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Pincer ligand mesoporous material
in heavy metal adsorption for
environmental purposes
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Aurelian Rotaru® & Yann Garcia?™*

Based on our previous results obtained on the coordination of bis-pyrazolyl bis-acetate pincer ligand
towards heavy metals, mesoporous silica (pore size: 60 A) was functionalized with a new NNN pincer
ligand prepared through three surface modification steps to obtain a novel mesoporous material @
SiA,. This study reports the synthesis and the application of @SiA, for the removal of heavy metal ions
(Pb?*, Cu?*, and Cd?*) from aqueous media. The obtained material @SiA, was characterized by a series
of analytical techniques including FT-IR, solid-state NMR 3C and 2°Si, BET, EA, SEM and BJH which all
confirmed the successful grafting. Following the characterization, batch adsorption experiments were
conducted to investigate the influence and the effect of various parameters: initial ions concentration,
pH solution, equilibrium time, kinetics, temperature, thermodynamic properties and selectivity
toward Pb?*, Cu?* and Cd?*. The main findings from batch adsorption experiments demonstrated that
@SiA, has a remarkable affinity and high selectivity toward Cu?* achieving a maximum adsorption
capacity of 127 mg/g in less than 15 min with stable efficiency after 5 cycles of regeneration/reusability
maintaining over 98% of its initial efficiency. The adsorption kinetics were best described by the
pseudo second order (PSO) model, while the equilibrium data fitted the Langmuir isotherm model,
confirming a chemisorption mechanism involving monolayer adsorption onto a homogenous surface.
Furthermore, thermodynamic studies revealed the adsorption to be spontaneous and endothermic
with increased efficiency at higher temperatures. @SiA, practical applicability could be used for the
adsorption of copper in real river water sample from the Oued Za river in Morocco without interferences
of other transition metal ions. To further understand this performance, the mechanism of metal ion
adsorption is discussed in detail, highlighting the role of ligand structure in driving selectivity. The
proposed removal mechanism is chelation, where the nitrogen cavity NNN of the rigid pincer ligand
selectively coordinate with Cu?* ions, as supported by Hard-Soft-Acid-Base (HSAB) theory.

Keywords Mesoporous silica, Toxic metals adsorption, Real water samples, Environment, Cleaning water
methods

In recent years, extensive coordination chemistry investigations have been carried out on compounds containing
N-heterocyclic ligands (pyrazole!, pyridine?, imidazole?, etc.) and their derivatives because of their good binding
abilities. Particularly, tridentate pincer ligands have gained considerable attention due to their ability to form
stable supramolecular complexes with metal ions**. The preorganized and rigid tridentate binding pocket of
NNN pincers not only enhances binding affinity but also dictates selectivity for specific metal geometries for
applications requiring targeted removal’. Furthermore, the ability to adjust the properties and functions of the
organic backbone by varying substituents allows precise modulation of the electronic properties of the ligand
framework, influencing the binding characteristics of the resulting metal complex®. In our recent work®, we
have explored the effect of ligating topologies, counter anions and the metal ions nodes on the supramolecular
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structure obtained from a conformationally flexible bis-pyrazol-bis-acetate (L) ligand having a pyridine
backbone. This demonstrated excellent complexation properties with heavy metals, due to its pincer geometry
and nitrogen —rich environment. Building on this foundation, we hypothesized that immobilizing this pincer
ligand NNN (L) onto silica matrix would create a new hybrid material (@SiA,) for environmental applications
that retains at the same time the ligand’s high affinity and selectivity for heavy metals with the mechanical
stability and reusability of silica support .

The use of silica as a solid support, offers several advantages, including enhanced mechanical stability, easy
separation, and cost-effectiveness'?-!4. Silica-based materials are particularly attractive due to their high surface
area, porosity, and chemical inertness making them ideal candidates for environmental applications'>!. Recent
studies have explored the functionalization of silica with various organic ligands for heavy metal adsorption,
demonstrating promising results. For example, porphyrins have been reported to condense with the surface
amino groups on mesoporous silical”. In similar way, other compounds containing nitrogen Schiff bases!®,
EDTAY, triethylenetetramine?® and 2-phenylimidazo[1,2-a]pyridine-3-carbaldehyde?! have also been reported
to form various nitrogen platforms grafted on the mesoporous silica substrate for adsorption application.

However, to our knowledge the integration of NNN pyrazolyl pyridine pincer ligands into silica matrices for
heavy metal removal remains underexplored, particularly in real-world water treatment applications.

In this study, we present the synthesis, characterization, and application of @SiA,, a silica-based material
functionalized with the L pincer ligand, for the removal of Pb%*, Cd?*, and Cu?* from aqueous solutions. Those
metals were chosen because they are common and highly toxic heavy metal pollutants frequently found in
industrial wastewater, originating from industries such as mining, electroplating, and battery manufacturing.
They are known for their high toxicity to humans and aquatic life, even at low concentrations, and their
tendency to bioaccumulate. Following this, the effects of several factors including equilibrium time, kinetics,
temperature, thermodynamic properties, initial ions concentration, pH, selectivity and regeneration were all
investigated. Furthermore, we evaluate the performance of @SiA, in real water samples collected from the
Oued Za river in Morocco, demonstrating its effectiveness in removing trace amounts of heavy metals under
real-world conditions. The results highlight the potential of @SiA, as a sustainable and efficient adsorbent for
environmental remediation, particularly in regions affected by heavy metal pollution.

Experimental section

Materials

All solvents and chemicals (Acros Organics and Sigma-Aldrich purity 99.5%) were of analytical grade and used
without further purification. Initial mesoporous silica gel spherical (0.03-0.2 mm) with a median pore diameter
of 60 A was purchased from Acros Organics. "H NMR spectroscopic data were recorded with an Avance 300 MHz
Bruker spectrometer. Surfaces were characterized by Fourier-transformed infrared (FT-IR) spectroscopy using
an Equinox 55 (Bruker) equipped with an ATR modulus and a MCT detector in the range 400-4000 cm™!. The
Bruker software OPUS was used for data treatment. Thermogravimetric analyses (TGA) were performed in
0,:N, (90:10) atmosphere at a heating rate of 10 °C min™' from 25 to 850 °C using 3-4 mg with a Mettler Toledo
TGA/SDTA 851e analyzer. CHN analysis was performed by MEDAC Ltd (UK). N, adsorption-desorption
analyses were performed at 77 K using a volumetric adsorption analyser (Micromeritics ASAP 2020). Before the
analysis, the samples were pretreated at 150 °C for 16 h under reduced pressure (0.1 mbar). The BET method
was applied in the P/P,=0-1 range to calculate the specific surface area, and the pore size distributions were
calculated from the adsorption isotherm using the BJH method. Solid state *C and 2°Si CP-MAS NMR spectra
were recorded at r.t. using a JEOL ECZ-R spectrometer operating at 14.1 T (119.2 MHz for ?°Si and 150.9 MHz
for 13C). Samples were spun at 10 kHz using zirconia rotors and a 3.2 mm AUTOMAS probe. The chemical shift
scale was calibrated at r.t. with respect to a 3-(trimethylsilyl)-1 propane sulfonic acid sodium salt (DSS; §=0.0
ppm) and solid adamantane (38.48 and 29.45 ppm) for #Si and *C NMR-solid state, respectively. Scanning
electron microscopy was performed on a FEI Nova Nano SEM 450 instrument.

