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1,2,4-Oxadiazolyl phenoxyacetic acid-modified
algae-derived biochar for efficient o-nitrophenol
removal: adsorption performance and mechanistic
insights
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and Mohammed Salah Ayoup®

In this study, a novel efficient adsorbent was engineered by supporting 2-(2-(3-phenyl-1,2,4-oxadiazol-5-
yl)phenoxy)acetic acid (POPA) on algae-derived biochar (A-BC). The POPA@A-BCys composite was
inspected using several characterization instruments to determine its chemical structure, surface charge,
morphology, structural composition, and crystallographic phase. Furthermore, the adsorption capability
of the POPA@A-BCps composite for o-nitrophenol (o-NP) was evaluated in an equilibrium batch
adsorption experiment. The adsorption percentage of o-NP by POPA@A-BCq s was 99.69% at pH 5 and
a temperature of 20 °C. In addition, the o-NP adsorption reaction onto POPA@A-BCqys reached
equilibrium within 60 minutes. It was deduced from the isotherm analysis that o-NP adsorption onto
POPA@A-BCqys occurred via multilayer adsorption interactions, as it was best described by the
Freundlich and Langmuir models. In parallel, the kinetic analysis indicated that the chemical interactions
between o-NP and POPA@A-BCy s governed the adsorption process because the pseudo-second order
model fitted the experimental data. The performed mechanistic investigation suggested the participation
of hydrogen bonds, electron donor—acceptor interactions, n — * interactions, and w—m stacking in the
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1. Introduction

Water contamination is a multifaceted dilemma that requires
urgent global action as it threatens the environment and
human survival. Different pollutants negatively affect water
quality, including heavy metals, residues from pharmaceutical
and cosmetic industries, artificial dyes, and petroleum
compounds.”” Additionally, phenolic compounds are impor-
tant industrial chemicals and are widely used in various
industries, including petroleum refineries, explosives, plastics,
pharmaceuticals, insecticides, petrochemicals, herbicides, and
dyes.>* As a consequence, the accumulation of phenolic
compounds in water sources has exceeded acceptable limits,
posing a serious threat to aquatic organisms, humans, plants,
and animals.” The World Health Organization has emphasized
the urgency of eliminating phenolic compounds from water
bodies to limit their concentrations below 2 mg L™ in drinking
water.® Among phenolic compounds, o-nitrophenol (o-NP) is
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adsorption of o-NP onto the POPA@A-BCy 5 composite.

produced at a large scale, up to fifteen million pounds/year,
since it is used for manufacturing o-aminophenol, o-nitro-
anisole, and other substances.”® o-Nitrophenol is a water-
soluble compound, affording an unpleasant odor and taste to
water.® Moreover, 0-NP can impact human health, as it causes
mouth irritation, cyanosis, drowsiness, liver and kidney
damage, and blurred vision.'®'* To reduce the risks associated
with 0-NP, remediation methods such as biodegradation, cata-
Iytic reactions, filtration, adsorption, and electrochemical
treatments have been developed.”™ Among these methods,
adsorption is considered one of the most promising remedia-
tion approaches due to its cost-effectiveness, energy-saving
nature, low toxicity, and simple operation.

Oxadiazole is a five-membered heterocyclic ring containing
one oxygen atom and two nitrogen atoms in the ring system.
Oxadiazole is one of the key nitrogen heterocycles that has
shown promising results in various applications. Notably, the
oxadiazole moiety has attracted research interest for the devel-
opment of new compounds with potential therapeutic and
environmental applications. This approach offers several
advantages, including easy processing, low costs, short reaction
times, and utility for library synthesis in industrial applications.
The synthesis of the key carboxylic acid, 2-(2-(3-phenyl-1,2,4-
oxadiazol-5-yl)phenoxy)acetic acid (POPA), has been previously

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra01348a&domain=pdf&date_stamp=2026-04-13
http://orcid.org/0000-0003-0479-0049
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01348a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016021

Open Access Article. Published on 17 April 2026. Downloaded on 6/10/2026 11:12:39 PM.

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

(cc)

Paper

reported.™ The application of POPA in combination with A-BC
represents a novel protocol for removing nitrophenols from
wastewater. The selective use of POPA with A-BC is mainly
attributed to the presence of the carboxylic group, aromatic
rings, and the 1,2,4-oxadiazole moiety, which can provide active
sites for interaction with o-NP through hydrogen bonding,
electron donor-acceptor interactions, and w-m stacking.

