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This study reports the development and evaluation of a novel Schiff base ligand, 2-((E)-(4-
aminophenylimino)methyl)benzoic acid, for the efficient removal of lead() and cadmium(i) from
aqueous solutions. The ligand was synthesized via a simple condensation route and characterized to
confirm its structural and functional properties. Batch adsorption experiments were performed to
investigate the effects of pH, temperature, metal ion concentration, contact time, and competing ions.
The ligand exhibited high sorption capacities—84.0 mg g~ for Pb(i) and 71.0 mg g~* for Cd(i)—with
optimal performance at pH 6.0. Adsorption kinetics followed a pseudo-second-order model, while
equilibrium data fit well with the Langmuir and Sips isotherms, indicating chemisorption and monolayer
coverage. Thermodynamic analysis confirmed the spontaneous and exothermic nature of the process.
The ligand demonstrated excellent reusability over multiple cycles and retained strong selectivity in the
presence of competing ions and in real wastewater. These findings suggest that the synthesized ligand is
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1. Introduction

Water contamination by toxic elements, such as lead(i), and
cadmium(u) poses a significant global environmental and
public health challenge.’® These pollutants are primarily
introduced into water systems through industrial activities,
including electroplating, battery manufacturing, and mining, as
well as agricultural runoff containing fertilizers and
pesticides.’” Heavy metals, unlike organic pollutants, do not
break down naturally, allowing them to remain in the envi-
ronment for long durations. This persistence results in their
buildup in aquatic systems and subsequent amplification in the
food chain, creating significant health hazards for both humans
and wildlife.** Chronic exposure to lead(u), and cadmium(u)
has been linked to kidney dysfunction, bone demineralization,
neurological disorders, and carcinogenic effects. In light of
these risks, the World Health Organization (WHO) has set strict
limits for the presence of these metals in drinking water, with
allowable concentrations of 0.01, and 0.003 mg L ™" for lead and
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a promising and sustainable candidate for heavy metal remediation in water treatment applications.

cadmium ions.>* These standards highlight the critical need for
effective, selective, and sustainable techniques for eliminating
these pollutants from contaminated water sources.

Among the various remediation strategies, adsorption has
gained recognition as a highly efficient method due to its ease of
application, affordability, and remarkable removal
efficiency.®™® The effectiveness of this approach is largely
influenced by the selection of the ligand. Conventional
sorbents, such as activated carbon,*** clay minerals,'*"” and
zeolites,'® have been widely used due to their large surface areas
and low production costs. However, these materials often
exhibit limitations, including low selectivity and reduced effi-
ciency in the presence of competing ions.'*"*' To overcome these
challenges, scientists have explored the use of advanced mate-
rials such as metal-organic frameworks (MOFs), biochar, and
functionalized polymers. MOFs, characterized by their tunable
pore sizes and functionalized surfaces, have shown excellent
adsorption capacities for heavy metals like Pb**, Hg**, Cd**, and
Cu**.?2 Similarly, biochar produced from agricultural residues is
recognized for its eco-friendliness and high adsorption effi-
ciency for Cd(u) under optimized conditions." Functionalized
polymers, engineered with chelating groups such as thiols and
amines, provide targeted binding sites, enhancing the adsorp-
tion efficiency for specific metal ions.”® Despite these advance-
ments, there remains a pressing need for materials that are
both cost-effective and highly selective, driving interest in the
use of Schiff base ligands.

Schiff base ligands are recognized for their capacity to create
stable complexes with metal ions, making them a focus of
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interest as effective ligands for extracting heavy metals from
water.”™ These ligands can be tailored to improve selectivity
and capacity for specific metal ions, making them versatile tools
in environmental remediation. For example, Schiff base ligands
derived from salicylaldehyde and o-phenylenediamine have
been used to form complexes with Cd(u) ions, achieving
adsorption efficiencies between 78% and 98% depending on
the ligand structure.® Chitosan modified with bidentate Schiff
base ligands has exhibited notable efficiency in removing Pb*",
Cd**, and Cu®* ions from water resources.'> Additionally, chi-
tosan enhanced with Schiff base ligands, such as 2(piperazin-1-
yDethan-1-imine methyl benzaldehyde, has demonstrated
a high adsorption efficiency for Pb(u) ions.® Schiff base- MOFs
have also been recognized due to their selective adsorption of
divalent metal ions, including Cd(u) and Pb(u).>*

Although Schiff base-based ligands show great potential,
challenges related to their regeneration and possible environ-
mental impacts must be discussed. Future studies could aim to
improve reusability and eco-friendliness of these materials to
ensure sustainable application in water treatment processes.
This research emphasizes the synthesis and characterization of
a novel Schiff base ligand, 2-((E)-(4-aminophenylimino)methyl)
benzoic acid, designed for the capture of lead(n) and cadmiu-
m(u) from aqueous solution. Ligand's structural and functional
properties were characterized using techniques such as mass
spectrometry, 1H-NMR, and IR spectroscopy, providing detailed
insights into its adsorption mechanisms. Key variables,
including solution pH, sorbent dosage, and adsorption prop-
erties, including thermodynamics, isotherms, and kinetics,
were thoroughly examined to optimize the ligand's perfor-
mance. This research not only highlights the ligand's efficiency
and applicability but also contributes to the broader develop-
ment of sustainable materials for environmental remediation.

2. Experiments
2.1. Materials

All chemicals were highly grade and employed in this investi-
gation without additional purification. Cadmium sulfate
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(CdS0,) and lead sulfate (PbSO,) were utilized to prepare the
stock solutions of Cd** and Pb>" ions using double-distilled
water. The synthesis of the Schiff base ligand, 2-((E)-(4-amino-
phenylimino)methyl)benzoic acid, was carried out using
phthalic acid (CgHgO4, 99.9%), p-phenylenediamine (C¢HgN,,
99.9%), and ethanol (95%), with phosphorus pentoxide (P4040)
employed as a drying agent. All reagents were sourced from
Sigma-Aldrich, UK. Additionally, high-purity sulfuric acid
(H»S0,), hydrochloric acid (HCI), and nitric acid (HNOj3), ob-
tained from Merck, Germany, were used for the desorption
process, facilitating metal ion recovery and ligand regeneration.

2.2. Synthesis of the ligand

The Schiff base ligand, 2-((E)-(4-aminophenylimino)methyl)
benzoic acid, was synthesized through a straightforward and
scalable condensation reaction between phthalic acid and p-
phenylenediamine, following a well-established protocol for
Schiff base formation.*>*® This synthesis route was chosen for
its simplicity, high yield, and ability to produce a ligand with
well-defined functional groups suitable for heavy metal
adsorption. In a typical procedure, equimolar amounts of
phthalic acid (5 g, 0.0301 mol) and p-phenylenediamine
(3.254 g, 0.0301 mol) were dissolved in 95% ethanol. The
mixture was refluxed under continuous stirring for six hours to
ensure complete reaction. The reaction progress was tracked
using thin-layer chromatography (TLC), which confirmed the
full consumption of the starting materials.>””® Once cooled to
room temperature, the ligand solidified and was subsequently
washed with ethanol to eliminate any unreacted precursors and
byproducts. The purified product was dried in a vacuum
desiccator over phosphorus pentoxide (P,04,), yielding a high-
purity ligand suitable for adsorption studies.* The synthetic
pathway for the ligand preparation is illustrated in Fig. 1.

2.3. Ligand characterization

A variety of analytical techniques were employed to investigate
the morphology, structure, and surface properties of the
synthesized ligand. Details of the instruments used for these

COOH
NH,
COOCH lc_l;:N
(1:1) molar ratio
* 70-80°C -
COOH stirring for 6 h NH,
phthalic acid NH,

phenylene diamine

2-((E)-(4-aminophenylimino)methyl)benzoic acid

Fig. 1 Schematic representation of the synthesis of 2-((£)-(4-aminophenylimino)methyl)benzoic acid.
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analyses can be found in Section S1f of the complementary
materials accompanying this article.

