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This paper critically evaluates the recent advancements in developing adsorbents to remove ibuprofen (IBU)
from wastewater. Adsorbent characteristics, their performance in removing IBU from wastewater in batch
and column studies, the adsorption kinetics, isotherms, thermodynamics, and mechanisms, adsorbent
regeneration, continuous adsorption, and future challenges are included in this paper. Activated carbons,
nanomaterials, metal-organic frameworks, biochar, and other adsorbents have been developed to
remove IBU from wastewater. Most adsorbents were mesoporous, while some were macro- and
microporous, and they contained acidic and basic functional groups. Adsorbents’ surface areas range
from 2.38 to 2900 m? g™, pore sizes from 0.0195 to 87.3 nm, and pore volumes from 0.006 to 14.48
cm® g~1. The adsorption capacity ranged between 0.220 mg g~* to 497.3 mg g™, with Cu-doped Mil-
101(Fe) and Albizia lebbeck seed pods activated carbon (MSAC) adsorbents achieving the highest and
lowest adsorption capacities. The optimal pH of 2-8, dose of 0.012-10 g L%, IBU concentration of
0.07-200 mg L~%, and the equilibrium time of 0.083-120 h were obtained. The pseudo-second order
and Langmuir isotherm models generally fit the data, showing that IBU was adsorbed through the
chemisorption process by producing a monolayer of IBU onto the adsorbent, and the thermodynamics
described the adsorption of IBU as a spontaneous and endothermic or exothermic process. The IBU was
adsorbed through various mechanisms such as electrostatic interactions, - interactions, pore filling,
pore diffusion, T—m EDA interactions, hydrogen bonding, and Yoshida interactions. More focus should be
put on developing highly efficient, economical, green, and regenerable adsorbents that can adsorb
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Accepted 22nd May 2025 multiple drugs from wastewater. Mass transfer adsorption kinetics should be studied to better
understand adsorption processes, and artificial intelligence technologies should be utilized in IBU

DOI-10.1039/d5ra02007g removal from wastewater to anticipate the adsorption capacity of adsorbents. This review serves as
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1. Introduction

The condition of water resources is deteriorating, as almost
4000 emerging micropollutants (MPs) have been detected in
surface waters." MPs such as pharmaceuticals, fluorinated
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a guide in enhancing the performance of adsorbents in removing pharmaceuticals from wastewater.

surfactants, and personal care products (PCPs) have been
detected in wastewater. The main sources of MPs are house-
holds, agriculture, industries, and transport activities.> Phar-
maceuticals contribute to the contamination of water resources,
as many of these chemicals cannot be absorbed by humans and
are released into the wastewater.® They enter water resources by
throwing unused and expired pharmaceuticals into the
drainage system and through the excretion of humans and
animals.* The presence of pharmaceuticals in wastewater
treatment plant (WWTP) effluents suggests that these
substances cannot be eliminated from wastewater by the
current WWTPs.> Pharmaceuticals reach humans through the
food chain by consuming foods obtained from contaminated
water resources (Fig. 1).

About 32 drugs have been found in German WWTPs. The
highest levels of ibuprofen (IBU) were found in the sewage (3.4
pg L") and the river stream (0.53 pg L™ ').° In Portugal, the
pharmaceuticals were higher in hospital wastewater, ranging
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Fig. 1 Sources of discharge of pharmaceuticals and contamination of water sources.

from 5.82 pg L' to 38.15 pg L™" depending on the type of
hospital (university hospital, general hospital, maternity
hospital, and pediatric hospital), but the effluents after treat-
ment contained a maximum IBU concentration of 0.37 ug L™ '.7
In Norway and Italy, IBU in hospital wastewater was 8.96 pug L™
and 3.20 pg L™ '.*° The IBU in groundwater was around 3 to
395 ng L' in Europe in 2014.'° Pharmaceutical substances
affect aquatic creatures in various ways, including changing
their behavior, upsetting their hormonal balance, and reducing
their reproduction ability."** Some drugs can also disturb the
growth of algae and other aquatic plants, potentially affecting
the food chain.” They also cause aquatic toxicity and produce
antibiotic-resistant bacteria.*

IBU is a non-steroidal anti-inflammatory drug that relieves
pain and fever.” It's extensively utilized globally, with annual
production rates of approximately 200 tons.* It is commonly
detected in wastewater due to usage in large quantities and
incomplete removal by wastewater treatment systems.' Its
chemical name is 2-(4-isobutylphenyl)propanoic acid, which
has an acid-base constant or dissociation constant (pk,) of 4.91,
showing that it is a weak acid with a low adsorption tendency on
wastewater treatment sludge® (Table 1). The carboxyl group in

Table 1 Properties of ibuprofen

Molecular formula C13H150,

pK, (acid-base constant) 4.91

10g Kow (Kow-octanol Water coefficient) 3.97

log K, (Ko adsorption coefficient) 2.5

Molar mass 206.29 g mol "
Density 1.03 em® g*
Solubility in water 0.021 mg cm ™ (20 °C)
Specific gravity 1.03

Boiling point 157 °C
Melting point 75-78 °C
Molecular dimensions 0.43-1.03 nm

17844 | RSC Adv, 2025, 15, 17843-17861

IBU makes it ionizable and present in an anionic form when its
pH is above pK,, and in a neutral form if pH is below its pK,.
Electrostatic interactions depend on the charges on the adsor-
bent and IBU, while the carboxyl group in IBU acts as
a hydrogen bond donor and hydrogen bond acceptor during the
hydrogen bonding of IBU onto the adsorbent. The phenyl rings
in the structure of IBU are responsible for pi-stacking interac-
tions with aromatic rings if available on the adsorbent. It has
the main functional groups of benzene and carboxylic acids,
which make it more movable and less soluble in water.' The
lower solubility of IBU in water, high lipophilicity (log Kow), and
low adsorption coefficient (log K,.) show that it has low mobility
and no adsorption tendency in the soil.** The log K, is a phys-
icochemical parameter inversely proportional to the
compound's solubility. The compounds with log K., above 4 are
hydrophobic, and those with log K,,, below 2.5 are considered
low hydrophobic. Hydrophobicity is directly proportional to
adsorption. IBU can be found in wastewater in its original form
or as hydroxyl-IBU or carboxyl-IBU metabolites* (Fig. 2). It has
been noticed that the adsorbents with acidic surface properties
possess a higher affinity for relatively hydrophilic IBU sodium

OH o
H,C

HO
HiC H,C.
H,C

CH, CHy
(o] OH

Tbuprofen 2-hydroxy Ibuprofen Carboxy Ibuprofen

Fig. 2 Chemical structure of ibuprofen and its metabolites in
wastewater.
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salt molecules than more basic adsorbents."® Although IBU is
present in low concentrations in drinking water, the continuous
uptake of IBU-contaminated water can seriously impact human
health.” The IBU in drinking water deteriorates the taste and
odor of water and decreases its appeal to consumers. It severely
damages the liver and kidneys and causes gastrointestinal
issues.”

Various techniques, such as membranes, advanced oxida-
tion processes (AOPs), and hybrid methods, are used for
removing IBU from wastewater. These techniques are difficult,
require significant maintenance costs, and generate more
waste. Adsorption is a preferred method due to its efficiency,
simplicity, and environmental friendliness.*® Various adsor-
bents such as activated carbons, nanomaterials, Metal-Organic
Framework (MOF), biochar, and others have been used to
remove IBU from wastewater. Several reviews have been pub-
lished on IBU removal from wastewater. Chopra and Kumar>
published a review paper on the IBU removal methods from
wastewater. Show et al.>* conducted a comprehensive review on
eliminating IBU from wastewater, specifically emphasizing
adsorption and bioremediation. Oba et al.*® wrote a review
paper about how to adsorb IBU from wastewater, focusing on
how well different adsorbents developed during 2010-2020
removed IBU. Ahmed?® published a review paper discussing the
elimination of IBU and carbamazepine from water using
adsorbents derived from agricultural waste. Wu et al.”” pub-
lished a review paper on IBU and acetaminophen removal from
municipal wastewater treatment plants. Ayati et al.”® reviewed
the adsorption of IBU using porous carbonaceous materials.
Segovia et al.*® conducted a bibliometric statistical analysis on
eliminating triclosan, ibuprofen, amoxicillin, and paracetamol
utilizing organic residues. Different organic residues, such as
activated carbons, shells, and husks, were studied. No review
paper on recent advancements in adsorbent development for
IBU removal from wastewater has recently been published.

