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Abstract 
In this work, two new hybrid materials, MP1 and MP2, were synthesized by modifying the 

mesoporous silica MCM-41 with 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin as well as 

5,10,15,20-tetra(pyridin-4-yl)porphyrin, respectively. The successful modification was 

consistently confirmed through multiple characterization techniques. The adsorption performance 

of these hybrid systems for Cd(II), Cu(II) and Pb(II) ions was thoroughly investigated using 

different isotherm and kinetic models to understand the adsorption mechanism. Both materials 

exhibited significant affinity for Pb(II) ions, with maximum adsorption capacities of 265.70 mg/g 

for MP1 and 77.69 mg/g for MP2, surpassing many previously reported systems. The adsorption 

process was remarkably fast, reaching 65 % of maximum uptake within 10 min and complete 

removal from solution within 45 min. Selectivity studies showed that these adsorbents efficiently 

removed 70 % of Pb(II) ions even in the presence of Cd(II) and Cu(II) ions at similar 

concentrations. Furthermore, both adsorbents demonstrated excellent reusability, maintaining high 

efficiency over five consecutive cycles with minimal capacity loss. Most importantly, their 

performance was validated using real river water samples from the Marchica River, achieving up 
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to 89 % Pb(II) removal at trace concentrations. The adsorption equilibrium and kinetic data fitted 

well to the Sips, Langmuir, and pseudo-second-order models (R2 > 0.99), indicating a 

homogeneous monolayer adsorption mechanism dominated by chemisorption. Thermodynamic 

parameters (ΔG < 0, ΔH > 0) showed that the adsorption was endothermic, spontaneous and 

became more favorable at higher temperatures. These results highlight the strong potential of 

porphyrin conjugation with mesoporous silica MCM-41 to develop efficient, selective, and cost-

effective adsorbents for toxic metal ions removal in practical applications. 
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1. Introduction 
Lead is among primary dangerous heavy metals, causing serious threats to both 

environment and humans.1–3 Its ubiquitous use in industries including battery manufacturing,4 

mining,5 and paint production6 has contaminated water sources, soils and even the atmosphere.7 

Lead exposure may permanently harm the nervous system,8 especially in children cases, resulting 

in cognitive deficits and developmental difficulties.9 In adults, it has been associated to many 

diseases, for instance, to kidney failure, cardiovascular diseases, and reproductive toxicity.10–12 

Due to its non-biodegradable nature, lead remains in the environment for lengthy periods of time, 

making removal a difficult task.  

Water contamination with lead, in particular, poses serious environmental and health risks, 

as exposure to levels exceeding the World Health Organization’s (WHO) recommended limit of 

10 µg/L can lead to severe toxic effects.13 A striking example of this issue is the Marchica River 

in Nador - Morocco, which has been reported to contain dangerously high concentration of lead 

due to industrial and agricultural discharge as well as urban runoff.14 Despite numerous cleanup 

efforts, eliminating or reducing the concentration of trace metals below the recommendation limits 

remains a major challenge, requiring advanced treatment techniques. Tackling this issue is 

essential to protecting both aquatic ecosystems and public health. Accordingly, there is a need for 

adsorbents that combine high metal ion selectivity with fast uptake, operational robustness, and 

validation in real environmental waters. Several techniques have been developed to extract lead 

from contaminated water, including chemical precipitation, ion exchange, electrocoagulation and 



membrane filtration. While these methods can be effective under specific conditions, they often 

come with significant drawbacks.15,16 In practice, excessive reagent use, sludge formation, high 

costs, fouling and scale‑up challenges limit their implementation.17 Accordingly, the need for 

efficient adsorbents has prompted several research groups to develop materials with high 

selectivity for different metal ions, fast uptake, and efficient regeneration capability.18    

Among the various strategies, adsorption has gained significant attention due to its 

simplicity, cost-effectiveness, and high efficiency in removing heavy metals.19,20 The development 

of hybrid materials combining inorganic supports with organic functional groups has 

revolutionized adsorption technology, enhancing selectivity and capacity across diverse 

aplications.21–27  

In the context of metal ion adsorption, the inorganic support provides a stable, high-

surface-area structure, while organic functional groups offer specific binding sites for target metal 

ions. The success of these materials heavily depends on the choice of the inorganic support and 

organic functionalities, which influence adsorption strength and speed.28–30 However, few systems 

simultaneously demonstrate (i) high and selective Pb(II) uptake, (ii) rapid kinetics, (iii) multi‑cycle 

reusability, and (iv) maintained performance in real waters containing competing ions and organic 

matter, features required for practical  application.     

Compared with conventional silica,  MCM-41 silica is a particularly attractive alternative 

for hybrid materials in adsorption applications, due to its high surface area, uniform mesoporous 

structure and large pore volume, which facilitates better diffusion and uptake of larger molecules 

as well as its good thermal stability.31,32 Considering the range of organic functionalities available 

to decorate material surface, particular attention is being given to porphyrins. This class of 

tetrapyrrolic macrocycles, has shown exceptional potential in heavy metal adsorption due to their 

ability to form stable coordination complexes with metal ions. Their nitrogen-rich core allows 

strong interactions with transition metals, significantly improving adsorption performance. In 

particular, 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (P1) is of great interest due to the 

strong electron-withdrawing effect of fluorine atoms. These fluorine substituents enhance the 

Lewis acidity of the nitrogen centers, increasing their affinity for lead(II) ions as demonstrated 

previously by our group after immobilizing it in conventional silica.33 Incorporating P1 into an 

inorganic framework such as mesoporous MCM-41 can provide a highly effective adsorbent with 

well-structured porosity, high surface area, and excellent stability.34–36 In this design, the 



mesoporous channels of MCM‑41 are expected to maximize the accessibility and density of 

porphyrinic N‑donor sites, favoring inner‑sphere Pb–N coordination that should enable fast and 

selective capture. 

Given that 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin derivatives with additional pyridyl 

ligands, showed efficient adsorbents features towards a wide range of metal ions,25,37 and 

5,10,15,20-tetra(pyridin-4-yl)porphyrin is easily accessible,38 MCM-41 silica-based adsorbents 

incorporating this macrocycle, could offer a promising alternative. By immobilizing two 

structurally distinct porphyrins on the same MCM‑41 scaffold, this work also analyzes how ligand 

electronic, charge and coordination features influence performance, providing mechanistic insight 

beyond prior porphyrin–silica adsorbents. 

In this work, we report the synthesis and characterization of two modified MCM-41 

materials, MP1 and MP2, incorporating 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (P1) as 

well as 5,10,15,20-tetra(pyridin-4-yl)porphyrin (P2) respectively, as organic ligands  for Pb(II), 

Cd(II), and Cu(II) ions adsorption application. The hybrids were comprehensively characterized 

to confirm successful porphyrin immobilization within MCM‑41. The novelty and advantages are: 

simple and scalable synthesis; selective and rapid Pb(II) adsorption; robust five‑cycle reusability; 

and high removal efficiency in real river water, collectively addressing key practical gaps and 

bridging adsorption for efficient and cost effective scalable solution.  