2.4. Adsorption experiments

The effectiveness of 2/(E)-(4-aminophenylimino)methyl)benzoic
acid in removing cadmium(u) and lead(u) from aqueous solution
was assessed by batch adsorption tests. Utilizing a Scientific
Precision Thermo-shaker water bath (model: SWB 27, USA), these
tests were conducted in polypropylene tubes. A specific amount of
the ligand (m, g) was added to a known volume (V, L) of a metal
ion solution with a 50 mg L' as original concentration
(Co, mg L™"). The mixture was shaken at 25 + 1 °C for 600
minutes to reach equilibrium. Parameters such as solution pH (2-
9) and ligand dose (1.0-5.0 g L") were adjusted to identify the
best adsorption conditions. To test the ligand's reusability,
desorption experiments were conducted. The metal-loaded ligand
was treated with different eluents (nitric acid, hydrochloric acid,
or sulfuric acid) for 10 hours at an ligand dose of 4.0 g L™".
Desorption efficiency was measured by analyzing the eluate.

The adsorption kinetics were studied by adjusting the
shaking time from 5 to 600 minutes. Three conventional kinetic
models (i.e. Elovich, pseudo-second-order, pseudo-first-order
(Lagergren), and Weber and Morris) were employed for
analyzing the anticipated experimental data. For adsorption
isotherms, tests were performed with initial metal ion concen-
trations in the range of 20 to 200 mg L™'. Common isotherm
models (i.e. Sips, Temkin, Freundlich, and Langmuir) were
employed for evaluating the obtained data. The non-linear
forms of these models are presented in Table S17.*°*® The
average relative error (ARE) and the coefficient of determination
(R*) were applied to fitting the accuracy of each model, as out-
lined in Table S1t.>***” Thermodynamic properties, including
the standard entropy change (AS°), standard enthalpy change
(AH®), and standard Gibbs free energy change (AG°), were
determined across a temperature range of 25 to 50 &= 1 °C. These
parameters were obtained using the equations provided in
Table S1t (ref. 31 and 39) and offered insights into the feasi-
bility and spontaneity of the uptake system.

Atomic Absorption Spectrometer (GBC 932 AA, UK) was
engaged for determining the initial (C,) and equilibrium (C.)
concentrations of cadmium and lead ions. Before analysis,
a 0.22 pm filters were utilized for samples filtration to eliminate
any particulate matter. All experiments were conducted in
triplicate, and results with a relative error of =5% were
considered adequate. The adsorption efficiency (E%), adsorp-
tion capacity (o, mg g '), and distribution coefficient (K4) were
calculated using the following equations:

Vv
ge = (Co — Ce) x m 1)
RY% = (G -C) % 100 (2)
Ky = % % 100 3)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results & discussion
3.1 Characterizations of the ligand

The prepared ligand, 2-((E)-(4-aminophenylimino)methyl)ben-
zoic acid, was characterized to validate its structural integrity,
purity, and chemical properties. As a Schiff base derived from
the condensation of 4-aminobenzaldehyde and 2-carbox-
ybenzaldehyde, its structural attributes were examined using
multiple analytical techniques.

3.1.1. Elemental analysis and molecular composition. The
ligand was obtained as a black solid with a melting point of
210 °C, indicating high thermal stability—a desirable property
for ligands used in coordination chemistry. The synthesis yiel-
ded 75%, demonstrating an efficient synthetic procedure with
minimal loss, which further attests to the robustness of the
synthetic route. Elemental analysis provided critical confirma-
tion of the ligand's molecular composition, with experimentally
determined percentages of carbon (70.32%), hydrogen (5.18%),
and nitrogen (11.23%) closely matching the calculated values
(69.99%, 5.03%, and 11.32%, respectively). This close agree-
ment confirms the high purity of the ligand and validates its
proposed molecular formula, C,,H;,N,0,. The existing oxygen
and nitrogen in the ligand's structure is particularly significant,
as these elements are associated with functional groups like -
NH, (amino) and -COOH (carboxyl), that essential for metal ion
coordination and adsorption.

3.1.2. Mass spectrometry. Mass spectrometry (MS) played
a pivotal role in confirming the molecular structure and
assessing the stability of the synthesized ligand, 2-((E)-(4-ami-
nophenylimino)methyl)benzoic acid.*** A mechanistically
grounded fragmentation pathway has been proposed (Fig. 2)
based on the ligand's structural features and established MS
fragmentation rules for Schiff bases. The first key fragmentation
step involves the loss of the carboxyl group (-COOH), which is
thermodynamically favorable and commonly observed in
carboxylic acid derivatives. This decarboxylation produces
a stable aromatic intermediate, retaining the amino-
phenylimino core. Subsequently, cleavage near the imine (-C=
N-) linkage results in the formation of a secondary fragment via
the elimination of a C,H;N moiety, consistent with the known
lability of imine bonds under ionizing conditions. The resulting
species contain aromatic structures stabilized by resonance and
electron delocalization, which is typical of fragmentation in
conjugated systems.

The generation of these fragments supports the presence of
core functional groups—particularly -COOH, -NH,, and -C=
N—that are directly involved in adsorption mechanisms. Their
stability during fragmentation further suggests that these
moieties form robust coordination sites, aligning with the
observed high affinity of the ligand for divalent metal ions such
as Pb(u) and Cd(u). The proposed fragmentation behavior
(Fig. 2) thus provides indirect but valuable structural validation.
It also offers mechanistic insight into the potential electron-
donating sites that govern the ligand's interaction with metal
ions during adsorption. These observations reinforce the
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Fig. 2 Proposed fragmentation pathway of 2-((E)-(4-aminophenylimino)methyl)benzoic acid.

suitability of this Schiff base framework for applications in
selective heavy metal capture from aqueous environments.
3.1.3. Infrared spectroscopy (IR). FTIR spectral analysis of
the ligand before and after adsorption provides valuable
insights into its structural integrity and metal-binding interac-
tions (Fig. 3). Initially, the spectrum highlights key functional
groups responsible for adsorption. The amino group stretching
vibrations (v(NH)) appear at 3280 cm ™" and 3150 cm™ ", while
broad absorptions in the 3410-3180 cm™ ' and 3160-2750 cm ™"
regions indicate extensive intra- and intermolecular hydrogen
bonding, which are essential for the stabilization of the ligand

100 -
98 1
9
cw 96 4
o
o
g
S 94 |
£ ~—Before
g ~— After
£ 921
90 1
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'!)
Fig. 3 IR spectrum with key functional group vibrations before (I) and

after (Il) adsorption process.
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and facilitating metal ion coordination.”®** The presence of
strong bands at 1735 cm ™' (»C=0) and 1617 cm ' (vC=N)
confirms the Schiff base structure, reinforcing its chelation
ability. Additionally, aromatic ring vibrations at 1620 cm ',
1590 cm™ ', and 750 cm™ " validate the structural integrity of the
ligand, further supporting its potential as an effective
ligand>**(Fig. 3).

Upon adsorption, notable spectral shifts and intensity
changes occur, reflecting metal-ligand interactions. The »(NH)
bands show slight shifts and reduced intensity, suggesting
direct involvement of the amino group in coordination. The
»(C=0) stretching vibration, originally at 1735 cm™ ", shifts to
a lower wavenumber, indicating metal binding through the
carbonyl oxygen. Similarly, the »(C=N) band at 1617 cm "
undergoes a shift, confirming the participation of imine
nitrogen in metal complexation. These spectral modifications
highlight the primary role of Schiff base functional groups in
lead(n) and cadmium(u) capture (Fig. 3).

While the characteristic aromatic ring vibrations remain
visible, minor shifts and intensity variations suggest subtle
electronic effects or conformational adjustments following
metal binding. Despite these changes, the ligand maintains its
fundamental structural features, reinforcing its stability during
the adsorption process. The persistence of broad hydrogen-
bonding regions suggests that hydrogen bonding still contrib-
utes to the adsorption mechanism alongside direct metal
coordination. These spectral observations collectively confirm
the ligand's strong tendency for cadmium(u) and lead(u),
highlighting its suitability for recycle in wastewater treatment
applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 'H-NMR spectrum of the ligand.

