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A B S T R A C T

This study reports a facile synthesis for mesoporous silica nanoparticles (MSNs) chemically functionalized 
with a phenanthroline-2-carbaldehyde (PCA) chelating moiety and explore its potential as an efficient solid 
phase extraction (SPE) nano chelator for Pb, Cd, Ni, and Co ions from aqueous solutions. MSNs were prepared 
from a sodium silicate solution serving as a silica source and cetyltrimethylammonium chloride (CTAC) 
and polyethylene glycol (PEG) as structural directing agents, using a simple hydrothermally assisted sol-gel 
process. The PCA chelator was chemically anchored onto the MSN surfaces. This was done by  straightforward 
transformation  incorporation of an amino group via sialylation, followed by amide coupling. The obtained 
nano chelator was characterized using X-ray diffraction (XRD), field emission scanning electron microscopy 
(FE-SEM), Fourier transform infrared (FTIR), thermogravimetric analysis (TGA), and Brunauer-Emmett-Teller 
(BET). The materials exhibited a rapid adsorption rate, and the equilibrium for the investigated heavy metals 
was achieved within 70 minutes. The ideal pH values for metal extraction were 5 for Cd and Co ions and 6.0 
for Pb and Ni. The Langmuir model indicated the highest adsorption capacity of heavy metal ions in  this order; 
Ni (132 mg/g), Co (130 mg/g), Pb (121 mg/g), and Cd (116 mg/g). The nano chelating resin demonstrated 
adequate applicability as a SPE sorbent to extract the targeted metal ion from wastewater reference material 
and wastewater real samples followed by  quantification with inductively coupled plasma mass spectroscopy 
(ICPMS).
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1. Introduction

Solid-phase extraction (SPE) has long been established as an 
effective method for sample preparation in the analysis of metal ions 
and other analytes from diverse sample matrices [1]. A wide range of 
natural and synthetic adsorbent materials, such as natural zeolites [2], 
activated carbon,[3] chitosan and its derivatives [4], Amberlite [5], clay 
minerals [6,7], and fly ashes [8], can be effectively employed to extract 
and separate metals. In addition, the ability to modify many of these 
materials with specific reagents could tailor their selectivity to bind 
certain ions. However, these adsorbents suffer from serious limitations, 
including heterogeneous structure, irregular pore size distribution, poor 
selectivity for metals, and restricted adsorption capacity.

Over the past years, the emerging nanomaterials have become 
more popular  in wastewater treatment to remove metal ions and other 
pollutants due to their high specific surface area, porosity, surface 
functionalities, and specific binding capabilities [9-11]. The use of 
nanostructured materials, such as carbon-based, silica-based, metallic, 
and metal oxide nanoparticles—such as zero-valent iron (ZVI), iron-
oxide-based magnetic nanomaterials, and nanocomposites—as nano-
adsorbents for the SPE  of various analytes, including trace metals 
[12,13] have attracted in increased attention. MSNs exhibit favorable 
characteristics for metal adsorption applications, notably their large 

surface area, consistent pore size distributions, and adjustable pore 
diameters [14]. The high concentration of silanol groups on the 
surfaces and within the pores of mesoporous silica nanoparticles 
(MSNs) result in  a hydrophilic surface, facilitating functionalization 
with specific groups and improving their affinity for target metals [15]. 
The development of solid-phase nano extraction materials is receiving 
considerable interest as an environmentally friendly method for analyte 
extraction and enrichment. This approach offers several advantages, 
including optimized selectivity and sensitivity, reduced utilization of 
harmful solvents, and shorter extraction times. The use of advanced 
sorbents could substantially improve analytical methodologies, 
producing more rapid and accurate results [16].

Alkylosilane precursors are commonly used in the synthesis process 
as they give highly uniform and pure MSNs. The synthesis process 
typically utilizes a sol-gel method, involving hydrolysis and condensation 
of alkoxysilane precursors in a water-alcohol medium, often catalyzed 
by either an acid or a base [17-19]. To facilitate the formation of 
the mesoporous structure, structure-directing agents (SDAs) such as 
polyethylene glycol (PEG) and cetyltrimethylammonium bromide 
(CTAB) are incorporated into the reaction mixture. Subsequently, 
the SDAs are removed by solvent extraction or calcination  leaving a 
mesoporous framework [18-20].
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The high cost of alkoxysilane precursors and their ecological hazards 
make sodium and potassium silicate solutions preferable precursors. 
Recent methods have adapted this approach to be more cost-effective 
and environmentally sustainable [21]. This synthesis combines the 
established Stöber method with SDAs-templated techniques applied 
for the synthesis of ordered mesoporous substances (OMS). However, 
dilute precursors, dispersing agents, and mechanical stirring are used 
to control particle size and porosity [22-24]. Practically, sol-gel is 
performed at ambient temperature or med temperature (50–80°C); 
however hydrothermally assisted sol-gel procedures are gaining an 
increased popularity because they enable the production of uniform 
silica nanoparticles, allowing for precise control over size and shape 
and are easily scalable for industrial applications. Moreover, the 
hydrothermal process reduces nanoparticle aggregation, enhancing 
dispersion stability [25-27].