To evaluate the adsorption performance of MP1 and MP2, we conducted a series of batch 

experiments investigating various parameters, including initial metal concentration, contact time, 

pH and temperature. Adsorption kinetics and isotherm models were applied to understand the 

adsorption mechanism and determine the materials’ efficiency. The selectivity studies were 

performed to assess the competitive adsorption of Pb(II) ions in the presence of Cd(II) and Cu(II) 

ions, demonstrating the strong affinity of the prepared materials for Pb(II) ions. The reusability of 

MP1 and MP2 was also tested over multiple cycles (5 cycles), revealing minimal efficiency loss, 

which is a key factor for affordability and sustainability.39 Furthermore, real-world applicability 

was investigated using water samples from the Marchica River. The prepared materials MP1 and 

MP2 demonstrated exceptional performance in lead(II) removal, even at trace concentrations, 

further proving their potential for real environmental remediation. Taken together, these elements 

clarify the uniqueness and practical relevance of the present study within the broader field of 

heavy‑metal adsorption. 



 

2. Results and discussion 
2.1. Synthesis of the adsorbents 

The synthesis of MP1 and MP2 involved the two main steps, as outlined in Scheme 1. The 

first step consisted on the surface functionalization of MCM-41 with the organosilane groups (3-

aminopropyl)trimethoxysilane (APTMS) and (3-chloropropyl)trimethoxysilane (CPTMS) to 

afford the functionalized silica MCM-41-NH2 and MCM-41-Cl, respectively.40 The second step 

involved the direct reaction of MCM-41-NH2 with 5,10,15,20-

tetrakis(pentafluorophenyl)porphyrin (P1) (Via A) and MCM-41-Cl with 5,10,15,20-tetra(pyridin-

4-yl)porphyrin (P2) (Via B), affording the required materials, MP1 and MP2, respectively. Both 

porphyrin ligands were prepared by condensation of pyrrole with the appropriate aldehyde 

according to well-established procedures reported in the literature.41–43 The immobilization step 

relied on the easy substitution of p-fluorine atoms in P1's pentafluorophenyl units by amines and 

the quaternization of pyridyl units in P2 by alkylating agents.38,44   

To determine the exact amount of porphyrin required for immobilization onto the surface 

of MCM-41 before reaching saturation, a preliminary assay was performed. Small portions of P1, 

and P2 (30 mg each) were progressively added to the appropriate silica (2 g), and the presence of 

residual ligands was checked by thin-layer chromatography (TLC) after 4 h of reflux under N2 

atmosphere. This method showed that the functionalized MCM-41 silica reached saturation after 

the addition of 150 mg of porphyrins. 

Considering the results from the previous assay, the reactions of MCM-41-NH2 with P1 in 

toluene and MCM-41-Cl with P2 in o-dichlorobenzene were carried out at reflux under a N2 

atmosphere for two days, using 2 g of silica and 150 mg of each ligand (Scheme 1). The adsorbents 

were separated from the solution by centrifugation and washed with the reaction solvent and 

methanol until no porphyrin was detected in the washing solvent.  
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Scheme 1. Synthetic approaches used in the preparation of MP1 (Via A) and MP2 (Via B) from the 

functionalized precursors MCM-41-NH2 and MCM-41-Cl, respectively. 

 

2.2. Characterization of materials MP1 and MP2 

2.2.1. FT-IR spectra analysis 

Figure 1 presents the ATR-FTIR spectra of the materials MP1 and MP2 in comparison to 

their respective functionalized MCM-41. In all the spectra, characteristic bands of the silica can 

be observed, including an intense peak near 3440 cm–1 which is associated with the O-H stretching 



vibrations of silanol groups. Other significant peaks include one at around 1635 cm–1, 

corresponding to the Si-OH stretching vibration, and another at 1090 cm–1, linked to the Si-O-Si 

stretching vibration. Additionally, the band at approximately 807 cm–1 is attributed to Si-O 

vibrations.45 After the modification with porphyrin molecules, new peaks emerged at 1460, 1500 

cm–1 as well as a notable one around 750 cm–1 indicating the appearance of stretching vibrations 

of C-C bonds in porphyrin ligands.46 More specifically, the peaks in the range of 1390-1574 cm–1 

(highlighted in green in Figure 1) are mainly attributed to the C=N and C=C vibration of the 

aromatic rings. 

 

 
Figure 1. ATR-FTIR spectra of MP1 and MP2, and of respective functionalized MCM-41-NH2 

and MCM-41-Cl. 

 



2.2.2. UV-Visible analysis 

Figure 2 shows the solid-state UV-Vis spectra of MP1 and MP2. We observe the 

characteristic absorption features of meso-tetraarylporphyrins.25 These include a prominent Soret 

band at λ = 412 nm for MP1 and λ = 433 nm for MP2, followed by weaker four Q bands extending 

from 510 to 657 nm. This spectral profile is consistent with the expected electronic transitions of 

porphyrin-based systems. Thus, providing additional proof of the successful porphyrin 

immobilization onto the MCM-41 surface.  

To check the absence of free porphyrin species in the final materials and during use, the 

freshly prepared hybrids were exhaustively washed; the combined wash filtrates were then 

analyzed by liquid-phase UV–Vis. No Soret or Q-band signatures characteristic of free porphyrins 

were detected. These results confirm covalent immobilization, the absence of porphyrin leaching, 

and environmentally benign behavior of the hybrid adsorbents during water treatment.  

 

 

Figure 2. Solid state UV-Vis spectra of MP1 and MP2. 

 

2.2.3. Elemental analysis 

Table 1 summarizes the elemental analysis results of the adsorbents MP1 and MP2 and of 

the precursors: MCM-41, MCM-41-NH2 and MCM-41-Cl. The carbon and nitrogen contents of 



MCM-41 before functionalization are negligible. Upon functionalization with CPTMS, the 

resulting MCM-41-Cl, exhibited a significant increase in the carbon content (7.65 %), followed 

by a moderate increase in the hydrogen content (1.76 %), while the nitrogen level remained 

negligible. Functionalization with APTMS to obtain MCM-41-NH2, led to significant increases in 

both carbon (5.94 %) and nitrogen (2.00 %) contents, as expected due to the presence of amino 

groups in the organosilane reagent. Following the incorporation of P1 and P2, the resulting MP1 

and MP2 materials displayed additional increases in both carbon and nitrogen content, which 

aligns with the inherent composition of porphyrins, known for their high carbon and nitrogen 

content. 

