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ABSTRACT

This research explores the utilization for adsorbents produced from agricultural waste (AW) and coconut shells
(CS), that were chemically activated through the use of phosphoric acid (HsPO4) and potassium hydroxide (KOH),
to evaluate their efficacy in eliminating acetaminophen (ACT) from water. Batch tests were carried out to assess
the impact of operational parameters, including pH and adsorbent dose, initial ACT concentration, and contact
time, on adsorption performance. Under optimal conditions — including a dose of 1.1 g/L, pH 8.0 for all modified
adsorbents (except AW-HsPOs at pH 4), a contact duration of 120—150 min, and ACT concentrations of 100 and
120 mg/L — a highest effectiveness of removing of 95% was attained.. Chemical modification of the raw materi-
als considerably enhanced the surface area of the adsorbents, improving their adsorption capabilities. Adsorption
behavior was further examined utilizing a variety of isotherm and kinetic models, with the pseudo-second order
model providing the most accurate fit. [sotherm results indicated monolayer adsorption on heterogeneous surfaces.
Langmuir analysis revealed a maximum capacity for adsorption of 10.07 mg/g of AW-HsPO4 and 9.699 mg/g for
AW-KOH, surpassing the 5.102 mg/g capacity of unmodified agricultural waste. Similarly, modified coconut shell
adsorbents showed improved capacities — 11.416 mg/g for CS-HsPO4 and 10.549 mg/g for CS-KOH, compared to
4.831 mg/g for the unmodified one.
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INTRODUCTION 2025). This growing concern calls for sustainable
and effective strategies to eliminate these pollut-

Water stands as one of the most vital natural ~ ants and ensure the protection of water resources

resources on the planet, yet its quality continues
to decline over time, largely due to increasing hu-
man impact, rapid population growth, industrial
development, and unchecked exploitation of nat-
ural assets (Jabeen et al., 2015). As a result, safe-
guarding and enhancing water quality have be-
come increasingly urgent. Among the most press-
ing environmental issues today is water pollution,
particularly from emerging contaminants such as
pharmaceutical residues, which present a signifi-
cant global threat (Irshad et al., 2023; Lu et al.,

(Letsoalo et al., 2023). Pharmaceutical substanc-
es — including common anti-inflammatory drugs
like diclofenac, ibuprofen, and ketoprofen — have
garnered attention due to their persistence in the
environment (Silva et al., 2022). Commonly em-
ployed in both Veterinary and human medicine to
treat or prevent infections, these compounds are
frequently detected in a range of aquatic systems,
from surface and groundwater to wastewater and
even handled water for drinking (Mohammadi et
al., 2022; Yan et al., 2022). Their presence can
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be traced back to various sources, including efflu-
ents from pharmaceutical manufacturing, hospi-
tals, and biological waste from both humans and
animals (Gu et al., 2025; Khmaissa et al., 2024).
What makes these substances particularly prob-
lematic is their key characteristics: limited bio-
degradability, significant toxicity, and potential to
induce mutagenic and carcinogenic effects (Mo-
hammadi et al., 2022).

Acetaminophen (ACT), a widely used over-
the-counter pain reliever, is commonly found in
various concentrations in wastewater and natural
water systems as a result of extensive consump-
tion and disposal practices (Samal et al., 2022).
Although often present in trace amounts, its per-
sistence in the environment raises considerable
concern. Like many pharmaceutical compounds,
ACT resists biodegradation and tends to accumu-
late in aquatic ecosystems, posing risks not only
to the environment but also to human and marine
health (Yang et al., 2021).

Despite the absence of a globally standard-
ized threshold for ACT concentrations in waste-
water, continuous surveillance is crucial to reduce
possible hazards to public health and ecological
balance (Hai et al., 2018; Yang et al., 2021). This
underscores the need for implementing advanced
water treatment methods capable of effectively
removing such contaminants. Among these, ad-
sorption technologies have shown significant
promise in purifying ACT-contaminated water,
offering a viable means of maintaining safe water
standards (Alreface et al., 2024; Snodin, 2023).

A wide range of methods have been estab-
lished to eliminate ACT from polluted water
sources, involving biological, photochemical, and
oxidation-based treatments. However, adsorption
occurred as a particularly efficient technique, fa-
vored for its affordability, operational simplicity,
and strong performance even at low contaminant
concentrations (Qasim et al., 2023). A wide range
of adsorbents — from treated organic wastes to
commercial activated carbon — has been investi-
gated for their ability to capture ACT from aque-
ous environments (Khan et al., 2021). Despite ex-
tensive research over the years, a comprehensive
and targeted review focusing specifically on ACT
adsorption remains lacking. Given its extensive
global usage, ACT continues to be a key pharma-
ceutical compound of interest in environmental
remediation studies (Pratap et al., 2023).

Activated carbon is among the most ex-
tensively employed materials for removing
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contaminants from wastewater through adsorp-
tion. However, its use is frequently constrained
by excessive production expenses and challenges
in availability (Gulamhussein et al., 2023). This
has intensified the search for alternative solu-
tions that are not only efficient but also affordable
and environmentally sustainable (Kulistékova,
2023). In recent years, significant attention has
been directed toward identifying low-cost ad-
sorbents capable of eliminating pharmaceutical
residues from water (Nguyen et al., 2021). Ag-
ricultural by-products, particularly fruit peels,
have emerged as promising candidates (Ramos et
al., 2023). Utilizing such materials offers a dual
benefit — providing an economical alternative to
traditional adsorbents and contributing to waste
reduction, thus supporting environmental preser-
vation (Ali et al., 2023; Skwarczynska-Wojsa and
Puszkarewicz, 2024).

Nontraditional materials like rice husk, corn
cob, banana peel, and coconut shell have all been
studied for their ability to adsorb pharmaceutical
compounds from water, demonstrating compa-
rable performance in removing both organic and
inorganic pollutants (Villaescusa et al., 2011).
These alternatives are not only cost-effective but
also present a greener option compared to acti-
vated carbon (Jedynak et al., 2019).

This study focuses on evaluating the poten-
tial of coconut shell waste and tree leaves as bio-
sorbents for acetaminophen removal from aque-
ous solutions. Both materials were chemically
modified using potassium hydroxide (KOH) and
phosphoric acid (HsPOa4) to enhance their adsorp-
tion properties. The impacts of key operational
factors — pH, contact duration, initial ACT con-
centration, and the dosage of the adsorbent were
meticulously analysed to ascertain ideal circum-
stances. Additionally, the adsorption behaviour of
ACT on these biosorbents was examined utilising
kinetic models, specifically pseudo-first as well
as pseudo-second order, while equilibrium data
were interpreted through Langmuir, Freundlich,
and Temkin isotherm models to gain insight into
the fundamental mechanics of adsorption.

MATERIALS AND METHODS

Adsorbent media

Tree leaves and coconut shell waste were
chosen as economical agricultural by-products
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for use in this study. Equal quantities of each ma-
terial (500 grams) were naturally air-dried, then
grounded utilized a food processor and passed
through a standard mesh sieve (No. 100, 150
mm) to produce a fine powder. The produced
powdered substances were kept in locked plastic
containers at room temperature until they were
needed again. Sodium hydroxide (NaOH), sul-
phuric acid (H2SOa4), phosphoric acid, as well
as potassium hydroxide included among the an-
alytical-grade compounds used as experimental
reagents. Acetaminophen, acting as the intend-
ed pollutant in the water-based solutions, was
sourced from Aladdin Industrial Corporation,
based in Shanghai, China. Table 1 presents the
general properties of the acetaminophen used,
which was utilized in its original form without
any additional treatment.