Carbonaceous biochar (BC) is a remarkable adsorbent that
has attracted attention in the water treatment field due to its
mechanical strength, low cost, high surface area, porous
structure, excellent adsorption capacity, abundant oxygen-
containing groups, and chemical stability.”® In addition, bi-
ochar is considered a sustainable adsorbent because it can be
produced from abundant biomass waste at a relatively low cost.
Its porous carbon matrix and oxygen-containing surface groups
provide diverse active sites for binding organic contaminants
from water. Therefore, biochar-based materials have been
widely investigated as promising adsorbents for environmental
remediation applications.’® Biochar is manufactured in the
presence of limited oxygen by pyrolyzing various types of feed-
stock, such as agricultural waste, domestic waste, algae, poultry
manure, and forestry waste.””™ The pyrolysis process of
biomass can be classified into three types: slow pyrolysis at
a temperature <300 °C, fast pyrolysis at a temperature exceeding
500 °C, and moderate pyrolysis at a temperature between 300 °C
and 500 °C.* Notably, biochar has exhibited an outstanding
capacity to adsorb inorganic and organic pollutants from
polluted water bodies. The enhanced adsorbability of biochar
can be attributed to its ability to attract the target contaminants
via different chemical and physical pathways, including pore
filling, interactions, surface adsorption, hydrogen
bonding, electrostatic interactions, Lewis acid-base interac-
tions, ion exchange, and n — mw interactions.* Therefore,
combining POPA with algae-derived biochar is expected to
provide a multifunctional adsorbent with enhanced affinity
toward o-NP through the synergistic contribution of the porous
structure and surface-active groups.

To the best of our knowledge, POPA has not been previously
applied in wastewater remediation, and its combination with A-
BC represents a novel approach for o-nitrophenol removal. In
this approach, POPA was supported on algae-derived BC (A-BC)
to fabricate a POPA@A-BC composite. The successful fabrica-
tion of the POPA@A-BC composite was verified using physico-
chemical characterization techniques, including zeta potential,
scanning electron microscopy (SEM), X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), and Fourier transform
infrared (FT-IR) spectroscopy analyses. The capability of the
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POPA@A-BC composite to adsorb o-NP and the best adsorption
conditions were assessed via a series of batch experiments.
Then, the experimental data from the o-NP adsorption reaction
onto POPA@A-BC were analyzed using isotherm and kinetic
models to investigate whether the controlling adsorption
interactions were physical, chemical, or a combination of both.
In addition, the mechanistic pathways of the adsorption reac-
tion of o-NP onto the POPA@A-BC composite were proposed
based on the XPS analysis of the composite before and after the
reaction.

2. Experimental work

2.1. Synthesis of POPA

The synthetic pathway toward POPA started from the phenolic
1,2,4-oxadiazole 1, which was treated with ethyl bromoacetate
via an alkylation reaction, as depicted in Scheme 1, yielding the
corresponding phenoxy acetate ester 2. The saponification of 2
utilizing an aqueous NaOH/acidification protocol afforded the
target acetic acid derivative (2-(2-(3-phenyl-1,2,4-oxadiazol-5-yl)
phenoxy)acetic 3 (POPA). This compound was characterized
using IR, HRMS, and NMR spectroscopy analyses, as reported
previously.** The FT—IR spectrum of POPA showed a broad
band at 3477 cm ™', which corresponds to the OH of the carboxyl
group, and strong bands at 1748 cm™ ' (C=0) and 1601 cm !
(C=N). All details of the chemical structure of POPA and the
materials used during the fabrication steps are reported in Text
S1 and S2.

2.2. Fabrication of A-BC

The A-BC was synthesized from green algae via moderate
calcination, as follows: the green algae were washed sequen-
tially with tap water, and then, it was purified with distilled
H,0. The algae were kept in an oven at 60 °C for one day to
remove water and tune their texture to a crust-form, which
facilitated its grinding. Next, the algae powder was transferred
to a crucible and calcined for 3 hours at 500 °C. The obtained A-
BC was collected and stored in a glass falcon until use in the
fabrication of the POPA@A-BC composite.

2.3. Fabrication of the POPA@A-BC composite

The POPA@A-BC composite was produced using a post-
synthesis approach.”” A stoichiometric mass of POPA was
dispersed in 15 mL of distilled water using sonication for 15
minutes. Then, A-BC was added to the POPA suspension and
sonicated for 45 minutes. The POPA@A-BC composite was

. i)aqg.NaOH,
N’O i) K2.C93, acetc?ne o reflux 2h o
\ stirring 15 min N fo) - . T o
N HO ii) BrCH,COOEt \_N o\)k ii) HCI (2M), \_N 0\)L
OEt - OH
pH=2-3
1 2 3

Scheme 1 Schematic of the fabrication steps of POPA.
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collected by centrifugation and heated in an oven at 60 °C to
evaporate water from the composite. The POPA@A-BC
composite was prepared with three weight ratios of POPA to
A-BC (1:1,2:1, and 1:2), and they were labelled POPA@A-BC,
POPA@A-BC, 5, and POPA, s@A-BC, respectively.