3.1.4. 'H-NMR spectrum. The "H-Nuclear Magnetic Reso-
nance (NMR) spectroscopy was used to further confirm the
structure of the synthesized ligand. The 'H-NMR spectrum,
recorded in DMSO-de as the solvent, revealed distinct proton
signals corresponding to the expected functional groups and
molecular framework of the ligand (Fig. 4). The spectrum
exhibited a singlet at 6 = 12.85 ppm, which is characteristic of
the carboxylic acid proton (-COOH), confirming the presence of
the carboxyl group. This signal is typically downfield due to the
strong deshielding effect of the electronegative oxygen atoms in
the carboxyl group.*

In the aromatic region, multiple signals were observed
between 6 = 7.20-8.10 ppm, corresponding to the protons on
the benzene rings. Specifically, the protons associated with the
benzoic acid group, and the aminophenyl ring exhibited
a multiple spanning from ¢ = 7.60 to 8.10, and from 7.20 to
7.50 ppm respectively. The splitting patterns and chemical
shifts of these aromatic protons are consistent with the ex-
pected electronic environment of the ligand, where the electron-
withdrawing carboxyl group and the electron-donating amino

6.5
NH, *°
7.0
7.83 8.39
i 6.5
7.63 N
’ 7.0
7.50 |O
8.16
11.OHO
Fig. 5 Integration of proton signals confirming the ligand's

stoichiometry.
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group influence the chemical shifts of the aromatic protons.** A
singlet at 6 = 8.50 ppm was assigned to the imine proton (-
CH=N-), which is deshielded due to the presence of the double
bond between the carbon and nitrogen atoms. This signal is
a key indicator of the successful formation of the Schiff base
linkage.** Additionally, a broad singlet at 6 = 5.80 ppm was
observed, corresponding to the amino protons (-NH,). The
broad nature of this signal is typical for amino protons, which
often exchange with deuterium in the solvent, leading to peak
broadening.*

The integration of the proton signals matched the expected
stoichiometry of the ligand, further confirming its molecular
structure (Fig. 5). The nonappearance of extraneous signals in
the spectrum validated the high purity of the synthesized
compound. The "H-NMR data, combined with the mass spec-
trometry results, provide strong evidence for the successful
synthesis of the ligand and the integrity of its functional groups,
which are critical for its adsorption capabilities.

25 L

20 -

15 |

10 |-

Mass loss (%)

0 'l '} 'l '} '}

0 200 400 600 800 1000

Temp. (°C)

Fig. 6 The TGA curve of the prepared ligand.
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Fig. 7 The expected thermal decomposition mechanism for ligand (1).

3.1.5. Thermogravimetric analysis (TGA). Thermogravi-
metric analysis (TGA) was used to assess the thermal stability of
the synthesized ligand. As shown in Fig. 6 the ligand remains
stable up to approximately 237 °C, which corresponds to its
melting point. This thermal resilience indicates the material is
suitable for environmental applications under standard and
moderately elevated temperatures.”®*** Beyond this point, the
ligand undergoes gradual decomposition, ultimately forming
a carbonaceous residue. The mass loss observed is attributed to
the breakdown of key functional groups such as amino (-NH,),
carboxyl (-COOH), and imine (-C=N), which are known to
degrade at elevated temperatures. The proposed thermal
decomposition mechanism (Fig. 7) reflects a stepwise loss of
these functional groups, consistent with the ligand's chemical
structure. This thermal profile confirms that the ligand
possesses sufficient thermal robustness for practical use in
water treatment applications.*>*

3.1.6. SEM-EDX analysis. SEM image of the ligand prior to
adsorption displayed a consistent and porous surface structure,
which is beneficial for adsorption owing to its extensive surface
area. EDX analysis confirmed that carbon, nitrogen, and oxygen

bl i
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M/F = CQH1202

M/F = C9H10N02

were the primary elements present, with no heavy metals
detected, indicating the ligand's purity prior to adsorption
experiments (Fig. 8-I). After adsorption process, the SEM images
showed a rougher and more textured surface, suggesting the
deposition of metal ions onto the ligand. EDX analysis post-
adsorption confirmed the presence of Pb and Cd peaks,
providing direct evidence of the ligand's ability to adsorb these
metals (Fig. 8-II). The reduction in the relative intensities of
carbon, and oxygen signals further supports the metal ions/
ligand interaction.”®** The porous nature of the ligand,
combined with the existence of -NH, and -COOH groups,
enables efficient adsorption via mechanisms like chelation,
electrostatic interactions, and hydrogen bonding.**** The
changes in surface morphology and the appearance of Pb and
Cd in the EDX spectrum highlight the ligand's selectivity and
capacity for heavy metal removal.

3.1.7. DLS and zeta potential analysis. The synthesized
ligand was analyzed using zeta potential and dynamic light
scattering (DLS) measurements, with the findings summarized
in Table 1. The findings deduced that the sorbent particles
exhibit an average hydrodynamic diameter of 321.6 nm,

an |

Pb

ol i

210 310 410 510 6.10 7.10

Energy/kV

110 210 310 410 510 6.10 7.10

Energy/kV

Fig. 8 SEM images and EDX spectrum of the ligand before (I) and after (II) sorption.
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Table 1 DLS and zeta potential values of the prepared ligand

DLS analysis, nm Zeta potential, mV

321.6 —21.4

positioning them within the nanoscale range. This nanoscale
dimension enhances adsorption efficiency by maximizing the
surface area relative/volume, which in turn boosts the avail-
ability of active sites for interaction with the target ions.”*** As
a result, the material's overall adsorption capacity is signifi-
cantly improved. The zeta potential measurement of —21.4 mV
indicates a negatively charged surface, likely attributed to the
existence of the carboxyl and amino active sites, which can
undergo deprotonation in aqueous environments. This negative
surface charge facilitates the adsorption of positively charged
metallic pollutants through electrostatic interaction mecha-
nism.”*** Additionally, the observed zeta potential value
suggests moderate colloidal stability, which is essential for
maintaining the sorbent's dispersion in aqueous solutions.
This stability ensures effective interaction with metal ions and
consistent adsorption performance throughout the process.

3.2. Batch investigation

Batch examination of the Cd(u) and Pb(u) ions uptake using the
2-((E)-(4-aminophenylimino)methyl)benzoic acid provides crit-
ical insights into the effects of key operational variables—
solution pH, temperature, metal ion original concentration,
shaking time, ligand dose, and the presence of competing
ions—on the adsorption capacity. These variables were
systematically studied to understand their influence on the
adsorption process and to identify optimal conditions for
maximum metal ion removal. The results, summarized in Fig. 9,
reveal that the adsorption capacity (g;) is highly sensitive to
these variables, with each factor playing a distinct role in
shaping the adsorption behavior.

Solution pH emerged as one of the most influential factors,
significantly affecting the adsorption capacity, primarily due to
its effect on the metal ion species in the solution and ligand
surface charge.”>***® The sorption capacity for both cadmium(i)
and lead(u) increased with rising pH, reaching maximum values
of 51.9 and 61.7 mg g * for cd(u) and Pb(u) respectively at pH 6
(Fig. 9-I). However, prolong pH 6.0, the adsorption capacity
declined as a result of the formation of insoluble hydroxides (.e.
Cd(OH), and Pb(OH),), which reduced the availability of free
metal ions for adsorption.”>**¢ The zeta potential of the ligand,
measured at —21.4 mV (Table 1), provides further insight into
the adsorption behavior at different pH levels. Under acidic
conditions, the abundance of H' ions competes with cadmiu-
m(u) and lead(u) ions for binding sites on the ligand. This
competition, along with the protonation of -NH, and -COOH
groups, reduces their ability to interact with metal ions, thereby
limiting adsorption efficiency.?****® The increment of solution
pH result in a decline in the hydrogen ion concentration which
permit the electrostatic interaction mechanism between the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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positive ions and negative sligand surface to take place during
the adsorption process. However, at pH > 6.0, the predominant
formation of insoluble metal hydroxides reduces the adsorption
affinity, a trend consistent with the surface complexation
formation (SCF) theory.>****¢ This behavior highlights the
importance of pH optimization to achieve maximum adsorp-
tion efficiency while considering the interplay between electro-
static interactions and metal ion speciation.

The period of shaking significantly influenced the adsorp-
tion kinetics and capacity. For Cd(u), the uptake intensity
enhanced from 8.0 to 52.0 mg g~ ' for cadmium(u) and from
16.0 to 62.0 for lead(n) as the timeframe boost from 5 to 600 min
(Fig. 9-II). The swift initial adsorption seen within the first 60
minutes (equilibrium state) is owned to the plentiful surface
function groups on the ligand, while the slower progression
toward equilibrium indicates the steady filling of the ligand site
and the beginning of intraparticle diffusion.”****® The greater
adsorption capacity and quicker kinetics for lead(u) related to
cadmium(u) align with the characterization findings, which
identified functional groups (-NH,, -COOH, and -C=N) that
interact more strongly with Pb(u) ions.