Batch adsorption experiments

Batch experiments were conducted under standard conditions. The effects of various parameters on the
adsorption, such as initial concentration, the pH of the solution, contact time and temperature were investigated.
After adsorption, the solid phase was separated by filtration (0.45 um). Experiments were carried out three times
in each case, and only the mean data were reported. The concentration of each metal ion was determined by
atomic absorption measurements using Spectra Varian A.A. 400 spectrophotometer and the amount of anions
retained in the adsorbent phase (mg/g) was calculated by:

. = (C; — Ce) x (V/m)

where C, and C, are the initial and final (equilibrium) concentrations of the anions in solution (mg/L), V is the
solution volume (L), and mis the mass of adsorbent (g).

Effect of initial concentration: To assess the influence of initial metal ion concentration (10 mL) of individual
solutions containing Cd**, Cu** and Pb?* at different concentrations (from 10 to 300 mg/L) were transferred
into conical flasks containing 10 mg of @SiA,. The mixtures were stirred for 2 h at 25 °C and pH = 6. Metal ion
concentrations in the filtrate were then analysed as described previously. Based on this experiment, the metal
ion’s optimal concentrations, where adsorption by @SiA, reaches its maximum, were determined (Table 1).

Effect of contact time: To determine the optimal contact time, 10 mg of @SiA, was introduced into a
conical flask, followed by 10 mL of metal ion’s optimal concentration solution. The concentration of remaining
metal ions in the filtrate was measured at different time intervals: 2, 5, 10, 15, 20, 25 and 30 min. All tests were
conducted at 25 °C and pH 6.0.
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Optimal concentration
Material | Metal ion | (mg/L)
Ccd* 55
@SiA, | Cu®* 62
Pb** 34

Table 1. Metal ions optimal concentration for @SiA, determined by atomic absorption using batch
experiments.

Thermodynamic study: To evaluate the thermodynamic behaviour of adsorption, 10 mg of each adsorbent
was mixed with 10 mL of the metal ion’s optimal concentration solution. The experiment was conducted at four
different temperatures (30 °C, 35 °C, 40 °C and 45 °C) while keeping all other parameters constant (contact time:
30 min, pH: 6.0).

Effect of pH variation: To study the influence of pH, 10 mg of @SiA , adsorbent was added to a fixed volume
of 10 mL of metal ion solution at the optimal concentration with pH adjusted to 1, 2, 3,4, 5, 6, and 7. The samples
were stirred for 30 min at 25 °C, and metal ion concentrations were measured in the filtrate. pH adjustments
were made using diluted HCl and NaOH solutions.

Selectivity study: To investigate selectivity, 10 mg of @SiA, was introduced into a conical flask containing a
mixture of Cu(NO,),-3H,0, Cd(NO,),-6H,0 and Pb(NO,),-6H,0 in 10 mL of solution each at 150 mg/L. The
samples were stirred for 30 min. at 298 K and pH 6.0, and the concentrations of metal ions in the filtrate were
analysed to determine the selectivity of each material.

Reusability assessment: To evaluate the reusability of the adsorbents, 10 mg of @SiA; was reused for
adsorption 5 times. The metal-loaded material was washed in 1 M HCI (10 mL) solution and stirred for 2 h.
After filtration, the solid was washed with water until the filtrate’s pH was neutral, then dried.

Real water decontamination: 10 mL of water samples from the from Oued Za river were introduced into
conical flasks containing 10 mg of adsorbent. After 30 min. of contact at 25 °C, metal ion concentrations in the
filtrate were analysed.

Material synthesis and analyses

Material synthesis

Preparation of A,: The ligand 2,2’-{pyridine-2,6-diylbis[(5-methyl-1H-pyrazole-3,1 diyl)]}di(ethan-1-ol)
(A,) was obtained by the reduction of diethyl 2,2’-(pyridine-2,6-diylbis(5-methyl-1 H-pyrazole-3,1 (1) diyl))
diacetate (L) prepared and discussed following the guidelines described in our previous work®. The reduction
of ligand L (3 g, 7.2 mmol) to the corresponding alcohol was achieved using NaBH, (3 g, 72 mmol) in absolute
ethanol. The reaction was conducted at 60 °C for 24 h. After completion, the ethanol was evaporated, and the
reaction mixture was cooled to room temperature. Subsequently, water (30 mL) was added to the mixture, and
the solution was neutralized using 2 M HCIl. The aqueous layer was extracted with dichloromethane (2x20
mL). The combined organic phases were washed with a saturated NaCl solution, dried over magnesium sulfate
(MgSO,), filtered, and concentrated. The desired product A, was obtained as a white powder (0.85 g, 34% yield)
after precipitation in hexane, with a melting point of 168(1) °C.

IH NMR [DMSO; 8 (ppm)]: 2.33 (s, 6 H, H10-16); 3.75(q, ] = 5.6 Hz, 4 H, H20-22); 4.12 (t, ] =5.7 Hz, 4 H,
H19-21); 4.90 (t, J=5.4 Hz, 2 H, H23-24); 6.65(s, 2 H, H8-14); 7.67-7.83 (m, ] = 0.9 Hz, 3 H, H1-5-6) RMN 13C
[DMSO; 8(ppm)]: 11.54 (2 C, C10-16); 51.85 (2 C, C19-21); 61.02 (2 C, C20-22); 104.18 (2 C, C8-14); 117.85
(2 C, C1-5); 137.63 (1 C, C6) ; 141.07 (2 C, C9-15); 150.35 (2 C, C2 4);152.27 (2 C, C7-13). FT-IR (cm™!):
v(alcohol): 3180; v(C=C); 1465; v(C=N): 1601. Fig. S1-S3.

Preparation of @SiCl: Initially, silica gel (particle size: 0.03-0.2 mm; pore size: 60 A) was activated by heating
at 120 °C for 48 h. Then, 11 g of activated silica gel was suspended in dried toluene (100 mL) in a two-necked
round bottom flask, then (3-Chloropropyl)trimethoxysilane (CPTMS) (5 mL) is gradually added into the
suspension. Then, the mixture was stirred at 110 °C for 24 h under Ar . After that, a filtration system was
used to collect the solid, which was then washed extensively with hot toluene (40 mL), methanol (40 mL) and
purified by Soxhlet extraction with a methanol: dichloromethane (1:1) mixture for 10 h to remove the remaining
silylating agent. The obtained material @SiCl was dried under vacuum at 60 °C for 6 h*2.