2.4. Adsorption experiments

The key parameters of the o-NP adsorption onto the POPA@A-
BC composite were investigated using several laboratory
experiments, as follows: (1) the removal capabilities of POPA, A-
BC, and POPA@A-BC composites toward o-NP were studied to
select the best weight ratio of POPA to A-BC and to confirm the
synergistic effect between them. (2) The adsorptive removal of o-
NP by POPA@A-BC was studied at pH levels ranging from 3 to 11
to identify the most suitable pH medium. (3) The adsorption
performance for o-NP was studied using four different dosages
of the POPA@A-BC composite (5, 10, 15, and 20 mg) to deter-
mine the ideal dose. (4) The thermal state of the o-NP/POPA@A-
BC system was monitored by inspecting the adsorption reaction
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at different temperatures ranging from 25 °C to 55 °C. (5) The
maximum adsorption capacity of the POPA@A-BC composite
toward o-NP and the equilibrium adsorption time were inves-
tigated by conducting the adsorption reaction at varying initial
0-NP concentrations (C;) in the range of 50-200 mg L™" (6) the
recycling test of the POPA@A-BC composite was executed for
five o-NP adsorption cycles using NaOH as an eluent with
a concentration of 1 M. The concentration of the unadsorbed o-
NP (Cr) was measured after each experiment using a spectro-
photometer. Notably, all adsorption experiments of 0-NP on the
POPA@A-BC composite were conducted in triplicate to ensure
reproducibility, and the results are presented as mean + stan-
dard deviation. No additional statistical significance test or
mean separation analysis was performed in the present study.
The removal percentage (R%) and adsorption capacity (g;) of o-
NP onto POPA@A-BC were calculated using the following
equations:

C — G

0
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(a) FTIR spectra and (b) XRD patterns of POPA, A-BC, and the POPA@A-BC, 5 composite. (c) Zeta potential curve of the POPA@A-BCq s
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3. Results and discussion

3.1. Characterization of the POPA@A-BC composite

3.1.1. FT-IR. The chemical structures of POPA, A-BC, and
the POPA@A-BC, s composite were investigated using FT-IR
analysis, as illustrated in Fig. 1a. The FT-IR spectrum of POPA
showed a broad band at 3439 cm ', corresponding to the
hydroxyl of the carboxylic group. Also, the FT-IR spectrum
showed a strong band at 1742 cm™ ', corresponding to the
carbonyl C=0 of the carboxyl group, along with bands at
3071 em ™" (Csp>-H of aromatic C-H), 2983 cm " (Csp*-H of
aliphatic C-H), and 1602 cm ' (C=C of the aromatic ring).'®
The FT-IR spectrum of A-BC showed broad bands at 3383 and
3251 em ™', corresponding to the hydroxyl group, and a very
weak band at 1741 cm ™", corresponding to the C=0 of the
carbonyl group. Also, the FT-IR spectrum showed a strong band
at 1143 cm ™, corresponding to the carbonyl C-O of the carboxyl
group, along with bands at 3071 cm ™" (Csp®>~H of aromatic C-
H), 2926 cm ™' (Csp-H of aliphatic C-H), and 1602 cm ™' (C=C
of the aromatic ring). The FT-IR spectrum of the POPA@A-BCj 5
composite showed a weak broad band at 3441 cm™', corre-
sponding to the hydroxyl of the carboxylic group. Also, the FT-IR
spectrum showed a strong band at 1743 cm™*, corresponding to
the carbonyl C=0 of the carboxyl group, along with bands at
3068 cm ™" (Csp®-H of aromatic C-H), 2983 cm ™' (Csp’>-H of
aliphatic C-H), 1601 cm~' (C=C of the aromatic ring), and
1126 cm ™' (C-0).

3.1.2. XRD. The crystallographic profiles of POPA, A-BC,
and the POPA@A-BC, 5 composite were determined by XRD
analysis, as shown in Fig. 1b. In the XRD pattern of POPA, the
diffraction peaks between 26 = 15° and 30° confirm the ordered
molecular domain. In addition, the sharp peaks of POPA
suggest its semi-crystalline structure, which can be due to the
7- stacking in the aromatic group-based conjugated system of
the POPA backbone.* The crystallographic pattern of A-BC
demonstrates the characteristic peak of graphitic carbon at 26
= 26.1°, which is accompanied by the (002) plane.”* The high
crystallinity of the graphite peak is most likely due to the crys-
talline ordering and the existence of inorganic minerals of algae
(viz., Si, Ca, and Mg). The peaks related to MgO appear at 26 =
37.09°, 43.86°, and 60.04°.>* The calcite peaks emerge at 20 =
30.47°, 48.72°, and 40.92°, while the peak related to quartz
emerges at 20.27°.°%* The XRD profile of the POPA@A-BC 5
composite exhibits the attenuation of the characteristic peaks of
the parent components, particularly A-BC because the concen-
tration of POPA in the composite is double the concentration of
A-BC. In addition, the POPA particles present on the A-BC
surface prevent the diffraction beam from reaching the A-BC
crystals. Notably, there is no new peak in the crystallographic
pattern of the POPA@A-BC, s composite, confirming the phys-
ical bonding between POPA and A-BC as the post-synthesis
approach was used to manufacturing the composite.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.1.3. Zeta potential. The change in the surface charge of
the POPA@A-BC, s composite with an increase in the pH of the
media from 3 to 11 was monitored by zeta potential analysis, as
shown in Fig. 1c. The zeta potential curve of the POPA@A-BC, 5
composite shows that its zero-charge point (pH,.) is 3.63. The
functional groups of the POPA@A-BC, 5 composite (viz., COOH
and OH) protonate at pH values lower than 3.63 because of the
abundant H' ions. This protonation gives rise to a net positive
surface charge on the POPA@A-BC,s surface, making the
composite more likely to adsorb anionic adsorbates in highly
acidic media via coulombic attraction forces. Conversely, as the
pH increases, the functional groups of the POPA@A-BCy s
composite gradually deprotonate, reducing the positive surface
charges and shifting the zeta potential toward negative values at
pH levels above 3.63. At this point, the POPA@A-BCy ;s
composite is suitable for adsorbing cationic adsorbates due to
the coulombic attraction forces generated between them.