 
Table 1. Elemental analysis results of MCM-41, functionalized supports, and adsorbents MP1 and MP2 

Sample C% H% N% 

MCM-41 0.05 0.65 0.10 

MCM-41-NH2 5.94 1.60 2.00 

MP1 7.35 2.09 2.29 

MCM-41-Cl 6.12 1.25 0.01 

MP2 9.56 1.32 1.24 

 

2.2.4. Solid state 13C NMR spectroscopy 

Solid-state 13C NMR analysis highlights the appearance of new peaks after the mesoporous 

silica is functionalized and modified. The spectra for both precursors MCM-41-NH2 and MCM-

41-Cl are very similar, as shown in Figure S1 (ESI). These functionalized materials display signals 

in the aliphatic region at around δ 8, 25, and 45 ppm, corresponding to the carbon atoms in the Si-

CH2-CH2-CH2-NH2 (or -Cl) chains. When ligands P1 and P2 were introduced, additional signals 

emerge, ranging from ca. δ 105 to 154 ppm, which are due to the resonance of the aromatic carbons 

from the porphyrins core.33 On the other hand, the 13C NMR signal near δ 50 ppm is primarily 

attributed to non-substituted methoxy groups (-OCH3). 

 

2.2.5. Thermogravimetric analysis 

The thermal stability of the adsorbents MP1, MP2 as well as their respective precursors 

was studied utilizing thermogravimetric analysis. Figures S2 to S6 (ESI, online resource) highlight 

the percentage of weight loss from 25 °C to 800 °C. All materials experienced relative weight loss 



between 25 to 110 °C due to the adsorbed water molecules on the surface of the mesoporous silica, 

as it is frequently reported in the literature.47 Moreover, in the temperature range between 110 °C 

and 800 °C (highlighted in yellow), a weight loss of 3.74 % was observed for MCM-41 (Figure 

S2), mainly due to the degradation of the condensed free silanol groups present on the surface. 

After functionalization, both MCM-41-NH2 and MCM-41-Cl showed a much higher degradation, 

with weight losses of 7.47 % (Figure S3) and 9.28 % (Figure S4) respectively.48,49 This is assigned 

to the decomposition of the organic silane agents immobilized on the surface (APTMS and 

CPTMS).  

Following the addition of porphyrins P1 (Figure S5) and P2 (Figure S6), mass losses of 

9.39 % for MP1 (compared to 7.47 % for MCM-41-NH2) and of 10.82 % for MP2 (compared to 

9.28 % for MCM-41-Cl) confirmed the successful grafting of these porphyrins onto the 

mesoporous silica. 

 

2.2.6. BET/BJH analysis 

Figure 3 displays the N2 adsorption–desorption isotherm of the new adsorbents MP1 and 

MP2 as well as the precursors MCM-41, MCM-41-NH2 and MCM-41-Cl.  The curves exhibit a 

type IV profile, characteristic of mesoporous solids, as indicated in the literature.50 The isotherms, 

which showed consistent pore channels, were extremely similar, indicating complementary 

textural features and framework-confined mesoporous systems.  

Additionally, on Table 2 are summarized the physical surface parameters of materials MP1 

and MP2 as well as of their precursors, including the surface area (SBET) and pore volume (Vpore) 

values obtained from Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-Halenda 

(BJH) pore size analyses. The functionalization of MCM-41 with APTMS and CPTMS was 

responsible for a reduction in its surface area from 781.86 m2/g to 694.55 m2/g and 707.14 m2/g 

for MCM-41-NH2 and MCM-41-Cl respectively. It can also be observed that the pore volume 

size also decreased accordingly by approximately 29 %. Moreover, the attachment of porphyrin 

molecules onto the functionalized supports drastically lowered the surface area to 205.42 m2/g and 

307.87 m2/g, accompanied by an additional pore size volume decrease of 39 % and 48 % 

respectively. These reductions are related to the introduction of porphyrin ligands onto the 

mesoporous silica surface, which hinders the adsorption of N2 molecules. In summary, the overall 



findings consistently demonstrate that surface modification leads to a reduction in both surface 

area and pore volume. 

 

 
Figure 3. N2 Adsorption-Desorption isotherm of MP1, MP2 and their respective precursors. 

 

Table 2. Physical surface parameters of materials MP1 and MP2 and their respective precursors. 

Materials SBET (m2/g) Vpore (cm3/g) 

MCM-41 781.8610 0.79581 

MCM-41-NH2 694.5477 0.56421 

MP1 205.4241 0.21945 

MCM-41-Cl 707.1388 0.57581 

MP2 307.8699 0.27739 

 

2.2.7. Scanning electron microscope 

Scanning electron microscope (SEM) was used to study the morphological changes in 

MCM-41, MCM-41-NH2, and MCM-41-Cl as well as in the final hybrids MP1 and MP2 after the 

corresponding modifications; the images obtained are displayed in Figure 4. The texture of MCM-

41, before any functionalization, seems spongy and hazy. After the functionalization with the 



organo-silane groups, the surface becomes more irregular and loses its hazy appearance. 

Furthermore, both materials produced upon porphyrin attachment exhibit agglomerated spherical 

shapes, which is a typical feature indicative of organic alteration of this material class.51 

 

 
Figure 4. Scanning electron microscopy (SEM) of precursors (top) and adsorbents (bottom). 

 

2.3. Evaluation of the hazardous metal ions adsorption efficiency of the new MP1 and 

MP2 conjugates   

2.3.1. Initial metal concentration effect on the adsorption and isotherm models  

The adsorption performance of the new hybrids MP1 and MP2 for Cd(II), Cu(II), and Pb(II) 

ions, was evaluated through several assays, including the effect of the initial metal ion 

concentration on their adsorption capacity (Figure 5).  

To better understand the adsorption mechanism in each process, the experimental 

adsorption capacities of each adsorbent were fitted to four nonlinear adsorption isotherm models: 

Langmuir, Freundlich, Temkin, and Sips (see equations and references in Table 3). The results are 

summarized in Table 4.   

The adsorption capacities of MP1 and MP2 were determined in aqueous solution using 10 

mg of each material in 10 mL of solution, with metal ion concentrations ranging from 10 to 500 



mg/L. The experiments were conducted at pH 6 and 298 K, with a 2 h contact time. As shown in 

Figure 5, both materials exhibited positive adsorptions for all tested metal ions, with MP1 

displaying a particularly high Pb(II) ion extraction capacity.  Furthermore, this experiment helped 

determining the optimal metal ion concentration for both materials, as summarized in Table 10 

(see experimental section). 

Notably, MP1 achieved an impressive adsorption value of 265.7 mg/g for Pb(II) ion, which, 

to our knowledge, is among the highest, if not the highest, reported in the literature for silica-based 

adsorbents. This excellent performance is primarily attributed to the grafted 5,10,15,20-

tetrakis(pentafluorophenyl)porphyrin (P1), which provides abundant nitrogen donor sites for metal 

ion binding. Additionally, the strong electron-withdrawing effect of the fluorine significantly 

enhances nitrogen’s coordination.as previously reported.33 However, the choice of MCM-41, as 

the immobilization support played also a crucial role in this enhancement. Compared to our 

previous study using the same ligand on commercial silica gel (60 Å), which achieved an 

adsorption value of 187.4 mg/g,33 this represents an improvement of approximately 42 %, 

highlighting the advantages of MCM-41 as a superior support for metal ion adsorption. 