This paper critically reviews the performance of recently
developed adsorbents in removing IBU from wastewater. It
includes the characteristics and performance of adsorbents in
batch studies, the adsorption kinetics, isotherms, thermody-
namics, mechanism, and regeneration of adsorbents. The
adsorbent's performance in continuous studies and the future
challenges in IBU adsorption are also discussed.

2. Adsorption of ibuprofen
2.1 Batch adsorption

2.1.1 Activated carbons. The activated carbons possess
high surface areas (500-3000 m* g~ '), good micropore volume,
and high charge holding capacity.*® They are expensive mate-
rials due to the high temperatures required during their
synthesis. Various activated carbons derived from diverse
sources have removed IBU from wastewater. The Nauclea
diderrichii biomass-derived activated carbon (NDAC) adsorbent
at 298 K obtained a ¢y, of 56.82 mg g~ *. The functional groups of
C=C and C=O0 were mainly involved in the adsorption of IBU,
and the adsorption capacity increased due to an increase in the
mesoporosity of the adsorbent.>® This work developed a good
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adsorbent for IBU removal from wastewater; however, its IBU
adsorption performance is lower than most other adsorbents
used to remove IBU. Modifying its surface with appropriate
materials to enhance its surface area and active adsorption sites
can enhance its performance. Two activated carbons prepared
from cork waste by chemical activation with K,CO; (CAC) and
chemical activation with K,CO;3 and steam activation (CPAC)
showed changes in their point of zero charge (PZC) due to the
changes in the surface chemistry. CAC had a more acidic
surface (PZC-7.5) than CPAC (PZC-9.9), which was due to the
presence of higher oxygen functional groups on CAC compared
to CPAC. Steam activation decreased the contents of R-OH and
removed R-COOH and R-OCO functional groups and increased
the R=0 functional groups in CPAC. The CAC and CPAC ach-
ieved the g, of 139.2 mg ¢~ " and 393.4 mg g™, respectively, at
ambient temperature. The higher adsorption affinity of CPAC
was due to its highly developed super microporous structure,
which makes it a viable and economical adsorbent for removing
IBU from wastewater." Two adsorbents of beverage sludge-
activated carbon (BSAC) and acid-treated beverage sludge-
activated carbon (ABSAC) showed that ABSAC contained
smaller particles and more surface roughness as compared to
BSAC, which was due to the leaching of impurities during acid
treatment, as shown in Fig. 3. The microstructure of BSAC
(Fig. 3(a and b)) is disorganized, having low roughness and low
porosity due to the presence of impurities in the material. The
microstructure of ABSAC (Fig. 3(c and d)) is more organized and
shows small particles with higher roughness and higher
porosity due to the removal of impurities. It helped the ABSAC
adsorbent to adsorb more IBU molecules than BSAC. The
ABSAC obtained a g, of 105.91 mg g™ " at the best parameters of
PpH 4, room temperature, and equilibrium time of 180 min. The
ABSAC was also tested on pharmaceutical effluent containing
ibuprofen, ketoprofen, and paracetamol, and it removed
85.16% of pharmaceuticals.** This study developed an efficient
and sustainable adsorbent from waste material, and the
increase in adsorption capacity compared to its raw form was
associated with the increase in porosity, roughness, and the
presence of small particles. Six activated carbons prepared from
red mombin seeds (RMS), corn cobs (CC), external sections of
mango seeds (MSEP), coffee husk (CH), ice cream bean seeds
(GS), and mango seeds internal parts (MSIP) showed differing
IBU adsorption performances with RMS, CC, and MSEP adsor-
bents obtained the g. of 69.88, 88.03, and 52.60 mg g ',
respectively. The rapid rate of graphitization, greater abun-
dance of oxygen groups, and significant micropore volume all
contributed to the enhanced adsorption capabilities of the
adsorbents. The adsorption of IBU was more advantageous in
micropores with pore diameters less than 1.2 nm. The micro-
pore volume of activated carbon adsorbents in the micropore
size range of <1.2 nm ranged between 64-74% of the total
volume. The micropore volume of these RMS, CC, and MSEP
was 73% (0.574 emyiq® g '), 74% (0.494 cmy® g7 Y), and 69%
(0.489 cmy® g '), respectively.®® It shows that micropore
volume also contributes to enhancing the adsorption capacities
of the studied adsorbents. The lower adsorption capacities of

RSC Adv, 2025, 15, 17843-17861 | 17845
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Fig. 3 Microstructure of BSAC (a) and (b) and ABSAC (c) and (d) adsorbents.??

CH, GS, and MSIP may also be related to the lower porosity of
these adsorbents.

The porous carbon derived from MOF (zeolitic-imidazolate
framework-8 (ZIF-8)) (PCDMs) through pyrolysis at 800 °C,
1000 °C, and 1200 °C indicated that the PCDM-1000 having
a surface area of 1855 m> g~ * (Table 3) achieved a g, of 320 mg
g~ that was three times higher than the activated carbon as
shown in Fig. 4.>* The PCDMs showed considerable amounts of
acidic (carboxyl, lactone, and phenol) and basic functional
groups on the surface of PCDMS. The increase in calcination
temperature decreased the amounts of carboxylic and lactone
functional groups, while the phenol content decreased in the
following order: PCDMS-800 < PCDMS-1200 > PCDMS-1000. The

300 -
225
o
g’ 150
= —s— PCDM-1000
< —e—AC
—*—ZIF-8
75
0 1 T 1 1
0 3 6 9 12
t(h)
Fig. 4 The adsorption of IBU onto PCDM-1000, AC, and ZIF-8
(redrawn).?*
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increase in temperature decreased the basic functional
groups.*® This work developed an efficient and recyclable
adsorbent with good adsorption capacity, but its adsorption
capacity is lower than chemically and steam-activated cork
waste (CPAC) and physically activated cork powder. Further
enhancement in its performance can be made by improving its
surface chemistry by increasing the content of phenolic groups
through doping with some suitable materials. Ethylamine-
modified hydrophobic activated carbon (HAC-EA) derived
from date palm leaflets achieved a g, of 35.21 mg g~ ', lower than
the original activated carbon. The competition among meth-
anol molecules for hydrophobic sites diminished the adsorp-
tion capability of HAC-EA. It achieved higher adsorption in
deionized water compared to hospital wastewater. The adsorp-
tion capacity decreased in the following order: oxidized acti-
vated carbon (OAC) > AC > HAC-EA > ethylene diamine basic
surface activated carbon (BAC-EDA), as shown in Fig. 5.>* The
adsorbents’ decreasing order of adsorption capacity is similar in
both wastewaters. However, the adsorption capacities of
adsorbents are higher in deionized water as compared to their
adsorption capacities in deionized spiked hospital wastewater,
which is due to the presence of dissolved organic substances in
spiked hospital wastewater that create competition for active
adsorption sites on the adsorbent. The adsorption equilibrium
time of adsorbents was in the order of HAC-EA > OAC > BAC-
EDA > AC. This work shows that functionalized activated
carbon can play a better role in adsorption than unfunctional-
ized adsorbents. The adsorption performance of HAC-EA needs
further improvement by increasing its surface area and active
adsorption sites. Two activated carbons prepared from cork
waste by chemical activation with K,CO; (CAC) and chemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Adsorption performance of IBU in deionized and spiked HWW
(drawn by using data from ref. 23).

activation with K,CO; and steam activation (CPAC) showed
changes in their point of zero charge (PZC) due to the changes
in the surface chemistry. CAC had a more acidic surface (PZC-
7.5) than CPAC (PZC-9.9), which was due to the presence of
higher oxygen functional groups on CAC compared to CPAC.
Steam activation decreased the contents of R-OH and removed
R-COOH and R-OCO functional groups, and increased the R=0
functional groups in CPAC."

