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Abstract
[bookmark: _Hlk175571259]Low-cost mesoporous silica material, functionalized with a bidentate pyrazolyl pyridine metal acceptor and presenting a high specific surface area of 417 m²/g, was synthesized (mSi-L3) using a two-step procedure and characterized in detail to confirm the successful covalent binding onto silica surface. Notably, mSi-L3 exhibited strong selectivity for PbII among CdII and CuII ions, and displayed rapid metal ion removal, typically less than 10 min, from water samples.
[bookmark: _Hlk176173059]The influence of various environmental parameters on the adsorption process, such as pH, contact time and temperature, was systematically investigated. Optimal adsorption of metal ions was achieved at pH 6, as lower pH values reduced the availability of active sites due to competitive hydronium ion presence. Kinetic studies indicated that the adsorption process adhered to the pseudo-second-order model, suggesting a chemisorption mechanism. Temperature significantly influenced the adsorption capacity, with increased temperatures enhancing metal ion removal and confirming the endothermic nature of the process. The isotherm study suggests that the Langmuir model accurately describes the adsorption process, confirming that CuII, CdII and PbII ions are adsorbed as a monolayer on the homogeneous surface of m-SiL3 material, implying that the material has uniform adsorption sites where each metal ion occupies a distinct site without interaction with neighbouring ions. These findings underscore the importance of optimizing environmental conditions to maximize the efficiency of mSi-L3 for heavy metal removal. Also, mSi-L3 demonstrated excellent stability, with only a slight (∼1−3%) decrease in functional groups on its surface after multiple regeneration cycles. Extensive analytical studies conducted with real water samples provided further evidence of the stability and effectiveness of mSi-L3 for the separation of metal trace elements of lead, copper and cadmium.

Introduction 
[bookmark: _Hlk162612244]In the face of climate change and increasing water scarcity worldwide, wastewater recycling proved to be an effective solution to address the growing water needs of the population in terms of domestic, thermoelectric, industrial, and irrigation purposes.[1,2] In particular, recycling contaminated water with hazardous metal ions, especially metal trace elements, such as lead, copper, mercury, and cadmium originating from industrialization, urbanization and intensified agricultural practices offers several advantages. First, not only does it help in decreasing the gap between water demand including agriculture, industry, and domestic use, but also reduces stress on natural water sources and minimises their depletion. Secondly, it reduces contaminant discharge into the environment and protects the downstream ecosystem. Finally, it can remove non-biodegradable pollutants that represent a major threat to public health given these are toxic even at low concentrations and cause several damages such as myocardial dysfunctions, inhibition of the synthesis of haemoglobin, dysfunctions in the kidneys, damage to the central nervous system, cancers, to name but a few.[3,4,5] 
[bookmark: _Hlk175912667][bookmark: _GoBack][bookmark: _Hlk176793433]Therefore, many treatment methods have been developed for heavy metal removal, such as ion exchange,[6] chemical precipitation,[7] electrochemical reduction,[8] and adsorption.[9] Among these, adsorption is generally preferred for the removal of heavy metal ions due to its high efficiency, remarkable simplicity, low cost and low environmental impact.[10] Activated carbon, microbial biomass, and polymeric materials,[11,12] are often used as adsorbents for this approach. However, the main disadvantages of these materials are non-renewable, low selectivity, and low loading capacities.[13,14] In order to remedy these limitations, some research focuses on developing hybrid materials by functionalizing inorganic supports with organic functions.[15] In this approach, silica gel has gained wide popularity due to its natural abundance, high specific surface area, large pore size, low cost, high thermal and mechanical stability and well-modified surface properties as well as by the variety of synthesis methods including ultrasonic and aerogel techniques.[16,17a,b,c] Therefore, the efficiency of hybrid materials in adsorbing hazardous metal ions is influenced by the properties of the ligands fixed on their surface. Amine groups are highly effective for heavy metal removal,[18,19] and bidentate ligands offer additional advantages. These ligands, known as Lewis bases, donate two pairs of electrons to metal atoms, forming stable chelates with heavy metal ions. This chelation not only enhances selectivity and efficiency in metal removal but also contributes to the stability of the chelates. The stability is generally due to an increase in entropy, making these chelates more stable than their non-chelated counterparts.[20a,b,c] In earlier studies, various groups of amines have been fixed on silica gel as chelating adsorbents. However, these materials still suffer from disadvantages, including long-process syntheses and low binding affinity towards divalent metals.[21a,b]
[bookmark: _Hlk176112307][bookmark: _Hlk176109656]To further enhance the accessibility of efficient polyamine chelating adsorption, we prepared a novel functional hybrid material containing the pyridino-pyrazole ligand (2-(5-methyl-1H-pyrazol-3-yl)pyridine) (L3) and chloro-functionalized silica gel with high specific surface. The significance and novelty of our research lie in the development of novel and efficient hybrid adsorbent with a large surface area, which is characterized by its selectivity and efficiency in capturing heavy metals. Unlike conventional adsorbents, our material is not only renewable and highly stable over time and temperature but also features a short synthesis process, low cost, and minimal environmental impact. Additionally, our bidentate hybrid adsorbent offers greater sensitivity at low metal concentrations compared to traditional adsorption methods.
The adsorption capacity of the novel hybrid mSi-L3 was tested for the removal of CuII, PbII, and CdII ions from both aqueous solutions and real-water samples. These metal ions were chosen due to their prevalence as hazardous environmental pollutants. Additionally, various factors affecting the adsorption process were extensively examined and discussed, including pH, checking time, kinetics, thermodynamic characteristics, selectivity, regeneration, mechanism adsorption and its practical application in real water samples. Comprehensive analytical studies of both precursor mSi-Cl and the adsorbent mSi-L3 were conducted.
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 silica gel spherical porous (0.03-0.2 mm) with a median pore diameter of 60 Å from Acros Organics. 1H 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. The Bruker software OPUS was used for data treatment. Thermogravimetric analyses (TGA) were performed in O2:N2 (90:10) atmosphere at a heating rate of 10 °C min−1 from 25 to 900 °C using 3-4 mg with a Mettler Toledo TGA/SDTA 851e analyzer. CHN analysis was  performed by MEDAC Ltd. Scanning electron microscopy was performed on a FEI Nova Nano SEM 450 instrument. N2 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/P0 = 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 13C and 29Si CP-MAS NMR spectra were recorded at r.t. using a JEOL ECZ-R spectrometer operating at 14.1T (119.2 MHz for 29Si and 150.9 MHz for 13C) using a 3.2 mm AUTOMAS probe. The chemical shift scale was calibrated at r.t. with respect to a 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS; δ= 0.0 ppm) and solid adamantane (38.48 and 29.45 ppm)  for 29Si and 13C NMR-solid state, respectively.  