3.1.4. XPS. Fig. 2a-d presents the elemental composition of
the POPA@A-BC,, 5 composite based on the XPS spectrum. The
wide scan spectrum illustrates the peaks for carbon, oxygen,
and nitrogen at 285.38, 533.30, and 399.87 eV, with atomic
percentages of 70.52%, 22.24%, and 4.99%, respectively. In
addition, the binding peak of magnesium is observed at
1305.30 eV, which may be attributed to the thermal stability of
the inorganic minerals in algae, such as Mg. Therefore, the
inorganic minerals remain as a solid residue in BC. Conversely,
the organic components in the algae feedstock, such as carbo-
hydrates, lipids, and proteins, decompose during the pyrolysis
process. The XPS spectrum of C 1s reveals the carbon-based
functional groups of the POPA@A-BC, s composite, such as C-
C, C-0, 0-C=0, and N=C-N, and their peaks appear at 284.76,
286.47, 287.52, and 289.21 eV, respectively. Furthermore, the
atomic percentages of C-C, C-O, O-C=0, and N=C-N are
found to be 64.00%, 20.92%, 9.58%, and 5.50%, respectively.
The O 1s spectrum shows the C=0 and C-OH peaks at 531.34
and 533.05 eV, with atomic percentages of 42.12% and 57.88%,
respectively. The N 1s spectrum displays two peaks at 398.83
and 400.21 eV, which are associated with N=C-N and C-N, and
their atomic percentages are 83.65% and 16.35%, respectively.

3.1.5. SEM and SEM-EDX. Fig. 3a-d demonstrates the
morphologies of A-BC, POPA, and the POPA@A-BC,, s composite
detected via SEM analysis. The SEM image of A-BC shows
a porous carbon framework with a rough surface, providing
many anchoring sites for supporting active species. In POPA,
the particles appear as rod-like microcrystals with a smooth
surface. Furthermore, the POPA microcrystals are almost
uniform and well-defined, reflecting their high crystallinity. The
SEM image of the POPA@A-BC,, s composite demonstrates the
distribution of the POPA crystals on the surface and within the
pores of A-BC. Obviously, the porous carbon framework of A-BC
improves the dispersity of POPA crystals and limits their
agglomeration, resulting in the formation of a composite with
enhanced homogeneity. The SEM-EDX analysis of A-BC (Fig. 3e)
shows that it mainly consists of carbon and oxygen, with mass
percentages of 49.09% and 35.79%, respectively. In addition,
some trace elements are detected in the SEM-EDX spectrum of
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Fig. 2 XPS analysis of the POPA@A-BCy s composite: (a) wide scan, (b) C 1s, (c) O 1s, and (d) N 1s spectra.

A-BC, including silicon, calcium, sodium, magnesium, sulfur,
and chloride, which may originate from the algae. The SEM-
EDX analysis of the POPA@A-BC, s composite reveals a new
nitrogen peak (12.97%), attributed to POPA, thereby confirming
the successful incorporation of POPA onto A-BC (Fig. 3f).
Furthermore, the carbon content increases to 56.37% and the
oxygen content decreases to 29.80% after modification. This
observation is consistent with the incorporation of POPA, which
is relatively rich in carbon. Meanwhile, the decrease in the
oxygen content may be attributed to the change in the relative
surface elemental composition after POPA loading. These
findings confirm the successful loading of POPA onto the A-BC
surface.

3.2. Identification of the key parameters of o-NP adsorption

3.2.1. Investigating the optimal POPA:A-BC ratio. A
comparison experiment was conducted between the removal
capabilities of POPA, A-BC, POPA@A-BC, POPA@A-BC, 5, and
POPA, s@A-BC toward o-NP under the same adsorption condi-
tions, as illustrated in Fig. 4a. The adsorption percentage and
adsorption capacities of POPA and A-BC were 72.67% and
81.06 mg g ' and 57.56% and 70.58 mg g, respectively. In
addition, the adsorption efficacies of o-NP onto POPA@A-BC,
POPA, s@A-BC, and POPA@A-BC,; were 88.78, 86.35, and
93.97 mg g ', while their adsorption percentages were 83.82%,
80.31%, and 91.35%, respectively. These findings confirmed the