MP1 also demonstrated excellent adsorption performance for Cu(II) and Cd(II) ions, with 

adsorption capacities of 172.9 mg/g and 99.7 mg/g, respectively, values that are rarely reported in 

heavy metal removal studies. Compared to our previous study, this represents a significant 

improvement of 38 % for Cu(II) and 19 % for Cd(II), where adsorption values were 125.2 mg/g 

and 82.4 mg/g respectively.33 It is worth noting that the mesoporous silica framework of MCM-

41 provides a large surface area, facilitating high grafting yields. In fact, the amount of porphyrin 

grafted in the functionalized MCM-41 (150 mg in 2 g of functionalized MCM-41-NH2) was 

around double the amount of what we have reported in our previous study (150 mg in 4 g of amino-

functionalized silica).  

In contrast, MP2 exhibited significantly lower adsorption performance, with a Pb(II) ion 

extraction capacity of 77.7 mg/g. The extraction capacities for Cu(II) and Cd(II) were 43.5 mg/g 

and 30.1 mg/g, respectively. This lower efficiency when compared with the results obtained with 

MP1 and also with P1 derivatives bearing additional pyridyl units is primarily due to the positive 

charge generated on the pyridyl ring upon grafting, which increases electrostatic repulsion between 

the adsorbent and the positively charged metal cations. Additionally, the possible attachment of 

multiple pyridyl units to the support likely restricts their ability to act as additional ligands. Despite 



this, MP2 still demonstrated good adsorption capacities compared to similar materials reported in 

the literature.52  

Table 4 shows that the Sips and Langmuir models provided the best fit for the adsorption 

process, with correlation coefficient (R2) values exceeding 0.990. The adsorption capacity 

predicted by these models closely matched the experimental value (Qexp), suggesting a 

predominantly homogeneous mechanism, involving monolayer adsorption. This is further 

supported by the observed saturation point at higher concentrations, aligning with previous 

studies.53,54 

 

 

Figure 5. Effect of the initial concentration of each metal ion Cd(II), Cu(II) and Pb(II) on the 
adsorption capacity of MP1 (left) and MP2 (right). Adsorption conditions: 10 mg of adsorbents in 
10 mL of an aqueous solution containing each metal ion at a concentration ranging from 10 to 500 
mg/L, at 298 K, pH 6.0 and a contact time of 2 h. Experimental adsorption data fitted using Sips 
isotherm model. 

 

Table 3. Nonlinear equations of adsorption isotherm. 

Isotherm Model Equations References 

Langmuir 𝑞𝑞𝑒𝑒 =
𝐾𝐾𝐿𝐿𝑄𝑄𝐿𝐿𝐶𝐶𝑒𝑒

1 + 𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
 55 

Freundlich 𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒1/𝑛𝑛𝐹𝐹  56 

Temkin 𝑞𝑞𝑒𝑒 = 𝐵𝐵𝑇𝑇 ln𝐴𝐴𝑇𝑇𝐶𝐶𝑒𝑒 57 

Sips 𝑞𝑞𝑒𝑒 =
𝐾𝐾𝑆𝑆𝑄𝑄𝑆𝑆𝐶𝐶𝑒𝑒1/𝑛𝑛𝑆𝑆

1 + 𝐾𝐾𝑆𝑆𝐶𝐶𝑒𝑒1/𝑛𝑛𝑆𝑆
 58 



Ce: Equilibrium concentration of metal in solution (mg/L); qe: Amount of 

metal adsorbed per unit mass of adsorbent (mg/g); QL: Maximum 

adsorption capacity in the Langmuir model (mg/g); KL: Langmuir constant 

related to adsorption energy (L/mg); KF: Adsorption capacity in the 

Freundlich model (L/g); nF: Adsorption intensity in the Freundlich model; 

BT: Temkin constant related to adsorption heat (BT = RT/bT); bT: Temkin 

isotherm constant; AT: Temkin equilibrium binding constant (L/g), 

representing maximum binding energy; QS: Maximum adsorption capacity 

in the Sips model (mg/g); KS: Sips equilibrium constant (L/mg); 1/nS: Sips 

model exponent. 

 

 

Figure 6. Effect of the initial concentration of each metal ion Cd(II), Cu(II) and Pb(II) on the 
adsorption capacity of MP1 (left) and MP2 (right). Adsorption conditions: 10 mg of adsorbents in 
10 mL of an aqueous solution containing each metal ion at a concentration ranging from 10 to 500 
mg/L, at 298 K, pH 6.0 and a contact time of 2 h. Experimental adsorption data fitted using Sips 
isotherm model. 

 

Table 4. Isotherm adsorption models parameters and experimental adsorption capacities. 

Isotherm 

Model 

Adsorbent MP1 MP2 

Metal Cd(II) Cu(II) Pb(II) Cd(II) Cu(II) Pb(II) 

Langmuir 

QL 103.16 185.69 275.06 32.48 47.27 80.20 

Qexp 99.7 172.9 265.7 30.1 43.5 77.7 

KL 0.083 0.048 0.120 0.052 0.042 0.041 

R2 0.993 0.994 0.992 0.996 0.997 0.995 

Freundlich 

nF 4.017 2.856 3.628 4.264 3.586 3.301 

KF 28.4 30.95 76.83 8.71 9.85 15.93 

R2 0.910 0.912 0.933 0.864 0.894 0.920 

Temkin 

BT 18.21 35.61 48.62 5.85 9.26 16.64 

AT 1.460 0.817 2.284 0.891 0.530 0.543 

R2 0.974 0.960 0.982 0.942 0.964 0.978 

Sips 

nS 1.170 0.825 1.220 0.893 0.872 1.015 

QS 103.76 178.65 272.17 31.54 45.29 79.78 

Qexp 99.7 172.9 265.7 30.1 43.5 77.7 

KS 0.108 0.030 0.152 0.039 0.029 0.043 

R2 0.997 0.998 0.997 0.999 0.999 0.995 



 

2.3.2. Effect of contact time on the adsorption and kinetic models 

The adsorption rate of heavy metal ions by an adsorbent is crucial for a potential practical 

application. Therefore, the adsorption rates of MP1 and MP2 were determined at the optimal 

concentration for each metal ion (see values in Table 10, experimental section) by conducting 

adsorption studies with 10 mg of each adsorbent at pH 6 and 298 K, with metal ion removal 

monitored at intervals from 5 to 60 min. The results shown in Figure 6 were analyzed using four 

nonlinear kinetic models: pseudo-first-order, pseudo-second-order, Elovich, and intraparticle 

diffusion (see Table 5 for equations).  