Batch adsorption experiments
[bookmark: _Hlk175923693]Batch experiments were conducted under standard conditions. The effects of various parameters on the adsorption, such as the pH of the solution, contact time and temperature were investigated. Typically, 10 mg of pyridine functionalized silica was placed in flasks containing 10 mL of aqueous solution of metal salt (Pb(NO3)2·6H2O, Cu(NO3)2·3H2O and Cd(NO3)2·6H2O) at optimal concentrations 40 mg/L. After adsorption, the solid phase was separated by filtration (0.45 μm). All measurements were performed in triplicate and the averages of the results were prepared for data analysis. The pH values of the CuII, PbII and CdII solutions were adjusted from 1 to 7 using diluted aqueous HCl or NaOH solutions. The effect of contact time was studied from 2 to 30 min at 25 °C as well as the optimum pH. The adsorption thermodynamics were investigated at four temperatures (30, 35, 40 and 45 °C) for 30 min at optimum pH. The concentration of each metal ion was determined by atomic absorption measurements and the amount of anions retained in the adsorbent phase (mg/g) was calculated by:
qe = (Ci – Ce) x (V/m)
where Ci and Ce are the initial and final (equilibrium) concentrations of the anions in solution (mg/L), V is the solution volume (L), and m is the mass of adsorbent (g).
Synthesis of 2-(5-methyl-1H-pyrazol-3-yl)pyridine (L3)
L3 was obtained by combining three steps. Firstly, the synthesis of ethyl picolinate (L1) from picolinic acid was carried out following a procedure reported previously.[22] The resulting liquid L1 (4 g, 26.46 mmol) was then condensed on acetone (2.14 g, 36.92 mmol) using sodium (0.91 g, 39.69 mmol) as base in anhydrous toluene. After 4 days of stirring at r.t., the colour of the solution remained yellow throughout that period. The resulting slurry was filtrated and washed with toluene, ethanol and diethyl ether and then dried in an oven at 60°C for 4h. The obtained solid was solubilised in distilled water (50 mL) and gently neutralised in bath ice using acetic acid to pH = 6. The product 3-hydroxy-1-(pyridin-2-yl)but-2-en-1-one (L2) was filtered off and washed twice with cold water (30 mL). After vacuum desiccation, an amorphous yellow powder was obtained (m.p. 58(1) °C; 2.33 g; 54%). Pyrazol pyridine L3 was obtained by adding gently hydrazine monohydrate (1.38 g, 27.56 mmol) on L2 (4.48g, 27.45mmol) solubilised in methanol (10 mL). The mixture was vigorously stirred during 48 h at r.t. The mixture was then hung overnight and the precipitate freshly precipitated was recrystallized in hexane (10 mL) to give a white powder (m.p. 74(1)°C; 3.10 g; 71%). All spectra are in the ESI file. 
L1: 1H NMR [CDCl3 ; δ (ppm)]: 0.60 (t, J =7.2 Hz, 3H, H10); 3.64 (q, J = 7.3, 1.3 Hz, 2H, H11); 6.70 (m, 1H, H1); 7.06 (m, 1H, H6) ; 7.30 (m, 1H, H5) ; 7.94 (m,1H, H2). 13C NMR [CDCl3; δ (ppm)]: 13.70 (1C, C10); 61.00(1C, C11); 124.40 (1C, C1) ; 126.34 (1C, C5) ; 136.49 (1C, C6) ; 147.53 (1C, C4); 149.16 (1C,C2) ; 164.33 (1C, C7).
L2: 1H NMR [CDCl3; δ (ppm)]: 2.17 (s, 3H, H10 enol); 2.28 (s, 1H, H10 Diketone); 4.21(s, 2H, H8 Diketone); 6.75 (s, 1H, H8); 7.34 (t, J = 7.6, 4.7, 1.2Hz, 1H, H1); 7.77 (t, J =  7.8, 1.8Hz, 1H, H6); 8.01 (d, 1H, H5); 8.59 (m, 1H, H2). 13C NMR [CDCl3; δ (ppm)]: 26.08 (1C, C10); 52.94 (1C, C8 Diketone) ; 97.30 (1C, C8); 122.12 (1C, C5) ; 126.23 (1C, C1) ; 137.08 (1C, C6) ; 149.23 (1C, C2) ; 152.10 (1C, C4) ; 180.86 (1C,C7) ; 195.46 (1C,C9). TF-IR(cm- 1): ν(OH linked): 3375, ν(C=O): 1611, ν(C=C enol): 1153, ν, νCH aromatic: 856, 791, 685.
L3: 1H NMR [CDCl3 ; δ (ppm)] : 2.29 (s, 3H, H10), 6.51 (s, 1H, H8), 7.14 (m, 1H, H1), 7.65 (m, 2H, H5-6), 8.56 (d, J = 5.0, 1.4Hz, 1H, H2), 9.18 (s, 1H, H12). 13C NMR [CDCl3 ; δ (ppm)]: 12.75 (1C, C10) ; 103.01 (1C, C8); 120.09 (1C, C5) ; 122.65 (1C ,C5) ;137.02 (1C, C6); 149.20 (1C, C4) TF-IR (cm-1): ν(=NH): 3223; ν(CH elongation): 2978; ν(C=C): 1599, 1574, 1472; aromatic: 820, 721, 641.
Synthesis of adsorbent mSi-L3
The mesoporous silica adsorbent (mSi-L3) was synthesized using the methodology outlined in Scheme 1. Prior to implementation, the silica gel (particle size: 0.03-0.2 mm; pore size: 60 Å) was subjected to activation by heating at 120°C for 48 h. This treatment aimed to effectively remove physisorbed water molecules present on the surface of the silica gel. The immobilization of pyrazol-pyridine ligand on mSi-Cl is carried out via a heterogeneous method, involving a two-step reaction of the solid support.
11g of activated silica gel was decentralized in dried toluene (100 mL) in a two-necked round bottom flask, then 3-chloropropyltrimethoxysilane (CPTMS) (5 mL) is gradually added into the suspension. Then, the mixture was stirred at 110°C for 24h under Ar(g). 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 10h to remove the remaining silylating agent. Finally, the obtained material mSi-Cl was dried under vacuum at 60°C for 6h. The target material mSi-L3 was synthesized through the reaction of 4g of L3 with 4g of mSi-Cl and an appropriate amount of NaOH in anhydrous toluene (50 mL) under Ar(g) during 24h at 110°C. Finally, centrifugation was used to collect mSi-L3, and then it was washed, with Soxhlet extraction apparatus for sequential reflux-extraction using methanol: dichloromethane (1:1) and vacuum dried.
[image: ]
Scheme 1: Synthetic route to mSi-L3.
Results and Discussion 
Linker synthesis: 
To obtain L3, we had first to synthesize L2  in two steps. The first step is to prepare pyridine carboxylate L1 by esterification of the corresponding pyridinic acid. We then condensed the compound according to the Claisen reaction following the nucleophilic attack of the ester carbonyl group with acetone using sodium as a base in anhydrous toluene under middle conditions. This step yields a 1,3 keto-enol, which proceeds by removing the labile hydrogen from the diketone form, leading to the formation of an enol salt. After neutralization, the target compound is obtained in equilibrium with its diketone form (Scheme 2). 


