band in the 3200-3600 cm ' region, corres-
ponding to O-H/N-H stretching vibrations, was also observed.*’**
This band, not existing in the spectrum of pure PI-POP, signifies the
presence of hydrogen bonding, which altered the local chemical
environment of the polymer.

As a result, the formation of an increasing number of these
non-fluorescent complexes may not only cause static quench-
ing but also sterically hinder additional analyte molecules from
accessing inner pores, further resulting in quenching satura-
tion. This supports the observed deviation from linearity in the
Stern-Volmer plot.

Compared to NI-POP, PI-POP demonstrated a greater change in
fluorescence emission at the same TC concentration. At 10 ppm
TC, the Iy/I ratio for PI-POP is 2.3, whereas for NI-POP it is 1.6
(Fig. 4C). To quantify the quenching effect, K, was calculated. For
NI-POP, K, (slope in SV eqn (S9), Table S1, ESI) was equal to
(2.96 £ 0.10) x 10* L mol ", suggesting a high quenching effect.*’
On the other hand, K, for PI-POP, calculated from the Lehrer
equation (K, = intercept/slope; eqn (S10), Table S1, ESIt), was
(3.15 £ 0.55) x 10° L mol ", one order of magnitude higher than
that of NI-POP. These findings emphasize enhanced binding
interactions between PI-POP and TC molecules, likely due to a
larger number of interactive sites within the structure of PI-POP.
Moreover, the fraction of accessible fluorophores (f, as defined in
eqn (S10), ESIt) was determined to be 0.63. This analysis confirms
that, despite the higher surface area and pore volume of PI-POP,
not all fluorophore sites are accessible to TC molecules.

In summary, the response of PI-POP appears more complex
due to the heterogeneous accessibility of pore/sites and its
higher density of interactive centers available for TC binding.

6028 | Mater. Adv, 2025, 6, 6022-6037

3.3. Adsorption of TC

Beyond the detection of antibiotic contaminants, it must be
followed by effective strategies to eliminate them from the
environment. Therefore, in the second part of this study, the
adsorption performance of the synthesized POPs was system-
atically evaluated to assess their ability to capture and retain
tetracycline from buffer and complex media. Key parameters
affecting adsorption efficiency—including solution pH, adsor-
bent dosage, contact time and initial TC concentration—were
thoroughly investigated to optimize the removal process.

3.3.1. Impact of pH. The solution pH plays a critical role in
the adsorption process, as it can influence both the surface charge
of the adsorbent and its ionization behavior.>® Tetracycline is an
amphoteric chemical due to the presence of a dimethylammonium
group (C4), a phenolic diketone moiety (C10-C12), and a tricarbonyl
system (C1-C3).>* Accordingly, TC exists in distinct forms depend-
ing on the pH: as a cation at pH levels below 3.3, a zwitterion
between pH 3.3 and 7.7, and an anion at pH levels above 7.7.%* Each
polymer (5 mg) was added to a TC solution (50 mg L™ ") prepared in
acetate (pH = 4), PBS (pH = 7.5), and bicarbonate (pH = 8.5) buffers.
Under identical experimental conditions (shaking, time of contact,
and temperature), aliquots of each solution were taken after 4 hours
of shaking, and the residual TC concentration was determined via
UV-Vis spectrophotometry.

As shown in Fig. 5A, the highest adsorption capacity was
observed in PBS, followed by acetate, and the lowest capacity
was recorded in bicarbonate. This trend aligns with the
expected behavior, as under acidic conditions competition
between protons and the TC" species limits site occupancy on
the adsorbent surface.”® NI-POP demonstrated higher efficiency

© 2025 The Author(s). Published by the Royal Society of Chemistry
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than PI-POP only in acetate, despite its lower surface area. To
understand this behavior, zeta potential measurements (Table S2,
ESIt) were conducted for both polymers. As NI-POP showed a pH-
dependent surface charge, its enhanced adsorption of TC in
acetate was attributed to its overall negative surface charge,
favoring electrostatic attraction with TC', while PI-POP carried a
positive charge, leading to repulsion. Under neutral conditions,
the ionization and hydration of TC are reduced, enhancing
adsorption probably through hydrogen bonding between the
imide groups of the polymer and functional groups on the TC
molecules, as well as n—r stacking interactions between the phenyl
rings of both host and guest molecules.”® At higher pH, the
adsorption capacity decreases considerably due to the formation
of TC™ species, which introduces electrostatic repulsion with the
electron-rich, negatively charged framework of both polymers.>
3.3.2. Impact of dose. Since the highest adsorption capa-
city was observed at neutral pH, PBS was selected as the medium
for subsequent adsorption studies. Fig. 5B illustrates the effect of
varying the adsorbent dose on the removal efficiency of each POP
at a fixed TC concentration (50 mg L™'). A clear increasing trend
was observed, with initial removal efficiencies of 14% and 6%
using 0.5 mg of PI-POP and NI-POP, respectively. However, as the