Magnetic nanoparticles incorporated on yeast-based acti-
vated carbon (NP-YC) achieved an adsorption capacity of 51 mg
g~ " from deionized water, which is lower than the adsorption
capacity of YC of 107 mg g~ *. During competitive adsorption
with caffeine (CA), NP-YC achieved removal efficiencies above
70% in deionized water and above 60% in primary sewage
effluent (PE).>* This work developed an economical adsorbent
using yeast, but its IBU adsorption performance needs further
enhancement by improving its surface functionalization with
suitable materials. A groundnut shell-activated carbon modified
with titanium dioxide nanoparticles (TiO,-NPs-GNSAC) ach-
ieved a removal efficiency of 81.78% for IBU from wastewater at
optimum conditions, which were optimized using BBD of RSM.
Adding TiO, NPs into activated carbon enhanced its removal
performance due to the increased active adsorption sites. The
addition of TiO, NPs into the GNSAC matrix resulted in
a reduction in the pore size, pore volume, and surface area of
the modified adsorbent (TiO,-NPs-GNSAC).** A magnetic
composite of nickel-iron oxide nanoparticles and activated
carbon (NiFe,O,4/activated carbon-NiAC) obtained a ¢, and
removal efficiency of 261.35 mg g~ ' and 86.46% at optimal pH
2, respectively. It achieved a removal efficiency of 86.46% in
simulated effluent containing IBU, ketoprofen, and inorganic
compounds.*” Its performance is better than many adsorbents
but lower than some adsorbents. The recovery of this adsorbent
is very easy using external magnetic force, which reduces the
process cost by removing the associated costs of centrifugation
and filtration. Carbon nanospheres (CNs) achieved a g, of
356.899 mg g~ ' and a removal efficiency of 94.47%, while its
removal efficiency decreased to 67% in real wastewater. CNs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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only showed good adsorption of IBU in synthetic wastewater,
while its performance in real wastewater needs further
improvement.*® Erythrina speciosa (Ery-AC) showed an amor-
phous and porous structure with various functional groups, but
the C=C functional group was absent, which is involved in -7
interactions during adsorption, and it shows that the IBU will
be adsorbed through electrostatic or hydrogen bonds. The Ery-
AC obtained a g, and removal efficiency of 98.11 mg ¢~ ' and
65.54% for higher IBU concentration (50-200 mg L), respec-
tively, and 90% for a lower IBU concentration from a solution
containing a mixture of adsorbates. The adsorption of IBU from
a simulated effluent containing IBU (50 pg L™ '), paracetamol
(10 pg L"), naproxen (10 pg L™'), and ketoprofen (ug L)
showed good removal of IBU with a removal efficiency of 95.2%
and higher than 90% for other pharmaceuticals.*® This work
developed an efficient and sustainable adsorbent from seed
pods of the forest species Erythrina speciosa, but its removal
efficiency for higher IBU concentration solution needs further
enhancement. Two inexpensive laboratory-developed activated
carbons from rice husk (AC-RH) and peach stones (AC-PS)
outperformed commercial granular activated carbon (AC-
F400) and multiwalled carbon nanotubes (MWCNTSs) in
adsorbing tetracycline and IBU, with adsorption capacities of
845.9 mg g~ ' and 239.8 mg g, respectively.® The isoelectric
points of AC-RH, AC-PS, AC-F400, and MWCNTs were 3.4, 3, 5,
and 6.3, respectively. AC-F400 was 80% microporous, AC-PS was
30% mesoporous, and AR-CH and MWCNTs contained meso-
pores and macropores.*® This work developed two efficient and
sustainable adsorbents for tetracycline and IBU removal. A
nitrogen-doped porous carbon (NPC-2) obtained a g,, of 113 mg
g " in 1 hour of equilibrium time. Higher nitrogen concentra-
tion and the adsorbent's microporous and mesoporous struc-
tures contributed to the higher adsorption capacity. There was
a small effect of the presence of NaCl and humic acid on the
adsorption of IBU onto NPC-2. NPC-2 also performed well in
removing IBU from lake water (94%, IBU-5 mg L™ ").%° Although
it can remove IBU from spiked wastewater at low IBU concen-
trations, the adsorption performance of NPC-2 from real
wastewater at higher IBU concentrations would further shed
light on its real-world applications. The composite hydrogel
beads of alginate-activated carbon and carboxymethyl cellulose
(Alg/AC/CMC) displayed good adsorption capacity after reswel-
ling compared to Alg/AC without CMC (34 mg g 'and 18 mg g~*
with adsorption capacity before reswelling of 39.6 mg g~ ). The
purpose of adding CMC into the composite hydrogel was to
recover its surface area by soaking it in deionized water through
a reswelling process. The adsorption capacity and recovery of
Alg/AC/CMC after drying were influenced by the activated
carbon content and the degree of saturation (DS) of CMC. The
wet composite hydrogel beads of Alg/AC/CMC with high water
content showed an irregular and rough surface with bumps on
the surface, while the dried hydrogel showed a tight structure
with disappeared pores due to shrinkage of the structure caused
by drying. However, after reswelling with distilled water (DW),
the hydrogel recovered to its original morphology, as shown in
Fig. 6. This work developed an adsorbent that can be used for
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Fig. 6 Morphology of composite beads of Alg/AC/CMC (4%, 1%, 1%).**

a longer period by recovering its before-drying properties by
soaking it in distilled water.

The surface area, pore size, and pore volume of activated
carbons ranged between 4.4 and 1946 m* g ', 1.23 and 16.8 nm,
and 0.0017 and 0.80 cm® g~', as shown in Table 3. The
adsorption capacities of activated carbons range between
0.220 mg ¢ ' and 356.89 mg g~ '. Carbon nanospheres (CNs)
and Albizia lebbeck seed pods activated carbon (MSAC) achieved
the highest and lowest adsorption capacities, respectively. The
adsorption capacities of carbon nanospheres (CNs), waste
coffee-activated carbon (WAC), and nitrogen-doped porous
carbon (NPC-2) adsorbents were above 100 mg g, while all
other activated carbon adsorbents’ adsorption capacities were
below 100 mg g~ *, as shown in Table 2 and Fig. 7.

2.1.2 Nanomaterial adsorbents. Nanomaterials possess
high reactivity and catalytic potential and offer a higher surface
area to particle size ratio.*»** Nanomaterials are gaining more
interest in wastewater treatment due to their superior
mechanical, optical, magnetic, and electrical properties.
Nanomaterials in different forms, such as nanoparticles,
nanosheets, nanorods, nanofibers, nanospheres, nanoribbons,
quantum dots, and others, are used in wastewater treatment.
The agglomeration of nanomaterials in wastewater reduces
their performance.* The questions are raised about the sepa-
ration of nanomaterials from effluents and their effects on
human health. A nickel ferrite nanoparticle functionalized with
silica (SiO,) and aminosilane (APTS) (NiFe,O,@SiO,@APTS)
attained the adsorption performance of 59 mg ¢~ * and 97% in
15 min of equilibrium time. The amine groups created on the
nanocomposite adsorbent by coating APTS helped in the
adsorption of IBU and other adsorbates. The adsorbent can be
impregnated on thin films or matrices for continuous removal
of IBU and other pharmaceuticals from wastewater.** This
adsorbent is superparamagnetic with almost zero coercivity and
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remanence and quick response with an external magnetic field,
which makes it easily separable from the solution after the
adsorption process, reducing the centrifugation and filtration
cost. This adsorbent was tested on a low IBU concentration of
12 mg L™, which only shows its better performance at low IBU
concentration. It should be tested on higher IBU concentrations
for practical feasibility in real applications. Corn starch nano-
particles (CSNP) achieved a removal efficiency of 86.33%. The
toxicity analysis conducted on zebra fish showed that the LC50
(96 h) increased from 209.50 mg L' to 1435.82 mg L " after
biosorption of IBU from an aqueous solution.*® This work
decreased the toxicity of the water and increased the LC50 of the
zebrafish, but its removal efficiency needs further improve-
ments to reach above 90% through proper surface functionali-
zation with suitable compounds. The functionalization of CNT
with COOH, MnO,, and Fe,0; increased the surface area of the
CNT from 14.7 m*> g~' to 114.2 m> g~ (Table 3). The PZC of
CNT-COOH/MnO,/Fe,0; was at pH 6.5, and it was a hydro-
phobic adsorbent with a hydrophobicity index of 0.864. CNT-
Fe;0,-MnO, nanocomposite achieved an adsorption capacity of
103.093 mg ¢~ in aqueous solution and removal efficiencies of
3.6% and 9.3% in two simulated pharmaceutical wastewaters.*”
This adsorbent showed good adsorption performance in an
aqueous solution, but its performance is poor in simulated
pharmaceutical wastewater. A composite adsorbent of activated
black clay/rice flour/magnetite nanoparticles (BC/RF/MNPs)
achieved a g, of 59.2 mg g '.*® The adsorption energy
between the adsorbent and IBU ranged between 0.42-
3.42 k] mol ™', indicating physical interactions between them.
This work developed an economical and environmentally
friendly adsorbent. However, its adsorption capacity is lower
than most other adsorbents. Natural piezoelectric quartz coated
with green zinc oxide nanoparticles (GZnO/PQz) achieved an
IBU adsorption capacity of 145.6 mg g~ ".*> The increase in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature decreased the adsorption active sites and satura-
tion adsorption capacity, and the best adsorption was observed
at 25 °C. Silver nanoparticles modified Luffa (LF/AgNPs) ach-
ieved an adsorption capacity of 41.3 mg g ' and a removal
efficiency of 82.6% for IBU from real pharmaceutical wastewater
samples, which is lower than its adsorption performance in
aqueous solution.* The removal efficiency of IBU (5-40 mg L)
onto hydrophobic deep eutectic solvents functionalized
magnetic iron oxide nanoparticles (Fe;0,@HDES-2) in spiked
[ ] water with the presence of diclofenac was lower than diclofenac
due to the presence of two aromatic rings in the structure of
diclofenac.”* Various machine learning (ML) models, such as
Artificial Neural Network (ANN), Linear Regression (LR), Deci-
sion Tree (DT), and Random Forest (RF), are used to predict the
performance of adsorbents. A study predicted the adsorption of
IBU using zinc-decorated S, P, B co-doped C,N (Zn-SPB@C,N)
- nanosheet and found that the Mean Squared Error (MSE) was
O L < lowest for RF model (3.70) compared to CCD model (36.56),
ANN (28.12), DT (10.12), and LR (8.68). A maximum removal of
98% was obtained by using the RF model at optimized
conditions.>