Modification of biosorbents

Modification with KOH

To improve the existence of oxygen-rich
functional groups on the adsorbent surface, the
powdered material underwent chemical treat-
ment using KOH. A total of 200 grams of the
adsorbent was combined with 1000 mL of a
0.1 M potassium hydroxide solution and shaked
at 200 rpm for three hours. After the treatment,
the material was separated from the liquid and
rinsed repeatedly using deionized water until the
pH became neutral. The prepared adsorbent was
then oven-dried at 105 °C and kept in a desic-
cator until further application (Kurniawan et al.,
2011; Yanyan et al., 2018).

Oxidation of adsorbents with H.PO,

The adsorbent material underwent an oxida-
tion process at room temperature by combining
200 grams of the sample with 200 mL of 65%
phosphoric acid (H3POs). The mixture was mixed
at 100 rpm for three hours. After the reaction was

finished, it was let cool down, thoroughly washed
with deionized water, and then dried. The treated
adsorbent was finally placed in a desiccator for
storage until further use (Kurniawan et al., 2010;
Yanyan et al., 2018).

Acetaminophen batch adsorption

In the batch experiments, the required quan-
tity of adsorbent was added to a determined con-
centration of ACT solution in a 100 mL beaker,
adjusted to specific pH levels and temperatures.
The mixture was then agitated at 200 rpm for
varying time intervals. pH adjustments were made
using different concentrations of sulfuric acid and
sodium hydroxide solutions. At regular intervals,
5 mL Samples have been gathered for testing. To
identify the optimum conditions for the adsorp-
tion process, variables such as adsorbent dose, re-
action duration, and pH were altered one at a time
while keeping other factors constant. Once equi-
librium was reached, the solution was allowed to
settle for at least 30 minutes. The supernatant was
then collected from a point about 2 cm below the
surface of the liquid, filtered through Whatman
542 filter paper, and analyzed. every experiment
was carried out repeatedly multiple times, and the
standard deviations was utilized to determine the
standard error and variability of the data. Efficien-
cy was established by the difference among the
average initial and final concentrations of ACT.
Random samples were periodically analyzed to
verify and estimate the results.

The quantity of ACT adsorbed onto the ad-
sorbent and the corresponding removal efficiency
were calculated using the following expressions:

At time t (q:), the adsorption capacity was
measured by comparing the concentrations of the
initial as well as final ACT levels, taking into ac-
count the adsorbent’s mass and liquid volume:

_ (€, —C) Vs (1)

qt W

Table 1. General characterists of acetaminophen (Tao et al., 2015)

: Molecular o R
Chemical formula Amax (nm) weight (g/mol) Solubility (g/L, 20 °C) | pKa Molecular structure
CgHoNO, 243 151.16 14 9.5 CH3 —(

HN- OH
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The percentage of removal efficiency (R%)
was calculated as the percentage reduction in
ACT concentration relative to its initial value:

€.~ C)

R (%) = — x 100 2)
where: V is the solution’s volume in litres, W is
the adsorbent’s mass in grammes, R is
the percent of ACT obtained from the
solution, while ¢, is the quantity of ACT
adsorbed in mg/gram of adsorbent. The
starting ACT concentration (in mg/L) is
denoted as (o, and the concentration at

time ¢ (in mg/L) is denoted as C..

Adsorption kinetic models

The adsorption process can be interpreted
through various mathematical models that help
in understanding the interaction mechanisms be-
tween adsorbates and adsorbents. These models
are crucial for optimizing the design and opera-
tion of water and wastewater treatment systems.
In this study, the kinetics of ACT adsorption were
examined using two commonly applied models:
the pseudo-first-order and pseudo-second-order
models. The The pseudo-first-order model, which
is stated as follows, suggests that the rate at which
adsorption sites are occupied is proportionate to
the number of empty sites:

Ln(q, — q;) = Lnq, — kyt 3)

The pseudo-second-order model, which sug-
gests that the square of the quantity of accessible
sites determines the adsorption rate, is as follows:

% = k(e — q1)* 4)

t

where: ¢, (mg/g) is the mass of ACT adsorbed at
time ¢, g. (mg/g) is the mass adsorbed at
equilibrium, &1 (1/min) is the pseudo-first-
order rate constant, k> (g/mg-min) is the
pseudo-second-order rate constant.

By integrating Equation 4 with initial condi-
tions (¢t=0to t=tand ¢, = 0 to ¢; = g;), the model
can be linearized as:

t _ 1 + t
a  k2(q)*  qe
This form allows for the evaluation of adsorp-

tion kinetics and helps identify A highly appropri-
ate model for describing the data from experiments.

)
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Adsorption isotherms

Adsorption isotherms are generally utilized
to assess and interpret the behavior of adsorption
processes. Among the most widely applied mod-
els for analyzing experimental isotherm data are
the Langmuir, Freundlich, and Temkin models.
These models are useful for describing the equi-
librium state interaction between an adsorbent
and an adsorbate. The corresponding equations
for every model are summarized in Table 2.

Definitions of the parameters used in adsorp-
tion isotherm models are as follows:

e ¢: The quantity of material adsorbed (mg/g)
per mass of adsorbent.

e ¢, Maximum adsorption capacity represent-
ing monolayer coverage (mg/g).

e n: Freundlich constant indicating the intensity
of adsorption.

e (: At equilibrium, the concentration of the
adsorbate in the solution is measured in mil-
ligrammes per litre.

e (: Solute concentration at saturation across
all layers (mg/L).

e K [L:The Langmuir constant (L/mg) is corre-
lated with binding site affinity.

e K F: Freundlich constant representing ad-
sorption capacity (mg/g).

e R: Universal gas constant, equal to 8.314 J/
(mol-K).

e A T: Temkin constant indicating equilibrium
binding energy (L/g).

e b T: Temkin constant related to heat of
adsorption.

e g, Theoretical maximum adsorption capacity
as per the isotherm model (mg/g).

Characterization of the modified adsorbents

To examine morphological alterations, dried
chemically modified samples were mounted on
a metallic stub using double-sided conductive
adhesive tape. These samples were then gold-
coated for 2 minutes using a sputter coater and
analyzed under a Leica Stereo Scan 440 scanning
electron microscope (SEM) equipped with an
EDAX DX4i probe for energy dispersive X-ray
(EDX) microanalysis. Due to the relatively large
particle size, the materials were ground into a fine
powder and dispersed in methanol prior to imag-
ing. Surface functional group changes following
chemical modification were assessed via Fourier
transform infrared spectroscopy (FTIR) using a
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Table 2. The adsorption isotherm models’ mathematical formulas

Model Original form Linearized form
) qm-K;..C C 1 C
Langmuir Q=7 R +—
1+K,.C q qm-Ki qm
. 1
Freundlich q = K. C% logq = log Ky +ZlogC
RT RT RT
Temkin q = — In(4C) q=—InAr+—1InC
by by by

Bruker Vektor 22 spectrometer under dry air at
ambient conditions. About 6 mg of dried sample
was mixed with 200 mg of potassium bromide
(KBr), and from this blend, 40 mg was com-
pressed into a pellet for analysis. The structural
characteristics of the treated adsorbents were fur-
ther investigated using X-ray powder diffraction
(XRD) with a Philips Xpert system. The system
operated with a copper anode and nickel filter,
emitting radiation Cu Ko (A = 1.54 A) at 40 kV
and 100 mA. Data on dispersion were gathered
across a 20 range of 5° to 100°, with readings tak-
en every 0.05° and a count duration of 10 seconds
per step. Each sample was mounted on a glass
slide for measurement.