Scheme 2: Synthetic route to L3

These tautomeric forms between 1,3 diketone pyridine and 1,3 keto-enol pyridine depend mainly on the substituents.[23] When the substituents R1 and R2 which make up the dionine skeletons are identical, only one rapidly equilibrating cis keto-enolic form is present (Scheme 3). In this case, the enol content is 100% due to the symmetry of the two enol forms as encountered for dibenzoylmethane.[24a,b] However, when R1 ≠ R2, three tautomeric forms are present. When R1 is an aromatic group such as a five-membered heterocycle like pyrazole or furan or a six-membered cycle like pyridine, and R2 is an alkyl group like in our case the mesomeric effect dominates the inductive effect.[25] The resonance stabilization of the isomers predominantly favours the formation of β-keto-enols adjacent to the carbon carrying the alkyl substituent leading to the formation of our target product L2 in major yield. This result is proved with NMR and DEPT  characterized by a signal at 4.21 ppm and a small negative signal at 52.94 ppm relative to carbon (-CH2) (See ESI), indicating the presence of the diketonic form in mixture with the enol L2.[26]
The obtained keto-enol mixture does not represent a problem for the next step in the synthesis since the reaction goes on unsubstituted hydrazine.


Scheme 3 : Tautomeric equilibrium when R1 = R2  and R1 ≠ R2.
Materials characterization 
It was mandatory to dehydrate silica before use to unleash reactive silanol group. This was checked by FT-IR spectra with the vibration of adsorbed water molecules over the range of 3400-3500 cm-1, which are engaged in strong hydrogen bonding interactions with the silanol groups present on the silica’s surface,[27] that disappear after activation (Figure 1). 
[bookmark: _Hlk176192539]Successful synthesis of mSi-Cl was checked with the presence of bands at 2981, 1474, 679 cm-1 , which correspond to C-H, Si-C and C-Cl vibrations, respectively.[28] The immobilization of the organic ligand onto silica was confirmed by comparing FT-IR spectra of mSi-Cl with mSi-L3, with the disappearance of the C-Cl band and the emergence of peaks at 1466 and 1389 cm−1 , characteristic of υ(C=N) and υ(C-C) vibrations in the pyrazole and pyridine rings.[28] Different types of silanol groups present in silica gel are also observed (Table 1). Chemical analysis for mSi-L3 of C, 7.40; N, 1.20% showed too successful linkage of L3 by comparison with C, 4.47% for mSi-Cl.
Table 1: FTIR characteristic vibrations for different types of silanols in activated silica
	
	Silanols
	Siloxanes (SiO)

	FT-IR υ (cm-1)
	Simple
	Vicinal
	Geminate
	

	
	3735
	3650-3660
	3740-3747
	453-801-1068






Figure 1: FTIR spectra of pure hydrated and dehydrated Si (left) and functionalized mSi-Cl, mSi-L3 (right).