The surface area, pore size, and pore volume of NMs ranged
between 16.849 and 328 m”® g~ ', 0.019 and 4.8 nm, and 0.006
and 0.62 cm® g~', as shown in Table 3. In nano-sorbents, the
adsorption capacities ranged between 23.6-166.667 mg g .
TiO,/Fe,03/chitosan nanocomposite and hydrophobic deep
eutectic solvents functionalized magnetic iron oxide nano-
particles (Fe;O,@HDES-2) achieved the highest and lowest
adsorption capacities, as shown in Table 3 and Fig. 7.

2.1.3 Metal-organic framework (MOF). MOFs are porous
materials consisting of inorganic metal nodes and organic
| bridging ligands. MOFs possess a high porosity and high
surface area, a high surface area to volume ratio, and tunable
pore structure and surface chemistry.>® Among the Zr-based

Ref.
96
85
67
97
98
99
100
101
102
103
104
73
105
106
78
77
107

teq (h)
0.25
0.66
0.666
0.166

6.53

C(mgL™)
10

Dose (g L7
2.66
3.33
1.5

Optimum parameters
0.3
10
5

5.4

pH
5
2
2
5
5
6
2
7
4.
8
2

R (%)
98
100
88
81.89
86.9

3.598

2.321
10.6

9.69
72.30

Performance
39.95
31.3
39.77

3.72
24.570
48.29
86.03
12.16
19.45
19.43
70

5.7

Adsorption capacity (mg g™ ")

MOFs prepared using different contents of commercial acti-
vated carbon and Benzoic Acid (BA), the UiO-67(Zr)-BA (10)
attained the optimal performance at 213 mg g . This work
developed an efficient adsorbent for IBU removal with an
adsorption capacity three times higher than commercial acti-
vated carbon, which was due to a significant increase in surface
area. The Zr-MOF-NH, obtained a ¢y, of 371 mg g~ . It exhibited
a superior adsorption capability compared to bentonites, gra-
phene oxide nanoplatelets (GONPs), organo silica nanosheets,
and others.” This work developed an efficient adsorbent with
good batch adsorption performance and recycling capability.
However, dynamic adsorption and adsorption from real waste-
water are necessary to further determine its real field applica-
tion. The MIL-53 Raschig Rings (MIL-53 RR) prepared using
alumina Raschig Rings achieved adsorption capacities ranging
between 220 to 300 mg g *. The MIL-53-RR also showed good
regeneration and resynthesis without affecting its perfor-
mance.*® This work developed an efficient and economical
adsorbent that can be used for up to five cycles without losing
its adsorption performance. A Cu-doped MIL-101 (Fe) adsorbent
showed an adsorption capacity of 497.3 mg g~ . Its adsorption
capacity was unaffected by the addition of sodium chloride
(NaCl) and natural organic matter (NOM). The lack of effect of

(Contd.)

Metal-organic framework functionalized with hydrochar (MIL-53(A)@HC)

Amine-grafted pumice derived silica aerogel (AMPDSA)
Rape straw biomass Fe;0, treated and B-CD embedded adsorbent (RSBCDF)

Al/Li double layered hydroxide/polyaniline/sisal fibers composite (SF/PANI/LDH)

Fly ash derived zeolite modified by B-cyclodextrin (NaX-CD)
Iron-incorporated pomegranate husk carbon (NPH)
Graphene oxide nanoplatelets (GONPs)

Steam activated coconut shell (CPBC)

Activated bean husk (BHAA)
Carboxymethylcellulose/polypyrrole (CMC/PPY) composite

Multi-template molecularly imprinted polymer (MIP)

Porous polymer monoliths (PMLE-E)

Chemically activated (H3PO,) coconut shell (CCBC)
Geopolymer

Cellulosic sisal-poly (ppy-Ani)
Chitosan modified waste tire crumb rubber

Green synthesized iron oxide (Fe,03)
Rice husk ash (RHA)

Table 2
Adsorbent
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NaCl was due to the balance of competitive and salting out
effects of NaCl, and the lack of effect of NOM was due to the
presence of the required number of active sites for the
adsorption of IBU and NOM or co-adsorption between IBU and
NOM.”” MCNTs-UiO-66-NH, showed good removal efficiency for
IBU in simulated wastewater with removal efficiency above
99.99% at IBU concentration of 10 mg L™ '. However, at IBU
concentration of 100 mg L™, the removal efficiencies decreased
in the order of ionized water > tap water > lake water.*® The
effect of anions on the adsorption of IBU onto GGC-MOF200
was in the following order SO,>~ (78.68%) > NO; ™~ (81.12%) >
PO,*~ (81.59%) > HCO;~ (85.87%) > Cl~ (86.54%) while for
actions the effect was in the order of Ca®" (72.86%) > Cu®*
(75.81%) > Mg>" (76.95%) > Zn>* (81.73%) > Pb*" (85.56%).%

The surface area, pore size, and pore volume of MOFs ranged
between 15.48 and 2900 m” g %, 2.093 and 14.4 nm, and 0.056
and 1.23 cm® g7, as shown in Table 3. The adsorption capac-
ities of MOFs ranged between 143-497.3 mg ¢~ '. The Cu-doped
MIL-101 (Fe) and MCNTs-UiO-66-NH, showed the highest and
lowest adsorption capacities, respectively, as shown in Table 3
and Fig. 7.

2.1.4 Biochar adsorbents. Biochar is an economical
carbon-rich material produced by the pyrolysis of biomass.* It
has been reported that producing 1 ton of biochar costs 246
USD, while 1 ton of commercial activated carbon costs 1500
USD.* Various functional groups, such as ketone, carboxylic
acids, ether, phenolic and aliphatic hydroxyl, and lactone
groups, enhance their adsorption performance. The oxygen-
containing functional groups can form hydrogen bonds with
adsorbates in their protonated and deprotonated forms. The
functional groups in biochar are not introduced from external
agents, but they are oxygen of cellulose, hemicellulose, and
lignin already present in biomass used to synthesize biochar.
Their economic production and good performance make them
alternative adsorbents to activated carbons.®*

The adsorption capacity of iron and acid-modified date palm
biochar (DPAI) was found to be 72.2 mg g~ (optimized using
Box-Behnken Design (BBD) of RSM), superior to that of pine
wood biochar, chemically activated Cocos nucifera shell biochar,
and methanol-modified magnetic orange peel biochar, which is
due to the increased adsorption sites and improved pore
structure. DPAT had the most detrimental environmental effects
of all the modified biochars, emitting 10.027 kg CO, eq kg™*
and requiring 143.22 MJ kg ' in total energy consumption
(CED) due to the modifications of biochar.®* This work devel-
oped a modified adsorbent with enhanced adsorption perfor-
mance, but its performance is lower than many other
adsorbents, and its recycling efficiency is low. The high envi-
ronmental impacts are the main drawbacks of this adsorbent. A
steam-activated recycled textile biochar (RT-SABC) achieved an
adsorption performance of 53.9 mg ¢~ and 50% at optimum
conditions. Steam activation enhanced the surface area and
micropore volume of the adsorbent. Its pHp,c was 10, indi-
cating the abundance of carbonyl functional groups on its
surface. The used adsorbent can be reused for energy produc-
tion in gasification or syngas production.®® This work showed
that the microporous biochar had low adsorption capacity but