RESULTS AND DISCUSSION

Characteristics of adsorbent material

FTIR analysis was conducted within the spec-
tral range of 4004000 cm™' to identify the surface
functional groups on the adsorbents following
chemical treatment. Figure 1 illustrates the FTIR
spectra of both coconut shell waste and tree leaf-
based adsorbents before and after modification
(Repo etal., 2011). Broad absorption bands around
3400-3600 cm™ reflect O—H stretching vibrations,
indicating the presence of surface hydroxyl groups,
carboxylic functionalities, and hydrogen-bonded
water molecules (Tu et al., 2021). These peaks
suggest strong hydrogen bonding interactions with
water and functional groups. The O-H stretching
was observed at 3414 cm ™' (AW), 3372 cm™' (AW-
HsPO4), 3339 ecm™ (AW-KOH), 3426 cm™ (CS),
3420 cm™ (CS-HsPOs4), and 3414 cm ™ (CS-KOH),
with reductions in peak intensity in some chemi-
cally modified samples, indicating partial dehydra-
tion during treatment. Aliphatic C-H vibrations
were detected at 2928 and 2855 cm™, suggesting
the presence of amino acids. Below 2000 cm™,
characteristic peaks associated with structural and

surface oxygen groups were identified. Carbonyl
(C=0) stretching bands appeared near 1600-1630
cm™ across all samples, slightly shifting based
on the type of modification, with conjugation to
aromatic structures influencing the peak positions
(Abudi et al., 2025; Spataru et al., 2016). The broad
bands around 1000 cm™ were attributed to C-O
ether groups, while absorptions near 600-620 cm™
corresponded to hydroxyl ions. Peaks below 600
cm! were indicative of mixed metal oxides, partic-
ularly prominent in modified samples, appearing at
488cm™ (AW-H3POs), 555 em™ (AW-KOH), 604
cm! (CS), and 490 cm™! (both CS-HsPO4 and CS-
KOH). The FTIR analysis confirmed the presence
of multiple oxygen-containing functional groups
on the surface of the adsorbents, which are likely to
play a crucial role in the adsorption of acetamino-
phen from aqueous solutions (Repo et al., 2009).
In order to assess the surface morphology as well
as elemental composition, energy-dispersive X-ray
spectroscopy and scanning electron microscopy
were employed, with magnification levels of 2 and
100 kX, respectively (Gomez-Serrano et al., 1996).

As shown in Figure 2, the SEM images re-
vealed a rough and irregular surface with frag-
mented structures and dispersed grain sizes,
some of which had formed agglomerates. These
features included visible voids and pores, which
are advantageous for enhancing surface area and,
subsequently, adsorption efficiency (Nourmoradi
et al., 2018; Su et al., 2021). The H3POu-treated
samples (AW-HsPO. and CS-HsPO.) displayed
a high density of cavities and a porous texture,
with largely spherical particles. In contrast, the
KOH-treated variants (AW-KOH and CS-KOH)
presented smoother surfaces with interconnected
microparticles (Shooto, 2023). These observations
are consistent with earlier studies and suggest that
chemical activation contributes to forming more
uniform surfaces with finer pores, enhancing the
material’s adsorption potential. Elemental analy-
sis using EDS further confirmed the elemental
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makeup of the samples (Liu et al., 2023). As shown
from Figure 3, the AW, AW-H3PO4, and AW-KOH
materials contained elements like carbon, oxygen,
magnesium, aluminum, silicon, potassium, and
calcium, with additional components such as chlo-
rine, phosphorus, sulfur, and iron detected in some
variants, likely from additive residues (Ngernyen
et al., 2023; Selvaraj et al., 2023). Coconut shell
samples and their treated forms exhibited carbon,
oxygen, phosphorus, and potassium, with alumi-
num present only in the H;POs- and KOH-mod-
ified samples. Elements like magnesium, silicon,
and calcium were also observed in CS-KOH. An
increase in oxygen content across all adsorbents
was evident, suggesting the incorporation of oxy-
gen-containing groups due to chemical treatment,
likely through sulfonation processes (Aliyu et al.,
2022; Tran et al., 2020).

The findings of the XRD study of the adsor-
bent composites are illustrated in Figure 4, show-
ing details about the materials’ structural proper-
ties. XRD was employed to distinguish between
crystalline and amorphous phases — sharp, well-
defined peaks indicate crystallinity, while broad,
diffuse peaks suggest an amorphous nature (Najafi
et al., 2023; Wakejo et al., 2023). The patterns for
both AW and CS revealed prominent crystalline
cellulose peaks, observed at 26 values of 15.10°
and 22.65°, respectively. In the AW sample, pro-
nounced reflections at 26 = 20.85° and 23.35°
were likely associated with graphite structures.
Additionally, a peak near 20 = 26.9° signaled the
presence of silicon oxide. Peaks appearing at 20
=30.15° and 36.15° in AW, and at 35.15° in CS,
further indicated silicon oxide and calcium-based
compounds. A reflection at 20 = 38.25° corre-
sponded to calcium oxide (Arif et al., 2023; Zubair
et al., 2023). Both AW and CS displayed broad
peaks at higher angles (20 = 61.50° and 62.25°),
which were linked to the (214) planes of graphitic
carbon. The AW-KOH composite exhibited a dis-
tinct and intense peak at 26 = 11.50°, suggesting
successful structural modification through potassi-
um hydroxide treatment. However, the XRD pro-
file of CS-KOH closely resembled that of untreat-
ed CS, implying minimal structural change from
the modification, despite some anticipated effects
due to potassium addition (Wen et al., 2022). For
the HsPOa-treated samples (AW-H3PO. and CS-
HsPO4), the XRD patterns lacked sharp peaks,
reflecting a transformation towards an amorphous
structure. This is due to phosphoric acid’s capac-
ity for promotion the formation of amorphous
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carbon by disrupting the crystalline framework
(Chang et al., 2021; Z. Zhang et al., 2022). The
data also highlighted the high structural purity of
the KOH-modified adsorbent, as evidenced by the
absence of extraneous diffraction peaks (Hamid et
al., 2022; H. Zhang et al., 2022). Conversely, the
changes introduced by HsPOs modification were
more substantial, as seen in the significant altera-
tions in the XRD patterns, pointing to a marked
reorganization of the material’s internal structure
(Al-Shehri et al., 2023).