Thermal stability of the mSi-Cl precursor and hybrid material mSi-L3 was investigated by thermogravimetric analysis and compared to pure silica gel (Figure 2). All samples exhibit a first significant mass loss that corresponds to weakly bonded water molecules from silica gel.[29] It is found between 25-150°C for silica, whereas for modified samples, it is reduced in the range 25-125°C indicating that the adsorbed water onto the silica gel surface is replaced via the grafting agent.[30] A second loss was observed between 150 and 800°C with 10.84% and 13.41% for mSi-Cl and mSi-L3, respectively. The variation in high-temperature decomposition compared to unmodified silica results from the surface modification induced by the organic matrix.[31a,b] Figure 2 also shows a slight weight loss for both pure SiO2 and mSi-Cl at temperatures above 250°C, which can be attributed to the self-condensation of silanol groups into siloxanes.[32] 
A grafting rate of 0.80 mmol/g for mSi-Cl was derived indicating successful grafting, while the grafting rate for mSi-L3 is slightly lower at 0.52 mmol/g. This discrepancy can be attributed to two factors: (i) the presence of a higher density of accessible pores in the empty silica matrix, and (ii) the steric hindrance imposed by the pyridine pyrazole ligand, which restricts the accessibility of all functional groups.


Figure 2 : Thermogravimetric curves of free silica SiO2, mSi-Cl and mSi-L3.
Nitrogen adsorption-desorption isotherms of mSi-Cl precursor together with mSi-L3 adsorbent are shown in Figure 3 in comparison to the pure silica support. These samples all showed a typical isotherm of type IV with visible hysteresis loops type H2 and a steep increase in adsorption at relative pressures of 0.5–0.9 attributed to capillary nitrogen condensation, manifesting that the samples are mesoporous.[33a,b] The surface areas, pore volumes and average pore size distributions for functionalized materials decrease in comparison to SiO2 showing that the grafting was carried out on the internal surface, thus inside the pores (Table S1).
For example, the BET specific surface areas of mSi-Cl is apparently smaller than SiO2 and decrease further for mSi-L3: mSi-L3 417 m2/g < mSi-Cl 494 m2/g < SiO2 579 m2/g indicating the coverage of the silica surface with functional groups which blocks partially the adsorption of the molecules of nitrogen. These findings are in accordance with previous studies.[34] 
The silica materials employed in this study exhibit a higher surface area compared to those reported in the literature for similar applications. [35a,b] 


Figure 3 : Nitrogen adsorption–desorption isotherm of unmodified silica, mSi-Cl and mSi-L3. The caption shows the pore size distribution.
The 13C NMR spectrum of mSi-L3 shows the presence of organic moieties onto silica. (Figure 4). Indeed, peaks appearing at 9, 25 and 46 ppm correspond to resonance of carbon atoms in C-Si propyl skeleton, C-C, C-N  spacer between L3 and silica gel. While the methoxy group not bounded to silica gel respectively resonates at 59 ppm.[36] Remaining signals are assigned to pyrazole pyridine ligand, with 15 ppm corresponding to CH3 substituent. The peak at 104 ppm may be attributed to the carbon of pyrazole ring. In addition, the resonance of aromatic carbons related to pyridine ring appear at 122, 125 and 142 ppm, as well as the unshielded large signal centred at 149 ppm that can be assigned to C-N  bonds in both rings.

 [image: ]
[bookmark: _Hlk176118009]Figure 4: CP-MAS TOSS  Solid-state 13C NMR spectrum of mSi-L3.
These findings imply that the chloride groups on the surface of mSi-Cl have been exchanged with ligand L3 (see ESI). To provide a basis for comparison, the NMR 13C spectra of both mSi-L3and the unconstrained L3 ligand exhibit similarity, indicating the accomplishment of the surface's chemical modification.
Solid-state 29Si NMR spectroscopy allowed us to distinguish silicon atoms involved in siloxane bridges, thus confirming a successful grafting. Figure 5 shows clear signals at δ = -110 ppm and δ =-100 ppm referring the presence of Q4 [(SiO)4Si] and Q3 [(SiO)3SiOH] respectively. Notably, the proximity of Q2 geminated Si atoms (δ = -90 ppm) to Q3 species leads resonance lines are overlapped. Further, the signal at -65 ppm called T3 corresponds to organosilane silicon atoms linked to three bridging oxygen atoms to the central Si atom,[32] and the signal at -57 ppm relates to T2 units. The presence of these two signals T2 and T3 confirms that the groups are covalently bonded to the silica surface. 

[image: ]
[bookmark: _Hlk176118036]Figure 5: CP-MAS Solid-state 29Si NMR spectrum of mSi-L3.

The morphologies of unmodified silica, mSi-Cl functionalized silica and the adsorbent mSi-L3 were examined at different surface locations using SEM (Figure 6). The images reveal different microstructures presumably indicating an increase in surface roughness upon functionalization of silica whose surface is much smoother. Also, a significant decrease is observed in the silica-based particle size after their functionalization with 3-chloropropyltrimethoxysilane and L3 due to partial aggregation of inorganic-organic hybrid particles. This could be reflecting a strong interaction between silica surface and the functional groups.[37] These images confirm the results obtained in solid state 13C and 29Si NMR spectroscopy revealing the coexistence of organic and inorganic networks due to the incorporation of organic molecules within silica pores leading to a homogeneous phase. On the other hand, these results  strengthen the phenomenon observed in BET surface analysis that could explain the increase of the pore volume of the hybrid material mSi-L3 compared to that of the silica gel.
In conclusion, these results confirm the coexistence of L3 within the pores of the highly branched silica via covalent bonds.Pure silica (a) 
mSi-Cl (b) 
50.0 um
50.0 um
50.0 um
mSi-L3 (c) 