Preparation of @SiA, (Fig. 1): @SiA, was synthesized through the reaction of 4 g of A, with 4 g of @
SiCl and an appropriate amount of NaOH in anhydrous toluene (50 mL) under Ar, . during 24 h at 110 °C.
Finally, centrifugation was used to collect @SiA, and then it was washed, with Soxhlet extraction apparatus for
sequential reflux extraction using methanol: dichloromethane (1:1), and vacuum dried at 60 °C for 6 h.

Material analyses

The chemical environment of the attached ligands was thoroughly investigated using solid-state 1*C and 2°Si CP-
MAS NMR. In detail, the *C CP NMR spectrum Fig. 2a of @SiCl, shows distinct peaks at 50.0, 46.9, 26.6 and 10.9
ppm, which are characteristic of carbon atoms in four chemically inequivalent carbon sites. 50.0 and 46.9 ppm
shifts are consistent with carbon atoms adjacent to electronegative groups (3.5 for oxygen and 3.1 for chlorine
on the Pauling scale)? results in a stronger electron-withdrawing effect, leading to increased deshielding of the
adjacent carbon in OMe (50.0 ppm) and C-Cl (46.9 ppm). Additionally, the highly polarized nature of the Si-O
bond, combined with potential hyperconjugation effects involving silicon, enhances this deshielding compared
to C-Cl group where the effect is less pronounced. In comparison, Fig. 2(b) shows similar but slightly shifted
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Fig. 2. Solid state *C CP-MAS NMR spectrum of (a) @SiCl and (b) @SiA,.

peaks, indicating variations in the local electronic environment, together with several new peaks indicating
the successful immobilization of the pincer ligand on the silica framework. The presence of the pyridine and
pyrazole rings was further validated by signals between 100 and 160 ppm. The carbon peaks at 61.6 and 57.7 ppm
are assigned to the carbon atoms of the linker O-CH,-CH,-N.

298i NMR spectra of the silica samples reveal significant changes upon functionalization (Fig. 3). Indeed,
28i CP-MAS experiments enable us to estimate the relative trends of NMR signals present in the different
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materials semi-quantitatively. Based on deconvolution analysis of NMR signals (Figures S4-S6, Table S1), it
was observed that the pure dehydrated silica is dominated by the Q? signal, which is observed at -100 ppm. Its
intensity indicates the presence of silanol (Si-OH) groups, which are the primary reactive sites for grafting?*.
The abundance of Q? sites provides more opportunities for organosilane attachment, potentially leading to a
higher degree of functionalization and improved grafting efficiency. The Q* and Q? signals are observed at - 110
ppm and — 90ppm: They represent fully condensed Si(OSi), and partially condensed Si(OSi),(OH), groups,
respectively, and have approximately the same intensity in the CP-MAS spectra. Upon functionalization,
the intensities of 2°Si signals changed significantly: in the @SiCl sample the Q* increased significantly, with
respect to Q> and Q? signals, indicating the reactivity of silanol groups (Si-OH) to form Si-O-Si?. Also, the
appearance of additional T! and T? peaks at — 56 ppm and — 48 ppm suggests the formation of new RSi(OSi)
(OH), and RSi(OSi),(OH) species respectively (R=organic moiety), confirming successful grafting. Finally, the
2Si spectrum of @SlA material (see Fig. 3) revealed that the relative amount of Q® signal further decreased,
while the Q* increased, as expected in the case of progressive condensation triggered by the reaction conditions.
Besides, two distinct peaks at -65 ppm and —56 ppm, corresponding to T* environments (R-Si(OSi),) and T?
environment (R-Si(OSi),(OH)), were observed.

In conclusion, the combined *C CP and 2Si CP MAS NMR analyses confirm the successful grafting of the
ligand A, and further condensation of the silanol moieties during the modification step. These observations are
in agreement with recent literature®®

The FTIR spectrum of @SiCl (F1g 4) exhibits characteristic intense bands broad absorptions at 1062 cm™!
indicative of asymmetric Si-O-Si stretching within the silica network and vibrations at 797 cm™ associated
with symmetric stretching Si-O-Si. Bending vibration approximately at 2961 cm™, attributed to C-H stretching
of CH, are also observed”. Following the grafting process, @SiA, (Fig. 4) retains the mentioned Si-O-Si
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Fig. 3. Solid state °Si CP-MAS NMR spectrum of @SiCl and @SiA,.
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Fig. 4. FT-IR spectra for @SiCl (left) and for @SiA, (right). Highligted regions show the introduction of C-H
and C=N and C=C bonds after grafting.

feature, demonstrating preservation of the silica framework. However, notable alterations were evident in the
spectrum of @SiA,. The appearance of a shoulder at 1400-1500 cm™!, which was absent in the @SiCl spectrum,
strongly suggests the introduction of C=N and C=C bonds stemming from the ligand’s pyazole pyridine rings.
Furthermore, an increase in the intensity of the bands within the 2950-3546 cm™ region, corresponding to C-H
stretching modes, confirms the incorporation of alkyl groups from the ligand onto the silica. Characteristic band
of C-O deformation associated to the ether function at 1215 cm™!28 was however not observed. These results
are in line with other studies employing similar approaches to achieve functionalization of porous materials.

Upon heating in O, N, (90:10) atmosphere from 25 to 850 °C, TGA analysis of SiO,, @SiCl and @SiA; was
conducted. Figure 5 shows that the weight loss of all samples can be divided into two distinct stages. For $iO,,
a 4% mass loss was observed in the temperature range of 25-150 °C, which was reduced to 25-125 °C in the
presence of grafting agents @SiCl and @SiA,. This initial weight loss is attributed to the evaporation of physically
adsorbed water molecules®. Following the step-by-step immobilization process, the organic content in the silica
increased, leading to an extended decomposition temperature range from 180 to 700 °C for both functionalized
materials. This is primarily due to the combustion of the immobilized organic moieties in the silica!. The second
weight loss for @SiCl and @SiA ; was measured at 10.84% and 25.82%, respectively.

Additionally, a slight weight loss was observed in $iO, and @SiCl at temperatures above 350 °C, which can
be attributed to the self-condensation of silanol groups into siloxanes*. This phenomenon is a common thermal
behaviour in functionalized silica materials analysis”. Thus, the extent of silanol condensation depends on the
thermal stability of the grafted organic groups and the degree of functionalization, which will be calculated in
the next section using elemental analysis.