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 A summary of the adsorption capacities of adsorbents.

fast kinetics. In contrast, steam-activated microporous and
mesoporous biochar increased adsorption capacity but reduced
the adsorption rate or kinetics. A walnut shell-activated biochar
(WSAB) achieved a g, of 69.7 mg g~ " with a maximum removal
efficiency of 80%. With an estimated cost of USD 6.93 kg ™" of
adsorbent, this work produced a reasonably cheap and efficient
adsorbent. This adsorbent also performed well in continuous
adsorption, but its regeneration work should be conducted to
further shed light on its commercial value.®* A biochar derived
from pepper steam achieved a maximum adsorption capacity of
569.6 mg g~ ' (experimental 18.23 mg g~ ').% This work shows
that PS-biochar can remove IBU from wastewater; however, its
experimental adsorption capacity is very low compared to most
other adsorbents. Machine learning models of LR, DT, RF,
Support Vector Machines (SVM), and k-Nearest Neighbor (k-NN)
were used to predict the performance of biochar produced at
600-900 °C. Biochar produced at 900 °C achieved better
performance than other biochar, and the RF algorithm pre-
dicted the best performance with 90.07% accuracy.®

The surface area, pore size, and pore volume of biochar
ranged between 88.75 and 727.5 m® g~ ', 1.97 and 10.25 nm, and
0.059 and 0.57 cm® g~ ', as shown in Table 3. The adsorption
capacity of biochar ranged between 10.41-72.2 mg g~ '. The
DPAI and P-BC adsorbents achieved the highest and lowest
adsorption capacities, respectively, as shown in Table 2 and
Fig. 7.

2.1.5 Zeolites, cellulose, organoclays, chitosan, polymers,
and other adsorbents. A B-cyclodextrin modified and fly ash-
derived zeolite (NaX-CD) achieved a g, of 31.3 mg g~ ' within
15 min of equilibrium time.*” NaX-CD is fast in removing IBU,
but its adsorption capacity needs further improvement through
the surface functionalization of zeolite with suitable
compounds. The addition of octadecyldimethylbenzyl ammo-
nium chloride (ODMBA), a cationic surfactant to bentonite,
kaolin, and zeolite, resulted in the highest adsorption capacities
of 147.4 mg g~ ', 7.54 mg g~ ', and 10.4 mg g ', respectively.
These modified materials were then referred to as organo-
bentonite (OB), organokaolin (OK), and organozeolite (OZ).*
The highest adsorption of IBU onto OB adsorbent was due to
the higher content of ODMBA. IBU's adsorption depended on
the surfactant loading content, its configuration on the surface,