18806 | RSC Adv, 2026, 16, 18802-18815

synergistic effect between POPA and A-BC, which created an
efficient adsorbent with an outstanding removal capacity
toward the noxious 0-NP molecule. Because the adsorption of o-
NP does not depend on coulombic attraction forces, like most of
the adsorbates, it needs an adsorbent rich with active groups to
attract o-NP via numerous pathways. Consequently, coupling
POPA and A-BC provides excess aromatic rings that can interact
with o-NP via m-m stacking. In addition, the composite
possesses oxygenated functional groups that can share elec-
trons to bond with 0-NP via n-7 interactions, electron donor-
acceptor interactions, and hydrogen bonding. Finally, POPA@A-
BC, 5 exhibited the highest adsorption capacity toward o-NP, so
it was selected for subsequent batch adsorption experiments.
3.2.2. Investigating the optimal pH medium. Fig. 4b
depicts the variation in the adsorption efficiency of o-NP onto
the POPA@A-BC,, ;s composite with an increase in the pH from 3
to 11. The experimental results demonstrated that the adsorp-
tion percentage and adsorption capacity of o-NP at pH 3 were
68.59% and 78.10 mg g~ ', respectively. Then, an increase in the
pH to 5 increased the adsorption percentage and adsorption
capacity of o-NP to 91.35% and 93.96 mg g ', respectively.
Furthermore, increasing the pH to neutral and alkaline gradu-
ally decreased the adsorption percentage and adsorption effi-
ciency of 0-NP, which were 52.81% and 67.09 mg g~ " at pH 11,
respectively. Meanwhile, o-NP exists in the molecular form until
PH 7.2, and it begins to ionize at pH > 7.2 and carries a net

© 2026 The Author(s). Published by the Royal Society of Chemistry
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composite.

negative charge.”® The experimental observations may be can interact with o-NP via w-m stacking and hydrogen bonding.
explained as follows: at pH = 3, the functional groups of Further, the abundant H' ions in the highly acidic medium
POPA@A-BC, ;s are protonated; consequently, the composite increase the competition, which hinders the adsorption of o-NP
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(m=5-20mg, Co=50mg L™, V=20mL T=20°C, and pH = 5), a

nd (d) investigation on the thermodynamics behavior of the adsorption

system (T = 20-50 °C, Co =50 mg L™1, m = 10 mg, V = 20 mL, and pH = 5).

onto the POPA@A-BC, 5 composite. At pH = 5, the POPA@A-
BC,_ s composite is still protonated in the presence of available
oxygenated groups and a decrease in the H' concentration in
the adsorption system. Therefore, the interactions between
POPA@A-BCy5 and o-NP become stronger, and different
adsorption pathways can contribute to the adsorption process,
such as 7-7 stacking, electron donor-acceptor interactions, n—-
m interactions, and hydrogen bonds. Then, when the pH is
elevated to pH = 7, o-NP is partially deionized, while the
POPA@A-BC, 5 composite carries a negative charge, resulting in
the generation of coulombic repulsion forces and a decrease in
the adsorption capability. At pH = 9, o-NP is fully ionized,
converting it to an anionic molecule and strengthening the
coulombic repulsion forces between the POPA@A-BCy;s
composite and o-NP. In parallel, the ample OH™ ions increase
the competition and hinder the adsorption of o-NP onto the
POPA@A-BC, 5 composite.

3.2.3. Investigating the optimal adsorbent dosage. One of
the most significant advantages of the selected adsorbent for
water remediation is that it exhibits high adsorbability at a low
adsorbent dose. Consequently, the o-NP adsorption process was
performed with varied dosages of the POPA@A-BC, 5 composite
to determine the equilibrium dose. Obviously, the adsorption

18808 | RSC Adv, 2026, 16, 18802-18815

percentage of o-NP increased from 70.70% to 91.35% when the
POPA@A-BC, 5 dosage was doubled from 5 to 10 mg, as shown
in Fig. 4c. This adsorption performance may be due to an
increase in the available surface area and binding sites with
increasing POPA@A-BC, s dosage. Nevertheless, raising the
POPA@A-BC, 5 dose to 15 and 20 mg resulted in an insignificant
improvement in the adsorption percentage of o-NP by 5.45%
and 8.28%, respectively. On the other side, an increase in the
POPA@A-BC, 5 dosage diminished the adsorption capacity of o-
NP from 132.28 to 49.79 mg g~ . This result can be attributed to
the lower o-NP concentration compared with the available
adsorption sites, which increases the number of unreacted
binding sites on the POPA@A-BC, 5 composite.*

3.2.4. Investigating the thermal behavior. The thermody-
namics of o-NP adsorption onto the POPA@A-BC, s composite
was scrutinized at process temperatures between 20 °C and 50 °©
C. As shown in Fig. 4d, the thermodynamics of the o-NP—PO-
PA@A-BC, 5 adsorption system is endothermic because the
adsorption percentage of o-NP reaches almost 100% and the
adsorption capacity is 99.37 mg g ' when the temperature
increases to 50 °C. This observation is most likely due to the
enhancement in the molecular mobility of o-NP and the
decrease in the diffusion resistance at higher reaction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperatures, which facilitates the transport of o-NP to the
adsorption sites of the POPA@A-BC, 5 composite.*® Therefore,
higher thermal energy favors the interactions between o-NP and
the POPA@A-BC,, 5 composite.