The ligand amount of addition was another key factor
influencing the uptake tendency, whereas the boost of ligand
dose result in the strong decline of the sorption affinity from
51.0 to 14.0, and from 62.0 to 16.6 mg g~ ' for cadmium and lead
ions (Fig. 9-III). This decline in adsorption capacity can be
attributed to several reasons: (1) particle aggregation at higher
doses, which decreases the available surface area; (2) excessive
active sites compared to the low metal ion concentration,
leading to wunderutilization of the sorbent's adsorption
capacity.>*~* Furthermore, distribution coefficient (Kq) values,
calculated from experimental data, showed significant varia-
tions with changing sorbent doses (Fig. S17). This indicates the
strong complexation of cadmium(u) and lead(u) ions with the
functional groups on the ligand surface.”** This behavior
underscores the importance of optimizing the ligand dosage to
achieve efficient metal ion removal without excessive use of the
ligand material.

The original metal ions concentration significantly influ-
enced the adsorption capacity. The uptake intensity enhanced
from 13.0 to 61.8, and from 14.6 to 76.4 mg g~ * for cadmium()
and lead(n) original concentration varied from 20 to 300 mg L~
(Fig. 9-IV). This pattern highlights the driving force created by
higher metal ion concentrations, which enhances the proba-
bility of interactions between cadmium(u) and lead(un) and
ligand function groups.”***** The consistently higher ligand
uptake affinity towards lead(n) than cadmium(u) across all
concentrations further emphasizes the ligand's stronger
tendency for lead(u), as corroborated by the characterization
data.

The impact of temperature on adsorption capacity indicated
that the process is exothermic, as the capacity declined with
rising temperatures. For cadmium(u), the capacity dropped
from 61.8 to 46.0 mg g~ * as the temperature rose from 25 to 55 ©
C, while for Pb(u), it decreased from 51.8 to 39.0 mg g~ * over the
same temperature range (Fig. 9-V). This trend suggests that the
uptake system is exothermic and primarily driven by
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of 240 min; original concentration: 100 mg L™*; ligand dosage: 1.0 g L~

concentration of 100 mg L™ pH 5.9; and ligand dosage: 1.0 g L™Y).

chemisorption. The capacity decline at higher temperatures is
due to the weakening of the binding between the ligand and the
target ions, as well as the increased mobility of lead(un) and
cadmium(u) in the solution.*~**

The effect of competing ions on the adsorption efficiency was
investigated to evaluate the ligand's selectivity under more

21994 | RSC Adv, 2025, 15, 21987-22005

Y, and (V1) interfering ions (room temperature; time of 240 min; original

realistic water conditions. In this study, competing ions—Si(u),
Y(m), Na(1), Ca(u), and Fe(n)—were introduced at a concentra-
tion of 100 mg L™, chosen to reflect representative levels
commonly encountered in industrial and municipal waste-
water. As shown in Fig. 9-VI, the sorption capacity of the ligand
for Cd(u) and Pb(u) in the absence of competing ions was
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51.3 mg g ' and 62.1 mg g ', respectively. Upon introducing
competing ions, a noticeable decrease in adsorption capacity
was observed, particularly in the presence of Ca(u) and Fe(u),
which showed stronger interference. This reduction can be
attributed to competition for available binding sites and, in
some cases, the formation of aqueous metal complexes that
limit free ion availability.

The batch investigation highlights the effectiveness of the
synthesized ligand for the capture of metallic pollutants, with
the adsorption capacity influenced by a combination of
temperature, original ion concentration, ligand dose, shaking
time, solution pH, and the presence of competing ions. The
same performance was also deduced for cadmium(u) and lea-
d(u) ions adsorption from aqueous solution using iron nano-
particles embedded within cellulose nanofibrils,** Magnetic
nanoparticles coated with chitosan nanoparticles, cross-linked
with succinic anhydride, and cross-linked with crotonalde-
hyde,* Spirodela polyrhiza biomass,** oxidized multiwalled
carbon nanotubes (0XMWCNTs),* biochar decorated with
sulfide-iron(BC-Fe-S),*” and cotton fabric functionalized with
nanostructured molybdenum disulphide (MoS,).** These find-
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surface heterogeneity, and intraparticle diffusion.**** The
kinetic curves for lead(n) and cadmium(u) capture are illus-
trated in Fig. 10, however the variables of the applied kinetic
equations are summarized in Table 2.

The PFO model assumes that the rate of adsorption is
proportional to the number of unoccupied sites. While it gave
a good fit with R* values of 0.98 for both metal ions, it under-
estimated the actual equilibrium capacities. For Cd(u), the
calculated capacity was 48.6 mg g~ * (k; = 0.026 min ), and for
Pb(n), it was 59.5 mg g~ * (k; = 0.049 min ). The relatively high
average relative error (ARE) values—8.6% for Cd (1) and 6.1% for
Pb(u)—suggest that the model does not fully capture the true
kinetics. In contrast, In contrast, the PSO model provided
amuch closer fit to the experimental data, with R* values of 0.99
for both ions and significantly lower ARE values (1.21% for

Table 2 The values of the parameters used in the applied kinetics
model

. o S o cd(1n) Pb(I)
ings provide important understandings into the optimization of
process conditions and underscore the potential of this ligand Pseudo first-order model
. L . . -1
for practical applications in wastewater treatment and envi- ¢1(mgg ) 48.6 59.5
- . . L . k (min ™) 0.026 0.049
ronmental remediation, particularly in scenarios involving i 0.98 0.8
complex aqueous matrices. ARE 8.65 6.14
Pseudo second-order model
3.3. Sorption kinetic investigation ¢, (mg g™ 54.3 63.0
s 1
The kinetics of lead(n) and cadmium(u) adsorption using the ];Z(Enmolln ,)1 1) (1)‘3006 2‘2011
synthesized ligand, 2-(E)-(4-aminophenylimino)methylbenzoic , ~ (h) & 30.7 e
acid, were extensively studied to comprehend the rate and g2 1.00 1.00
mechanism of the capture process. Conventional kinetic ARE 1.21 0.5
models included Morris—-Weber, Elovich, pseudo-second-order
Elovich model
(PSO), and pseudo-first-order (PFO) models were employed for R
. . a(mgg ' 'min") 0.10 0.09
the assessment of the gained experimental data. These models 8 (g mg ) 4.07 11.39
together offer insights into the adsorption mechanism, indi- g2 0.97 0.92
cating a multi-step process that includes chemisorption, ARE 10.3 8.8
(M| 60 an| 80 4
: -3-Exp g -0-Exp
E —~—PFO £ —~—PFO
g ——PSO g ~—PSO
——Elovich —=—Elovich
0 . . . . . . 0 @ . , , , . .
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time, min Time, min

Fig. 10 Kinetic curves for Cd() and Pb(i) adsorption from synthetic aqueous solutions (solution pH 6.01; ligand dose of 1.0 g L™ original

concentration of 100 mg L™%; temperature of 25 + 1 °C).
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Cd(n) and 0.5% for Pb(u)). The calculated equilibrium adsorp-
tion capacities (g,) were 54.3 mg g~ " for Cd(n) and 63.0 mg g~
for Pb(u), which closely matched the actual values. The corre-
sponding rate constants (k,) were 0.0006 min~" for Cd(n) and
0.0011 min~" for Pb(u). The higher initial sorption rate (%) for
Pb(u) (4.3 mol g * h™') compared to Cd(u) (1.8 mol g * h™%),
along with the shorter half-equilibrium time (14.6 h vs. 30.7 h),
confirms the ligand's stronger affinity for Pb(u). These findings
indicate that chemisorption is the dominant mechanism for
both ions, likely involving valence forces through sharing or
exchange of electrons between the ligand and metal ions.*****