RSC Adv, 2025, 15, 17843-17861 | 17851
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and the physicochemical properties of IBU. This work devel-
oped modified adsorbents, and the OB adsorbent achieved the
best adsorption performance. A polyethyleneimine-modified
magnetic sugarcane bagasse cellulose film (P-SBC/Fe;0, film)
showed enhanced hydrophilicity due to PEI, which contains
many hydrophilic functional groups. P-SBC/Fe;0, film showed
the adsorption performance of 370.52 mg g ' and 92.63%,
respectively, at an equilibrium time of 8 h.® The higher
adsorption performance was due to the increased hydrophilicity
of the adsorbent. This work developed an efficient, economical,
green, and magnetically separable adsorbent, but its adsorption
equilibrium time is quite long. Two organoclays, a modified
cationic octadecylamine natural montmorillonite (C;5-Mt) and
a modified cationic octadecylamine synthetic mica (C;g-mica-4),
achieved removal efficiencies of 99.9% (0.1-80 mg L") and
99.99% to 67% (0.1-80 mg L"), respectively. C,g-Mt and Cyg-
mica-4 had the pHpyc at 6.5. The equilibrium was achieved
faster for C;5-Mt than Cj;g-mica-4 (<5 min and 60 min).”” In
a separate investigation, IBU and its metabolites, namely 1-
hydroxy ibuprofen (1-OH IBU), 2-hydroxy ibuprofen (2-OH IBU),
and carboxy ibuprofen (CBX-IBU), were eliminated with
adsorption capacities of 64, 20, 63, and 19 mg g ', respectively
using C;g-Mt adsorbent.”* The adsorption of IBU and its
metabolites was lower in the combined solution due to the
competition for active adsorption sites. This work developed an
economical adsorbent for removing IBU and its metabolites
from wastewater. Compared to other adsorbents, its adsorption
capacity needs further improvement. The adsorption capacity of
chitosan obtained from mud crab shells was 24.21 mg g,
surpassing most adsorbents derived from agricultural sources
but falling short of activated carbons.” Its performance needs
further improvement by increasing its surface properties and
hydrogen bond acceptors by combining with suitable
compounds or acid or alkaline treatment. The adsorption of
IBU onto chitosan-modified waste crumb rubber in pond water,
canal water, and tap water, with the presence of other phar-
maceuticals such as diclofenac and naproxen, decreased
compared to its performance in a single solution. In simulated
wastewater, the adsorption of naproxen was higher compared to
IBU and diclofenac due to the presence of secondary amine
functional groups in its structure, which interact with chitosan
and form hydrogen bonds.”” The surface of molecularly
imprinted Fe(m) incorporated chitosan hydrogels (CS_Fe_MIP)
was porous and contained many pores and cavities, which can
help in the adsorption of IBU. Its pHpyc was 7.85, indicating
that it contains a positively charged surface for electrostatic
interactions. When compared to chitosan without polymers, the
adsorption performance of CS_Fe_MIP was significantly
improved (79.41 mg g '). It also showed good adsorption
performance in real water samples (34.06 mg g ' in tap water
and 31.23 mg g ' in lake water). The adsorption capacity of
CS_Fe_MIP decreased with the presence of naproxen in the
solution (35.43-30.28 mg g~ ') due to the division of the active
sites between the two adsorbates.” This work developed an
efficient and recyclable adsorbent with good selectivity for IBU,
but its performance in real wastewater samples is quite low.
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The cross-linking of 2-hydroxypropyl-B-cyclodextrin poly-
mers with poly(acrylic acid) obtained a g, of 87.5 mg g~ " at an
ideal pH of 5. This work developed an effective modified
polymer adsorbent with good recycling capability for up to ten
cycles. A remarkable adsorption performance of 209.8 mg g~*
and 99.9% was attained by polydopamine imprinted polymers
with fluorescent carbon dots (PIP-FCDs). PIP-FCDs showed
good detection sensitivity (1.58 x 10~> uM) and high selectivity
for IBU in the presence of other drugs such as ketoprofen,
aspirin, levofloxacin, and norfloxacin. PIP-FCDs also showed
good performance in real wastewater samples with recoveries of
97.65-98.81% for sewage water and 98.23-99.41% for tap water
samples.”® This work developed an efficient and economical
bifunctional adsorbent (USD 1362.99 per ton) to detect and
remove IBU from water. The removal efficiency of IBU onto
porous polymer monoliths (PMLE-E) decreased in simulated
waters and followed the following trend: distilled water (85.2%)
> tap water (77.5%) > sea water (47.9%) > lake water (47%).”” The
adsorption of IBU onto Multi-template Molecularly Imprinted
Polymer (MIP) ranged between 57% and 69% in river water and
influent and effluent wastewaters.”® The three-acyl hydrazone
covalent organic polymers, namely H-COP-1, H-COP-2, and H-
COP-3, demonstrated g, of 240.8 mg ¢~ *, 232.25 mg g ', and
242.775 mg g~ ', respectively, with an equilibrium adsorption
time of 48 h.” The H-COP-3, which contains a higher number of
acyl hydrazone bonds, showed better performance than H-COP-
1 and H-COP-2 adsorbents. Though the adsorption capacity of
this adsorbent is good, the higher adsorption time makes it an
unfeasible adsorbent in real applications. Two adsorbents
produced from cocoa shell biomass and functionalized with
plasma and glycine had adsorption capacities ranging from
30.59 mg g ' to 38.95 mg g '. Surface functionalization
enhanced the adsorbent's adsorption capability.*® The adsorp-
tion performance of both adsorbents improved compared to the
raw biomass. The adsorption performance of these adsorbents
needs further improvement to compete with other adsorbents.
The functionalizing materials can be changed with other suit-
able materials to further enhance the adsorption energy and
density of active adsorption sites. A maize cob treated with
a base (BMC) demonstrated changes in morphology to a net-like
microstructure with more cavities. Its pHpyc was also increased
from 5.35 to 6.75 due to the attachment of OH functional
groups. BMC demonstrated an adsorption capacity and removal
efficiency of 44.92 mg ¢~ ' and 91.07% at the best pH 8 and
80 min of equilibrium.** Treating maize cob with sodium
hydroxide (NaOH) did not significantly increase surface area
and adsorption performance compared to untreated maize cob
(UMC). Therefore, other chemicals such as potassium
hydroxide (KOH), phosphoric acid (H;PO,), and other suitable
chemicals can be tested to further enhance surface area and
adsorption performance. The magnetic anion exchange resins
ND-1, ND-2, and ND-3 prepared using different contents of
cyclohexanol exhibited a greater capacity for adsorbing IBU at
a more rapid rate. This can be attributed to the larger pore width
and volume, facilitating a more efficient internal diffusion
process. The increase in cyclohexane content increased the
surface area, pore size, and pore volume, which resulted in an
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increase in adsorption capacity and absorption rate due to the
increase in internal diffusion of IBU. The adsorption of IBU was
hindered by chloride and sulfate ions due to their competition
for the active ion exchange sites. At 1 mmol g ' L' of chloride
and sulfate ions, the equilibrium adsorption capacities of ND-1,
ND-2, and ND-3 were reduced by 63.5%, 56.9%, 48.8%, and
93%, 91.9%, 91.8%, respectively, showing a higher effect of
sulfate due to its higher negative charge.®> Although this study
shared valuable information about the adsorption mechanism
of IBU onto magnetic anion resins, the adsorption capacities
are very low compared to other adsorbents, which need further
improvements using any other suitable porogen agents. Versa-
tile vermiculite modified by quinoline-based gemini surfactant
(DHQU-Vt) showed a fluffy and rough surface, which will be
helpful in the adsorption of IBU.** The modification of Na-VT by
DHAQU surfactant increased hydrophobicity, interlayer spacing,
and decreased surface area and total pore volume. DHQU-Vt
achieved a ¢y, of 240.69 mg g~ ".** This work developed an effi-
cient adsorbent for IBU removal, but further study on its
continuous adsorption performance and IBU adsorption from
real wastewater will shed light on its real-world applications. A
calcined spherical hydrochar (CSH) showed the highest
adsorption capacity of 95.6 mg g~ " at 360 min of an equilibrium
time.** This work developed an effective adsorbent for IBU
removal, but its adsorption capacity needs further improve-
ment, and the equilibrium time needs further reduction to
compete with other adsorbents. An aerogel of AMPDSA achieved
an adsorption capacity of 39.95 mg g~ ' at optimal parameters
optimized using Central Composite Design (CCD) of RSM.* The
amine-grafted pumice-derived silica aerogel (AMPDSA) exhibi-
ted uniform, amorphous, and spherical particles. These parti-
cles contained silica and had a distinct pearl-like structure.
Amine grafting of PDSA decreased surface area by 37%, pore
volume by 63%, and pore diameter by 41% due to the filling of
the pores of aerogel with 3-aminopropyltriethoxysilane (APTES)
molecules.®® AMPDSA showed good adsorption capacity and
100% removal efficiency at optimum conditions, but the IBU
concentration used was 2-10 mg L™ ". Its testing on higher IBU
concentrations would further shed light on its performance.
The montmorillonite adsorbent modified with Cetyl Dimethyl
Benzyl Ammonium Chloride (HDBAC) with different dosages
(0.8CEC-1.8CEC (cation exchange capacity)) showed that the H-
Mt-16 (g, - 81.64 mg g " and 13.14 mg g~ for H-Mt-16 and Ca-
Mt, respectively) performed better than other adsorbents due to
higher layer spacing of Ca-Mt-16 (3.31 nm) at this HDBAC
loading.®*® The adsorption capacity of H-Mt-16 is better than
many adsorbents, but it is lower than most adsorbents and
needs further improvements using other suitable modifiers.
The adsorption performance of adsorbents is shown in Table
2 and Fig. 7, and the surface properties of adsorbents are shown
in Table 3. The surface area ranges from 2.38 to 2900 m> g™,
pore sizes from 0.0195 to 87.3 nm, and pore volumes from 0.006
to 14.48 cm® g . The adsorbents exhibited adsorption capa-
bilities ranging from 0.220 mg g~ " to 497.3 mg g~ '. The removal
efficiencies range between 50% to 100%. The adsorbents used
to remove IBU were microporous and mesoporous. There seems
to be no increasing or decreasing trend between the surface
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properties and the adsorption capacity of adsorbents due to the
involvement of many types of adsorption forces during the
adsorption of IBU. The adsorbents consisted of acidic and basic
functional groups, which helped in the adsorption of IBU.
Adsorbents also showed porous structure and the presence of
cavities and holes in their structures, which helped in the
adsorption of IBU. Cu-doped Mil-101-(Fe) achieved the best
experimental adsorption capacity of 497.3 mg g '. The
optimum pH ranged between 1 to 10, the dosage between
0.0125 and 10 g L, the IBU concentration between 0.0764 and
200 mg L ", and the equilibrium time between 0.083 and 120 h.
The PS-biochar, Cu-doped Mil-1010 (Fe), Zr-MOF, Zr-MOF-NH,,
P-SBC/Fe;0, film, and CNs exhibited adsorption capabilities
over 300 mg g '. CNT-Fe,05-MnO,, TiO,/Fe,0;-MnO,, TiO,/
Fe,Os/chitosan nanocomposite, and MCNTs-Ui-66-NH, all had
adsorption capacities greater than 100 mg g ', while for all
other adsorbents, it was below 100 mg g *. More work has been
reported on carbon; however, MOFs performed better than
carbon, which shows that they have a higher capability to
adsorb IBU, so more work should be conducted on developing
efficient MOFs. Although the zeta potential of adsorbents has
been the subject of relatively few investigations, it is an
important parameter for understanding the adsorbent-adsor-
bate interactions. The zeta potential of newly developed adsor-
bents must be determined. Overall, the adsorbents effectively
eliminated IBU from wastewater, and the modifications
enhanced the adsorption performance compared to unmodi-
fied adsorbents.

2.2 Adsorption kinetics, isotherms, thermodynamics, and
adsorption mechanism

The adsorption mechanism helps in understanding the
adsorption process and designing new adsorbents. The
adsorption mechanism of IBU was studied using kinetics,
isotherms, thermodynamics, and simulation techniques. The
pseudo-first order, pseudo-second order, and intraparticle
diffusion models are commonly used kinetics models. The
pseudo-second-order model was followed by most of the
studies,*?*"** indicating IBU adsorption as a chemisorption
process, while only a few studies followed other models.®® The
Freundlich, Langmuir, and Temkin isotherm models are
commonly used in IBU adsorption studies. Most of the studies
followed the Langmuir model, while a few followed other
models, indicating the formation of a monolayer of IBU onto
the surface of adsorbents.”**"** Adsorption thermodynamics is
studied to determine the Gibbs free energy (AG), enthalpy (AH),
and entropy (AS), and it helps in understanding the nature and
type of adsorption. Most of the studies described adsorption of
IBU as an endothermic process,*****° while some described it as
an exothermic process.** The adsorption is physisorption if
AH <40 kJ mol ' and chemisorption if AH is higher than
40 kJ mol . Most studies described the adsorption of IBU as
a physisorption process,>*>>7*7719319 while some described it as
a chemisorption process.”®*>*** Most IBU adsorption studies
showed negative values of AG, indicating the spontaneity of the
adsorption process, while the positive values of entropy showed
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Fig. 8 Intraparticle diffusion model kinetics of IBU onto RT-SABC
(redrawn).®®

an increase in the entropy during the interaction between IBU
and adsorbents.