3.3. Kinetics and isotherm studies

To determine the highest adsorption percentage and maximum
adsorption capacity of the POPA@A-BC,, 5 composite toward o-
NP, the adsorption reaction was performed by varying the initial
0-NP concentration. As shown in Fig. 5a, the adsorption
percentage of o-NP increased rapidly with time, proving the
presence of ample vacant adsorption sites on the POPA@A-
BC, 5 surface. After 60 minutes, the adsorption capacity of o-NP
increased slowly, indicating that the adsorption reaction had
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reached equilibrium. In addition, the adsorption percentage of
0-NP declined from 99.69% to 67.87% with increasing o-NP
concentration from 50 to 200 mg L ™" due to a decrease in the
number of vacant active sites on the POPA@A-BC, 5 composite
at high o-NP concentrations. Additionally, the adsorption
capacity of the POPA@A-BC, s composite for o-NP increased
from 99.78 to 294.60 mg g~ ' with increasing initial concentra-
tion, as shown in Fig. 5b. This result is most likely because the
strengthened driving force at higher concentrations of o-NP
surpasses the resistance of mass transfer to the POPA@A-BCy 5
surface.’** Therefore, the adsorption percentage of o-NP by
POPA@A-BCy5 was 99.69%, the maximal capacity of the
adsorbed 0-NP molecules was 294.60 mg g~ ', and the equilib-
rium time was found to be 60 minutes.
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Fig.5 Effect of increasing the o-NP concentration: (a) R% vs. time and (b) g vs. time (Co = 50-200 mg L™}, m=10mg, V=20 mL, T=20°C, and
pH = 5). Isotherm analysis of the adsorption reaction of o-NP onto POPA@A-BCq s using (c) Langmuir, (d) Freundlich, (e) Temkin, and (f) DR

models.
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Table 1 Parameters of the Langmuir, Freundlich, Temkin, and DR
isotherms for the adsorption of o-NP by POPA@A-BCg 5

Isotherm model Parameters Value
Langmuir Gmax (Mg g™ ") 333.33
Ky (Lmg™ ) 0.083
R? 0.973
Freundlich n 2.76
Kp (mg g ™) (L mg 1)) 63.63
R? 0.998
Temkin kr (L mg ™) 1.35
by (k] mol™) 39.46
R? 0.957
D-R gs (mg g™ 229.43
Kpg (mol®J7?) 2.00 x 10~°
E (k] mol™) 0.500
R? 0.810

The isotherm analyses were performed on the equilibrium
data of the adsorption reaction of 0-NP onto the POPA@A-BCy 5
composite using Langmuir, DR, Freundlich, and Temkin
models (Table S1). Fig. 5¢c-f illustrates the isotherm plots of the
0-NP adsorption onto the POPA@A-BC, 5 surface. The R” values
of the isotherm plots (Table 1) clarified the fitting of the
Freundlich and Langmuir models to the adsorption reaction of
0-NP molecules, indicating the contribution of physical and
chemical mechanisms to the adsorption of 0o-NP onto POPA@A-
BC, 5. Furthermore, the Freundlich parameter (n = 2.76) indi-
cated the favorable adsorption of 0o-NP onto POPA@A-BC, 5.>>*
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Langmuir findings demonstrated the excellent affinity of the
POPA@A-BC, 5 composite for adsorbing o-NP, with a gnax of
333.33 mg g '. From the Temkin isotherm analysis, it was
proposed that the heat of o-NP adsorption declined linearly with
surface coverage owing to the possible interactions between o-
NP and POPA@A-BC, 5. Additionally, the by constant was lower
than 80 k] mol™!, which suggested the physisorption of o-NP
onto POPA@A-BC,s. This finding was consistent with the
parameters derived from the DR model, which showed that the
mean adsorption energy was below 8 kJ mol .

Fig. 6a—c shows the plots of the pseudo-first-order, pseudo-
second-order, and Elovich models for the adsorption reaction
of 0-NP onto POPA@A-BC, 5. The pseudo-second-order model fit
the o-NP adsorption onto POPA@A-BC, 5 because the R” values
across all concentrations were higher than those of the pseudo-
first-order model, as summarized in Table 2. In addition, the
actual equilibrium adsorption capacities for o-NP of POPA@A-
BC, 5 matched the calculated values from the pseudo-second-
order model.**** Notably, there was a decrease in K, with an
increase in the o-NP concentration, which implied a competi-
tion for the active sites of POPA@A-BC, 5 at higher o-NP load-
ings. For the Elovich model, the lower R> values denoted
a poorer statistical fit to the o-NP adsorption reaction onto
POPA@A-BC, 5. In addition, the high « values confirmed the
fast adsorption reaction of o-NP, while the decrease in 8 with
increasing o-NP concentration implied progressive surface
coverage and heterogeneity.
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Fig. 6 Kinetic analysis of the adsorption of o-NP onto POPA@A-BCy s using (a) pseudo-first-order, (b) pseudo-second-order, and (c) Elovich

models.
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Table 2 Pseudo-first-order, pseudo-second-order, and Elovich model parameters for the adsorption of o-NP by POPA@A-BCq 5

Concentration (mg L")