Parameters affecting ACT adsorption

Solution pH Impact

Effects of pH on ACT removal from water
using various adsorption materials (AW, AW-
H,PO,, AW-KOH, CS, CS-H,PO,, and CS-KOH)
were examined (Figure 5). The optimal pH for
AW and CS was found to be 6, with removal ef-
ficiencies of 46.82% and 49.28%, respectively
(Villaroel et al., 2014). For AW-KOH, CS-KOH,
and CS-H,PO,, the optimal pH was 8, with re-
moval efficiencies of 82.53%, 88.86%, and
85.01%, respectively. AW-H,PO, showed the best
removal efficiency (78.97%) at pH 4. As shown
in Figure 5, ACT adsorption increased initially
from pH 2.0 to 6.0, reaching maximum removal
rates of 46.82%, 49.28%, and 78.97% for AW,
CS, and AW-H,PO,, respectively, at pH 6.0. [63]
However, AW-H,PO, reached maximum adsorp-
tion earlier at pH 4. This finding aligns with Vil-
laroel et al. (2014) (Villaroel et al., 2014), who
noted higher ACT deterioration in acidic condi-
tions (pH 3.0-5.6) compared to basic solutions
(pH 9.5-12.0). For AW-KOH, CS-KOH, and
CS-H,PO,, the optimum pH was 8, with removal
efficiencies of 82.53%, 88.86%, and 85.01%, re-
spectively. An additional rise in pH beyond 8 re-
sulted in a notable decline in ACT removal. The
varying responses of the adsorbents to different
pH values suggest that different adsorption mech-
anisms are involved, with electrostatic attraction
playing a key role in the process. The improved
removal effectiveness of altered adsorbents high-
light the positive impact of modification. The pH
effect on adsorption can be attributed to ACT’s
weak electrolyte nature, existing in ionized or
nonionized forms depending on the solution’s pH
relative to its pKa value (9.38) (Igwegbe et al.,
2021) (Wakejo et al., 2023). When the pH is be-
low ACT’s pKa, it primarily exists in a neutral,
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Figure 1. FTIR spectra of the adsorbent materials following surface modification with various chemical agents,
including (a) AW, (b) AW-H,PO,, (c) AW-KOH, (d) CS, (e) CS-H,PO,, and (f) CS-KOH.
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Figure 2. SEM images of the following samples: (a) AW, (b) AW-H,PO,, (c) AW-KOH, (d) CS, (e) CS-H,PO,,
and (f) CS-KOH.

nonionized form, reducing electrostatic attraction
and thus impacting adsorption efficiency (Abudi,
Al-Saedi, et al., 2025).

Effect of adsorbent dose

The impact of adsorbent dose on the removal
of ACT was evaluated by varying the dose from 0.1

to 1.1 g/L and adding it to an 80 mg/L ACT solu-
tion for 150 minutes at the optimal pH for each ad-
sorbent. As shown in Figure 6, the adsorption effi-
ciency improved with an increase in the adsorbent
dose. For both AW, CS, and their modified forms,
removal efficiencies rose from 5.41% to 77.99%
for AW, 38.10% to 93.26% for AW-KOH, 38.76%
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Figure 3. EDS analysis of the adsorbents and their modifications: (a) AW, (b) AW-H,PO,, (c) AW-KOH, (d) CS,
(e) CS-H,PO,, and (f) CS-KOH.
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Figure 4. XRD patterns for biosorbents

to 93.47% for AW-H,PO,, 13.38% to 76.60% for
CS-KOH, 44.99% to 93.78% for CS-H,PO,, and
39.10% to 93.64% for CS, as the dose increased
from 0.10 to 1.1 g/L. This increase can be attribut-
ed to the additional sorptive surface area available
with a higher adsorbent mass, resulting in more
active sites for adsorption (Wakejo et al., 2023)
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(Abudi, Hameed, et al., 2025). Raising the dos-
age from 0.9 to 1.1 g did not significantly enhance
removal efficiency, though, suggesting that higher
doses beyond 0.9 g are unnecessary. Additionally,
at higher doses (0.9 and 1.1 g), the modified ad-
sorbents performed significantly better than the
raw materials. Similar studies conducted by other
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Figure 6. Adsorbent dose influence on acetaminophen removing efficiency

researchers also explored the effect of various ad-
sorbent doses under different conditions. To treat a
sample containing 2000 mg/L of acetaminophen,
for instance, Manee Wong et al. (2022) used 0.08
2/100 ml of activated carbon from coconut shell
(Maneewong et al., 2022), in contrast to that, dos
Reis et al. (2022) used tree bark waste at a concen-
tration of 0.15 g/100 ml to remove acetaminophen
from water solutions containing 70—1200 mg/L.

Effect of acetaminophen initial concentration

The adsorption of acetaminophen by AW,
CS, and their modified forms was studied, as

the initial concentration of the adsorbate plays
a crucial role in the adsorption process. The ini-
tial concentration serves as an important driving
force to overcome the mass transfer resistance
between the aqueous and solid phases (Abudi et
al., 2025). Figure 7 illustrates the effect of the
initial ACT concentration within the range of
40-200 mg/L, using 1.1 g of adsorbent for 150
minutes at the optimal pH for each material. The
removal efficiency increased from 86% to over
93% when the ACT concentration rose from
40 to 80 mg/L. However, when the concentra-
tion exceeded 80 mg/L, the removing efficiency
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dropped significantly, reaching as low as 31%.
This reduction in efficiency with higher ACT
concentrations could be related to the limited
availability of adsorption sites and a reduction
in intraparticle diffusion (Liu et al., 2023). In
this study, the maximum equilibrium uptake (qe)
was reached at 120 mg/L, with values of 7.09
and 6.82 mg/g for AW and CS, respectively. The
modification of adsorbents notably enhanced
the ge, with values of 8.34, 8.13, 8.16, and 8.71
mg/g for AW-KOH, AW-H,PO,, CS-KOH, and
CS-H,PO,, respectively, at a concentration of
150 mg/L. Beyond 150 mg/L, the removal ef-
ficiencies dropped sharply as the adsorbents
reached their maximum capacity for uptake.
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However, the equilibrium uptake (qe) values in
this study were significantly lower compared to
those found in other studies. For example, dos
Reis et al. (2022) found values surpassing 200
mg/g for a tree bark-based adsorbent, whereas
Maneewong et al. (2022) observed qe values
close to 200 mg/g for biochar derived from
coconut shells (Maneewong et al., 2022). This
substantial difference can likely be attributed to
variations in the characteristics of the raw mate-
rials and the experimental conditions used.

Effect of contact time

The impact of contact time on ACT adsorp-
tion was investigated over a period ranging from
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Figure 7. Impact of initial acetaminophen concentration on adsorption at equilibrium (qe)
and removal efficiency
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5 to 150 minutes at an ACT concentration of 120
mg/L and an adsorbent dose of 1.1 g/L, with each
adsorbent at its optimum pH (Loc et al., 2023). As
shown in Figure 8, the effectiveness of removal
raised dramatically with contact time, showing
that more than 120 minutes are required to reach
removal efficiencies above 90%. The modification
of AW and CS notably improved the removal rate,
especially after 120 minutes. Initially, the presence
of free pores facilitated the adsorption process, but
extending the contact time beyond 120 minutes did
not lead to substantial increases in ACT removal,
as equilibrium was reached. This trend aligns with
findings by Natarajan et al. (2021). While slower
adsorption indicates that pore occupancy is the
primary process, fast adsorption is usually linked
to surface adsorption and an increased reactivity
between acetaminophen molecules and the adsor-
bent (Loc et al., 2023).

Kinetic and isotherm studies

Utilizing kinetic variables, the adsorption pro-
cess was quantitatively analyzed employing pseu-
do-first and pseudo-second order kinetic models
(Table 3). The R? values for the pseudo-second or-
der model were generally higher (0.96, 0.89, 0.91,
0.95, 0.90, and 0.91) compared to those for the
pseudo-first order model (0.89, 0.87, 0.85, 0.93,
0.87,and 0.90) for AW, AW-KOH, AW-H,PO,, CS,
CS-KOH, and CS-H,PO,, respectively, providing
more accurate descriptions of the kinetic data than
the pseudo-second order model. The adsorption

process was better portrayed by this model, which
posits that chemisorption is the main mechanism
and that the adsorption capacity is highly depen-
dent on the availability of active sites on the ad-
sorbent surface. In line with the results reported by
Lung et al. (2021), Table 3 shows that the adsorp-
tion rate was slower due to the comparatively low
values of K2. On the other hand, adsorbents de-
rived from tree bark were found to have a quicker
mechanism for acetaminophen adsorption in the
study by dos Reis et al. 2022.