The adsorption of IBU onto steam-activated recycled textile
biochar (RT-SABC) involved ketone, amide, ester, aldehyde,
carboxylic acid, aromatic ring groups, and ketones. The intra-
particle diffusion kinetics model showed three adsorption
phases, as shown in Fig. 8. The first phase was quick and
occurred on the external surface of the adsorbent for a duration
of up to 7 h. The second stage took place on the inner surface of
the adsorbent for 25 h. The third stage was the equilibrium
stage, during which the adsorbate moved from macro- and
mesopores to micropores. The graph skipped the origin, indi-
cating that the rate-determining mechanism was not controlled
by intraparticle diffusion. The IBU adsorbed onto AT-MC
through electrostatic interactions, interactions, H-
bonding, Yoshida H-bonding, hydrophobic interactions, and
m-interactions.”® The adsorption of IBU onto iron-incorporated
pomegranate husk carbon (NPH) occurred through m- inter-
actions, electrostatic interactions, Yoshida interactions, and
hydrogen bonding.”” The adsorption of IBU onto magnetically
activated waste-activated coffee residue biochar (MACB)
occurred through hydrogen bonding, —-m EDA interaction, and
electrostatic interactions."** The IBU adsorbed onto scandium-
modified oxo-triaryl methyl (Sc@oxTAM) through covalent
interactions between Sc and oxygen (C=O0) in the IBU, while
onto other TM@0xXTAM (Ti, V, Cr, and Mn) through covalent
and electrostatic interactions."® The IBU adsorbed onto Zn-
SPB@C2N by the formation of covalent bonds."*

The IBU adsorption mechanism onto activated carbon
derived from tree pod biomass, determined using a double-
layer model (DLM), is shown in Fig. 9. The IBU was adsorbed
by forming two layers on the adsorbent. The first layer was
formed through m-7 interactions, hydrogen bonding, or -
anion interactions at a higher pH. The hydrogen bonding and
-1 stacking were involved in forming the second layer. The
first layer was deposited directly onto the adsorbent surface,

TT—TC
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whereas the subsequent layer was produced on top of the pre-
existing layer on the adsorbent surface.®® The IBU adsorbed
onto biomass-derived chitosan through dipole-dipole and
hydrogen bonding interactions. Amine and hydroxyl groups of
chitosan were the H donors, while oxygen atoms of the carbonyl
groups and heterocyclic ring were the H acceptors.”” The
adsorption of IBU onto PCDM-1000 occurred by hydrogen
bonding through phenolic groups with PCDM and IBU as the
hydrogen bond donors and acceptors, respectively. The hydro-
phobic and m-m interactions also participated in the adsorp-
tion.** The adsorption of IBU onto ultrasound-modified
activated carbon (USAC) also occurred through donor-
acceptor interactions.’® The IBU adsorbed onto cocoa shell
biomass-derived and plasma and glycine functionalized adsor-
bents through physical forces with adsorption energy in the
range of 1.46-3.25 k] mol . The adsorption was controlled by
the density of adsorption sites and the adsorption energy.* The
IBU adsorbed onto CS_Fe_MIP monolith through interactions
between chitosan functional groups, imprinted cavities, and
iron hydroxide with IBU molecules. The electrostatic interac-
tions between hydrogel and IBU, as well as the hydrogen
bonding between the amine and hydroxyl group on chitosan
and IBU, facilitated the adsorption.” The adsorption of IBU
onto zeolite-sepiolite nanoheterostructures (Zeo-Sep) and
modified organo-sepiolite (O-Sep) occurred through the
formation of two layers. It occurred through horizontal and
non-horizontal orientations, which depended on the tempera-
ture. The adsorption of IBU onto both adsorbents was a multi-
molecular and multi-docking process. The interactions between
IBU/Zeo-Sep, IBU/O-Sep, and IBU/IBU displayed that it was
a physisorption process.'’” The IBU adsorbed onto the P-SBC/
Fe;0, film through a multilayer process, primarily occurring by
electrostatic interactions between the main amine of the P-SBC/
Fe;0, film and the carboxyl groups of IBU. Other interactions of
van der Waals forces and hydrogen bonding were also involved
in the absorption. An average of three to four active adsorbent
sites shared one molecule of IBU.*

The adsorption of IBU onto DHQU-Vt adsorbent occurred
through m-m stacking, m-m interactions, XH-m interactions,
partition process, and electrostatic interactions. The density
functional theory (DFT) simulations revealed that the intra-
particle diffusion effect directly affected the molecular
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flexibility of the adsorbate, m-m stacking between isolated
aromatic rings was stronger than between parallelly connected
aromatic rings, and quinoline interactions like CH-m stacking,
NH-7, and w-7v interactions were weaker than electrostatic
interactions/intraparticle diffusion.®® The IBU adsorbed onto
two MOFs,-UiO-66 and UiO-66-NH,, through four interactions
of hydrogen bonding, -7 EDA interactions, anion-m interac-
tions, and Lewis acid/base complexing (LAB). The binding
energies of these interactions decreased in the following order:
-1 > hydrogen bonding > LAB > anion-m. The aggregation
occurred at pH < pHpze, and repulsion occurred at pH >
pHpzc."*® The adsorption of IBU onto activated carbon depen-
ded on the degree of dissociation of IBU. The changes in pH and
temperature dissociated IBU (ionized[A™ ] and non-ionized). At
lower pH and higher temperatures, dissociation decreased,
increasing adsorption capacity. Dissociation was high at pH >
pHpzc, which caused repulsion between positively charged
activated carbon species and negatively charged IBU species,
and decreased the adsorption capacity."*® The adsorption of IBU
onto plasma-modified biomass occurred through the formation
of two layers. The adsorption temperature determined the
production of dimers and trimers in the solution. The adsorp-
tion occurred on inclined positions on the biomass surface, and
thermal agitation and steric hindrance could affect the
adsorption process.**®

The IBU adsorbed onto different adsorbents through
a variety of interactions, such as electrostatic interactions, -
interactions, pore filling, pore diffusion, =—-m EDA interactions,
hydrogen bonding, and Yoshida interactions. The DFT has been
used for determining the adsorption mechanism. However,
molecular dynamics simulations can also be used in the future
to determine the adsorption mechanism of IBU.

2.3 Regeneration and recycling

The regeneration of the adsorbent makes it economical and
increases its commercial value. The IBU adsorbed adsorbents
were regenerated using chemical and physical methods, as shown
in Table 4. The PCDM-1000 was regenerated by washing with
acetone and can be used for up to three consecutive cycles without
any significant loss in activity.** GONPs showed no significant
decrease in IBU removal efficiency up to eight regeneration cycles,
while slightly decreased from 97.18% to 95.91% in the last two
cycles (9™ and 10™).% The BHHA adsorbent regenerated using
HCI (0.2 M) showed an increase of removal efficiency from 88.75%
(1% cycle) to 94.68% in four cycles.” The NP-YC can be reused
consecutively for several cycles without desorption of IBU. The
adsorption capacity declined gradually throughout eight cycles
when the IBU concentration was 15 mg L. However, it abruptly
increased with increasing IBU concentration to 60 mg L™" in the
ninth cycle. Subsequently, the adsorption capacity further
decreased with increasing IBU concentration to 90 mg L™'.* In
the ninth cycle, the adsorption capacity was enhanced by
increasing the amount of IBU molecules. However, this capacity
was later diminished when the adsorbent reached saturation. The
Ery-AC achieved good adsorption performance after regeneration
for seven cycles. The adsorption capacity started to decrease after

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Adsorbent Regeneration method Cycles Drop in removal efficiency (%) Ref.
Carbon nanospheres (CNs) Deionized water (DW) 6 16.91 38
BC/RF/MNPs Mixture of water and acetone 4 13.62 48
NiFe,0,@Si0,@APTS NaOH (0.01 M) 4 5 45
Pepper stem-derived biochar (PS-biochar) NaOH (0.1 M) 4 22.27 65
CMC/PPY NaOH (1 M) 5 36 106
BMC HCI (0.2 M) 5 6.4 81
CNT-Fe;0,-MnO, nanocomposite HCI (0.1 M) 5 6.2 47
CPBC Methanol 4 18.6 102
CCBC 19

Pinewood biochar Methanol 4 61
CS_Fe_MIP monolith Methanol 4 15 74
GGC-MOF200 Methanol 5 28.9 67
PMLE-E Methanol 8 22.1 77
RSBCDF Methanol/acetic acid 4 24.56 100
DPAI Oven (150 °C for 2 h) 2 23.7 62
NaX-CD Ethanol 5 77 67
P-BC Ethanol 5 25.7 94
LF/AgNPs — 4 10.8 50
Cellulosic sisal-poly (ppy-Ani) — 4 16.7 103
Zr-MOF-NH, — 5 16.8 55
MCNTs-UiO-66-NH, NaHCO; 5 58
Fe;0,@HDES-2 Acetonitrile 5 5.8 51

seven cycles.* NPC-2 does not drop its adsorption capacity

significantly up to four cycles.* Versatile vermiculite modified by
quinoline-based gemini surfactant (DHQU-Vt) showed a good
adsorption capacity up to three regeneration cycles, with
a decrease of 8.13 mg g~ ' in adsorption capacity.** A Cu-doped
Mil-101(Fe) maintained good removal efficiency for up to five
regeneration cycles.”” The UiO-67(Zr)-BA (10) can be utilized for
a maximum of four cycles with a negligible decline in its
adsorption capability.>* Alg/AC/CMC retained an adsorption
capacity equivalent to 93% of its initial adsorption capacity after
ten regeneration cycles with a desorption efficiency above 80%.*
The P-SBC/Fe;0, film showed a very good recycling capability with
96% removal efficiency after 17 regeneration cycles.*