The Elovich model, which describes adsorption on energet-
ically heterogeneous surfaces, also fit the data well, supporting
the involvement of diverse surface sites in the process. The
initial adsorption rate () was found to be 0.10 mg g~ * min " for
Cd(m) and 0.09 mg g ' min ' for Pb(u), with desorption
constants () of 4.07 g mg™ " and 11.39 g mg ™', respectively.
These values support the presence of a non-uniform surface and
a gradual increase in activation energy during adsorption,
consistent with surface heterogeneity.*”*®* The Morris-Weber
model was applied to further investigate the role of intraparticle
diffusion in the uptake system.*>** The model formula (Table
S17) was used to illustrate the variation of the sorption affinity
(g¢) with time 0.5 (Fig. 11), and the explored model terms are
displayed in Table S2.1 The anticipated data explored that the
rate constant (k;) was 2.23 and 1.68 mg g~ ' min 0.5 for lead(n)
and cadmium(u), with boundary layer constants (C) of 12.0 and
14.2, respectively. The high R* values (0.96 for both Cd(u) and
Pb(u)) reflects the contribution of the intraparticle diffusion
mechanism in the capture process.*****” However, the non-zero
values of C indicate that boundary layer diffusion also
contributes to the overall adsorption mechanism, particularly
in the initial stages of the process.*****

The integrated analysis of the kinetic models indicates that
the sorption of lead(un) and cadmium(u) onto the synthesized
sorbent involves multiple steps. The initial rapid adsorption is

80 - o cd(in)
o Pb(II)
60 -
ao
b
0
40 -
g
e
=3
20 A
o +— T T 7T T T T T
0 5 10 15 20 25 30
Time®5 (min)?5

Fig. 11 Weber—Morris model illustrating intraparticle diffusion for
Pb(i1) and Cd(i) adsorption from synthetic solutions (solution pH 6.01;
ligand dose of 1.0 g L% original concentration of 100 mg L%
temperature of 25 + 1 °C).
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primarily driven by chemisorption and boundary layer diffu-
sion, as indicated by the PSO model and the non-zero C values
in the W-M model. This is followed by gradual intraparticle
diffusion into the porous structure of the ligand, as described by
the Morris-Weber model. The same kinetic performance were
illuminated for cadmium(u) and lead(u) adsorption from
aqueous solution using iron nanoparticles embedded within
cellulose nanofibrils,* magnetic nanoparticles coated with
chitosan nanoparticles, cross-linked with succinic anhydride,
and cross-linked with crotonaldehyde,* Spirodela polyrhiza
biomass,*  oxidized multiwalled carbon  nanotubes
(0xXMWCNTS),*® biochar decorated with sulfide-iron(BC-Fe-S).*’

The IR and '"H-NMR spectrums (Fig. 3 and 4 respectively)
confirmed the existence of functional groups (-COOH, -NH,,
and -C=N) that are essential for chemisorption, as indicated by
the PSO model. The mass spectrometry data (Fig. 2) validated
the molecular integrity of the ligand, ensuring that the func-
tional groups remain intact and available for metal ion coor-
dination. The porous structure of the ligand (Fig. 5), as
suggested by the Morris-Weber model, provides a large surface
area and multiple active sites for adsorption, enhancing the
overall efficiency of the process. The kinetic investigation
highlights the effectiveness of the synthesized ligand for heavy
metal removal, with potential applications in wastewater treat-
ment and environmental remediation. The dominance of
chemisorption, supported by the PSO model and characteriza-
tion results, underscores the critical role of active sites in the
sorption process. The contributions of intraparticle diffusion
and surface heterogeneity, as revealed by the Morris-Weber and
Elovich models, further enhance the ligand's performance by
providing multiple pathways for metal ion uptake.

3.4. Sorption isotherms

The adsorption isotherms for lead(n) and cadmium(u) ions
using the synthesized ligand were conducted to elucidate the
equilibrium behavior besides the adsorption capacity under
varying initial metal ion concentrations. The isotherm profiles,
depicted in Fig. 12, demonstrate the direct proportional rela-
tionship between the sorption capacity and ions original
concentration, eventually reaching a plateau at higher concen-
trations. This saturation behavior indicates that the available
function groups on the ligand surface bonded with the target
ions, limiting further adsorption.*** To gain deeper under-
standings into the surface properties and uptake mechanism,
the revealed results were analyzed using four commonly applied
isotherm models: Temkin, Sips, Freundlich, and Langmuir.
These models together offer a thorough understanding of the
adsorption process, encompassing surface homogeneity,
heterogeneity, and the characteristics of adsorbate-ligand
interactions.**** The explored isotherm parameters were dis-
played in Table 3.

The Langmuir isotherm model, which suggests that mono-
layer adsorption happens on a uniform surface with a limited
number of identical sites, showed a strong correlation with the
experimental data. For Cd(u), the maximum adsorption capacity
(qm) was 71.0 mg g~ ', while Langmuir constant (k;) was 0.044 L

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Isotherm profile for the sorption of lead(i) and cadmium(i) ions from synthetic solution (time is 240 min; ligand dose of 1.0 g L™%; pH 5.9;

temperature of 25 + 1 °C).

Table 3 Parameters of the applied isotherm models

Cd(m) Pb()
Langmuir model
gm (mgg™) 71.0 84.0
k. (Lmg™) 0.044 0.062
R 0.99 0.99
ARE 5.7 7.9
Freundlich model
1/ngp 0.3 0.3
kr (mg g~ ") (mg L) 14.7 20.3
R? 0.86 0.84
ARE 18.7 22.4
Temkin model
by (J mol ™) 157.8 140.8
Ar(Lg™) 0.4 0.7
R 0.95 0.93
ARE 8.0 12.6
Sips model
gs (mgg™) 63.0 78.0
ks (L mg ™) 0.053 0.067
ms 1.40 1.40
R 0.99 0.99
ARE 0.9 0.6

mg ', and a correlation coefficient (R*) of 0.99. For Pb(u), the
values were 84.0 mg g~ for ¢y, 0.062 L mg ™" for k;, and an R? of
0.99. The high R” values and low average relative error (ARE)
values (7.9 and 5.7 for lead(u) and cadmium(u) respectively)
demonstrate that the Langmuir model effectively characterizes
the adsorption process, indicating that the ligand surface is
relatively uniform and that adsorption occurs primarily through
monolayer coverage.***>** This is consistent with the existence
ligand surface function groups (-NH,, -COOH, and -C=N),
which provide well-defined sites for metal ion binding, as
confirmed by IR, '"H-NMR, and mass spectrometry character-
ization results (Fig. 3, 4, and 2 respectively). Similar isotherm

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

performance (i.e. homogeneous and monolayer coverage
adsorption process) were illuminated for cadmium(u) and lea-
d(u) adsorption from aqueous solution onto iron nanoparticles
embedded within cellulose nanofibrils,** oxidized multiwalled
carbon nanotubes (0xXMWCNTs),* Biochar decorated with
sulfide-iron(BC-Fe-S),*” ZnO nanoparticles loaded onto biochar
derived from cassava root husk (CRHB-Zn03),** and Bauhinia
purpurea powder.*

It is worth noted that, the nature of the uptake system can be
evaluated using the dimensionless equilibrium variable (Ry),
calculated as Ry = 1/(1 + K|C,). Based on its value, sorption
behavior is classified as irreversible (R = 0), linear (R = 1),
unfavorable (R; > 1), or favorable (0 < R, < 1).**** The R, values
obtained, as shown in Fig. S2,T indicate that the sorption
process is favorable, with Cd(u) displaying R, values ranging
from 0.07 to 0.53 and Pb(u) showing values between 0.05 and
0.44 across all initial concentrations tested.

The Freundlich isotherm model, which describes the
heterogeneity of the sorbent surface, also provided a reasonable
fit to the experimental data. For Cd(u), the Freundlich constant
(K¢) was 14.7 (mg g~ *)(L mg '), with an intensity parameter (1/n)
of 0.3 and an R* of 0.86. For Pb(u), the values were 20.3 (mg
g ") (L mg ") for K, 0.3 for 1/n, and an R of 0.84. The Freundlich
model's fit suggests that the ligand surface is heterogeneous,
with multiple active sites contributing to the adsorption
process.***>* This aligns with the findings from the kinetic
investigation, where the Elovich and Morris-Weber models also
indicated surface heterogeneity. The parameter 1/n is
commonly used to assess the sorption favorability. A sorption
process is considered favorable when 0 < 1/n < 1, while a value of
1/n = 1 indicates an irreversible process, and if 1/n exceeds 1,
the adsorption is classified as unfavorable.**** According to
Table 3, the uptake of lead(n) and cadmium(u) is favorable, as
reflected by 1/n values of 0.1, which is reliable with the
outcomes from the Langmuir dimensionless parameter (R)).