Figure 6: SEM micrographs of pure silica, precursor mSi-Cl and adsorbent mSi-L3.
Adsorption studies
The adsorption performance of mSi-L3 towards CuII, CdII and PbII was investigated by studying various factors that play a crucial role in the uptake characteristics of the adsorbent. These factors include pH, shaking time, temperature, the interference of a mixture of ions and other significant parameters.
pH effect
[bookmark: _Hlk176192787][bookmark: _Hlk175576618]Concentration of hydronium ions is one of the most crucial factors in controlling the adsorption of metal ions by a given adsorbent.[38] Figure 7 represents the evolution of pH ranging from 1 to 7 according to adsorption capacity. The ion removal capacity by mSi-L3 increases with the increase in pH value, and quantitative metal uptake was observed at pH 6 for all studied  cations. The removal efficiencies of all ions by mSi-L3 were very low under strong acidic conditions. With the high hydronium concentration, the surface of the adsorbent was protonated and positively charged, which would repulse positively charged metal ions in solution.[39] On the other hand, hydronium ions competed with metal ions for bonding with nitrogen active sites of pyridine-pyrazole ligand, resulting in reduced active binding sites for ion adsorption. As the pH increases, the surface is gradually deprotonated and active sites are more accessible for coordination leading to the increase of adsorption capacity for all metal ions until a maximum pH of 6 corresponding to 99% of optimal concentration used. However, when pH > 7, metal ions easily form insoluble hydroxide precipitates (e.g. M(OH)+, M(OH)2, and M(OH)3) [40], thus the metal is difficult to be adsorbed. In this case, it was difficult to distinguish between hydrolyzed or adsorbed metal ions and the calculated adsorption capacity of adsorbents would not be exact.
Given mSi-L3 is found to significantly capture CuII, CdII and PbII ions at pH = 6, this condition was applied for subsequent batch adsorption experiments.


Figure 7: Effect of pH on adsorption of metals using mSi-L3 .
Effect of contact time and adsorption kinetics
Time-dependent removal of metal ions using mSi-L3 was investigated over a duration ranging from 2 to 30 min., employing optimized conditions previously established (at room temperature (25°C) and pH 6). Within the initial five-minutes interval, the adsorbent exhibited remarkably rapid adsorption of CuII, CdII and PbII ions, PbII being the fastest (Figure 8). 
At the beginning, adsorption is rapid due to the complexation between metal ions and available active sites of the mesoporous adsorbents. After 5 min of shaking time, the adsorption efficiency varies slowly to reach equilibrium after 11 min manifesting that the adsorption site is nearly saturated. The fast removal of CuII, CdII and PbII onto mSi-L3 compared to other silica based materials (Table 2) may be due to two reasons: (i) the large specific surface allowing metal ions to be adsorbed easily. (ii) the strong affinity for pyrazole-pyridine grafted ligand toward studied metals, specifically for PbII. After this period, there is no noticeable improvement in the metal ions capture, indicating that adsorption has reached its maximum capacity because of heightened steric hindrance on the silica surface. This saturation may result from the creation of a single layer of metal ions on the adsorbent's surface.[41]



Figure 8: Effect of contact time on the adsorption of CuII, CdII and PbII onto mSi-L3 .
Table 2: Comparison of equilibrium time of different adsorbents for the removal of CuII, CdII and PbII.
	Adsorbent
	CuII
	CdII
	PbII
	Reference

	[image: https://ars.els-cdn.com/content/image/1-s2.0-S0003267001015525-sc1.gif]
	>25 min
	>25 min
	>25 min
	[42]

	Biological adsorbent
	-
	20 min
	20 min
	[43]

	[image: ]
	-
	100 min
	100 min
	[44]
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	30 min
	30 min
	30 min
	[45]


Kinetic modeling 
[bookmark: _Hlk175577667]Two kinetic models were used to explain the mechanism controlling metal-ion adsorption: the pseudo-first-order (PFO) and pseudo-second-order (PSO) models.[46a,b] Experimental data were fitted according to linear form Eq. 1 and 2 of PFO and PSO, respectively.[47] 
ln (qe - qt) = lnqe - K1t    (1)
t/qt = t/qe + 1/K2qe2       (2)
where qt and qe are the adsorption capacity of metal ions (mg/g) vs. time and at equilibrium, respectively; K1 (min-1) and K2 (g/mg/min) are the rate constant of the PFO and PSO, respectively (Table 3).

[bookmark: _Hlk176243033][bookmark: _Hlk175577648]In contrast to the PFO model, the PSO model is more effective in describing the adsorption kinetics of CuII, CdII, and PbII, as evidenced by the higher correlation coefficients (R²) close to 1, which generally indicate a strong match between theoretical and experimental values.
As shown in Table 3, the PSO model achieves R² values of 0.994, 0.998 for CuII, PbII and CdII respectively , indicating an excellent fit to the experimental data. On the other hand, the PFO model yields lower R² values, around 0.91, suggesting it is less accurate in representing the adsorption kinetics.
[bookmark: _Hlk176241887]To further support this conclusion, we calculated the Δq value, which represents the difference between the experimental adsorption capacity (qe(exp)) and the theoretical adsorption capacities (qe(theo)) calculated by the PFO and PSO models:

Δq = qe(exp) − qe(theo)	(3)

[bookmark: _Hlk176028469]A smaller Δq indicates better alignment between experimental and theoretical results. In our study, the Δq values show that the PSO model more accurately reflects the experimental data compared to the PFO model, as evidenced by the smaller discrepancies between the experimental and theoretical adsorption capacities. For example, the Δq for CuII was 1.978 mg/g, whereas the PFO model showed a larger deviation of 20.691 mg/g. The consistency between the Δq results and the correlation coefficients (R²) further supports that the PSO model is the more suitable fit for describing the adsorption kinetics. This points out that the retention processes may involve chemical adsorption occurring between active nitrogen sites of pyrazol-pyridine and metal ions.[48a] 