The recycling results of adsorbents are shown in Table 4. The
drop in removal efficiency was determined based on the initial
and final removal efficiencies. The removal efficiency after 1°*
regeneration was used where the initial removal efficiency was
not given. It can be noticed that some adsorbents can be recycled
up to 4 or 5 cycles. The regeneration of adsorbents with their drop
in removal efficiency above 10% should be improved to make
them more feasible. The regeneration and recycling of only a few
adsorbents were conducted, and it is recommended that the
regeneration and recycling of newly developed adsorbents be
conducted to know more about their commercial feasibility.
Future studies should focus on efficient, sustainable, green, and
economical regeneration methods for the regeneration of adsor-
bents to avoid further pollution of the environment.

2.4 Continuous adsorption of ibuprofen (IBU)

The adsorption performance of adsorbents in continuous
columns is especially important for their commercial feasibility.
The RT-SABC attained a g,, of 40 mg g~ " when the bed height in

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

the fixed-bed column was set at 30 cm. Upon increasing the bed
height from 10 to 30 cm, the volume of effluent treated increased
from 0.6 to 6.4 L at the breakthrough point, which occurred
between 41.7 and 476.7 h, while the adsorption capacity
increased from 22.09 to 39.81 mg g . The Ca®’(TAABB)AI ob-
tained an adsorption performance of 17.54 mg g~ " and 97.48% at
the best IBU concentration of 20 mg L™, bed height of 20 cm, and
flow rate of 2 mL min'. The adsorbent displayed good IBU
adsorption performance up to five regeneration cycles."* An SF/
PANI/LDH composite demonstrated that increasing IBU
concentration from 40 to 80 mg L' and flow rate from 4 to 8
mL min~" decreased the adsorbate’s service volume in a small
fixed-bed column.’ A walnut shell-activated biochar (WSAB)
achieved a maximum adsorption capacity of 30.1 mg g .

It can be noticed that only a few studies have determined
adsorbent performance in continuous mode using fixed-bed
columns. It is impossible to evaluate the commercial feasibility
of the adsorbent without its performance evaluation in the
continuous mode. More research is needed to evaluate the
commercial feasibility of adsorbents by focusing on refining the
parameters and optimizing the regeneration process in contin-
uous mode. Other continuous adsorption systems, such as
moving beds, fluidized beds, and pulsed beds, should also be
used to test the performance of adsorbents due to their wide-
spread use in industries.

3. Future perspectives and challenges
in the removal of IBU using adsorbents

Several adsorbents have been designed to remove IBU from
wastewater, each with different levels of effectiveness. However,
certain issues still need to be addressed in future studies.
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The adsorption performances of Nauclea diderrichii biomass-
derived activated carbon (NDAC), porous carbon derived from
MOF (zeolitic-imidazolate framework-8 (ZIF-8)) (PCDMs),
ethylamine-modified hydrophobic activated carbon (HAC-EA),
magnetic nanoparticles incorporated on yeast-based activated
carbon (NP-YC), iron and acid-modified date palm biochar
(DPALI), B-cyclodextrin modified and fly ash-derived zeolite (NaX-
CD), modified cationic octadecylamine natural montmoril-
lonite (C;5-Mt), chitosan obtained from mud crab shells, two
adsorbents produced from cocoa shell biomass and function-
alized with plasma and glycine, maize cob treated with a base
(BMC), calcined spherical hydrochar (CSH), and H-Mt-16 needs
further improvement. Carbon nanospheres (CNs) only showed
good adsorption in synthetic wastewater, while their perfor-
mance in real wastewater needs further improvement. The
removal efficiency of Erythrina speciosa activated carbon (Ery-
AC) needs further enhancement at higher IBU concentrations.
The adsorption performance of CNT-Fe;O0,-MnO,
composite needs improvement in simulated pharmaceutical
wastewater. The adsorption performance of molecularly
imprinted Fe(m) incorporated chitosan hydrogels (CS_Fe_MIP)
is quite low and needs further enhancement. The equilibrium
time of acyl hydrazone covalent organic polymers (H-COP-3) is
quite high, which needs to be reduced. Generally, the adsorp-
tion performance of adsorbents can be increased by increasing
the porosity, surface area, and number of active adsorption sites
on the surface of the adsorbent by functionalization with suit-
able compounds. The adsorption performance of PCDMs can be
enhanced by improving their surface chemistry by increasing
the content of phenolic groups through doping with some
suitable materials. NaX-CD is fast in removing IBU, but its
adsorption capacity needs further improvement through the
surface functionalization of zeolite with suitable compounds.
The performance of chitosan obtained from mud crab shells
can be enhanced by increasing its surface properties and
hydrogen bond acceptors by combining with suitable
compounds or acid or alkaline treatment. The adsorption
performance of adsorbents obtained from cocoa shell biomass
and functionalized with plasma and glycine can be enhanced by
functionalization with other suitable materials to further
enhance the adsorption energy and density of active adsorption
sites. The adsorption performance of maize cob treated with
sodium hydroxide (NaOH) can be enhanced by treating it with
other chemicals, such as potassium hydroxide (KOH) and
phosphoric acid (H;PO,). The performance of magnetic anion
exchange resins (ND-1, ND-2, and ND-3) can be enhanced using
other suitable porogen agents instead of cyclohexane.

Most of the adsorbents were only tested for IBU removal in
batch mode; the adsorbents must also be tested for continuous
adsorption of IBU to get more insights about their commercial
feasibility. More focus should be put on developing highly
efficient, economical, green, and regeneratable adsorbents that
can adsorb multiple drugs from wastewater. Mass transfer
adsorption kinetics should be studied to better understand
adsorption processes. Statistical and machine learning tools
such as Response Surface Methodology (RSM) and Artificial
Neural Networks (ANN), Linear Regression (LR), Decision Tree

nano-
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(DT), and Random Forest (RF), Support Vector Machines (SVM),
and k-Nearest Neighbor (k-NN) have been used to optimize the
adsorption parameters. Artificial intelligence technologies
should be utilized in IBU removal from wastewater to anticipate
the adsorption capacity of adsorbents. The disposal of IBU
adsorbed adsorbents should also be studied. The World Health
Organization (WHO) standards for IBU removal should be fol-
lowed in IBU removal processes for universal environmental
protection.

4. Conclusions

Various adsorbents such as activated carbons, nanomaterials,
metal-organic frameworks, biochar, and others have been
developed to remove IBU from wastewater. The adsorbents were
mostly mesoporous and a few macro- and microporous, with
a surface area of 2.38 to 2900 m”® g~ *. The porous structure, the
presence of cavities, and acidic and basic functional groups
supported the adsorption of IBU. The Cu-doped Mil-101(Fe)
adsorbent achieved the highest adsorption capacity of
497.3 mg g ', and Albizia lebbeck seed pods activated carbon
(MSAC) achieved the lowest adsorption capacity of 0.220 mg
¢ '. More activated carbons have been developed than other
types of adsorbents. More focus has been put on batch
adsorption on model wastewater with kinetics, isotherms, and
thermodynamic studies. The adsorption of IBU involved elec-
trostatic interactions, m-7 interactions, pore filling, pore
diffusion, m- EDA interactions, hydrogen bonding, and
Yoshida interactions. Future studies should focus more on
developing highly efficient, economical, green, and regenerat-
able adsorbents that can adsorb multiple drugs from waste-
water, adsorption of IBU and other pharmaceuticals from real
wastewaters, continuous adsorption of IBU and other pharma-
ceuticals, mass transfer adsorption kinetics for a detailed
understanding of the adsorption process, artificial intelligence
technologies for predicting the adsorption capacity of adsor-
bents and the removal efficiency of adsorbents, and the disposal
of IBU adsorbed adsorbents.
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