The Temkin isotherm model which takes into account the
interactions between the adsorbate and the ligand, provided

RSC Adv, 2025, 15, 21987-22005 | 21997
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additional insights into the adsorption mechanism.***® For
Cd(n), the Temkin constant (b) was 157.8 ] mol™ ', with an
equilibrium binding constant (4;) of 0.4 L g~ " and an R* of 0.95.
For Pb(n), the values were 140.8 J mol * for b, 0.7 L g~ * for 4,,
and an R® of 0.93. The parameters of the Temkin model suggest
an exothermic and physisorption process whereas the sign and
magnitude of the b, values for both metal ions are positive and
<8 kJ mol ".*** In addition, the A, values for Pb(u) > Cd(u)
confirming the higher affinity of the applied ligand that towards
Pb(u) ions, which aligns with the finding from Langmuir model.

Lastly, the Sips isotherm model, which integrates aspects of
both the Freundlich and Langmuir models, was employed for
addressing both monolayer adsorption and surface heteroge-
neity.**® For Cd(u), 63.0 mg g~ " was the Sips maximum uptake
capacity (gs), while Sips constant (K;) was 0.053 L mg ™" and an
R? of 0.99. For Pb(u), the values were 78.0 mg g~ * for g, 0.067 L
mg ' for K,, and an R® of 0.99. The Sips model's excellent fit to
the anticipated results, along with low ARE values (0.6 and 0.9
for lead(un) and cadmium(u) respectively), further supports the
hypothesis that the uptake system involves both monolayer
coverage and heterogeneous surface interactions. The param-
eter mg, which represents the heterogeneity factor, was 1.40 for
both lead(n) and cadmium(u), indicating a moderate level of
surface heterogeneity.*>*® This finding is consistent with the
Freundlich model's suggestion of surface heterogeneity and
aligns with the kinetic results, which indicated a multi-step
adsorption process involving chemisorption and intraparticle
diffusion.

The comprehensive analysis of isotherm models indicates
that lead(n) and cadmium(u) ions capture by the synthesized
ligand involves multiple concurrent mechanisms. While the
Langmuir model suggests predominantly homogeneous surface
interactions with discrete, equivalent binding sites, the
Freundlich and Sips models reveal significant surface hetero-
geneity with diverse active sites participating in adsorption. The
Temkin model further demonstrates the importance of phys-
isorption mechanisms, particularly electrostatic interactions
between the ligand and metal ions. These theoretical findings
align with experimental characterization data, which confirmed
the occurrence of key efficient groups (-COOH, -NH,, and -C=
N) facilitating chemisorption, a negatively charged surface
enabling electrostatic interactions, and a porous structure
providing extensive surface area with multiple binding sites.
The Weber-Morris kinetic model corroborates this multi-
mechanism adsorption process, suggesting a complex inter-
play between different binding modes.

The synthesized ligand, enhanced with -NH,, -COOH, and -
C=N groups, exhibits a notably stronger tendency for lead(u)
ions than cadmium(u) ions. This distinction can be explained
by a mix of physicochemical factors and principles of coordi-
nation chemistry. Several parameters influence the adsorption
affinity of metal ions, including ionic radius, hydrolysis
constant, electronegativity, and hydration energy.*>* For
instance, titanium phosphate ion-exchangers show a preference
for Pb*>* over other ions, attributed to the ion's smaller hydrated
radius, which facilitates better interaction with the sorbent.*
Similarly, electronegativity governs metal ion adsorption by
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enhancing polarization and coordination, as seen in zeolite
selectivity (Pb** > Zn>" > Cd** > Cu®"), where ionic steric effects
also play a role.*” The adsorption capacities of Cu®*, Cd>", Ni*",
and Zn”" ions onto carbon-based sorbents were correlated with
electronegativity theory, indicating that ions with higher elec-
tronegativity were more readily adsorbed. Variations in hydra-
tion energy also influence the adsorption process, affecting the
interaction with carboxylic functional groups on ligands.*®
Furthermore, Chu et al. (2018) reported that the ion hydrolysis
ability of metals significantly influences adsorption, with vari-
ations in metal ion hydrolysis constants affecting the adsorp-
tion process. Specifically, changes in ionization potential and
hydrolysis promote adsorption, while certain properties inhibit
it.>

A key factor in the superior adsorption of Pb(u) is its larger
ionic radius (1.19 A) compared to Cd(u) (0.95 A), which facili-
tates more effective coordination with the ligand's functional
groups.®** Additionally, Pb(u) exhibits a higher electronega-
tivity (2.33 on the Pauling scale) than Cd(u) (1.69), leading to
stronger electrostatic and covalent interactions with the ligand
surface.> Charge density also plays a crucial role in adsorption
behavior. Pb(u) has a lower charge density (32 C mm ) than
Cd(u) (59 C mm™?), reducing electrostatic repulsion with the
electron-rich functional groups (-NH,, -COOH, and -C=N).*®
This lower repulsion allows Pb(u) to form more stable
complexes with the ligand. In contrast, the higher charge
density of Cd(u) results in greater repulsion, limiting its
adsorption efficiency. Moreover, Cd(u) has a significantly higher
hydration energy (—1807 k] mol ') compared to Pb(u)
(—1481 kJ mol '), meaning Cd(u) ions are more strongly
solvated in aqueous solutions.”® This strong solvation further
reduces their availability for adsorption. From a coordination
chemistry perspective, Pb(u) typically forms a higher coordina-
tion number (7.5) than Cd(u) (6.25), enabling stronger interac-
tions with multiple sorbent surface function groups.*®
Additionally, lead(u) is considered as a borderline Lewis acid
(0.266), whereas Cd(u) is a softer Lewis acid (0.320).>” Given that
the ligand's functional groups (-NH,, -COOH, and -C=N) are
intermediate or soft bases, they exhibit a higher tendency for
borderline acids such as lead(n) due to more favorable orbital
overlap and bonding interactions. Although Cd(u) can also form
stable complexes with soft bases, its higher solvation energy,
charge density, and lower electronegativity reduce its competi-
tive adsorption in this system.

These outcomes emphasize the potential of the synthesized
ligand for selective heavy metal removal, particularly in waste-
water treatment and environmental remediation applications
where Pb(n) contamination is a concern. The material's high
adsorption capacity and strong interactions with Pb(u) suggest
its effectiveness for targeted heavy metal removal. The present
work illuminates valuable insights for the design and optimi-
zation of ligands, highlighting the critical role of factors such as
ionic radius, electronegativity, charge density, hydration energy,
coordination chemistry, and HSAB theory in governing
adsorption behavior.

Table 4 elucidate the uptake affinity of the prepared ligand in
regards to other materials from the literature. The findings

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of adsorption capacities of various sorbents for Pb(i) and Cd(i) removal from aqueous solutions

Name Time, min pH Initial conc., mg L ™" Temp., oC Qe, mgg ! R
Pb(u)

Cellulose nanofibrils impregnated with iron nanoparticles 150 5.0 5-500 40 89.08 44
Spirodela polyrhiza biomass 120 6.0 100-160 25 36.0 45
Oxidized multiwalled carbon nanotubes 1440 5.0 0.5-5.0 25 10.5 46
Cassava root husk-derived biochar 60 6.0 20-100 25 34.47 34
ZnO nanoparticles loaded onto biochar derived from 44.27

cassava root husk

Bauhinia purpurea powder 1440 4.5 2-100 45 23.61 35
Magnetic bauhinia purpurea powder 20.01
Polymer-modified magnetic nanoparticles 45 5.5 20-450 25 166.1 58
Egyptian Na-activated bentonite 60 3.8 5-20 25 5.43 59
2-((E)-(4-aminophenylimino)methyl) benzoic acid 240 6.0 20-300 25 84.0 PW
Cd(u)