Figure 9 : Linear form of pseudo-second-order for adsorption rates of CuII, CdII and PbII onto mSi-L3 .
Table 3: Kinetic equation constants of adsorption on mSi-L3 .
	Adsorbent
	Parameters
	Metals

	





mSi-L3 
	
	CuII
	PbII
	CdII

	
	qe(exp) mg/g
	46.66
	61.91
	22.73

	
	Pseudo second order (PSO)

	
	qe (mg/g)
	48.7804
	63.2911
	24.0963

	
	K2 (g/mg.min)
	0.0070
	0.0092
	0.0152

	
	R2
	0.994
	0.998
	0.998

	
	Slope
	0.0205
	0.0158
	0.0415

	
	Intersection
	0.0595
	0.0271
	0.1129

	
	[bookmark: _Hlk175865965]∆qe (qe(exp)-qe(theo))
	1.9781
	1.3811
	1.3663

	
	Pseudo first order (PFO)

	
	qe(mg/g)
	25.9689
	23.9641
	12.0070

	
	Slope
	-0.0793
	-0.0954
	-0.1000

	
	Intersection
	3.2569
	3.1765
	2.4855

	
	R2
	0.9131
	0.9274
	0.9527

	
	K1 (min-1)
	0.0793
	0.0954
	0.1000

	
	[bookmark: _Hlk144850049]∆qe (qe(exp)-qe(theo))
	20.6911
	37.9459
	10.7230


Error analysis 
Alongside R2 values and ∆qe which reflect how well the PSO kinetic model fits  experimental data, using other error functions can strengthen the obtained results. For instance, using (i) residual root mean square error (RMSE), (ii) sum of the squares of errors (ERRSQ) or (iii) coefficient of determination (R2). The smaller error function value, the better curve fitting[48b,c][17b] 
RMSE =    (4)


ERRSQ =        (5)
R2=   (6)
· Where qt,exp​ is the experimental adsorption capacity at time t
· qt,cal​ is the theoretical adsorption capacity calculated using the PSO model
· n is the number of data points
To validate the obtained results, we calculated the Root Mean Square Error (RMSE) to assess the fit between the theoretical adsorption capacities predicted by the pseudo-second-order (PSO) kinetic model and the experimental capacities observed for CuII, CdII and PbII adsorption from water using the mSi-L3 material. 
The RMSE values for the PSO model were calculated using equation (4). Upon analyzing the RMSE data PbII: 1.14, CuII: 1.45 and CdII: 0.64, a low RMSE value combined with a high correlation coefficient (R²) close to 1 and a small ∆q, indicates a strong fit of the PSO kinetic model for all studied metals. This shows a good correlation between theoretical predictions and experimental results.
However, the varying RMSE values between metals highlights differences in the model’s predictive accuracy for each metal. The lower RMSE for CdII (0.64) suggests that the PSO model fits the adsorption data for CdII more accurately than for PbII and CuII. These variations do not contradict our results; rather, they underscore the complexity of adsorption processes and the influence of other parameters in the adsorption, which will be discussed in the selectivity section.
In conclusion, the combination of R², ∆q, and RMSE values confirms that the PSO model provides a good fit for the adsorption of CuII, CdII and PbII from waste water by the mSi-L3 material.
Effect of temperature and adsorption thermodynamics
We have established above that pH and contact time exert significant control over the adsorption amount. Temperature is another factor to consider, as it impacts the quantity of metal ions adsorbed by the material. To do so, enthalpy change (ΔH°), entropy change (ΔS°) and Gibbs free energy (ΔG°) can be calculated by the following equations:
  (7)
 (8)		
 (9)
where, R is the gas constant (8.314 J. mol‑1.K-1), T is temperature in Kelvin, and Kd is the adsorption equilibrium constant, C0 (mg L−1 ) is the initial concentration of metal ion, and Ce (mg L−1 ) is the equilibrium concentration of metal ion, V is the volume of solution and m (g) is the dosage of sorbents.
[bookmark: _Hlk144829048]The effect of temperature on adsorption capacity of mSi-L3 towards CuII, CdII and PbII was investigated by conducting the adsorption tests at different temperatures (30°C, 35°C, 40°C, 45°C). Accordingly, the linear plots of ln Kd versus 1/T(K) (Figure 10) allow the calculations of thermodynamic parameters (ΔH°, ΔS° and ΔG°) (Table 4). The positive values of ΔH° illustrate that the adsorption of CuII, CdII and PbII onto mSi-L3 is an endothermic process. The disorder at adsorbate/adsorbent interface during the sorption process is confirmed by the positive values of ΔS° for each metal. At all temperature range ∆G° consistently shows negative values, this negativity becomes even more pronounced with increasing temperature. This clearly indicates that temperature plays a crucial role in the adsorption process. As a result, higher temperatures make the adsorption of metal ions CuII, CdII and PbII  onto the material mSi-L3 more favourable and spontaneous.[49a,b] 


Figure 10: Effect of temperature on adsorption of metal ions onto mSi-L3 (Conditions: V = 10 mL metal solutions, m = 10 mg of adsorbent, pH = 6, t = 30 min, T = 30°C, 35°C, 40°C and 45°C).




Table 4:  Thermodynamic parameters for metal ions sorption on mSi-L3 .