The evolution of the adsorption rate as a function of stirring time, presented in Figure 6, 

shows that both hybrid materials exhibit similar behavior with respect to contact time variation, 

demonstrating a rapid adsorption rate within the first few minutes. After 10 min, MP1 and MP2 

had already extracted more than 65 % of the maximum concentration of all metals, followed by a 

gradual increase until reaching the maximum at 45 min.  

Table 6 highlights the kinetic parameters of the models used, as well as their correlation 

coefficients. Based on the results obtained, the pseudo-second-order model appears to best fit the 

data, as R2 is consistently higher than 0.990. This suggests that adsorption is controlled by 

chemisorption, where metal ions adhere to the adsorbent surface by forming coordination bonds 

and tend to occupy sites that maximize their coordination with the surface.59 Mechanistically, 

Pb(II) forms inner‑sphere complexes with the N‑donor sites of the immobilized porphyrins 

(porphyrinic nitrogens and proximal amino/pyridyl functions), yielding multi‑dentate Pb–N 

coordination that is stabilized by confinement within the MCM‑41 mesopores. Consistent with 

HSAB considerations, the borderline‑soft Pb(II) preferentially binds these nitrogen donors rather 

than surface silanols, which rationalizes the potential high selectivity, rapid uptake, and the  

maintenance of capacity over regeneration cycles. 

 

Table 5. Nonlinear equations of kinetic models. 

Isotherm Model Equations References 

Pseudo 1st order 𝑞𝑞𝑡𝑡 = 𝑄𝑄1(1 − 𝑒𝑒−𝐾𝐾1𝑡𝑡) 60 

Pseudo 2nd order 𝑞𝑞𝑡𝑡 =
𝐾𝐾2𝑄𝑄22𝑡𝑡

1 + 𝐾𝐾2𝑄𝑄2𝑡𝑡
 61 



Elovich 𝑞𝑞𝑡𝑡 =
1
𝛽𝛽

 ln(1 + α𝛽𝛽𝛽𝛽) 62 

Intraparticle diffusion 𝑞𝑞𝑡𝑡 = 𝐾𝐾𝑖𝑖𝑖𝑖𝑡𝑡1/2 + 𝐶𝐶 63 

Q1 and Q2: pseudo-first-order and pseudo-second-order equilibrium 

concentration respectively (mg/g); qt: amount adsorbed (mg/g); t: time 

(min). K1 and K2: rate constant of pseudo-first-order and pseudo-second-

order, respectively (min–1); α: initial adsorption rate constant (g mg–1 min–

1), describing the rate of adsorption at t = 0; β: desorption constant(g/mg); 

Kid: diffusion rate constant (mg min1/2 g–1); C: constant (mg/g) 

 

 

Figure 6. Effect of contact time on the adsorption rate of MP1 (left) and MP2 (right). Adsorption 
conditions: 10 mg of adsorbents in 10 mL of an aqueous solution containing the optimal 
concentration of each metal ion (see Table 10) at pH 6.0 and 298 K for periods varying between 5 
min and 60 min. Experimental adsorption data fitted using the pseudo-second order model. 

 

Table 6. Kinetic parameters of pseudo-first order, pseudo-second order, Elovich models for adsorption 

processes and intraparticle diffusion models. 

Kinetic models 
Adsorbent MP1 MP2 

Metal Cd(II) Cu(II) Pb(II) Cd(II) Cu(II) Pb(II) 

Pseudo 1st order 

Q1 95.53 165.95 258.90 30.24 43.04 74.48 

K1 0.103 0.114 0.107 0.074 0.089 0.114 

R2 0.909 0.982 0.980 0.983 0.983 0.978 

Pseudo 2nd order 
Q2 102.83 183.58 277.75 31.41 46.75 80.87 

K2 0.001 0.001 0.001 0.002 0.002 0.002 



R2 0.993 0.996 0.993 0.996 0.996 0.994 

Elovich 

α 30.77 30.16 93.50 4.66 9.92 31.48 

β 0.042 0.026 0.016 0.108 0.086 0.058 

R2 0.945 0.944 0.944 0.988 0.965 0.954 

Intraparticle 

diffusion 

C 32.27 64.4 92.90 5.29 11.50 28.72 

Kid 9.614 15.698 25.335 3.585 4.679 7.065 

R2 0.852 0.847 0.856 0.943 0.896 0.863 

 

2.3.3. Thermodynamic studies 

Analyzing thermodynamic parameters such as enthalpy (ΔH), entropy (ΔS), and Gibbs free 

energy (ΔG) provides valuable insights into the adsorbent’s behavior and the effect of temperature 

on adsorption. A negative ΔH signifies an exothermic process, while a positive ΔH indicates an 

endothermic one, meaning adsorption is enhanced at higher temperatures. Similarly, a negative ΔS 

implies a decrease in randomness at the solid-liquid interface, whereas a positive ΔS suggests 

increased disorder. As for ΔG, a negative value confirms that the adsorption process is spontaneous 

and becomes more favorable at higher temperatures, while a positive ΔG suggests non-

spontaneous adsorption. 

To determine these thermodynamic parameters, adsorption experiments were conducted at 

298 K, 308 K, and 318 K for both hybrid materials, using the optimal metal ion concentration, at 

pH 6.0. The values were calculated using the equations outlined in the method proposed by Zhou:64 

 

𝐾𝐾 = 𝐾𝐾𝑑𝑑 𝑥𝑥  𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑥𝑥 γ 

𝑙𝑙𝑙𝑙𝑙𝑙 = −
∆𝐻𝐻
𝑅𝑅𝑅𝑅

+
∆𝑆𝑆
𝑅𝑅

 

∆𝐺𝐺 = ∆𝐻𝐻 − 𝑇𝑇∆𝑆𝑆 

 

where Kd (L/g) is the experimental distribution constant, K is the equilibrium constant, γ is the 

coefficient of activity, and R (8.314 J mol-1 K-1) is the ideal gas constant. 

The parameters ΔH, ΔS, and ΔG are summarized in Table 7 and were determined from the 

plot of LnK vs 1/T represented in Figure 7. The positive value of ΔH indicates an endothermic 

sorption, which explains the rise in adsorption concentrations with higher temperatures for 

transition metals. Moreover, an increase in the randomness at the interface metal/material is proved 



by the positive value of ΔS. More importantly, the negative value of ΔG stipulate that the adsorption 

process was spontaneous and attainable even at ambient temperature. Besides, the decreases of 

this parameter as the temperature rises, indicate that the adsorption of ions was more favorable at 

higher temperature and the active sites on the surface of adsorbents were easily accessible.65 

 

Figure 7. Effect of temperature on metal ions sorption by MP1 (left) and MP2 (right). Adsorption 
conditions: 10 mg of adsorbents in 10 mL of an aqueous solution containing the metal ion at its 
optimal concentration, at pH 6.0, for 45 min, and at temperatures of 298, 308 and 318 K. 