Elemental analysis (EA) provides quantitative information about the composition of the materials, including
the degree of functionalization. Table 2 summarizes the results obtained for the synthesized hybrid materials, @
SiCl and @SiA,. @SiCl exhibited a carbon content of 4.47%, while @SiA, showed a carbon content of 11.95%
along with 2.97% nitrogen, confirming the successful functionalization with chloropropyltrimethoxysilane and
the pyridine-pyrazole pincer ligand, respectively.

The grafting densities (t), calculated from EA were determined to be 0.93 mmol/g for @SiCl and 0.42 mmol/g
for @SiA ;. This difference can be attributed to the steric hindrance caused by the bulkier NNN pincer ligands in
@SiA,, which limit access to reactive sites on the silica surface, as well as the higher complexity of grafting the
A, ligand compared to the smaller chloropropyl linker molecules. These grafting densities are consistent with
values reported in the literature for the functionalization of mesoporous silica. For instance, chloropropylsilanes
typically exhibit grafting densities ranging from 0.5 to 1.5 mmol/g*, which are influenced by factors such as
reaction conditions, silane concentration, and the porosity of the silica material®>-%,

To further validate the quantification of the grafted organic matrix, we have calculated the grafting densities
(1) from TGA analysis following the formula below®” and compared them with the results obtained from
elemental analysis (EA):

T = (Amg * 10%) /(ngp1 — Ama) % Morg

With.
Am,: dehydration mass loss.
Am,: mass loss due to organic matter decomposition.
m _ : weight of the sample.
M,,: molecular weight of the organic matrix.
This calculation yielded grafting densities of 0.80 mmol/g for @SiCl and 0.50 mmol/g for @SiA, (Table 3).

These values are in good agreement with those obtained from EA, indicating successful and quantifiable grafting
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Fig. 5. Thermogravimetric analysis of $iO,, @SiCl and @SiA,.

@SiCl | @SiA,
%C | 4.47 11.95
%N |0 297

Table 2. Elemental analysis results for @SiCl and @SiA,.

Grafted
densities
(t) mmol/g

TGA | EA
@SiCl | 0.80 |0.93
@SiA; | 0.50 | 0.42

Table 3. Grafted densities (1) from TGA and EA for @SiCl and @SiA,,.

of both the chloropropyl linker and the pincer ligand onto the silica surface. The slight differences observed
between the two methods can be attributed to divergences in measurement techniques and underlying theoretical
constructs. TGA measures the total weight loss upon heating, which may include not only the combustion of
the grafted organic matrix at high temperatures but also the dehydroxylation of silanol groups and the loss of
physically adsorbed water on silica. In contrast, EA provides a direct measurement of elemental composition,
assuming that all detected carbon originates from the grafted matrix. Despite these minor differences, the
strong correlation between the grafting densities (1) obtained from TGA and EA confirm the consistency of our
quantification and supports the effective surface functionalization of silica using the NNN pincer ligand.
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Fig. 6. Nitrogen adsorption-desorption isotherm of SiO,, @SiCl and @SiA,,.

Si0, | @SiCl | @siA,

Specific surface m?/g | 579 | 494 261

Pore volume cm®/g | 0.56 |0.41 |0.26

Pore size A 38.57 | 35.26 | 35.40

Table 4. BET results of SiO, and @SiCl and @SiA,.

The BET analysis of SiO,, @SiCl and @SiA,, reveals a Type IV isotherm with H1 hysteresis, characteristic
of mesoporous materials (Flg 6). The specific surface area decreases from 579m?*/g for SiO, to 494 m?/g for @
SiCl and 261 m?/g for @SiA,, indicating that surface modifications reduce accessibility due tosurface coverage
(Table 4). Pore volume follows a similar trend, declining from 0.56 cm®/g (5i0,) to 0.41 cm®/g (@SlCl) and 0.26
cm*/g (@SiA,) due to pore blocking, while the average pore size remains relatlvely stable (38.57 A for Si0,, 35.26
A for @SiCl, and 35.40 A for @SiA,) (Fig. 7).

The observed decrease in adsorptlon capacity, particularly for @SiA,, combined with the pronounced
reductions in surface area and pore volume despite the preservation of average pore size and the persistence of
the H1 hysteresis loop after functionalization, suggests that the grafted organic NNN pincer ligand primarily
coats the pore walls or partially blocks pore entrances, rather than causing a uniform narrowing or collapse of
the mesopores. This partial pore blocking reduces the accessible porosity of both mesopores and potentially
some micropores, without significantly altering the overall pore diameter or mesostructure. These results
also demonstrate that the two-step modification procedure effectively controls silica porosity. These findings
are consistent with recent studies on functionalized mesoporous silica, which show that grafting ligands can
significantly modify surface properties and adsorption behavior®0.

Scanning electron microscopy (SEM) analysis highlights the morphological evolution and surface structural
changes occurring during silica modification. Figure 8a-c presents a comparative view of SEM images for non-
functionalized silica (a), chloro-functionalized silica @SiCl (b), and the pyridino-pyrazole silica-hybrid material
@SiA, (c). Image (a) depicts larger, irregularly shaped particles with relatively smooth and homogeneous
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Fig. 7. Pore size distribution of $i0, and @SiCl and @SiA using BJH.
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Fig. 8. SEM micro graphs of pure silica (a), @SiCl (b) and @SiA, (c).

surfaces compared to @SiA, (c). Image (b) shows a noticeably disordered texture with particle fragmentation,
resulting in a more heterogeneous morphology and an increased tendency for particles to aggregate, suggesting
a modification of the silica surface. Compared to (a) and (b), @SiA, in image (c) exhibits the most significant
transformation: a further reduction in particle size, the formation of dense aggregates, and a significant increase
in surface roughness, presumably hinting at the creation of interparticle connections through the grafted
molecules. These progressive morphological changes indicate a successful surface modification process, with the
resulting smaller particle size and increased aggregation having the potential to influence the material’s overall
properties. EDX analysis and elemental mapping of the pure silica, @SiCl, and @SiA, samples are reported in
Figure S7.

These observations are consistent with results obtained from complementary characterization techniques,
including FT-IR, TGA, BET surface area analysis, and solid-state 1*C and *Si NMR from Sect. 3.2 material
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analysis, which collectively confirm the coexistence of organic and inorganic networks due to the incorporation
of organic molecules within the silica pores, leading to a homogeneous phase.

Heavy metal removal under different operational conditions

Effect of pH

In the adsorption process, solution pH is crucial since it influences both the adsorbate and the adsorbent’s
surface charge*!. Therefore, the effect of pH on @SiA, adsorption process was investigated over the range 1-7 for
Pb%*, Cu?* and Cd?* (Fig. 9). Given that a considerable removal efficiency was recorded at pH 6, it was selected
as the optimum pH for the adsorption of such metals onto @SiA ,. Such an optimum pH value matches the one
of an earlier study working on same metals using nanoparticles’?. Extremely strong acidic conditions damage
the material, corrode surfaces, and alter the chemical composition of the material®?. This could hinder the
intended interactions between the adsorbent and adsorbate, decreasing the efficiency of the adsorption process.
On the other hand, under basic conditions (pH >7), metal ions easily form insoluble hydroxide precipitates (e.g.
M(OH)*, M(OH), and M(OH),)*.