	Adsorbent
	Metal
	CuII
	PbII
	CdII

	


       mSi-L3
	R2
	0.997
	0.998
	0.998

	
	∆H°(kJ mol-1)
	6.9627
	12.0841
	9.1753

	
	∆S°(J mol-1 K-1)
	25.2008
	42.9326
	31.7502

	
	T (K)
303
308
313
318
	∆G° (kJ. mol-1)

	
	
	-0.6731
	-0.9244
	-0.4449

	
	
	-0.7991
	-1.1391
	-0.6037

	
	
	-0.9251
	-1.3537
	-0.7624

	
	
	-1.0511
	-1.5684
	-0.9212



Adsorption isotherms
The adsorption isotherm study provides insights into the transfer of adsorbate from the solution phase to the solid phase at equilibrium. To investigate the adsorption behavior of our synthesized silica material mSi-L3 for CuII, CdII and PbII ions in water decontamination, we evaluated both Langmuir and Freundlich isotherm models. 
The Langmuir adsorption model describes monolayer adsorption of the adsorbate on a homogeneous adsorbent surface,[49f] which can be expressed in its linear form as:

Where qe is the amount of the adsorbed solute on the adsorbent surface (mg/g), Ce is the equilibrium concentration of the ions in the solution (mg/L), q  is the adsorption capacity at equilibrium (mg/g), KL is the Langmuir adsorption constant (L/mg).

The empirical Freundlich model, which considers adsorption on an energetically heterogeneous surface and assumes different affinities for adsorption with interactions between the adsorbed molecules,[49f] is represented by its linear form:

where qe is the adsorption capacity (mg/g), Ce is the equilibrium concentration (mg/L), KF is the Freundlich constant (mg·g⁻¹), and n is the Freundlich constant indicating the adsorption intensity.

In our study, the Langmuir model significantly provides a better fit for the experimental data compared to the Freundlich model (Table 5). This conclusion is supported by the higher correlation coefficients (R2) with the Langmuir model (Figure S11), we obtained—0.998 for CuII, 0.998 for PbII and 0.997 for CdII. These high R2 values indicate a strong linear relationship between our theoretical predictions (q (mg/g) ) and the observed adsorption data (qe(exp) (mg/g)), reinforcing the model's reliability. For instance, the experimental adsorption capacities (qe(exp)​) were 46.66 mg/g for CuII, 61.91 mg/g for PbII, and 22.73 mg/g for CdII, which closely matched the Langmuir model predictions of 49.35 mg/g, 63.86 mg/g, and 23.59 mg/g, respectively. In contrast, the Freundlich model yielded lower R2 values—0.845 for CuII, 0.920 for PbII, and 0.922 for CdII—indicating that it does not accurately capture the adsorption dynamics in our system. The Freundlich model, with its lower R² values, suggests a less accurate description of the adsorption process in our system. As a result, the Langmuir model indicates that the adsorption of CuII, CdII and PbII ions onto the synthesized m-SiL3 material occurs as monolayer adsorption on a homogeneous surface. This conclusion is consistent with recent studies on silica-based adsorbents for heavy metal removal.[50-52]
Table 5:  Isotherms parameters by linear regression method for the sorption of CuII, CdII, and PbII ions by m-SiL3
	
Adsorbent
	
Metal
	
qe(exp) (mg/g)
	Langmuir model
	Freundlich model

	
	
	
	q(mg/g)
	KL
(L/mg)
	R2
	KF
(mg/g)
	n
	R2

	
  mSi-L3
	CuII
	46.66
	49.3488
	0.1809
	0.998
	20.9052
	5.2910
	0.845

	
	PbII
	61.91
	63.8569
	0.2028
	0.998
	17.0201
	3.2916
	0.920

	
	CdII
	22.73
	23.5904
	0.3110
	0.997
	4.9844
	2.1427
	0.922



Selectivity
[bookmark: _Hlk162782455][bookmark: _Hlk162779711][bookmark: _Hlk176243318]The competition adsorption of CuII, CdII and PbII under optimal conditions (concentration, pH, temperature) for 30 min was investigated for mSi-L3 . A selectivity towards PbII was identified following PbII > CuII > CdII (Figure 11). The reason is presumably due to chelating force of L3 favoured by its suitable internal cavity structure formed by its nitrogen atoms, which fits the larger ionic radius of Pb(II) (1.19 Å) compared to Cu(II) (0.73 Å) and Cd(II) (0.95 Å).[53] This situation favours a stronger interaction between mSi-L3  and Pb(II) ions, and as a result, a better selectivity. This selectivity can also be explained by the higher electronegativity and polarizability of PbII. Electronegativity, which measures an atom's ability to attract electrons in chemical bonds, is greater in PbII compared to CuII and CdII, allowing it to form stronger coordinate bonds with nitrogen atoms in the L3 ligand. These stronger interactions are crucial for enhancing the stability of the PbII-ligand complex, thereby promoting more effective adsorption onto the mSi-L3 surface.[54]















Figure 11: Selectivity of mSi-L3 towards CuII, CdII and PbII at pH 6, contact time 30 min, 25°C.
Regeneration of the adsorbent
To increase its technology readiness level (TRL), the adsorbent should be economically efficient and reduce treatment costs at best. As a result, the adsorption process should be capable of reversibility, with the ability to reuse and regenerate the adsorbent. For that, the hybrid material mSi-L3 has been evaluated by continuous adsorption-desorption cycles. Both regenerability and reusability of mSi-L3 silica gel, previously loaded with metal ions CuII, CdII and PbII, were examined by washing it with 1M HCl aqueous solution for 2h. Under such conditions, the adsorbed cations were completely removed from the adsorbent surface. Then, the solid was centrifuged, neutralized by a NaOH solution, dried in vacuum and integrated into a new adsorption-desorption successive cycles. After five adsorption–desorption cycles, the adsorption capacity of CuII, CdII and PbII was still above 98% of the original value, indicating the easy regeneration of the functionalized silica gel. The adsorption capacity of mSi-L3 however decreases with the extension of cycle time mainly to reach 97% after 5 cycles owing to the loss of some active sites.[55]
The stability of the organic groups L3 onto the solid surface was also confirmed by TGA after each cycle of adsorption-desorption between 25-800°C. Figure 12 shows that the organic matrix on the silica surface remains stable with no significant change. This result highlights the stability and the evident regeneration performance of mSi-L3 after five cycles. Overall, these materials have reasonably good recycling and regeneration abilities.