Cellulose nanofibrils impregnated with iron nanoparticles 150 5.0 5-500 40 14.48 44
Spirodela polyrhiza biomass 120 4.0 10-40 25 137 45
Oxidized multiwalled carbon nanotubes 1440 5.0 0.5-5.0 25 23.4 46
Cassava root husk-derived biochar 60 6.0 20-100 25 32.33 34
ZnO nanoparticles loaded onto biochar derived from 42.05

cassava root husk

Bauhinia purpurea powder 1440 5.0 2-100 25 11.13 35
Magnetic bauhinia purpurea powder 4.76
Polymer-modified magnetic nanoparticles 45 5.5 20-450 25 29.6 58
Egyptian Na-activated bentonite 60 3.8 5-20 25 3.145 59
2-((E)-(4-aminophenylimino)methyl) benzoic acid 240 6.0 20-300 25 71.0 PW

illuminate that the synthesized ligand, 2-((E)-(4-amino-
phenylimino)methyl) benzoic acid, displays outstanding uptake
affinity of 84.0 and 71.0 mg g ' for cadmium and lead ions
respectively, exceeding those of sorbents like Bauhinia pur-
purea powder, iron nanoparticles embedded within cellulose
nanofibrils, and ZnO-loaded biochar. This high efficiency is
attributed to the ligand's unique molecular structure, which
includes amino (-NH,), carboxyl (-COOH), and imine (-C=N)
groups that facilitate strong coordination, electrostatic inter-
actions, and chelation with metal ions. In contrast, materials
like polymer-modified magnetic nanoparticles and oxidized
multiwalled carbon nanotubes exhibit moderate adsorption
capacities, while biochar-based sorbents show comparatively
lower performance. Overall, the synthesized ligand stands out
as a highly effective ligand for the capture of cadmium and lead
ions from aqueous solutions. Its superior uptake capacity,
combined with its structural and functional properties, makes
it a highly suitable option for environmental remediation.

3.5. Thermodynamic investigation

Thermodynamic investigation of lead(n) and cadmium(u)
capture onto the prepared ligand offers essential insights into
the spontaneity, nature, and feasibility of the uptake system.****
The thermodynamic parameters, (i.e. the standard entropy
change (AS°), standard enthalpy change (AH°), and standard
Gibbs free energy change (AG°) were detected by the Van't Hoff
plot (Fig. 13) and equations detailed in Table S1,} with results
summarized in Table 5. The negative AG® values observed
across the temperature range (20-50 °C) for both target ions
demonstrate the spontaneous nature of the uptake

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

system.*>***>*” Notably, the decreasing AG° values with rising
temperature indicate enhanced process spontaneity at higher
temperatures, particularly for Pb(u). These findings align with
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Fig. 13 Thermodynamic profiles of Cd(i) and Pb(i) adsorption from
synthetic agueous solutions (initial concentration of 100 ppm; pH 5.9;
ligand dose of 1.0 g L™ shaking time is 240 min).

Table 5 The values of the thermodynamic parameters

AG (kJ mol ™)

AH AS
20°C  30°C 40°C 50°C (kfmol™") (Jmol'K)
Cd(m) -1831 -18.21 -18.37 —18.40 -16.98 4.47
Pb(H) -17.30 -17.38 —17.41 —17.62 —14.34 9.93
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the strong metal-ligand interactions evidenced by FTIR, 'H-
NMR, and mass spectrometry analyses.

The negative AH° values (—16.98 and 14.34 k] mol " for
cadmium(u) and lead(u)) respectively) reveal the exothermic
nature of the adsorption process, manifesting through dual
mechanisms: chemisorption and physisorption.*****»*” Kinetic
model of pseudo-second-order supports the chemisorption
component through ions interactions with functional groups (-
NH,, -COOH, and -C=N), while the Temkin isotherm and zeta
potential measurements confirm the physisorption mechanism
via electrostatic interactions. This dual-mechanism interpreta-
tion explains the observed decrease in adsorption capacity at
elevated temperatures (Fig. 13), as the exothermic process
naturally diminishes with increasing thermal energy.

The positive AS°® values (4.47 and 9.93 ] mol ' K for cad-
mium(r) and lead(u)) respectively) indicate the randomness
boost at the liquid/solid interface through sorption.>****>*” The
higher AS° value for Pb(u) suggests more extensive system
disorder during its adsorption, likely due to its larger ionic
radius and higher electronegativity enhancing interactions with
the ligand's functional groups. Studies on lead(u) and cadmiu-
m(u) ion adsorption onto materials such as iron nanoparticles
embedded within cellulose nanofibrils,* Magnetic nano-
particles coated with chitosan nanoparticles, cross-linked with
succinic anhydride, and cross-linked with crotonaldehyde,*
Spirodela polyrhiza biomass,* and biochar decorated with
sulfide-iron(BC-Fe-S)*” have demonstrated a spontaneous,
feasible, and exothermic adsorption process.

These thermodynamic findings complement the kinetic and
isotherm analyses while providing fundamental insights for
optimizing heavy metal removal applications. The comprehen-
sive understanding of the process energetics, combined with
the dual-mechanism interpretation, offers valuable guidance
for future ligand design and process optimization in environ-
mental remediation contexts.

3.6. Proposed adsorption mechanisms

The capture of cadmium(u) and lead(u) from aqueous solutions
using organic ligands and functionalized sorbents has been
extensively studied. The mechanisms typically involve a combi-
nation of coordination bonding, electrostatic binding, and
chelation.***>***%® Ljgands containing functional groups for
example amino, carboxyl, and imine exhibit high affinity for
metallic pollutants owned to their aptitude for forming stable
complexes through electron donation and coordination
bonding.”®** For example, Schiff base ligands, which contain
imine groups, are known for their strong chelating properties,
enabling them to bind metal ions through nitrogen and oxygen
donor atoms. Similarly, carboxyl groups can deprotonate in
aqueous solutions to form carboxylate anions, which interact
electrostatically with cations.”*?

Lead and cadmium ions illumination using iron nano-
particles embedded within cellulose nanofibrils occurs through
exchange, electrostatic interactions, complexation, hydrogen
bonding, and chelation mechanisms.** Biochar decorated with
sulfide-iron(BC-Fe-S) binds Cd**/Pb** primarily through co-
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precipitation, ion exchange, chelation, and electrostatic inter-
actions.”” Similarly, the high adsorption capacity of MoS,-
functionalized cotton fabric for Pb, Hg, and Cd is attributed to
the robust acid/base coordination between ions and surface
sulfide sites.* Adsorption of Cr®', As**, Cd**, and Pb*" onto
ZnO-loaded cassava root husk biochar is mainly driven by
surface precipitation and cation exchange owned to functional
groups enriched with oxygen.** Bauhinia purpurea pods-derived
magnetic and non-magnetic biosorbents remove Cd** and Pb**
through hydrogen bonding, ion exchange, and chelation
mechanisms.*” Electrostatic interactions dominate the uptake
of Cu(u), Pb(u), and Cd(u) onto MIL-100(Fe) and MIL-101(Cr),**
while chelation is the primary mechanism for Pb**, Cd**, and
Zn" capture using Chelating resin with hyper cross-linking and
nanometer-sized particles, where amide oxygen and nitrogen
atoms form stable metal complexes.’® Additionally, Ge et al.
reported that Cd**, Zn>*, Pb*", and Cu®" interact with Fe;0,@-
APS@AA-co-CA ligands via chelation with carboxylate anions.®

In this study, cadmium(u) and lead(u) uptake onto the
synthesized ligand, 2-((E)-(4-aminophenylimino)methyl) ben-
zoic acid, involves a combination of chemical and physical
mechanisms, driven by the ligand's unique structural and
functional properties. The ligand's molecular structure, char-
acterized by the presence of an amino group (-NH,), a carboxyl
group (-COOH), and an imine group (-C=N), provides multiple
active sites for metal ion binding, making it highly effective for
the adsorption of cadmium(u) and lead(u) from aquatic systems.
The zeta potential of the ligand, measured at —21.4 mV (Table
1), confirms that the ligand possess a negative charge which
enhances electrostatic binding with Cd** and Pb**. This elec-
trostatic attraction is a key physisorption mechanism, particu-
larly at moderate pH values where the surface charge is most
pronounced.