Kinetic study
The effect of contact time on Pb?*, Cd** and Cu®* adsorption was studied using 10 mg of @SiA , up 30 min. while
keeping concentration, temperature and pH as constant (Fig. 10).

Initially, rapid adsorption was observed between 2 and 10 min due to the abundance of available binding sites
on the adsorbent surface. As time progressed, the rate of adsorption showed no significant change in removal,
eventually reaching equilibrium. This plateau occurred between 15 and 20 min. for all metal ions, indicating
optimal contact time for efficient removal. In comparing those results with other materials documented
in the literature, notable differences emerge. For instance, a bioinspired grafted mesoporous silica material
demonstrated significant competitive adsorption efficiencies for these metals, but required longer contact time
to reach optimal capacities, over 120 min. for effective removal of Pb2*, Cu?*, and Cd***°. Another recent study

pH

Fig. 9. Effect of pH on adsorption of metals using @SiA ;. Adsorption conditions: 10 mg of @SiA, in 10 mL
of an aqueous solution containing each metal ion at its optimal concentration, at pH ranging from 1 to 7 for
30 min and at 25 °C.
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Fig. 10. Effect of contact time on the adsorption of Cu**, Cd** and Pb** onto @SiA,,. Pseudo-second-order
non-linear fitting was applied. Adsorption conditions: 10 mg of @SiA, in 10 mL of an aqueous solution
containing each metal ion at its optimal concentration, at 25 °C, pH 6, and periods varying between 2 and
30 min.

on oak-activated carbon, found optimal contact times of 60 min. for Pb** and 80 min. for Cu?*. In comparison,
@SiA, exhibited much faster adsorption, making it a significant advantage in practical applications where time
efficiency is critical®®.

The kinetics of adsorption were further analyzed using pseudo-first-order and pseudo-second-order models
to understand the mechanism of metal uptake?’. The linear form of pseudo-first-order kinetic equation is
expressed by the following equation:

In (q, — q;) =Ing, — Kit (1)

where q, and g, are the amount of metal ions adsorbed on the adsorbent in mg.g™! at equilibrium and at time
t, respectively, and k, is the constant of first-order adsorption (min™!). The pseudo-second-order kinetic rate
equation is linearly expressed as follows:

t/q, = t/q, + 1/Kaq,” )

where k, is the pseudo-second-order rate constant at the equilibrium (g mg™! min™!) that can be determined
experimentally. The kinetics parameters and correlation coefficients were calculated from the linear plots
(Table 5).

Clearly, the pseudo second order model give a better fit to experimental data (Fig. 11). This high degree
of correlation suggests that the adsorption kinetics are predominantly controlled by chemisorption, involving
valency forces through sharing or exchange of electrons between the adsorbent and adsorbate®.

To support this theory, we have calculated Aq,, representing the difference between the experimental and
theoretical values obtained from the linear plots. For instance, in the adsorption of Cu®* ions, the g, calculated
values from the pseudo-second-order model 129.87 mg/g closely matched the experimental values (127.64 mg/g).
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Metals
Adsorbent | Parameters Cu?* Pb?** Cd**
q,(exp) mg/g 127.64 3534 45.76
Pseudo second order
q, (mg/g) 129.8701 | 36.1010 | 46.5116
K, (g/mg min) 0.0071 0.0111 0.0122
R? 0.999 0.999 0.998
Slope 0.0077 0.0277 0.0215
intersection 0.0083 0.0687 0.0378
@SiA; Aq, (qeexp-qe‘heo) 2.2301 0.7610 0.7516
Pseudo first order
q,(mg/g) 321914 |12.1253 | 16.1222
Slope —-0.0924 | -0.0707 | —0.0781
intersection 3.4717 2.4953 2.7802
R? 0.770 0.792 0.779
K, (min~1) 0.0924 0.0707 0.0781

Aq, (qe,,,qey,,) | 954483 | 232147 | 296378

Table 5. Kinetic equation constants of adsorption on @SiA,.
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Fig. 11. Linear form of pseudo-second-order for adsorption rates of Cu?*, Cd** and Pb** onto@SiA,,.
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This negligible difference between theoretical and experimental capacities highlights the model’s accuracy in
predicting the adsorption behaviour. Similar trends were observed for Cd** and Pb?* ions, further validating the
model’s applicability across different studied metal ions.

We have also calculated residual root mean square error (RMSE) values for the PSO kinetic model to @SiA,’s
adsorption data for Cu?*, Cd?*, and Pb**. This quantitative assessment of model fit is not commonly reported for
heavy metal ion adsorption using silica materials**°C.

1 1=1
RMSE = \/n 5 Zn (qt,exp - qt,cal)2 (3)

where q, exp (mg/g) is the experimental adsorption capacity at time t, q, _, is the theoretical adsorption capacity
calculated using the PSO model, # is the number of data points.

Recent literature on silica adsorbents often reports strong correlations between experimental data and kinetic
models, while explicit RMSE values are rarely provided. For instance, Tighadouini et al. reported an excellent
fit of the PSO model to Cu?* adsorption data for their silica hybrid material?!, and El Abiad et al. demonstrated
good fits for Porphyrin-silica gel hybrids in Cu?* adsorption'’, but neither study included specific RMSE values.

In our study, the calculated values were found to be 0.54,1.22 and 1.04 for Cu?*, Cd** and Pb*" metal
ions, respectively. The smaller RMSE indicates that the PSO model predictions are in perfect agreement with
the experimental data. By incorporating this quantitative measure, our work not only confirms the excellent
performance of @SiA, according to PSO model but also sets a new standard for evaluation in the field of silica-
based adsorbents.

In conclusion, the kinetic studies highlight the potential of the synthesized silica material @SiA, as an
effective adsorbent for heavy metal ions, with the PSO model providing a robust framework for understanding
the adsorption kinetics. The high R?, negligible Aq_, and zero RMSE values collectively affirm the material’s
suitability for environmental remediation applications.

Temperature effect

Temperature is a critical factor in optimizing the efficiency of an adsorbent and to evaluate the adsorption
performance. To investigate the effect of temperature on the adsorption capacity of@SiA,, adsorption was
performed over the range 30-45 °C. 10 mg of @SiA, were added into 10 mL Pb?**, Cu** and Cd?* metal solution
separately and stirred for 30 min at pH 6. The increase in temperature significantly enhances the adsorption
capability of @SiA, for the studied heavy metal ions. As the temperature rises from 30 to 45 °C, the adsorption
of these metal ions consistently increases. This implies that both kinetic energy and the probability of successful
adsorption increase. This phenomenon can be attributed to several factors. First, higher temperatures provide
greater Kkinetic energy to both metal ions and adsorbent, facilitating more frequent and effective collisions
between them>"*2. Additionally, higher temperatures may strengthen the interactions between the metal ions
and the adsorbent, potentially due to changes in the physical properties of the silica hybrid material that enhance
accessibility to internal binding sites by widening pores®>4.