Figure 12 : Thermogravimetric curves of mSi-L3 adsorbent after five cycles of regeneration.

Adsorption mechanism
[bookmark: _Hlk175863193][bookmark: _Hlk175863282][bookmark: _Hlk175863292][bookmark: _Hlk175863308]The adsorption mechanism primarily depends on the nature of the organic matrix grafted onto silica, introducing various factors into play, including electrostatic interactions and the ionic radius of the adsorbate. In our study, we observed that the pyrazolyl-pyridine ligand exhibited significant selectivity for lead over copper and cadmium. As a result, we can describe the diffusion mechanism of these metal ions within the porous structure of mSi-L3 into three distinct stages[56] : firstly, particle external diffusion from the aqueous solution to the surface of mSi-L3 . Secondly, particle internal diffusion as metal ions diffuse from the material surface to the interior pores; and finally, adsorption occurs through complexation with functional groups residing within the pores. These findings align seamlessly with the results obtained from kinetic tests calculated above. Notably, we observed a rapid increase in qe within the first few minutes, attributed to the abundant adsorption sites on the surface of mSi-L3. As the contact time extends, the quantity adsorbed experiences a slower evolution until reaching a state of stability, indicating the increased accessibility of active sites, likely due to steric hindrance on the adsorbent surface.
Application of mSi-L3 for the remediation of environmental water samples
The adsorbent mSi-L3 was applied to real water samples in order to evaluate its capacity in real conditions to remove trace elements. The water samples were collected from a Moroccan river located 100 km west of Oujda city, called Oued Za river at 34°25'13.6''N 2°52'53.5''W. All samples were collected under standard conditions (with a polyethylene bottle, filtered through a 0.45 µm nylon, 10 mg of the adsorbent with 10 mL of the samples at room temperature) and concentrations of Cu, Cd, Pb were determined by atomic absorption. The found concentrations were as follows: Cd: 0.0005 ppm, Cu: 0.0149 ppm and Pb: 0.0155 ppm. These low values might be attributed to the rainy season during the sampling, which could have influenced the ion concentrations due to elevated water levels. Therefore, in order to test the effectiveness of our adsorbent in more concentrated real water samples, samples were concentrated using  150 ppm PbII, given that this metal yielded the best performances (Fig. 12) As a result, mSi-L3 exhibited fairly good performance, effectively removing 34% of lead, 13% of copper and all cadmium from concentrated solutions (Table 6). Thus, mSi-L3 maintains its effectiveness and selectivity towards PbII compared to CuII, with a full removal of traces of CdII ions.
Table 6: Experimental data obtained on real water samples, doped with PbII ions.
	Material
	Metal ions
	% elimination

	mSi-L3
	PbII
	34

	
	CuII
	13

	
	CdII
	100








Comparison with other adsorbents
mSi-L3 adsorbent is highly effective in capturing selected heavy metals CuII, CdII and PbII in real water samples, even at low concentrations (Table 7). Notably, mSi-L3 demonstrated a comparable cadmium adsorption capacity (23mg/g) to that reported for natural adsorbents like bamboo charcoal (12.08 mg/g) and Fe3O4 nanocomposites (9.52 mg/g) within a short contact time.[57a,b] Furthermore, for PbII ions, mSi-L3 exhibited a significantly higher capacity (61 mg/g) compared to commonly used commercial activated carbons, including NC-60 and RS-1301, with reported values of 25.30 mg/g and 35.43 mg/g, respectively.[58] In the case of CuII, mSi-L3 demonstrates better performances when compared to other silica materials grafted with pyrazole, e.g. in pyrazole-enol-imine-furan-substituted silica (SiNPz-Fn). Specifically, mSi-L3 displayed an adsorption capacity of 46.66 mg/g, exceeding the 27.35 mg/g capacity recorded for SiNPz-Fn.[59] 
Table 7: Comparison of mSi-L3 performances with some reported sorbents for CuII , CdII and PbII adsorption.
	[bookmark: _Hlk167991746]Adsorbents
	CdII  (mg/g)
	PbII (mg/g)
	CuII (mg/g)
	Ref.

	mSi-L3
	23 
	61 
	46 
	This work

	Bamboo charcoal
	12.08 
	-
	-
	57a

	Fe3O4 nanocomposites
	9.52 
	-
	-
	57b

	Commercial activated carbon NC-60
	-
	25.30 
	-
	58

	Commercial activated carbon RS-1301
	-
	35.43 
	-
	58

	Activated carbon from Sawdust
	8
	-
	-
	59

	Activated carbon
	6.7
	-
	-
	60

	Activated Carbon from Rice Straw
	-
	35
	-
	61

	SiNPz-Fn
	-
	-
	27.35
	62


Conclusion
This study successfully developed a  hybrid adsorbent, mSi-L3, for the efficient removal of heavy metal ions from aquatic environments. The adsorbent demonstrated high adsorption capacity and selectivity for CuII, CdII and PbII ions, making it a promising green solution for contaminated water treatments. The adsorption process was found to be endothermic, and the adsorption kinetics were well-described by the pseudo-second-order model. The adsorbent also exhibited good regenerability and stability after multiple adsorption-desorption cycles, indicating its potential for practical use. The comprehensive analytical analyses confirmed the stability and effectiveness of mSi-L3 in real water samples. Overall, this study contributes to the development and general understanding of sustainable and cost-effective solutions for water pollution control, highlighting the importance of advanced treatment technologies in addressing the global challenge of heavy metal contamination in water sources.
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