Table 7. Thermodynamic parameters of MP1 and MP2. 

Adsorbents Metals ∆H° (kJ.mol-1) ∆S° (kJ.K-1.mol-1) 
∆G° (kJ.mol-1) 

298 K 308 K 318 K 

MP1 

Cd(II) 22.9178 0.1501 -21.84 -23.35 -24.85 

Cu(II) 21.8134 0.1463 -21.81 -23.27 -24.74 

Pb(II) 21.7817 0.1614 -26.33 -27.94 -29.55 

MP2 

Cd(II) 22.2786 0.1338 -17.60 -18.94 -20.27 

Cu(II) 17.9173 0.1176 -17.15 -18.33 -19.51 

Pb(II) 18.8836 0.1307 -20.10 -21.40 -22.71 

 

2.3.4. Effect of pH  

The acidity of a solution has a critical role in adsorption by influencing surface charge and 

consequently the competition between protons and metal cations for binding sites.66,67 Figure 8 

displays the influence of pH (3.0 to 7.0) on the adsorption capacity of MP1 and MP2. These assays 



were performed at a shaking time of 45 min, a temperature of 298 K and at the optimal 

concentration of each metal ion (Table 10). 

Both hybrids exhibit a similar pH-dependent trend, with a noticeable decline in adsorption 

performance at pH values below 4, where adsorption capacity drops to less than 47 % of its 

maximum. This effect can be attributed to the pronation of surface groups, reducing the number of 

available adsorption sites.68 Since Cd(II) and Pb(II) have relatively large ionic radii (0.97 Å and 

1.20 Å, respectively), their lower charge densities, making them highly susceptible to protonation 

effects. Cu(II) ions, on the other hand, behave differently due to the structure of its hydrated form. 

The [Cu(H2O)6]2+ complex undergoes a tetragonal distortion caused by the Jahn–Teller effect, 

which compresses the octahedral structure along the x- and y- axes.69 This results in four shorter 

bonds and two longer ones, allowing bindings mainly along the x- and y- directions while limiting 

interaction along the z- axis. When surface groups become more protonated, this effect is further 

pronounced, restricting Cu(II) adsorption even more. Overall, due to these factors, the adsorption 

of Cu(II), Cd(II), and Pb(II) ions is significantly diminished at lower pH, primarily through a cation 

exchange mechanism. 

 

Figure 8. pH impact on the adsorption capacity of MP1 (left) and MP2 (right). Adsorption 
conditions: 10 mg of adsorbents in 10 mL of an aqueous solution containing each metal ion at its 
optimal metal concentration, at pH ranging from 3.0 to 7.0 for 45 min and at 298 K. 

2.3.5. Selectivity performance of MP1 and MP2 for Pb(II) 

Various materials have shown good heavy metal extraction capabilities, but their limited 

selectivity reduces their practicality for targeted purification.70 Considering this, another important 



aspect to assess is whether the higher selectivity of MP1 and MP2 for Pb(II) is affected by the 

presence of other metal ions. To ensure a fair comparison, adsorption assays were performed with 

all metal ions at the highest optimal concentration found for Pb(II): 370 mg/L for MP1 and 210 

mg/L for MP2. The results shown in Figure 9, indicate that both materials maintain a significant 

selectivity toward Pb(II) ion. In both cases the extraction of Pb(II) by MP1 and MP2 remains above 

70 % even in the presence of the other transition metal ions. This suggests that incorporating these 

ligands into MCM-41, did not compromise their highly efficiency in extracting Pb(II) ion from 

aqueous solutions, regardless the presence of competing metal ions, as previously observed for P1 

attached to commercial silica gel (60 Å).33  

 

 

Figure 9. Effect of the presence of other metal ions on the adsorption efficiency of MP1 (left) and 
MP2 (right) to extract Pb(II) ion: Adsorption conditions: 10 mg of each adsorbent in 10 mL of an 
aqueous solution containing Cd(II), Cu(II) and Pb(II) ions at the optimal concentration for Pb(II) 
at pH 6.0 and 298 K for 45 min 

2.3.6. Reusability of the adsorbents 

Silica-based materials, including those incorporating  porphyrins, are known for their 

ability to be regenerated and reused without significant performance loss, as reported in the 

literature.71,25  

To assess the impact of MCM-41 on the reusability of MP1 and MP2 for extracting Cd(II), 

Cu(II), and Pb(II) ions, their regeneration capacity was analyzed over five cycles. In these assays, 

after each adsorption process, the fully loaded materials were treated with 4 % nitric acid under 



mechanical stirring for 2 h. The solids were then thoroughly washed with water until the filtrate 

reached a neutral pH and the process was repeated five times.  

The results presented Figure 10, confirm that both materials maintained excellent 

adsorption efficiency for each metal ion, even after five consecutive uses. MP1 and MP2 lost less 

than 4 % and 10 %, respectively in Pb(II) extraction, demonstrating their suitability for multiple 

usage.72 The minor decrease in the adsorption capacity may result from the retention of metal ions 

in coordinative sites that were not removed under acidic conditions or from their protonation. It is 

also important to note that analysis of the 4 % nitric acid filtrate by UV-vis spectroscopy showed 

no Soret or Q-band signatures of free porphyrins. This confirms the environmental safety of the 

materials, as no porphyrin release was detected during the washing and regeneration process. The 

slight loss in efficiency is likely due to a combination of incomplete metal ion removal and partial 

protonation of the free-nitrogen sites.  

 

 

Figure 10. Regeneration performance of MP1 (right) and MP2 (left) over five cycles of metals 
extractions. Under the adsorption conditions of 10 mg adsorbents in 10 mL of an aqueous solution 
containing metal ion at its optimal concentration, at pH 6.0 and 298 K for 45 min. After each cycle 
the material was recovered after acidic treatment and reused. 

 

2.3.7. Application in real world contaminated water 

Removing trace amounts of hazardous metal ions from real contaminated water is 

particularly challenging, not only because other competing cations may interfere with the 



adsorption process, but also because organic matter commonly found in natural water can hinder 

adsorption. That is why one of the most valuable qualities in an adsorbent is its ability to remain 

effective even at low metal ion concentrations. 

The Marchica River, located in Nador, Morocco, has long been affected by various 

pollutants, including both organic and inorganic wastes.14 Despite numerous efforts and projects 

to purify the river, heavy metals remain a significant concern, as they are difficult to remove 

completely at low concentrations. In this study, we collected water samples from the river and 

tested our newly developed hybrid materials to evaluate their effectiveness in real-world 

conditions. This assessment was conducted in the presence of other potential cationic elements to 

simulate practical application scenarios. Table 8 shows the concentration of metal ions found in 

the samples retrieved from Marchica, as well as the extracted values using MP1 and MP2. 