The Langmuir, Freundlich, and Tempkin
models were used to examine the adsorption
isotherms, with the corresponding parameters
presented in Table 4. The R? values for the Lang-
muir model (0.97,0.97,0.91, 0.98, 0.93, and 0.97
for AW, AW-KOH, AW-H PO,, CS, CS-KOH,
and CS-H,PO,, respectively) stood out from the
Freundlich as well as Tempkin models, suggest-
ing that the Langmuir model more precisely por-
trayed the adsorption process and offered a more
appropriate fit for the isothermal data. The results
are in agreement with those of the study done in
2021 by Kerkhoff et al. (2021). The Langmuir
model states that when the adsorbent surface is
uniform along with the adsorbed molecules are
not in contact with each other, single-layer ad-
sorption takes place (Quesada et al., 2019). In
contrast, the Freundlich model revealed a weaker
correlation with the experimental data (R? val-
ues of 0.91, 0.68, 0.80, 0.80, 0.80, and 0.87 for
AW, AW-KOH, AW-H,PO,, CS, CS-KOH, and
CS-H,PO,, respectively). The Freundlich model,
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Table 3. Kinetics study parameters

Adsorbent Parameter Pseudo-first order Pseudo-second order
pH |[qge, exp (mg/g)| k1 (1/min) |qe, cal. (mg/g) R? k2 (g/mg/min) | ge, cal. (mg/g) R?
AW 6 8.4848 0.026 8.734 0.89 0.003 9.980 0.96
AW-KOH 6 8.6409 0.025 10.451 0.87 0.001 12.092 0.89
AW-H,PO, 6 8.6434 0.026 10.664 0.85 0.001 12.165 0.91
CS 6 8.5805 0.019 7.463 0.93 0.003 9.872 0.95
CS-KOH 6 8.6434 0.026 10.715 0.87 0.001 12.422 0.90
CS-H,PO, 6 8.6434 0.027 11.105 0.90 0.001 12.626 0.91
Table 4. [sotherm study parameters
Langmuir isotherm Freundlich isotherm Tempkin isotherm
Adsorbent
KL (L/mg) | gm, cal (mg/g)| R? RL KF n R? KT B R?
AW 0.349 5.102 0.97 0.182 5.004 21.097 0.91 0.000 -1.349 0.66
AW-KOH 0.407 9.699 0.97 0.165 5.635 7.380 0.68 117.294 1.096 0.67
AW-H,P 4 0.227 10.070 0.91 0.234 1.069 1.427 0.80 0.153 6.885 0.75
CS 0.224 4.831 0.98 0.236 13.095 -4.359 0.80 0.000 -1.282 0.81
CS-KOH 0.228 10.549 0.93 0.234 1.552 1.770 0.80 0.232 5.640 0.76
CS-H,PO, 0.257 11.416 0.97 0.219 4.856 4.572 0.87 7.930 1.859 0.85

which assumes multilayer adsorption and surface
heterogeneity, still provided a reasonable fit, as
reflected in the relatively moderate R? values.

CONCLUSIONS

The adsorption process effectively removed
acetaminophen from aqueous solutions, with
modifications to the raw adsorbents, such as ag-
ricultural waste and coconut shell, significantly
improving the process. Key parameters such as
initial ACT concentration, pH, contact time, and
adsorbent dose were optimized using a one-fac-
tor-at-a-time approach. The optimal conditions
identified were an adsorbent dose of 1.1 g/L,
pH 8.0 for all modified adsorbents (except AW-
H,PO,, which was optimized at pH 4), a contact
time of 120-150 minutes, and ACT concentra-
tions of 100-120 mg/L. Under these conditions,
the modified adsorbents (AW and CS) achieved
more than 95% removal of ACT, compared to
around 78% with the raw material. The study
demonstrated that the modified agricultural waste
and coconut shell adsorbents, under optimized
conditions, could remove acetaminophen with ef-
ficiencies of 78%, 95%, 95%, 95%, 79%, 95%,
and 95% for AW, AW-H,PO,, AW-KOH, CS, CS-
H,PO,, and CS-KOH, respectively. A substantial
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increase in the adsorbents’ modified surface area,
as compared to the raw materials, is associated
with this enhancement. The equilibrium uptake
of the modified adsorbents increased 1.10 to 1.35
times compared to the raw adsorbents. According
to FTIR measurement, the adsorbents’ chemical
activation added advantageous surface functional
groups for efficient ACT adsorption. KOH and
H3PO4 activations both helped to increase the
number of mesopores with lower pore diameters,
which improved the adsorption process. The main
components of all adsorbent combinations were
carbon and oxygen, and the adsorbent’s affinity
for acetaminophen was enhanced by the inclusion
of layer double hydroxides. The pseudo-second-
order model was determined to fit the sorption
data the best after kinetic and isotherm models
were used. ACT adsorption onto the adsorbent
surface took place in a monolayer on a heteroge-
neous surface, according to the isotherm analysis.
In contrast to raw AW’s 5.102 mg/g, the highest
Langmuir sorption capacities for AW-H,PO, and
AW-KOH were 10.07 mg/g and 9.699 mg/g, re-
spectively. The capacities for CS were 4.831 mg/g
for raw CS and 11.416 mg/g for CS-H,PO, and
10.549 mg/g for CS-KOH. Overall, acetamino-
phen extraction from aqueous solutions showed
promising results using coconut shell and agricul-
tural waste as eco-friendly adsorbents. These raw
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adsorbents’ capacity to remove acetaminophen
was greatly increased by chemical modification,
as shown by improvements in their properties.
Additional investigation is required to examine
the potential of these adsorbents for removing
other pharmaceutical contaminants.

Acknowledgment

For their support in this work, the authors
are grateful to Mustansiriyah University (www.
uomustansiriyah.edu.iq) in Baghdad, Iraq, and
the University of Thi Qar (https://utq.edu.iq/) in
Thi Qar, Iraq.

REFERENCES

1. Abudi, Z.N., Al-Saedi, R., Abood, A. R. (2025). Ad-
sorptive Uptake of Acetaminophen by Agricultural
Waste-Derived Hydrochar: Kinetics, Isotherms, and
Characterization Studies. /7(5), 1923. https://www.
mdpi.com/2071-1050/17/5/1923

2. Abudi, Z. N, Hameed, Y. T., Alkhafaji, A. R., Al-
Saedi, R. (2025). Pharmaceutical compounds re-
moval through pristine, alkali-, acid-, and layered
double hydroxide-modified biochar: Characteriza-
tion, kinetics, and isotherms studies. Journal of
Ecological Engineering, 26(8), 249-262. https://
www.jeeng.net/Pharmaceutical-compounds-re-
moval-through-pristine-alkali-acid-and-layered-
double,204089,0,2.html

3. Al-Shehri, B.M., Al-Zahrani, F. A. M., El-Shishtawy,
R. M., Awwad, N. S., Sayed, M. A., Khan, K. A.
(2023). Characterization of graphene oxide-ziziphus
seeds and its application as a hazardous dye removal
adsorbent. Scientific Reports, 13(1), 1631. https://
doi.org/10.1038/s41598-023-28924-2