Thermodynamic study
Thermodynamic parameters (Gibbs free energy changes AG; entropy AS and enthalpy change AH) were
determined to assess the spontaneity of the adsorption process as follows™:

AG° = —RTInK,4 (4)
AS AH
o2 o 5
InKa ="~ Ry ®)
C. m

where R is the ideal gas constant (8.314 J/mol K), T is the temperature in Kelvin, K, is the thermodynamic
equilibrium constant, C, (mg L~!) is the initial concentration of metal ion, and C, (mg L~ 1) is the equilibrium
concentration of metal ion, V (L) is the volume of solution and m (g) is the dosage of sorbents (Table 6).

Positive AH values suggest that the interactions between the adsorbate Cu?*, Cd** and Pb** and the adsorbent
@SiA, are more dynamic and favourable at higher temperatures. This can indicate that the adsorption of the
metal ions by @SiA, is of endothermic nature and higher temperatures are more favourable for sorption.

The positive AS values for @SiA; exhibited the increasing randomness at the solid-liquid interfaces during
the adsorption of metal ions on the adsorbent and could be due to some structural changes in the adsorbent.
Furthermore, with the increase of temperature, the negative AG values of Cu?*, Cd?* and Pb?* indicate that the
adsorption efficiency is higher at higher temperature and the adsorption is thermodynamically favourable and
spontaneous (Fig. 12).

Isotherm adsorption

The isotherm adsorption describes the relationship between the adsorbent and its concentration in solution®.
To clarify the mechanism of Cu**, Cd** and Pb** adsorption by @SiA,, the Langmuir and Freundlich model was
used to fit the experimental data.
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Material | Metal Cu(Il) | Pb(I1) Cd(I)
R? 0.999 0.999 0.999
AH® (kf mol™) | 25.5554 | 7.8274 11.4310
AS° (JK 'mol™!) | 91.62520 | 26.9578 | 40.5870

T (K) AG® (KJ mol-?)

@SiA,
303 ~22070 | -0.3407 |- 0.8668
308 ~ 26651 | -0.4755 |- 1.0698
313 ~3.1233 |-06103 |-12727
318 —3.5814 | —0.74510 | — 1.4756

Table 6. Thermodynamic parameters for metal ions sorption on @SiA,.
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Fig. 12. Temperature effect on the sorption of Cu?*, Cd** and Pb** by @SiA,. Adsorption conditions: 10 mg
of@SiA, in 10 mL of an aqueous solution containing the metal ion at its optimal concentration, at pH 6.0, for
30 min, and at temperatures 30 °C, 35 °C, 40 °C and 45 °C.

The Langmuir model assumes that adsorption occurs as a single layer on a homogeneous adsorbent surface,
without any interactions between the adsorbed molecules®”. The Langmuir model is expressed in the following

form:

Ge q gKr,

7)
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where g, and q are the maximum amount of the adsorbed solute on the adsorbent surface and q the adsorption
capacity at equilibrium (mg/g) respectively, C, is the equilibrium concentration of the ions in the solution (mg/L),
K| is the Langmuir adsorption constant (L/mg). The values of q and K; can be calculated by a linear relationship.

The equilibrium constant R; of the Langmuir model can also be used to describe the adsorption effect of the
adsorption process. Depending on the value of R, the isotherm’s shape can be classified as favorable (0<R; < 1),
irreversible (R; = 0), linear (R = 1), or unfavorable (R; > 1), The equation R, is calculated following the form:

1

R = 1+ K.Co

(8)

where C, is the initial concentration of metal ions.

Freundlich’s model is based on the adsorbate forming multiple layers on the heterogeneous solid surface of
the adsorbent, and the binding strength decreases with increasing site occupation®. The empirical Freundlich
equation is expressed as follows:

InC.

Inge = InKr + 9)

where q, is the adsorption capacity (mg/g), C, is the equilibrium concentration (mg/L), K, is the Freundlich
constant (mg g™!), and 7 is the Freundlich constant indicating the adsorption intensity.

The adsorption isotherms and corresponding parameters for Cu?*, Cd**, and Pb** adsorption onto @SiA,
are summarized in Table 7. The correlation coefficients R? from these isotherms indicate the fit of each model
to the experimental data. The Langmuir model shows a higher R? value than the Freundlich model, suggesting
that the adsorption of Cu?*, Cd**, and Pb** onto @SiA, aligns more closely with the Langmuir model, which
describes monolayer adsorption on a uniform surface without interactions between the adsorbed heavy metals
ions. This implies that once the surface is saturated and the monolayer is formed, no additional adsorption
occurs, likely due to the uniform and specific adsorption sites present on @SiA,*°".

Moreover, the R; values calculated from the Langmuir model range between 0.06 and 0.10, indicating a highly
favourable adsorption process for these metal ions onto @SiA,. Further validation is provided by comparing the
experimental adsorption capacities q, with the theoretical q values from the Langmuir model: experimental
capacities of 127, 35 and 45 mg/g for Cu?*, Pb** and Cd?" respectively closely match the calculated values of 128,
37 and 48 mg/g, respectively.

In contrast, the Freundlich constant n, which reflects the degree of surface heterogeneity, provides additional
insight into the adsorption type. Values of n between 1 and 10 indicate favorable chemical adsorption, while n <1
suggests a physical adsorption process. The n values in Table 7 confirm that the adsorption of metal ions onto @
SiA, is dominated by favourable chemical interactions, supporting the effectiveness of @SiA, as an adsorbent.

Concentration effect

The effect of initial concentration on the adsorption capacity of @SiA; has been carefully studied, revealing
significant insights into the adsorption mechanisms and efficiency. Figure 13 demonstrate that the adsorption
capacity of @SiA, increases with the increases of initial concentration of Pb**, Cu?* and Cd** in solution which
is attributed to the to the presence of abundant NNN functional groups within the pyrazolyl-pyridine pincer
ligand incorporated into the silica, which serve as active sites capable of effectively coordinating with metal ions
based on their affinity®%. As the concentration of metal ions increases, these active sites become progressively
occupied, resulting in higher adsorption capacity. However, once all accessible sites are saturated, adsorption
reaches a maximunm, as reflected by the constant q, values (Fig. 13).

The adsorption data fitted well with the Langmuir isotherm discussed in Sect. 4.5 indicating monolayer
adsorption on a homogeneous surface, which is reflected by the formation of a plateau indicating saturation
beyond a 127 mg/g for Cu?*, 35 mg/g for Pb** and 45 mg/g for Cd**.