Both materials displayed effective performance in extracting their target metal ions from 

the Marchica River with MP1 achieving 89 % removal and MP2 55 %. Notably, MP1 removed 89 

% of Pb(II) ion even at low concentrations, reducing it to just 0.36 mg/L, well below hazardous 

levels. MP1 also demonstrated strong efficiency in Cu(II) ion removal, achieving 74 % adsorption.  

On the other hand, Table 9 presents the amount of metal ions removed by MP1 and MP2 

from a Marchica water sample spiked to a concentration of 180 mg/L for each metal ion. Despite 

the elevated concentration, both materials showed promising performance, with MP1 standing out 

by achieving a 65% removal rate. This demonstrates their practical effectiveness not only at trace 

levels but also under more demanding, high-concentration conditions. 

These results confirm the reliability of these materials in real-world contaminated samples, 

even in the presence of competing cations. Their high adsorption capacity, fast and selective 

removal, and reusability make them a cost-effective solution for lead remediation. MP1, with its 

superior performance, stands out as the more effective option. 

 
Table 8. Concentration of metal ions found and the amount removed by MP1 and MP2 using optimal 

experimental conditions (298 K for 45 min). 

Adsorbent Metal 
Concentration (mg/L) % 

Removed Found Removed 

MP1 

Cd(II) 3.01 1.00 33% 

Cu(II) 15.17 11.17 74% 

Pb(II) 3.27 2.91 89% 



MP2 

Cd(II) 3.01 0.02 0.7% 

Cu(II) 15.17 4.08 27% 

Pb(II) 3.27 1.80 55% 

 

Table 9. Amount of metal ions removed by MP1 and MP2 from Marchika water, initially loaded 
with 180 mg/L of each metal ion, under optimized conditions (298 K, 45 min.). 

Adsorbent Metal 
Concentration (mg/L) % 

Removed Found Removed 

MP1 

Cd(II) 180 11.24 6% 

Cu(II) 180 22.36 12% 

Pb(II) 180 116.74 65% 

MP2 

Cd(II) 180 5.36 3% 

Cu(II) 180 10.65 6% 

Pb(II) 180 47.37 26% 

 

2.3.8. Comparative evaluation of Pb(II) adsorption capacity of MP1 and MP2 with other 

adsorbents 

In Table 10 are summarized the results obtained with other adsorbents reported in literature, 

which also showed high efficiency for Pb(II), alongside with the results obtained with MP1 and 

MP2. This analysis allows evaluating the impact of the attaching porphyrinic ligands to MCM-41 

on their adsorption properties.  

The results show that MP1 demonstrates a highly competitive performance, namely when 

compared with porphyrinic ligands immobilized in conventional silica. MP1 surpasses most 

reported materials in terms of efficiency, selectivity, and rapid adsorption. Finding comparable 

materials was challenging, leading us to extend the comparison to different material classes, where 

MP1 still performed exceptionally well. For example, while graphene oxide (GO-HPEI gel) 

achieved a higher overall adsorption capacity, it required over 6 h to reach saturation, whereas 

MP1 and MP2 achieved their maximum adsorption in about 45 min. Additionally, cross-linked 

graphene oxide materials are significantly more complex to synthesize compared to our 

adsorbents. The combination of high efficiency, fast kinetics, and straightforward synthesis makes 

these newly developed hybrid materials particularly advantageous, outperforming many well-

established adsorbents for Pb(II) removal. 



 
Table 10. Comparative study of Pb(II) ion extraction capacity of the new hybrid materials MP1 and MP2 

and those found with the literature. 

Adsorbent 
Adsorption capacity of 

Pb(II) ion (mg/g) 

Efficiency after 

reusability 
References 

MP1 265.70 ~96% after 5 cycles This work 

MP2 77.69 ~90% after 5 cycles This work 

βCD-AC-CaBent 39.78 ~97% after 3 cycles 73 

SiNPz 94.18 Not specified 74 

SiNPz-Th 102.27 ~98% after 5 cycles 75 

SiNPz-Py 110.84 ~98% after 5 cycles 76 

Bio-hybrid silsesquioxane/yeast 248.00 N/A 77 

CJA 175.16 ~87% after 7 cycles 78 

GO-HPEI gel 438.60 ~89% after 8 cycles 79 

Silica-MPTMS 186.06 N/A 80 

PMAEEDA 61.90 ~80 after 9 cycles 81 

MCM-41-DETA 192.90 N/A 82 

SiTPF5PP 187.07 Not Specified 33 

N/A: Not applicable  

3. Experimental section 
3.1. Materials 

All experiments were conducted using double-distilled water with a conductivity of ≤1.5 

µS/cm. Stock solutions of metal ions were prepared from commercially available metal salts: 

Cd(NO3)2·6H2O, Cu(NO3)2·3H2O, and Pb(NO3)2·6H2O. All solvents used were of analytical 

grade, with a purity exceeding 99.5 %, and were used without further purification unless drying 

was required, following standard protocols. Commercial MCM-41 with a hexagonal pore structure 

and a pore volume of 0.98 cm³/g was activated in an oven at 120 °C for 12 h prior utilization as a 

support for synthesizing hybrid adsorbents MP1 and MP2. The porphyrin ligands P1 and P2 were 

synthesized using well-established methods documented in the literature.44,83 For real-world 

testing, contaminated water samples were collected from the Marchica River in Nador, Morocco, 

at GPS coordinates 535Q+WGR. 

 

3.2. MCM-41 Based adsorbents preparation 



3.2.1. Synthesis of MCM-41- NH2 and MCM-41-Cl 

The synthesis of functionalized MCM-41-NH2 and MCM-41-Cl was carried out according 

to the documented procedure.40 In a 250 mL two-neck flask, 2 g of previously activated MCM-41 

was suspended in 80 mL of dry toluene under a nitrogen atmosphere. To this, 1 mL of APTMS or 

CPTMS were added, and the mixture was refluxed for 2 h. Afterward, 5 mL of toluene was distilled 

off, followed by the addition of 2 mL of APTMS or CPTMS. This cycle was repeated three times, 

with the final addition consisting of 4 mL of silane agents. The reaction was allowed to proceed 

for 48 h before the resulting solid was collected by filtration. The materials were sequentially 

washed—first with 5 mL of toluene, then with methanol, and finally with dichloromethane. The 

purified product was then dried in an oven at 50 °C for 6 h, yielding the functionalized MCM-41-

NH2 and MCM-41-Cl. 

 

3.2.2. Synthesis of MP1 

A mixture containing 2 g of MCM41-NH2 previously synthesized and 150 mg of 

5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (P1) in 30 mL of dry toluene was maintained 

under reflux (110 °C) for 48 h under nitrogen atmosphere. Then, the resulting solid was filtered, 

washed with toluene, methanol and dichloromethane three times each and then dried in an oven at 

60 °C for 12 h to obtain the material MP1. 