4. Ali, A. Z., Wu, Y., Bennani, Y.-D., Spanjers, H.,
Hoek, J. P. v. d. (2023). Photo-electrocatalyt-
ic based removal of acetaminophen: Applica-
tion of visible light driven heterojunction based
BiVO4/BiOl photoanode. Chemosphere, 324,
138322. https://doi.org/https://doi.org/10.1016/].
chemosphere.2023.138322

5. Aliyu, M., Abdullah, A. H., Tahir, M. I. b. M. (2022).
Adsorption tetracycline from aqueous solution us-
ing a novel polymeric adsorbent derived from the
rubber waste. Journal of the Taiwan Institute of
Chemical Engineers, 136, 104333. https://doi.org/
https://doi.org/10.1016/j.jtice.2022.104333

6. Alrefaee, S. H., Aljohani, M. M., Alatawi, L. S. S.,
Almahri, A., Alrashdi, K. S., Bin-Ibrahim, S. F.,...
El-Metwaly, N. M. (2024). Removal of acetamino-
phen from wastewater using a novel bimetallic La/

Th metal-organic framework: Kinetics, thermody-
namics, isotherms, and optimization through Box-
Behnken design. Process Safety and Environmental
Protection, 189, 1134—1150. https://doi.org/https://
doi.org/10.1016/j.psep.2024.06.046

7. Arif, M., Liu, G., Zia ur Rehman, M., Mian, M. M.,

Ashraf, A., Yousaf, B.,...Munir, M. A. M. (2023).
Impregnation of biochar with montmorillonite and
its activation for the removal of azithromycin from
aqueous media. Environmental Science and Pollu-
tion Research, 30(32), 78279-78293. https://doi.
org/10.1007/s11356-023-27908-z

8. Chang, C., Liu, Z., Li, P,, Wang, X., Song, J., Fang,
S., Pang, S. (2021). Study on products characteris-
tics from catalytic fast pyrolysis of biomass based
on the effects of modified biochars. Energy, 229,
120818. https://doi.org/https://doi.org/10.1016/j.
energy.2021.120818

9. Gomez-Serrano, V., Pastor-Villegas, J., Perez-Flo-

rindo, A., Duran-Valle, C., Valenzuela-Calahorro,
C. (1996). FT-IR study of rockrose and of char and
activated carbon. Journal of Analytical and Applied
Pyrolysis, 36(1), 71-80. https://doi.org/https://doi.
org/10.1016/0165-2370(95)00921-3

10.Gu, Z., Liu, Y., Zhu, L., Fan, B., Li, Y., Liu, C.,...
Zhang, Q. (2025). Hormetic effect of dissolved
organic matter from pig manure anaerobic diges-
tion effluents on Chlorella sp.: Physiological and
transcriptomic responses. Water Research, 283,
123877. https://doi.org/https://doi.org/10.1016/j.
watres.2025.123877

11. Gulamhussein, M. A., Saini, B., Dey, A. (2023).
Removal of pharmaceutical contaminants through
membrane bioreactor. Materials Today: Proceed-
ings, 77, 260-268. https://doi.org/https://doi.
org/10.1016/j.matpr.2022.11.299

12.Hai, F. 1., Yang, S., Asif, M. B., Sencadas, V.,
Shawkat, S., Sanderson-Smith, M.,...Yamamoto,
K. (2018). Carbamazepine as a possible anthropo-
genic marker in water: occurrences, toxicological
effects, regulations and removal by wastewater
treatment technologies. 70(2), 107. https://www.
mdpi.com/2073-4441/10/2/107

13.Hamid, Y., Liu, L., Usman, M., Naidu, R., Haris,
M., Lin, Q.,...Yang, X. (2022). Functionalized bio-
chars: Synthesis, characterization, and applications
for removing trace elements from water. Journal
of Hazardous Materials, 437, 129337. https://doi.
org/https://doi.org/10.1016/j.jhazmat.2022.129337

14. Igwegbe, C. A., Aniagor, C. O., Oba, S. N., Yap, P.-
S., Iwuchukwu, F. U., Liu, T.,...Ighalo, J. O. (2021).
Environmental protection by the adsorptive elimina-
tion of acetaminophen from water: A comprehen-
sive review. Journal of Industrial and Engineering
Chemistry, 104, 117-135. https://doi.org/https://doi.
org/10.1016/j.jiec.2021.08.015

325



Ecological Engineering & Environmental Technology 2025, 26(8), 313-328

15.

16.

17.

18.

19.

20.

21.

22.

23.

Irshad, A., Atif, M., Ghani, A., Ali, B.,Ahmad, S. A.,
Alex, M. (2023). Experimental evaluation of cobalt
adsorption capacity of walnut shell by organic acid
activation. Scientific Reports, 13(1), 7356. https://
doi.org/10.1038/s41598-023-33902-9

Jabeen, A., Huang, X., Aamir, M. (2015). The chal-
lenges of water pollution, threat to public health, flaws
of water laws and policies in Pakistan. Journal of Wa-
ter Resource and Protection, 7(17), 1516-1526. https:/
doi.org/http://dx.doi.org/10.4236/jwarp.2015.717125
Jedynak, K., Szczepanik, B., Redzia, N., Stomkiewicz,
P, Kolbus, A., Rogala, P. (2019). Ordered mesoporous
carbons for adsorption of paracetamol and non-steroi-
dal anti-inflammatory drugs: ibuprofen and naproxen
from aqueous solutions. 7/(5), 1099. https://www.
mdpi.com/2073-4441/11/5/1099

Kerkhoff, C. M., Boit Martinello, K. d., Franco, D.
S. P, Netto, M. S., Georgin, J., Foletto, E. L.,...
Dotto, G. L. (2021). Adsorption of ketoprofen and
paracetamol and treatment of a synthetic mixture
by novel porous carbon derived from Butia capi-
tata endocarp. Journal of Molecular Liquids, 339,
117184. https://doi.org/https://doi.org/10.1016/].
molliq.2021.117184

Khan, M. T., Shah, I. A., Thsanullah, I., Naushad, M.,
Ali, S., Shah, S. H. A., Mohammad, A. W. (2021).
Hospital wastewater as a source of environmen-
tal contamination: An overview of management
practices, environmental risks, and treatment pro-
cesses. Journal of Water Process Engineering, 41,
101990. https://doi.org/https://doi.org/10.1016/].
jwpe.2021.101990

Khmaissa, M., Zouari-Mechichi, H., Sciara, G.,
Record, E., Mechichi, T. (2024). Pollution from
livestock farming antibiotics an emerging envi-
ronmental and human health concern: A review.
Journal of Hazardous Materials Advances, 13,
100410. https://doi.org/https://doi.org/10.1016/].
hazadv.2024.100410

Kulistdkova, A. (2023). Removal of pharmaceutical
micropollutants from real wastewater matrices by
means of photochemical advanced oxidation pro-
cesses — A review. Journal of Water Process En-
gineering, 53, 103727. https://doi.org/https://doi.
org/10.1016/j.jwpe.2023.103727

Kurniawan, T. A., hung, L. W., and Sillanpaa, M. E. T.
(2011). Treatment of contaminated water laden with
4-chlorophenol using coconut shell waste-based acti-
vated carbon modified with chemical agents. Separa-
tion Science and Technology, 46(3), 460—472. https://
doi.org/10.1080/01496395.2010.512030

Kurniawan, T. A., Waihung, L., Repo, E., Sillan-
pad, M. E. (2010). Removal of 4-chlorophenol from
contaminated water using coconut shell waste pre-
treated with chemical agents. §5(12), 1616-1627.
https://doi.org/https://doi.org/10.1002/jctb.2473

326

24.