Kinetic models and their parameters 50 100 150 200

qe, exp (Mg g ") 94.29 168.47 229.52 269.63
Pseudo-first-order

e, cal (Mg g™ ") 54.53 113.53 197.55 224.60

& (min ™) 0.066 0.045 0.044 0.043

R 0.997 0.995 0.991 0.992
Pseudo-second-order

e, cal (mg g™ ") 103.09 185.19 256.41 312.50

k, (g mg ' min™) 2.09 x 107° 835 x10°* 517 x 10°* 3.53 x 10°*
R 0.999 0.997 0.996 0.994
Elovich

a (mgg ' min™") 333.57 199.66 187.09 192.06

8 (gmg) 8.1 x 102 3.8 x 1072 2.6 x 1072 2.2 x 10-2
R 0.953 0.944 0.942 0.929

3.4. Mechanistic investigation of o-NP

To determine the possible mechanistic pathways of the
adsorption of 0-NP onto POPA@A-BC, 5, the XPS spectra of the
composite before and after the adsorption reaction were
analyzed. The wide spectrum of the used POPA@A-BC ;s
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(Fig. 7a) revealed an increase in the atomic percentage of N 1s
from 4.99% to 6.62%, confirming the o-NP adsorption onto the
composite surface. The interactions between o-NP and
POPA@A-BC, 5 were suggested as follows:

3.4.1. Electron donor-acceptor interactions. The electron
donor-acceptor interaction is a possible mechanism for
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Fig. 7 XPS spectra of the o-NP-adsorbed POPA@A-BCq 5 composite: (a) wide scan, (b) N 1s, and (c) O 1s spectra.
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adsorbing o-NP because it possesses a nitro group with a strong
electron-withdrawing character and a hydroxyl that serves as an
electron donor group. Notably, the POPA@A-BC, s composite
contains many electron donor groups, such as hydroxyl, phe-
noxy, oxadiazole, and carboxyl. Therefore, o-NP can bond with
POPA@A-BC, 5 via electron donor-acceptor interactions. The
XPS spectrum of N 1s of o-NP-adsorbed POPA@A-BC, 5 reveals
changes in the peak positions from 398.83 and 400.21 eV to
398.77 and 400.35 eV, respectively, as shown in Fig. 7b. In
addition, the peaks of O 1s (Fig. 7c) shift slightly from 533.05
and 531.34 eV to 533.03 and 531.70 eV after the o-NP adsorp-
tion, respectively. These observations confirm the contributions
of oxygen- and nitrogen-containing groups of POPA@A-BC, 5 in
adsorbing o-NP.

3.4.2. Hydrogen bonding. Hydrogen bonding plays
a fundamental role in adsorbing the o-NP molecule, which
comprises a nitro group that acts as a hydrogen acceptor and
a hydroxyl group that serves as a hydrogen donor. Meanwhile,
the POPA@A-BC, 5 composite contains hydroxyl and carbonyl
groups, which can act as hydrogen donors and acceptors,
respectively. Furthermore, the oxadiazole of POPA@A-BC 5 acts
as a hydrogen acceptor, and the phenoxy serves as a hydrogen
donor. Consequently, 0-NP can interact with POPA@A-BC, 5 via
hydrogen bonding between the oxygen of the nitro group of o-
NP (hydrogen acceptor) and the hydrogen of the hydroxyl,
phenoxy, and carbonyl groups of the composite (hydrogen

()dw N

(o)

\H\l\m\mnn
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donor), as shown in Fig. 8. Additionally, the oxygen of the
hydroxyl group of o-NP (hydrogen donor) can form hydrogen
bonding with the hydrogen of the hydroxyl, oxadiazole, and
carbonyl groups of the composite (hydrogen acceptor).

3.4.3. n — w* interactions and w-w stacking. o-NP has
electron-deficient aromatic and nitro-group 7* orbitals that can
act as m-acceptors. Meanwhile, the POPA@A-BC, s composite
possesses electron donor groups, like hydroxyl, phenoxy, and
carbonyl. Therefore, the o-NP molecules can attach to the
adsorption groups of the POPA@A-BC, 5 composite vian — 7*
interactions. Moreover, the matrix of POPA@A-BC, ; contains
benzene rings that can bond with the benzene ring of o-NP
molecules via - stacking.

3.5. Comparative study

There are limited published studies on the removal of 0-NP,
whether by catalysis or adsorption, even though it poses
a serious risk to human health and the environment. In addi-
tion, there is no previous research addressing the removal of o-
NP by A-BC or POPA. The adsorption performance of POPA@A-
BC,.5 toward o-NP was compared with that of previously re-
ported adsorbents by considering the adsorption parameters
listed in Table 3, including pH, temperature, equilibrium time,
reusability, and adsorption capacity. Obviously, the POPA@A-
BCy5 composite exhibits an excellent adsorption capacity
toward o-NP in a short equilibrium time. This promising

=N
\
\JH¢ N=0

D

n-n stacking

Fig. 8 Schematic of the adsorption mechanisms of o-NP onto the POPA@A-BCy s composite.
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Table 3 Comparison of the adsorption performances of the POPA@A-BCq s composite and previously reported adsorbents toward o-NP