 

3.2.3. Synthesis of MP2 

A mixture containing 2 g of MCM41-Cl previously synthesized and 150 mg of 5,10,15,20-

tetra(pyridin-4-yl)porphyrin (P2) in 20 mL of o-dichlorobenzene was maintained under reflux (180 

°C) for 48 h under nitrogen atmosphere. Then, the resulting mixture was centrifugated and washed 

several times with a mixture of dichloromethane and methanol (9:1) until the solution centrifugated 

was colorless. The solid was dried in an oven at 60 °C for 12 h to obtain the material MP2. 

 

3.3. Metal ions adsorption study 

The adsorption experiments for metal ions using the newly synthesized adsorbents, MP1 

and MP2, were carried out in batch mode. Each test was performed three times, and the average 

result was recorded. After the adsorption process, the solid phase was separated by filtration using 



a 0.45 mm syringe filter. The remaining metal ion concentration in the filtrate was then measured 

using an atomic absorption spectrophotometer. 

The adsorption capacity of each hybrid for Cd(II), Cu(II), and Pb(II) was determined using 

the following equation: 

 

𝑞𝑞𝑒𝑒 = (𝐶𝐶0 − 𝐶𝐶𝑒𝑒)
𝑉𝑉
𝑚𝑚

 

 

Where, qe represents the amount of each metal ion on the adsorbent (mg/g), C0 and Ce are the 

initial concentration and equilibrium concentration in solution respectively (mg/L), V is the volume 

of metallic solution (L), and m is the weight of the adsorbents (g). 

The effect of each parameter on the adsorption capacity of MP1 and MP2 was assessed 

separately using the following approach: 

Effect of Initial Concentration: To assess the influence of initial metal ion concentration, 10 mL 

of solutions containing Cd(II), Cu(II), and Pb(II) ions at varying concentrations (e.g. 50, 80, 110, 

140, 170, 200, 250, 300, 350, 400, 450, and 500 mg/L) were added to conical flasks containing 10 

mg of either MP1 or MP2. The mixtures were stirred for 2 h at 298 K, with the pH fixed at 6.0. 

Metal ion concentrations in the filtrate were then analyzed as described previously. Based on this 

experiment, the optimal concentrations were determined and summarized in Table 10. 

 
Table 11. Metal ion's optimal concentration for MP1 and MP2. 

Material Metal ion Optimal concentration (mg/L) 

MP1 

Cd(II) 195 

Cu(II) 270 

Pb(II) 370 

MP2 

Cd(II) 130 

Cu(II) 180 

Pb(II) 210 

 

Effect of Contact Time: To determine the optimal contact time, 10 mg of each hybrid material 

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: 5, 10, 15, 20, 25, 30, 45, and 60 min. All tests were conducted at 298 K and pH 6.0. The 

results indicated that adsorption reached its peak efficiency at 45 min. 

Thermodynamic Study: To evaluate the thermodynamic behavior 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 three different temperatures (298 K, 308 K, and 318 K), while keeping all other 

parameters at their optimal values (contact time: 45 min, pH: 6.0). Metal ion concentrations in the 

filtrate were then analyzed. 

Effect of pH Variation: To study the influence of pH, 10 mg of each adsorbent was added to 10 

mL of metal ion’s optimal concentration solution with pH adjusted to 3, 4, 5, 6 and 7. The samples 

were stirred for 45 min at 298 K, and metal ion concentrations were measured in the filtrate. pH 

adjustments were made using diluted HCl and NaOH solutions. The optimal pH for adsorption 

was determined to be 6.0. 

Selectivity Study: To investigate selectivity, 10 mg of each adsorbent was introduced into a 

conical flask containing a mixture of Cd(II), Cu(II) and Pb(II) ions, each at 370 mg/g for MP1 and 

210 mg/g for MP2 in 10 mL of solution. The samples were stirred for 45 min at 298 K and pH 6.0, 

and the concentrations of metal ions in the filtrate were analyzed to determine the selectivity of 

each material. 

Reusability Assessment: To evaluate the reusability of the adsorbents, 1 g of each metal-loaded 

material was placed in 10 mL of 4 % nitric acid and stirred for 2 h. After filtration, the solid was 

washed with water until the filtrate's pH was neutral, then dried. After, 10 mg of the regenerated 

material was reused for adsorption, and this process was repeated 5 times. The adsorption 

efficiency after each cycle was recorded. 

Real Water Decontamination: For real-world application testing, 10 mL of water samples from 

the Marchica River were introduced into conical flasks containing 10 mg of adsorbent. After 45 

min of contact at 298 K, metal ion concentrations in the filtrate were analyzed. 

 

4. Conclusion 
In this study, we successfully synthesized and characterized two novel hybrid materials, 

MP1 and MP2, by modifying MCM-41 with two types of porphyrin molecules. Comprehensive 

characterization confirmed successful functionalization, ensuring their structural integrity and 

adsorption capabilities.  



As a new concept, we integrate porphyrinic N‑donor sites into an accessible mesoporous 

MCM‑41 scaffold to promote inner‑sphere Metal–N complexation and mesopore‑confined mass 

transfer. This affords a simple and scalable silica platform that couples high capacity, rapid uptake, 

selectivity, and reusability. Importantly, this work introduces a single hybrid adsorbent that bridges 

advantages across all key adsorption parameters—combining high capacity, fast kinetics, strong 

selectivity under competition, favorable thermodynamics (spontaneous/endothermic), robust 

reusability, and proven efficacy in real river water—within one system.  

Both materials demonstrated effective performance in heavy metal ion adsorption, 

particularly for Pb(II) ion. MP1 and MP2 achieved maximum adsorption capacities of 265.7 mg/g 

and 77.7 mg/g towards Pb(II) ion respectively, comparing favorably to existing materials. Their 

adsorption kinetics were remarkably fast, with 65 % of Pb(II) ion removed within just 10 min and 

complete adsorption within 45 min. Thermodynamic analysis further confirmed that the adsorption 

process is spontaneous and efficient at ambient temperature, demonstrating  their practicality  for 

industrial applications.  

Besides capacity and rate, MP1 and MP2 exhibited outstanding selectivity, removing 70 % 

of Pb(II) ion even in the presence of competing ions at equal concentrations. Their reusability was 

also confirmed, with minimal efficiency loss, less than 4 % for MP1 and 10 % for MP2, after five 

consecutive cycles. Most importantly, these materials proved highly reliable in real-world 

conditions, achieving 89 % and 55 % Pb(II) ion removal from contaminated water samples from 

the Marchica River, even at trace lead concentrations.  

Compared with related work, the MCM‑41/porphyrin design outperforms the same 

porphyrin on conventional silica (≈42% higher Pb(II) capacity; 265.7 vs 187.4 mg g⁻¹) and rivals 

more complex adsorbents while reaching equilibrium in ~45 min, whereas many high‑capacity 

systems require multi‑hour contact times. Thus, the combination of high efficiency, rapid 

adsorption, strong selectivity, durability, and real-world applicability makes MP1 a promising 

material for heavy metal remediation, particularly for lead-contaminated water treatment.  
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