At the same time, the chemisorption nature of the removal
process, as evidenced by the PSO model, deduced that chemical
interactions are the rate-limiting step. This aligns with the
strong interactions between the metal ions and the ligand's
functional groups. The amino group (-NH,) has a crucial
impact on the adsorption mechanism, acting as an electron
donor through its lone pair of electrons. This facilitates the
formation of coordination bonds with Cd*" and Pb*" ions,
which act as Lewis acids.***” The carboxyl group (-COOH)
further enhances adsorption through chelation and electro-
static interactions, particularly when deprotonated to form
a carboxylate anion (-COO™).**** Additionally, the imine group
(-C=N), formed via Schiff base condensation, contributes to
the adsorption process by providing another coordination site
for metal ions.>'**® The presence of these functional groups was
confirmed by FTIR, 'H-NMR, and mass spectrometry charac-
terization (Fig. 3, 4, and 2 respectively), which revealed the
ligand's structural integrity and its ability to form stable
complexes with metal ions. These chemisorption mechanisms
are supported by FTIR analysis for the spent ligand (Fig. 3),
which shows shifts and intensity changes in the »(NH), »(C=0),
and »(C=N) bands after adsorption, indicating direct involve-
ment of these functional groups in metal complexation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The isotherm studies further corroborated the chemisorp-
tion mechanism, whereas the experimental data was best
matched by the Langmuir and Sips models. The Langmuir
model's assumption of monolayer adsorption on a uniform
surface matches the ligand's well-defined active sites, while the
Sips model's inclusion of surface heterogeneity reflects the
ligand's ability to adsorb metal ions through multiple path-
ways.**** The Weber-Morris kinetic model illuminated that the
uptake process is controlled multiple interaction mechanisms
(Fig. 10). At the beginning of the process, chemisorption
mechanisms for example surface complexation, dominate the
system, while physisorption mechanisms, for instance inter-
particular diffusion, become more significant after equilib-
rium is reached. The occurrence of physisorption during the
elimination of cadmium(u) and lead(u) is also confirmed by
thermodynamic and Temkin isotherm analyses, which indicate
AH® values of —14.34 and —16.98 k] mol " (Table 5) and heats
of adsorption of 140.8 and 157.8 (Table 3) for lead and cadmium
ions respectively. These findings suggest that physisorption, via
weak van der Waals interactions, plays a role in the removal of
metal cations.>>****

In summary, the capture mechanism of lead(u) and cad-
mium(u) ions onto 2-((E)-(4-aminophenylimino)methyl) benzoic
acid is governed by a synergistic interplay of chemical and
physical interactions, ensuring an efficient metal capture
system. The initial chemisorption phase establishes strong and
selective metal binding through coordination with functional
groups, while subsequent physisorption contributions enhance
adsorption capacity via secondary interactions. This dynamic
adsorption process, shaped by the temporal evolution and
spatial organization of binding mechanisms, is reinforced by
comprehensive analytical techniques and theoretical models.
Such an in-depth mechanistic understanding provides a robust
framework for optimizing metal removal strategies, particularly
in complex aqueous environments, where leveraging multiple
binding modes can significantly improve adsorption efficiency,
making this approach highly promising for environmental
remediation applications.

3.7. Desorption and recyclinginvestigations

The desorption investigation of lead(u) and cadmium(u) from
the loaded ligand provides critical insights into the regenera-
tion potential and recycling of the synthesized ligand, which is
essential for its practical application in wastewater treatment.
Desorption efficiency was evaluated using sulfuric (H,SO,),
hydrochloric (HCI), and nitric (HNO3) acids at 0.5 M and 1.0 M
concentrations. The results in Fig. S3f show that HNOj;
exhibited the highest desorption efficiency, with 0.5 M
achieving 84.0% (Pb*") and 83.0% (Cd>*), while 1.0 M reached
97.0% and 95.0%, respectively. In contrast, H,SO, and HCI
showed lower efficiencies, with 1.0 M H,SO, achieving 74.0%
(Pb**) and 70.0% (Cd*"), and 1.0 M HCI reaching 70.0% (Pb>")
and 65.0% (Cd>"). These findings confirm HNO; as the most
effective desorbing agent, particularly at higher concentrations.

The ligand modified with 2-((E)-(4-aminophenylimino)
methyl) benzoic acid demonstrates strong reusability for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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removing lead(u) and cadmium(u) from aqueous solutions. Over
five sorption-desorption cycles, a slow decline in sorption
capacity and elution efficiency is observed, which reflects that,
the ligand retains a significant portion of its performance,
indicating its practical potential (Table S31). For Cd(u), the
removal tendency ramped down from 51.9 to 47.5 mg g~ * (8.5%
reduction), while desorption efficiency drops from 95.1% to
86.1% (9.0% reduction). This suggests minor structural changes
affecting ion affinity, though the high desorption efficiency
confirms the reversible nature of the process. Similarly, Pb(u)
uptake affinity declines from 62.1 to 56.7 mg g~ * (8.7% reduc-
tion), and desorption efficiency drops from 97.1% to 86.9%
(10.2% reduction). Overall, the study confirms the ligand's
effectiveness for lead (i) and cadmium(u) elimination, making it
a highly suitable option for environmental remediation.

3.8. Case study; application in real waste raffinate solution

The application of the synthesized ligand in a real waste solu-
tion demonstrates its effectiveness and selectivity for heavy
metal removal in complex aqueous matrices. The waste solu-
tion, sourced from Cairo Chemical Industries, a private chem-
ical manufacturing company in Egypt, contained a mixture of
heavy metals (Pb, Cd, Cr, Co, Si) and common ions (Cl, K, Na),
with initial concentrations ranging from 70 ppm for Cr to
690 ppm for K (Table S4t). After adsorption under experimental
conditions of room temperature, 1.0 g L™ ligand dosage, and
240 minutes shaking time, the final concentrations and removal
efficiencies (E%) were measured and displayed in Table S4.f
The ligand exhibited high selectivity and efficiency for Pb and
Cd removal, with removal efficiencies of 62.0% for Pb and
51.1% for Cd. This performance is consistent with the batch,
kinetic, and isotherm studies, which highlighted the strong
affinity of the ligand for cadmium(n) and lead(u) due to the
occurrence of surface active groups (-NH,, -COOH, and -C=N)
that facilitate chemisorption.

In contrast, the removal efficiencies for other metals and
ions were significantly lower, with 23% for Cr, 24% for Co, and
14% for Si. Common ions such as Cl, K, and Na showed
minimal removal, with efficiencies of 3.3%, 2.2%, and 10.7%,
respectively. This selectivity is owned to the higer coordination
interaction formed between the ligand's functional groups and
Pb(u)/Cd(u) ions in comparison with other pollutants. The larger
ionic radius and greater electronegativity of cadmium(u) and
lead(u) further enhance their interactions with the ligand,
making them more effectively removed from the solution.

The results also highlight the ligand's ability to function
effectively in the presence of competing ions, which is critical
for real-world applications in wastewater treatment. Despite the
high concentrations of Cl™, K, and Na, the ligand maintained
a high removal efficiency for Pb and Cd ions, demonstrating its
robustness and selectivity. This performance aligns with the
desorption investigation, which confirmed the ligand's reus-
ability and regeneration potential, further supporting its suit-
ability for practical applications.

The application of the ligand in real waste solutions under-
scores its potential for heavy metal removal in complex
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environments, such as industrial wastewater and contaminated
groundwater. The high selectivity for Pb and Cd, combined with
its ability to operate effectively in the presence of competing
ions, makes it a highly suitable option for environmental
remediation. These findings, together with the batch, kinetic,
isotherm, and thermodynamic results, illuminate a well
understanding of the ligand's performance and its potential for
real-world implementation.

4. Conclusion

This study successfully demonstrated the potential of 2-((E)-(4-
aminophenylimino)methyl) benzoic acid as an efficient and
selective sorbent for cadmium(u) and lead(u) capture from
aqueous solutions. The ligand's unique molecular structure,
featuring amino (-NH,), carboxyl (-COOH), and imine (-C=N)
functional groups, enables strong coordination bonding, elec-
trostatic interactions, and chelation with metal ions, resulting
in exceptional uptake affinity of 84.0 and 71.0 mg g~ for lead(n)
and cadmium(u) respectively. Kinetic and isotherm investiga-
tion elucidate that the target ions capture is governed by
chemisorption, and the anticipated results are fitting well to
pseudo-second-order and Langmuir models. The exothermic
and spontaneous nature of the uptake system is explored from
the thermodynamic investigation. The ligand demonstrated
high selectivity for lead(n) and cadmium(u) over other metals
and common ions, as well as excellent reusability over multiple
adsorption-desorption cycles, highlighting its potential for
practical applications in environmental remediation.
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