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

adsorbent dose increased, the removal efficiency significantly
improved, reaching approximately 85% with 10 mg of PI-POP,
with no further significant increase at higher doses (up to ~90%
with 15 mg). In contrast, NI-POP showed a more gradual
improvement in removal efficiency without reaching a plateau.
Since NI-POP did not reach saturation, increasing its dosage
further may enhance TC removal beyond the levels observed at
15 mg. A dose of 5 mg of PI-POP achieved approximately 65% TC
removal, whereas 15 mg of NI-POP was required to reach a similar
removal efficiency. This disparity underscores the superior poros-
ity and larger pore volume of PI-POP, which provide more room
for TC capture. Overall, this trend aligns with the principle that
increasing the adsorbent dose enhances the collision probability
of the polymer particles with TC molecules, therefore improving
its TC adsorption efficiency in aqueous solution.”! When com-
pared to the work published by Zhu et al,*® under identical
conditions—using the same TC concentration and a similar
adsorbent-to-TC weight ratio (15 mg of the adsorbent to 0.5 mg
of TC)—NI-POP demonstrated a removal efficiency comparable to
that of their graphene oxide/calcium alginate composite. How-
ever, PI-POP outperformed it by approximately 28%. Similarly,
relative to another study conducted by Matias et al,>® who
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employed the same solid-to-liquid ratio (Rs_;, = 1.5, with 15 mg of
the adsorbent in 10 mL of a 50 mg L™ TC solution), both of our
polymers exhibited higher adsorption capacities.

Specifically, NI-POP exceeded the performance of the
reported triazine-based porous organic polymer by approxi-
mately 20%, while PI-POP surpassed it by nearly 65%. These
findings underscore the strong potential of both PI-POP and NI-
POP as efficient adsorbents for the removal of tetracycline from
wastewater.

3.3.3. Impact of contact time. The effect of contact time on
adsorption was evaluated by monitoring the changes in the UV-
Vis absorbance of the mixture at various time intervals. As shown
in Fig. 5C, both polymers exhibited rapid adsorption within the
first 6 hours, capturing nearly 80% of their total adsorption
capacity. After this initial phase, the adsorption rate gradually
declined until equilibrium was reached. Under identical condi-
tions, PI-POP adsorbed a higher amount of TC (~64 mg g~ ') over
28 hours compared to NI-POP (~38 mg g~ '), aligning with their
respective surface area measurements. Despite PI-POP having a
~1.9x higher surface area and double the pore volume, its
adsorption capacity is only ~1.7x greater than that of NI-POP.

View Article Online
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As described in Section 3.2, photoluminescence analysis demon-
strated that PI-POP follows the Lehrer model, suggesting that a
portion of PI-POP’s pores may be inaccessible to TC molecules,
possibly due to steric hindrance or structural constraints. This
highlights the crucial role of surface area and pore volume in
influencing the adsorption performance of these POPs.
Generally, the adsorption kinetics in a solid-liquid system
are expected to follow sequential steps: (1) the adsorbate moves
from the bulk solution to the adsorbent surface, (2) diffuses
through a boundary layer to reach the adsorbent surface, (3)
binds to the active adsorption sites on the surface, and (4)
undergoes intraparticle diffusion into the internal pores of the
adsorbent.>* To better understand the kinetics, the adsorption
behavior of TC onto the polymers was further analyzed using the
pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich
models (see Table S1, ESLt for nonlinear and linear equations).
The pseudo-first-order model did not provide a satisfactory
correlation for either polymer, exhibiting the lowest correlation
coefficient (R?) (Fig. S4A and C, ESIt). In contrast, the linear fits
(Fig. 6C and Fig. S4B for PI-POP and Fig. 6D and Fig. S4D for NI-
POP, ESIt) demonstrated that both Elovich and PSO models
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Fig. 6 Plots of adsorption kinetics showing the non-linear fit of the models applied (A) and (B) and the linear fit of the Elovich model, as the best-fitting

model among the three employed, for PI-POP (C) and NI-POP (D).
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effectively describe the adsorption kinetics, with the PSO model
yielding a higher R* value for both polymers. However, non-
linear fitting is generally preferred over linear fitting, as it avoids
distortions and inaccuracies introduced by linearization.>®
Therefore, in this study, non-linear fitting was adopted for more
accurate kinetic modeling. The non-linear fit (Fig. 6A and B)
exhibited a stronger correlation with the Elovich model (higher
R? and lower chi-square (y?) values; Table $3, ESIt), reinforcing
its suitability for describing the adsorption mechanism.