25.

26.

27.

28.

29.

30.

31.

32.

Letsoalo, M. R., Sithole, T., Mufamadi, S., Mazhan-
du, Z., Sillanpaa, M., Kaushik, A., Mashifana, T.
(2023). Efficient detection and treatment of phar-
maceutical contaminants to produce clean water for
better health and environmental. Journal of Cleaner
Production, 387, 135798. https://doi.org/https://doi.
org/10.1016/j.jclepro.2022.135798

Liu, Y., Gao, Z., Ji, X., Wang, Y., Zhang, Y., Sun,
H.,...Duan, J. (2023). Efficient adsorption of tebu-
conazole in aqueous solution by calcium modified
water hyacinth-based biochar: adsorption kinetics,
mechanism, and feasibility. Molecules, 28(8), 3478.
https://www.mdpi.com/1420-3049/28/8/3478

Loc, T. T., Dat, N. D., Tran, H. N. (2023). Nano-
sized hematite-assembled carbon spheres for effec-
tively adsorbing paracetamol in water: Important
role of iron. Korean Journal of Chemical Engineer-
ing, 40(12), 3029-3038. https://doi.org/10.1007/
s11814-021-1013-z

Lu, R., Hong, B., Wang, Y., Cui, X., Liu, C., Liu,
Y.,...Zhang, Q. (2025). Microalgal biofilm cultiva-
tion on lignocellulosic based bio-carriers: Effects
of material physical characteristics on microalgal
biomass production and composition. Chemical
Engineering Journal, 510, 161656. https://doi.org/
https://doi.org/10.1016/j.cej.2025.161656

Lung, 1., Soran, M.-L., Stegarescu, A., Opris, O.,
Gutoiu, S., Leostean, C.,...Porav, A. S. (2021).
Evaluation of CNT-COOH/MnO2/Fe O, nano-
composite for ibuprofen and paracetamol removal
from aqueous solutions. Journal of Hazardous
Materials, 403, 123528. https://doi.org/https://doi.
org/10.1016/j.jhazmat.2020.123528

Maneewong, Y., Chaemchuen, S., Verpoort, F.,
Klomkliang, N. (2022). Paracetamol removal from
water using N-doped activated carbon derived from
coconut shell: Kinetics, equilibrium, cost analysis,
heat contributions, and molecular-level insight.
Chemical Engineering Research and Design, 185,
163-175. https://doi.org/https://doi.org/10.1016/j.
cherd.2022.07.007

Mohammadi, L., Kamani, H., Asghari, A., Moham-
madpour, A., Golaki, M., Rahdar, A., Kyzas, G.
Z. (2022). Removal of amoxicillin from aqueous
media by fenton-like sonolysis/H,O, process using
zero-valent iron nanoparticles. 27(19), 6308. https://
www.mdpi.com/1420-3049/27/19/6308

Najafi, H., Sharifian, S., Asasian-Kolur, N. (2023).
Gemifloxacin removal from aqueous solution by
rice-straw based activated carbon: Batch adsorption
and thermal regeneration. Environ. Prog. Sustain.
Energy, 42(2), e14012. https://doi.org/https://doi.
org/10.1002/ep.14012

Ngernyen, Y., Petsri, D., Sribanthao, K., Kongpen-
nit, K., Pinijnam, P., Pedsakul, R., Hunt, A. J. (2023).
Adsorption of the non-steroidal anti-inflammatory



Ecological Engineering & Environmental Technology 2025, 26(8), 313-328

33.

drug (ibuprofen) onto biochar and magnetic bio-
char prepared from chrysanthemum waste of the
beverage industry [10.1039/D3RA01949G]. RSC
Advances, 13(21), 14712-14728. https://doi.
org/10.1039/D3RA01949G

Nguyen, V.-T., Nguyen, T.-B., Huang, C. P., Chen,
C.-W., Bui, X.-T., Dong, C.-D. (2021). Alkaline
modified biochar derived from spent coffee ground
for removal of tetracycline from aqueous solu-
tions. Journal of Water Process Engineering, 40,
101908. https://doi.org/https://doi.org/10.1016/j.
jwpe.2020.101908

34. Nourmoradi, H., Moghadam, K. F., Jafari, A., Ka-

35.

36.

marehie, B. (2018). Removal of acetaminophen
and ibuprofen from aqueous solutions by activated
carbon derived from Quercus Brantii (Oak) acorn
as a low-cost biosorbent. Journal of Environmental
Chemical Engineering, 6(6), 6807-6815. https://
doi.org/https://doi.org/10.1016/].jece.2018.10.047

Pratap, B., Kumar, S., Nand, S., Azad, I., Bharagava,
R. N., Romanholo Ferreira, L. F., Dutta, V. (2023).
Wastewater generation and treatment by various
eco-friendly technologies: Possible health hazards
and further reuse for environmental safety. Che-
mosphere, 313, 137547. https://doi.org/https://doi.
org/10.1016/j.chemosphere.2022.137547

Qasim, H. M., Abudi, Z. N., Alzubaidi, L. A. J. B.
C., Biorefinery. (2023). Cobalt ion removal using

magnetic biochar obtained from conocarpus erectus
leaves. 13(18), 16865-16875.

37.Quesada, H. B., Cusioli, L. F., de O Bezerra, C.,

38.

39.

40.

Baptista, A. T., Nishi, L., Gomes, R. G., Berga-
masco, R. (2019). Acetaminophen adsorption us-
ing a low-cost adsorbent prepared from modified
residues of Moringa oleifera Lam. seed husks.
94(10), 3147-3157. https://doi.org/https://doi.
org/10.1002/jctb.6121

Ramos, B., Ferreira, L. B., Palharim, P. H., Metolina,
P., Gusmio, C. d. A., Teixeira, A. C. S. C. (2023). A
continuous photo-Fenton-like process using persul-
fate salts for the degradation of acetaminophen un-
der solar irradiation at circumneutral pH. Chemical
Engineering Journal Advances, 14,100473. https://
doi.org/https://doi.org/10.1016/j.ceja.2023.100473

Repo, E., Kurniawan, T. A., Warchol, J. K., Sil-
lanpada, M. E. T. (2009). Removal of Co(II) and
Ni(Il) ions from contaminated water using silica
gel functionalized with EDTA and/or DTPA as
chelating agents. Journal of Hazardous Materi-
als, 171(1), 1071-1080. https://doi.org/https://doi.
org/10.1016/j.jhazmat.2009.06.111

Repo, E., Warchot, J. K., Bhatnagar, A., Sillanpéa, M.
(2011). Heavy metals adsorption by novel EDTA-mod-
ified chitosan-silica hybrid materials. Journal of Col-
loid and Interface Science, 358(1), 261-267. https:/
doi.org/https://doi.org/10.1016/.jcis.2011.02.059

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Samal, K., Mahapatra, S., Hibzur Ali, M. (2022).
Pharmaceutical wastewater as Emerging Contami-
nants (EC): Treatment technologies, impact on
environment and human health. Energy Nexus, 6,
100076. https://doi.org/https://doi.org/10.1016/j.
nexus.2022.100076