Adsorbents pH Temp. (°C) Eq. time (min) Reusability cycles Gmax (Mg g™ 1) Ref.
Kaol/SLS-BC,_s/B-CDy 5 3 20 90 6 588.24 16
WH-AC — 28 180 — 47.62 36
Magnetic APcoke/NCs 6 25 100 5 291.55 10
SM CLI-PPHF 2-6 — 1080 3 1.51 37
Fe;0,4-k-Carr/MIL-125 6 25 60 5 320.26 38
ACWC-AC 3 25 300 — 179.10 39
POPA@A-BC, 5 5 20 60 7 333.33 This study
CY (b) 199
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Fig.9 (a) Reusability of the POPA@A-BC, s composite for seven o-NP adsorption/desorption cycles (Co =50 mg L™, m=10mg,V=20mL, T=
20 °C, and pH = 5) and (b) impact of the ionic strength on the o-NP adsorption onto the POPA@A-BCq 5 composite (C, = 100 mg L™, [NaCll =

0.2-1.0 mol L’l, m=10mg,V=20mL, T =20 °C, and pH = 5).

adsorption capacity of POPA@A-BC, ;s toward o-NP can be
attributed to the abundance of the active groups on the
composite surface, which can adsorb o-NP via many adsorption
mechanisms. The POPA@A-BC,; possesses electron donor
groups, like hydroxyl, phenoxy, and carbonyl, which can attack
0-NP in its solution via electron donor-acceptor and n — w*
interactions. In addition, the benzene rings in the matrix of
POPA@A-BC, 5 induce m- stacking between the composite and
0-NP. The POPA@A-BC,, 5 composite has hydrogen donors and
acceptors that enable it to form H-bonding with o-NP.

3.6. Recyclability study

Fig. 9a demonstrates the reusability of the POPA@A-BC, s
composite during seven o-NP adsorption/desorption cycles. The
POPA@A-BC, ;s composite was collected after each cycle of o-NP
adsorption and rinsed with NaOH (20 mL, 1 M) to desorb the o-
NP molecules on the surface of the composite. Notably, the
adsorbability of POPA@A-BC, ;5 slightly declined, retaining an o-
NP removal percentage of about 80% after the seventh cycle.
This decrease in the removal capacity of POPA@A-BC, 5 can be
attributed to more than one reason: the first one is the loss of
mass of the composite during the regeneration step. The second
reason for the decline in the o-NP adsorption percentage after
seven cycles is most likely the strong interactions between
POPA@A-BC, 5 and 0-NP, which prevent the desorption of o-NP

© 2026 The Author(s). Published by the Royal Society of Chemistry

from the binding sites on the surface and interior pores of the
composite.

3.7. Ionic strength

The impact of ionic strength on the efficiency of adsorbing o-NP
using NaCl as an electrolyte was investigated, as shown in
Fig. 9b. Surprisingly, the removal percentage of o-NP increased
from 80.26% to 93.82% after increasing the concentration of
NaCl to 1.0 mol L™ ". This observation could be explained by the
phenomenon of the salting-out effect, in which the presence of
NaCl in the adsorption system decreases the solubility of o-NP
molecules.” As a result, it is suggested that the transfer of o-NP
molecules from the aqueous phase to the POPA@A-BCg ;s
surface may be promoted because of the decrease in the o-NP
solubility, thereby enhancing the efficiency of the adsorption
process.

4. Conclusion

In conclusion, the POPA@A-BC,s composite exhibited
improved adsorption performance in the adsorption reaction of
0-NP, where the adsorption percentage attained was 99.69% at
20 °C and pH 5 using 10 mg of POPA@A-BC, 5. The SEM image
of the POPA@A-BC,; composite confirmed the presence of
POPA crystals on the surface and pores of the A-BC framework.
In addition, the zeta potential analysis of the POPA@A-BCy s

RSC Adv, 2026, 16, 18802-18815 | 18813
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composite indicated that the pH,,. was 3.63, confirming that
the Coulombic attraction force was not involved in the o-NP
adsorption pathways. Equilibrium data analysis indicated the
participation of both physical and chemical adsorption mech-
anisms in the removal reaction of 0-NP by POPA@A-BC, 5, and
the Freundlich and Langmuir models fitted the reaction.
Furthermore, the pseudo-second-order model best fitted the
experimental data of the o-NP adsorption reaction. Notably, the
mechanistic investigation suggested that the o-NP adsorption
occurred via m-7 stacking, hydrogen bonds, electron donor-
acceptor interactions, and n — 7* interactions. Nevertheless,
the separation of the POPA@A-BC,s adsorbent using the
conventional centrifugation method was time-consuming.
Therefore, improving its separation by decorating POPA@A-
BCy.s with a magnetic substance with a strong magnetic char-
acter, such as magnetite, may be a useful approach. In addition,
formulating POPA@A-BC, ;5 in a bead or membrane form could
be another viable solution to facilitate its separation from the
adsorption system. Despite some practical limitations associ-
ated with large-scale implementation, the promising results of
the present study encourage further investigation of this
adsorbent under practical conditions, especially for large-scale
applications and the treatment of real wastewater. Future
studies may also focus on evaluating the performance of the
prepared adsorbent in continuous systems, the presence of
coexisting contaminants, and more complex wastewater
matrices to further support its practical applicability.
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