The Elovich model suggests that adsorption occurs on a
heterogeneous adsorbent surface, where the adsorption
decreases exponentially as the coverage increases.’® This aligns
well with expectations, as both polymers exhibit surface hetero-
geneity due to the presence of various functional groups, such
as triazine rings, imide linkages, and phenyl units. The porous
framework further contributes multiple adsorption sites with
varying binding affinities for TC molecules.

PI-POP exhibited a higher initial adsorption rate (« =
14.4 mg g~ ' min~ ") compared to NI-POP (x = 8.43 mg g ' min ™),
indicating a more rapid occupation of active sites at the early stages
of adsorption (Table S3, ESIt). This can be attributed to the higher

120
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surface area and more accessible functional groups of PI-POP,
which facilitate faster interaction with TC. Furthermore, the lower
desorption constant (8 = 0.117 g mg ') observed for PI-POP
compared to NI-POP (ff = 0.211 g mg ') implies a higher energy
barrier for desorption, reflecting higher affinity and more stable
interactions between TC and the polymer surface.

3.3.4. TImpact of the initial concentration of TC. The adsorp-
tion isotherms were measured by adding 10 mg of the polymer to
20 mL of TC solutions with varying initial concentrations, ranging
from 5 to 100 mg L™ " for PI-POP and from 5 to 75 mg L~" for NI-
POP, given its lower adsorption capacity. For PI-POP, the adsorp-
tion capacity steadily increased across the entire concentration
range, reaching a g. of approximately 106 mg g ', with no
indication of saturation (Fig. 5D). This suggests that the adsorption
sites were not fully occupied even at an initial concentration (C,) of
100 mg L ", In contrast, NI-POP exhibited an adsorption capacity
that increased to approximately 45 mg g~ " at a C, of 50 mg L' but
showed minimal change when C, was increased to 75 mg L. This
plateau indicates the saturation of active sites on NI-POP.>

The experimental data were analyzed using three common
models in both linear and non-linear forms. Based on the R
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PI-POP (C) and for NI-POP (D).
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and chi-square values (Table S4, ESIt), the Freundlich model
provided the best fit for PI-POP across the investigated concen-
tration range in both non-linear and linear forms (Fig. 7A and C),
while the Langmuir and Temkin models did not adequately
describe the adsorption mechanism of PI-POP (Fig. S5A and B,
ESIt). The Freundlich model supports the heterogeneous nature
of the adsorbent’s surface with varying surface energy,”” as also
suggested earlier by the Elovich model for the kinetic data.
Additionally, the Freundlich model assumes multilayer coverage
with an infinite adsorption capacity, which could explain the
absence of a saturation plateau. The value of n, calculated from
the non-linear fit using Origin software (Table S4, ESIt), is
greater than 1, indicating favorable adsorption of TC from the
aqueous medium.*® In contrast, NI-POP followed a different
adsorption mechanism. When comparing R” values, the Freun-
dlich model provided the least accurate fit (Fig. S5C, ESIY),
whereas the Langmuir and Temkin non-linear fits (Fig. 7B) were
comparable, the R*> values of both exceeding 0.99 with the
Temkin model showing a slightly lower 5> value.

However, linear fitting aligned better with the Temkin
model (Fig. 7D and Fig. S5D, ESIt), which assumes interactions
between the adsorbent and adsorbate on a heterogeneous
surface, where active adsorption sites play a significant
role.”>*® Considering the complex nature of the polymers, it
is less likely that the adsorption mechanism of NI-POP strictly
follows the Langmuir model, which assumes a uniform surface.
Instead, the Temkin model appears to be the most plausible for
describing the behavior of NI-POP. The Temkin constant, b,
related to the heat of adsorption, was determined from the non-
linear fit to be 189 ] mol '. This value indicates that the
adsorption process is predominantly governed by physisorp-
tion, involving diverse electrostatic and van der Waals interac-
tions between the guest and host molecules.*”

3.4. Applicability in tap water and recyclability

To evaluate the real-world applicability of the synthesized POPs,
adsorption experiments were extended to tap water, a more
complex matrix compared to buffered systems. A tetracycline
solution with an initial concentration of 50 mg L™" was used to
assess the performance of polymers under non-ideal conditions.
Remarkably, both PI-POP and NI-POP maintained removal effi-
ciencies comparable to those observed in PBS (Table 2). This
performance contrasts with the findings of Han et al,*" where
the adsorption capacity of biochar decreased by approximately
20% in tap water. However, it aligns with the observations of
Yaqubi et al.,** who reported enhanced adsorption capability in
tap water compared to deionized water.