Selvaraj, R., Prabhu, D., Kumar, P.S.,Rangasamy, G.,
Murugesan, G., Rajesh, M.,... Vinayagam, R. (2023).
Adsorptive removal of tetracycline from aqueous
solutions using magnetic Fe203 / activated carbon
prepared from Cynometra ramiflora fruit waste.
Chemosphere, 310, 136892. https://doi.org/https://
doi.org/10.1016/j.chemosphere.2022.136892

Shooto, N. D. (2023). Application of carbon from
pomegranate husk for the removal of ibuprofen, cad-
mium and methylene blue from water. Heliyon, 9(9),
€20268. https://doi.org/10.1016/j.heliyon.2023.20268

Silva, T. L. d., Costa, C. S. D., Silva, M. G. C. d.,
Vieira, M. G. A. (2022). Overview of non-steroidal
anti-inflammatory drugs degradation by advanced
oxidation processes. Journal of Cleaner Pro-
duction, 346, 131226. https://doi.org/https://doi.
org/10.1016/j.jclepro.2022.131226

Skwarczynska-Wojsa, A., Puszkarewicz, A. (2024).
Removal of Acetaminophen from Aqueous Solu-
tions in an Adsorption Process. /7(2), 431. https://
www.mdpi.com/1996-1944/17/2/431

Snodin, D. J. (2023). Mutagenic impurities in
pharmaceuticals: A critical assessment of the co-
hort of concern with a focus on N-nitrosamines.
Regul Toxicol Pharmacol, 141, 105403. https://doi.
org/10.1016/j.yrtph.2023.105403

Spataru, A., Jain, R., Chung, J. W., Gerner, G., Krebs,
R., Lens, P. N. L. (2016). Enhanced adsorption of
orthophosphate and copper onto hydrochar derived
from sewage sludge by KOH activation [10.1039/
C6RA22327C]. RSC Advances, 6(104), 101827—
101834. https://doi.org/10.1039/C6RA22327C

Su, Q., Wang, H., Gu, L., Ji, W., Au, C.-T. (2021).
Fe-based catalyst derived from MgFe-LDH: Very
efficient yet simply obtainable for hydrogen pro-
duction via ammonia decomposition. International
Journal of Hydrogen Energy, 46(61), 31122—
31132. https://doi.org/https://doi.org/10.1016/;j.
ijhydene.2021.07.020

Tao, H., Liang, X., Zhang, Q., Chang, C.-T. (2015).
Enhanced photoactivity of graphene/titanium diox-
ide nanotubes for removal of Acetaminophen. 4Ap-
plied Surface Science, 324, 258-264. https://doi.
org/https://doi.org/10.1016/j.apsusc.2014.10.129
Tran, H. N., Tomul, F., Thi Hoang Ha, N., Nguyen, D.
T.,Lima, E.C.,Le, G.T.,...Woo, S. H. (2020). Innova-
tive spherical biochar for pharmaceutical removal from
water: Insight into adsorption mechanism. Journal of
Hazardous Materials, 394, 122255. https://doi.org/
https://doi.org/10.1016/j.jhazmat.2020.122255

327



Ecological Engineering & Environmental Technology 2025, 26(8), 313-328

51.

52.

53.

54.

55.

56.

Tu, W.,, Liu, Y., Xie, Z., Chen, M., Ma, L., Du, G.,
Zhu, M. (2021). A novel activation-hydrochar via
hydrothermal carbonization and KOH activation
of sewage sludge and coconut shell for biomass
wastes: Preparation, characterization and adsorp-
tion properties. Journal of Colloid and Interface
Science, 593, 390—407. https://doi.org/https://doi.
org/10.1016/j.jcis.2021.02.133

Villaescusa, 1., Fiol, N., Poch, J., Bianchi, A., Ba-
zzicalupi, C. (2011). Mechanism of paracetamol
removal by vegetable wastes: The contribution of
n—7 interactions, hydrogen bonding and hydropho-
bic effect. Desalination, 270(1), 135-142. https://
doi.org/https://doi.org/10.1016/j.desal.2010.11.037

Villaroel, E., Silva-Agredo, J., Petrier, C., Taborda,
G., Torres-Palma, R. A. (2014). Ultrasonic degra-
dation of acetaminophen in water: Effect of sono-
chemical parameters and water matrix. Ultrasonics
Sonochemistry, 21(5), 1763—1769. https://doi.org/
https://doi.org/10.1016/j.ultsonch.2014.04.002

Wakejo, W. K., Meshesha, B. T., Kang, J. W., Deme-
sa,A. G. (2023). Bamboo sawdust-derived high sur-
face area activated carbon for remarkable removal
of paracetamol from aqueous solution: sorption
kinetics, isotherm, thermodynamics, and regenera-
tion studies. Water Practice and Technology, 18(6),
1366—1388. https://doi.org/10.2166/wpt.2023.094
%]J Water Practice and Technology

Wen, Q., Chen, Y., Rao, X., Yang, R., Zhao, Y., Li,
J.,...Liang, Z. (2022). Preparation of magnesium
Ferrite-Doped magnetic biochar using potassium
ferrate and seawater mineral at low temperature for
removal of cationic pollutants. Bioresource Tech-
nology, 350, 126860. https://doi.org/https://doi.
org/10.1016/j.biortech.2022.126860

Yan, H., Lu,R., Liu, Y., Cui, X., Wang, Y., Yu, Z.,...
Zhang, Q. (2022). Development of microalgae-
bacteria symbiosis system for enhanced treatment

328

57.

58.

59.

60.

61.

of biogas slurry. Bioresource Technology, 354,
127187. https://doi.org/https://doi.org/10.1016/j.
biortech.2022.127187

Yang, Q., Gao, Y., Ke, J., Show, P. L., Ge, Y., Liu,
Y.,...Chen, J. (2021). Antibiotics: An overview on
the environmental occurrence, toxicity, degrada-
tion, and removal methods. Bioengineered, 12(1),
7376-7416. https://doi.org/10.1080/21655979.202
1.1974657

Yanyan, L., Kurniawan, T. A., Zhu, M., Ouyang, T.,
Avtar, R., Dzarfan Othman, M. H.,... Albadarin,A. B.
(2018). Removal of acetaminophen from synthetic
wastewater in a fixed-bed column adsorption using
low-cost coconut shell waste pretreated with NaOH,
HNO3, ozone, and/or chitosan. Journal of Environ-
mental Management, 226, 365-376. https://doi.org/
https://doi.org/10.1016/j.jenvman.2018.08.032

Zhang, H., Su, L., Cheng, C., Cheng, H., Chang,
M., Liu, F.,...Oh, K. (2022). Anew type of calcium-
rich biochars derived from spent mushroom sub-
strates and their efficient adsorption properties for
cationic dyes [Original Research]. /0. https://doi.
org/10.3389/fbioe.2022.1007630

Zhang, Z., Li, Y., Zong, Y., Yu, J., Ding, H., Kong,
Y.,...Ding, L. (2022). Efficient removal of cad-
mium by salts modified-biochar: Performance as-
sessment, theoretical calculation, and quantitative
mechanism analysis. Bioresource Technology, 361,
127717. https://doi.org/https://doi.org/10.1016/j.
biortech.2022.127717

Zubair, M., Manzar, M. S., El-Qanni, A., Haroon,
H., Alqahtani, H. A., Al-Ejji, M.,...Ahmed, S. Z.
(2023). Biochar-layered double hydroxide com-
posites for the adsorption of tetracycline from wa-
ter: synthesis, process modeling, and mechanism.
Environmental Science and Pollution Research,
30(50), 109162-109180. https://doi.org/10.1007/
s11356-023-29954-7