Moreover, concentration effect highlights the importance of the initial metal concentration in achieving
optimal adsorption performance®: @SiA, shows effective binding to Cu** (127 mg/g) compared to Cd** and
Pb?* (45 and 35 mg/g) at higher concentrations, and the maximum adsorption capacity was highly relative to
Cu?* suggesting that the pincer NNN on the modified silica has a higher affinity for Cu?* (see Sect. 4.8).

In summary, the adsorption capacity of modified silica material @SiA, for Cu**, Cd** and Pb*" is strongly
influenced by the initial metal concentration. Higher concentrations generally enhance the adsorption efficiency
due to increased availability of metal ions for interaction with the functional groups on the silica surface, leading
to more effective and rapid adsorption until the active sites are saturated.

Langmuir Model Freundlich Model
Absorbent | Metal | q,(exp) (mg/g) | q(mg/g) | K| (L/mg) | R? R, K (mg/g) | n R?
Cu?* | 127.64 128.205 | 0.1190 0.996 | 0.062 | 25.3962 2.5100 | 0.955
@SiA; Pb?* 35.34 37.2300 | 0.2550 0.997 | 0.100 | 13.4960 3.1786 | 0.933
Cd* | 45.76 48.2858 | 0.2450 0.995 | 0.083 | 11.9723 3.6245 | 0.671

Table 7. Isotherms parameters by linear regression for the sorption of Cu®*, Cd**, and Pb** ions by @SiA,.
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Fig. 13. Relationship between equilibrium concentration C, [mg/L] of heavy metal ions and adsorption
effect q, [mg/g] using non-linear Langmuir model fit. Adsorption conditions: 10 mg of @SiA, in 10 mL of an
aqueous solution containing each metal from 10 to 300 mg/L at 25 °C, pH 6, and a contact time of 2 h.

Regeneration/reusability

The reusability and regeneration potential of @SiA, are crucial factors in its practical application for
environmental remediation. To evaluate its regeneration capacity, multiple adsorption-desorption cycles were
conducted involving a 2 h wash with a 1 M HCI solution. The material demonstrated excellent regeneration
efficiency, maintaining over 98% of its initial adsorption capacity after five consecutive cycles. Figure 14
represents elimination percentages of @SiA ; towards copper, as it is selective to it, compared to other used metals.
This high regeneration performance can be attributed to its robust structure, which combines the mechanical
stability of the silica and the functional properties of the organic component. These characteristics make @
SiA, a promising candidate for sustainable and cost-effective treatment processes, given it significantly reduces
waste generation and material costs compared to single-use adsorbents. For instance, single-use materials such
as TiO, photocatalysts require UV light within a spectrum of 290-390 nm and achieve only 45.56% removal
efficiency for copper ions under optimal conditions®. Other examples include snail shell powder and activated
carbon prepared from hazelnut shells, which demonstrate relatively high adsorption capacities of 63.5 mg/g and
82.9 mg Cu?*/g, respectively. However, these single-use materials require longer equilibrium times and exhibit
lower adsorption capacities compared to @SiA,*>%. Thermogravimetric analysis (TGA) conducted after each
adsorption-desorption cycle between 25 and 850 °C further confirmed that the material remains stable with no
significant change, underscoring the robust nature of the chemical bonding within @SiA, (Figure S8).

Mechanism

The process of heavy metal ion adsorption onto the silica hybrid material@SiA, is largely influenced by the
structural and electronic properties of the bispyrazolyl pyridine ligand attached to the silica matrix. This study
builds on the evolution of ligand design’, starting with the free bispyrazolyl pyridine ligand, known for its
excellent ability to form complexes due to its nitrogen-rich, pincer structure. The ligand consists of two pyrazolyl
groups and a central pyridine, with nitrogen atoms that serve as coordination sites, forming stable bonds with
metal ions. In our previous research’, X-ray diffraction (XRD) confirmed the creation of octahedral metal-
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Fig. 14. Elimination percentages of @SiA, towards Cu®* up to five cycles. Adsorption conditions: 10 mg of @
SiA; in 10 mL of aqueous solution at pH 6.0 and 25 °C for 2 h. After each cycle, the material was recovered
after acidic treatment with HCI 1 M and reused.

ligand complexes, showcasing the importance of the pincer design in enabling strong and selective binding.
Building on the success of the free ligand, it was grafted onto silica to develop @SiA;, which combines the
selectivity of bispyrazolyl pyridine with the stability and reusability of a silica matrix. Notably, @SiA, showed
high selectivity for Cu?* ions, thanks to the rigid pincer geometry of the ligand, which favours smaller cations
like Cu?* (0.73 A) over larger ones like Pb**(1.19 A) or Cd?*(0.95 A). To further understand how ligand structure
affects performance, a simpler pyrazolylpyridine ligand was also grafted onto silica??. This version showed
strong selectivity for Pb%* ions, likely due to its smaller size and more flexible coordination environment, which
better suits the larger ionic radius of Pb?*. These results highlight that even when the active sites (pyridine and
pyrazole) are the same, the ligand’s size, rigidity, and spatial arrangement play a key role in determining metal
ion selectivity. Comparison of the two silica-based materials revealed that the smaller pyrazolyl pyridine ligand
creates a less crowded environment, favoring Pb?*, while the bulkier bispyrazolyl pyridine ligand preferentially
binds Cu®* due to steric and electronic factors. The adsorption process for @SiA, works through chelation,
where the nitrogen atoms of the pyrazole and pyridine groups coordinate with metal ions. This interaction
stabilizes the metal-ligand complex, and the rigid pincer geometry ensures selectivity. The octahedral geometry
of these complexes, confirmed in earlier XRD studies, supports the idea that multidentate interactions play a key
role in stabilizing the metal ions.

To complement the discussion on affinity, it is important to consider the effects of hydrated ionic radii and
hydration enthalpy on the adsorption mechanism. In aqueous solution, metal ions are stabilized by surrounding
water molecules, which must be displaced to allow coordination with the ligand. This dehydration step
introduces an energetic barrier, quantified by the hydration enthalpy. Notably, Cu?* exhibits a high hydration
enthalpy (approximately —2100 kJ/mol), reflecting its small ionic radius and high charge density, compared to
Cd?** (- 1807 kJ/mol) and Pb** (- 1481 kJ/mol)®’.