Table 2 Comparison of the removal percentage of TC (50 mg L) from
PBS and tap water by both polymers

Removal%
Medium PI-POP NI-POP
PBS 57.54 £+ 2.93 47.86 + 1.19
Tap water 60.54 £+ 1.73 52.02 £ 1.52
6032 | Mater. Adv, 2025, 6, 6022-6037
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The tap water used in this study had a pH of 8.2. Based on
the pH study (Fig. 5A), adsorption is typically less favorable
under alkaline conditions. Interestingly, the adsorption capa-
city in tap water did not decline despite the basic pH. Although
TC predominantly exists in its anionic form at this pH (>7.7),
which could result in electrostatic repulsion from the electron-
dense polymer framework, the presence of diverse cationic
components (ie. Ca** and Mg*") in tap water likely caused
surface-bridging between TC ions and the polymer.*®> These
cations are presumed to interact with charged sites on the
polymer, reducing electrostatic repulsion and facilitating alter-
native binding mechanisms at neutral sites.®** Consequently,
the presence of competing ions and/or natural impurities usually
found in tap water did not impair the adsorption performance.
This result highlights the robustness and reliability of the
materials, reinforcing their potential for practical environmental
applications beyond controlled laboratory settings.

For practical applications, an adsorbent should maintain its
performance over multiple cycles and be easily regenerated. In
this study, each loaded polymer was soaked in ethanol and
shaken vigorously at 37 °C for 2 hours. The adsorbent was then
filtered, washed excessively with fresh ethanol, and dried for
use in another loading cycle. The adsorption/desorption pro-
cess was conducted over three consecutive cycles, and as shown
in Fig. S6 (ESIt), no significant decrease in removal efficiency
was observed for either POP over the cycles. These results
confirm that both polymers can be effectively regenerated
without any noticeable impact on their performance.

3.5. Temperature-dependent release of TC and post-release
antibacterial activity

To complete the envisioned cycle of detection, capture, and
reuse of TC, the final part of this study focused on evaluating
whether the adsorbed tetracycline could be effectively released
while retaining its antibacterial activity. Two complementary
tests were conducted: (i) a comparative release study at room
temperature and physiological temperature (37 °C) to assess
temperature-dependent release behavior and (ii) a diffusion
test to assess whether the released TC remained structurally
intact and biologically active.

The cumulative release profiles of tetracycline from both PI-
POP and NI-POP clearly demonstrate a temperature-dependent
trend (Fig. 8A and B). It is worth noting that no significant burst
release was observed in any case. At 37 °C, both polymers
exhibited accelerated release rates compared to RT, indicating
the thermally responsive nature of the polymer-drug interac-
tions. The elevated temperatures enhance the molecular mobi-
lity, thus allowing leakage of trapped molecules.®* Relative to
NI-POP, the difference between the two conditions for PI-POP
was more pronounced, with a markedly higher release at 37 °C,
suggesting stronger host-guest interactions that require ele-
vated temperatures to be overcome.

Conversely, NI-POP showed a more gradual release under
both conditions, yet achieved a higher overall release percen-
tage, implying a weaker binding affinity with TC, resulting in
easier diffusion of TC molecules through the polymer pores. To

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00611b

Open Access Article. Published on 15 July 2025. Downloaded on 6/9/2026 10:15:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
25 25
- . ]
. o gun® --“"...
X R -I"
2 2 -
8 151 3 o f-. :
[0
4 ke .
() (] s
> > 10 .
= 10 1 =
L] 0 £ I'IF
g oo o £ 4 -
= o= 351 = O
O 54 .
TC@PI-POP s 7 TC@NI-POP
O0-RT 0 4 et O—RT
04 m-37°C = 37°C
T T T T T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (min) Time (min)

Fig. 8 Temperature-dependent release of TC from PI-POP (A) and NI-POP (B), and diffusion test for TC@PI-POP (C) and TC@NI-POP (D) against EC.