The ideal geometric of Cu®" ions within the NNN pincer cavity enables the formation of highly stable
coordination bonds in the [Cu@SiA,] complex. The energy released upon this complexation is sufficient to
overcome the dehydration energy barrier, making the overall process thermodynamically favorable. In contrast,
the larger Cd** and Pb?* ions experience a steric mismatch within the ligand cavity, resulting in the formation
of weaker complexes ([Cd@SiA,] and [Pb@SiA,]), where the energy released upon binding does not fully
compensate for the dehydration enthalpy.
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In summary, @SiA, combines the properties of bispyrazolyl pyridine and silica to create a material
with improved adsorption capabilities and a strong preference for Cu?*, achieving an adsorption capacity
of 127.64 mg/g. These findings shed light on how ligand design and functionalization influence adsorption
performance and offer valuable guidance for developing advanced materials for heavy metal removal.

Selectivity

Selectivity is a crucial aspect to study for removing heavy metal ions from aqueous solutions. An efficient
adsorbent should selectively bind the target metal while exhibiting minimal affinity for other co-exisiting ions
existing in environmental samples®. For that reason, adsorption of mixed Cu?*, Cd** and Pb?** under constant
conditions (pH 6, temperature 25 °C, 10 mg adsorbent) for 30 min was investigated for @SiA,. Figure 15 shows
the great affinity toward Cu?* followed by Cd**, and then Pb?", suggesting that the coexistence of different metals
does not significantly alter the efficiency of @SiA,. In a mixed-ion system with a concentration of 150 mg/g of
each metal, the adsorbed amount of Cu?* remains the highest, accounting for 68% of its adsorption capacity in
a single-ion system. Although the adsorption capacities for Cd** (10%) and Pb**(6%) were slightly lower, the
differences were not substantial, suggesting that @SiA, maintains a relatively high selectivity for Cu** even in
the presence of competing ions.

The reason maybe presumable in the well-designed dimensions of the N-pyrarole-N-pyridine-N-pyrazole
cavity, providing an optimal fit for Cu?* over the other ions.

Furthermore, this trend can be partially explained using Hard-Soft-Acid-Base (HSAB) theory. Cu?* is
considered a borderline acid, Cd?* a soft acid, and Pb?* also leans towards being a soft acid®. The N-containing
ligands, possessing intermediate hardness, may exhibit a stronger interaction with Cu?* based on the HSAB
principle, alongside considerations such as ionic radii and coordination preferences influencing the overall
selectivity”®.

Environmental experiences

In order to demonstrate the validity of @SiA; under real experimental conditions, a river water was collected
100 km west of Oujda, Morocco from Oued Za river at 34°25’13.6”N2°52’53.5”W. The adsorption efficiency of
@SiA, was investigated under optimal conditions by the batch method using 10 mL of the river water. The initial
concentrations of Cd**, Cu** and Pb*" in the untreated river water, measured using flame atomic absorption

Pb(ll) cu(ll) cd(l)

Fig. 15. Selectivity of @SiA, towards a mixture of Cu?**, Cd** and Pb?* at 150 mg/g each. Adsorption
conditions: 10 mg @SiA, 10 ml of aqueous solution at pH 6.0 and 25 °C for 30 min.
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Method Metal | Adsorption capacity (mg/g) pH | T (°C) | Initial conc.(mg/L) | Contact time (min) | References
Cu** | 127.64 6 |25 62 15 This work
Adsorption Pb* | 3534 6 25 34 15 This work
Cd** | 45.76 6 |25 55 15 This work
Cu?** | ~125 55 |30 100 120 7
Adsorption Pb** | ~21.8 6 25 100 80 76
Cd** | ~116 6 |25 50 60 77
Jon exchange Pb* | ~25.0 5 |25 50 60 i"
Cu?* | ~203 4.5 120 20 60 7
Electrosorption | Cu** | ~10.2 mg/g (on activated carbon electrode) | 5 |25 100 60 80
Adsorption Pb%* | 200 6 |25 280 25 81
Adsorption Cu?* | 48.63 5 |26 50 120 82

Table 8. Comparative study of Cu®*, Pb*>* and Cd** extraction capacity of @SiA, with the literature.

spectrometry (FAAS) were significantly lower than instrument’s detection range: 1-12 ppm for Pb?*, 0.1-0.6
ppm for Cd** and 1-4 ppm for Cu?* indication the absence or only trace presence of these harmful heavy
metals in the selected river water. To assess the material’s performance under more challenging and realistic
environmental conditions, and in light of its reported affinity for Cu?* ions, the river water sample was doped
with 150 mg/g Cu?".

Following treatment with 10 mg of @SiA,, analysis of the Cu-spiked sample revealed a 63% reduction in
Cu?* concentration. While this removal efficiency is lower than observed in deionized water, it represents a
strong performance in a natural complex matrix. This reduction, can be attributed to the possible interference of
organic matter and alkaline ions in real water samples such as Mg2+, Ca%*, Na*, K¥, HCO,", SO -

Cl... These natural organic substances present in aquatic environments potentially block access to the
ligand pincer sites. Therefore, achieving 63% removal of copper is hypothesized to be highly competitive with
other modified adsorbents containing nitrogen materials recently reported. For instance, materials like amine-
modified silica achieved 33.33 mg/g Cu?* removal at similar mg/g rates’”!. Comparatively, activated carbon
derived from Hydrilla Verticillata has been known to be around 44%7. @SiA, is strategically designed for fast,
low-cost synthesis, high stability, and enhanced selectivity towards Cu?* over other competing ions.

Comparative study of adsorption capacity of Cu(ll) to previous studies

Various methods for the removal of heavy metals from aqueous solution have been extensively studied in
recent years, such as ion exchange’®, chemical precipitation, electrochemical reduction’®, and adsorption. By
combining the advantages and disadvantages of these different technological approaches, adsorption is generally
preferred for the removal of heavy metal ions due to its remarkable simplicity and low environmental impact.
In this approach, @SiA,, unlike conventional adsorbents, is a novel silica hybrid material, renewable, highly
stable over time and temperature, selective and with a minimal environmental impact. Table 8 shows superior
characteristics for @SiA, compared to selected literature examples.

Conclusion

In summary, we report the preparation of an inorganic-organic hybrid material obtained from mesoporous
silica structure (579.15 m?/g) and bispyrazolyl pyridine ligand covalently grafted onto the SiO, surface through
3-chlorotrimethoxy silane linker. The results on single and multicomponent adsorption show that the adsorption
capacities of @SiA, are in the order of Cu®* (127 mg/g)>Cd** (45 mg/g)>Pb** (35 mg/g). The adsorption
behaviour aligns more closely with the Langmuir isotherm model with PSO kinetic model. @SiA; demonstrated
high efficiency as an adsorbent for the removal and separation of heavy metals, even in real wastewater,
achieving a high removal ratio of 63% in less than 15 min. and reusable for five times without significant loss of
performance.

This study highlights the influence of ligand structure on the performance and selectivity of the adsorbent.
Not only does this work advance the understanding of ligand design and mechanism in silica functionalization
for heavy metal adsorption but also provides valuable insights into the practical application of silica-based
materials for water purification.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.
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