elucidate the mechanism of drug release from the polymer
matrices, the experimental release profiles were fitted to widely
used kinetic models for polymer-based delivery systems.®® For
PI-POP, the Higuchi model showed the best fit (highest R* =
0.98), suggesting that TC release is primarily governed by
Fickian diffusion through the porous network without polymer
swelling. The release mechanism involves fluid penetration
into the matrix, dissolution of the entrapped drug, and its
subsequent diffusion into the surrounding medium.®® In con-
trast, the release from NI-POP followed the Korsmeyer-Peppas
model, with a diffusion exponent (n) value of 0.31. This value
(<0.45) indicates a hindered Fickian diffusion regime, where
release is still diffusion-driven but occurs through a partially
swollen matrix. The diffusion process is likely influenced by
internal structural rearrangements within the polymer.®” Equa-
tions and plots for each kinetic model are provided in Table S5
and Fig. S7, S8 (ESIf).

To confirm the structural integrity of the released TC, the
UV-Vis absorption spectra were recorded and compared to
those of pristine TC in PBS at 37 °C (Fig. S9, ESIt). The spectra
showed nearly identical absorption profiles, with only a slight

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

broadening in the first peak in the case of NI-POP, attributed to
the relatively lower concentration of released TC. This spectral
overlap confirms that the released TC remained chemically
intact after polymer interaction.

Furthermore, to investigate the antibacterial activity of the
released TC, their ability to inhibit EC (Fig. 8C and D) and SE
bacteria (Fig. S10A and B, ESI}) was tested using the agar
diffusion method. In each case, 1 mg of the TC-loaded polymer
was placed on a seeded Petri dish and incubated for 24 h. The
resulting inhibition zones were measured and compared to two
controls: (i) a 30 pg TC disc (positive control) and (ii) 1 mg of
the unloaded polymer (negative control). Both PI-POP and NI-
POP produced clear zones of inhibition against EC and SE,
while the unloaded polymers showed no antibacterial effect.
The slightly smaller inhibition diameters compared to the TC
disc (Table 3) are consistent with the sustained release behavior
observed in the temperature-dependent release studies, where
a maximum of ~20% of the loaded drug (in the case of NI-POP)
was released within 10 hours.

Interestingly, despite PI-POP having demonstrated superior
adsorption performance in earlier experiments (Section 3.3),

Mater. Adv., 2025, 6, 6022-6037 | 6033
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Table 3 Diameter of bacterial growth inhibition on a Petri dish by the TC-
loaded polymers

Average diameter of bacterial
growth inhibition (cm)

Name of the sample EC SE

PI-POP 1.27 + 0.047 1.57 + 0.047
NI-POP 1.40 + 0.14 1.50 £ 0.082
Positive control (TC disc) 1.95 2.10
Negative control (POP) 0 0

the release from NI-POP led to larger inhibition zones in EC and
comparable ones in SE. This can be attributed to the weaker
interaction strength between TC and NI-POP—as suggested by
both the sensing response (Section 3.2) and the release pro-
files—which facilitated more efficient TC diffusion even at room
temperature. These observations highlight the influence of the
polymer structure on drug retention and release kinetics.

Conclusion

In this study, two polyimide-based porous organic polymers, PI-
POP and NI-POP, were synthesized and evaluated as multifunc-
tional materials for the detection, capture, and controlled release
of tetracycline. Both polymers possess n-rich frameworks, abun-
dant functional groups, and hybrid micro-mesoporous structures
with moderate surface areas, enabling their application in diverse
functions. Fluorescence quenching experiments revealed that both
PI-POP and NI-POP are capable of detecting TC at low concentra-
tions, with PI-POP showing a more pronounced response—indicat-
ing stronger polymer-analyte interactions. Following detection, the
adsorption performance of the polymers was systematically stu-
died. Optimal removal was achieved under neutral pH conditions
and increasing the polymer dosage significantly enhanced the
adsorption efficiency. PI-POP achieved ~90% removal at a solid—-
liquid ratio of 1.5, outperforming NI-POP, largely due to its higher
surface area and pore volume.

The practical applicability of both polymers was confirmed in
tap water, where removal efficiencies remained comparable to
those in buffered systems. Finally, the release behavior of TC
from the loaded polymers was investigated at room and physio-
logical temperatures. Both polymers exhibited sustained release
of TC over time with NI-POP showing a higher cumulative
release, attributed to weaker drug-polymer interactions. Impor-
tantly, the released TC retained its antibacterial efficacy as
demonstrated by clear zones of inhibition in agar diffusion
assays. These results highlight the multifunctional capability of
PI-POP and NI-POP, offering an integrated platform for antibio-
tic detection, environmental remediation, and therapeutic reuse.
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