The research on the use of MSNs as nanochelators for the SPE of heavy 
metals is relatively sparse. However, numerous studies have explored 
the use of various forms of silica nanoparticles and their composites 
[12]. For instance, Huang and Hu [28] developed an innovative sorbent 
comprising magnetic nanoparticles coated with silica (SCMNPs) 
functionalized with γ-mercaptopropyltrimethoxysilane (γ-MPTMS). 
This sorbent was employed for the SPE of trace concentrations of 
Cd, Cu, Hg, and Pb from biological and environmental samples. The 
extracted metal ions were subsequently analyzed using inductively 
coupled plasma mass spectroscopy (ICP-MS). Similarly, Shishehbore 
et  al. [29] synthesized a nano-sorbent functionalized with 
salicylic acid as an immobilized ligand on silica-coated magnetite 
nanoparticles. This nano-chelator demonstrated potential application 
as an SPE sorbent for the extraction of Cu, Cd, Ni, and Cr ions from 
environmental samples. In another study, Rajabi et al. [30] fabricated 
a novel nano-adsorbent by functionalizing titania/silica nanoparticles 
with amine groups. The obtained nano sorbent was found to be 
effective for the preconcentration of Pd, Cu, and Zn ions from water 
and food samples prior to their analysis by flame atomic absorption 
spectroscopy (FAAS). Moreover, MSNs modified with triethoxysilyl 
propylamine were shown to perform effectively as a sorbent for 
solid-phase microextraction (SPME), facilitating the extraction 
of Ni ions from water samples via ultrasound-assisted dispersive 
extraction (USA-SPME) [31]. This material was also applied in an in 
vitro study for the separation and extraction of Ca ions from blood 
samples of individuals with chronic kidney disease (CKD) [32]. In 
addition, thiol-functionalized mesoporous silica-coated magnetite 
nanoparticles were reported to be an efficient SPE adsorbent for 
the preconcentration of Cr, Ag, Co, Pb, Zn, and Cu ions from water 
samples prior to their analysis by FAAS [33]. More recently [34], 
synthesized a novel nanocomposite chelator by modifying silica 
nanoparticles with 5-chloro-8-quinolinol, which proved to be highly 
efficient for the removal and preconcentration of Al ions from various 
water matrices.

1,10-Phenanthroline (phen) acts as a typical chelating bidentate 
ligand for transition metals. The compound exhibits an N,N 
coordinating center and demonstrates the ability to form stable 
five-membered ring complexes with various metal ions [35]. In a 
previous study, we devised a silica monolithic chelator by chemically 
immobilizing the 5-amino-1,10-phenanthroline (5-aphen) moiety 
within the meso-/micro-porous structure of the monolith [36]. 
The monolithic chelator exhibited outstanding properties as a 
miniaturized SPE sorbent. Thus, this study aims to investigate the 
potential of anchoring the phen derivative, PCA chelator onto high 
surface area MSNs, which are synthesized from a commercial sodium 
silicate solution using a hydrothermal-assisted sol-gel method. The 
proposed functionalization involves PCA  coupling through amine 
condensation. The envisioned MSNs nano-chelator is expected to 
feature tuned selectivity for the extraction of heavy metals from 
aqueous solutions and can function as a model solid nano-adsorbent 
for the exrtaction/preconcentration of metal ions, particularly Pb, 
Cd, Ni, and Co, from aquatic environments before their determination 
with ICP.MS.

2. Materials and Methods

2.1. Materials, apparatus, and instrumentations

The silica source sodium silicate, Na2O.3SiO2  (Na2O, 8%; SiO2, 
27%) donated by Adwan Chemical Industries Co. Ltd., (Riyadh, KSA). 
Hexadecyltrimethylammonium chloride (CTAC), polyethylene glycol 
(PEG 20000), and 3-aminopropyltriethoxysilane (APTES), were acquired 
from Sigma-Aldrich (St. Louis, MO, USA). The 1,10-Phenanthroline-
2-carbaldehyde chelating agent and 001X7 Cation Exchange Resin 
were purchased from Taiyuan Lanlang Technology Industrial Corp. 
(Shanxi, China). Ethanol, toluene, hydrochloric acid (37%), nitric acid 
(69%), ammonium hydroxide (NH4OH) solution, and stock solutions 
(1000 mg/L) of cadmium, nickel, cobalt, and lead ions, utilized for the 
preparation of standard solutions, were purchased from Acros Organics 
(Geel, Belgium). The pH was adjusted with ammonium acetate buffer 
(nitric acid was employed to achieve a lower pH). All reagents were of 
analytical quality and were utilized without any further purification. 
Water used in all experiments was purified using Milli-Q® Type 1 
Ultrapure Water Systems (Merck KGaA, Darmstadt, Germany) and Lab 
Benchtop Centrifuge Machine, with 100 ml×4 Centrifuge from Skyray 
instruments (Shenzhen, China) was used for separation purposes during 
material synthesis and adsorption experiments.

The materials were characterized by X-Ray Diffraction (XRD) using 
a Rigaku Multiflex diffractometer implementing monochromated 
high-intensity Cu K radiation (λ = 1.54 Å) (Cedar Park, TX, USA). The 
N2 adsorption-desorption isotherms and pore characterization was 
performed with a Micromeritics ASAP 2020 apparatus (Micromeritics, 
Norcross, GA, USA). The surface areas were calculated using the 
Brunauer–Emmett–Teller (BET) equation, whereas pore diameters were 
estimated by non-local density functional theory (NLDFT) based on the 
distribution's prominent peaks. Pore distributions were determined with 
the Barrett-Joyner-Halenda (BJH) approach based on the adsorption 
branches. Images from the (EF-SEM were obtained using a JEOL 630-F 
microscope (JEOL Ltd., Tokyo, Japan). An attenuated total reflectance 
Fourier transform infrared (ATR-FTIR) spectrometer (Thermo Fisher 
Scientific Inc., Waltham, MA, USA) was used for gathering infrared 
spectra. The concentration of metal ions was determined using the 
Agilent Technologies ICP-MS 7500 series (Santa Clara, CA, USA). All 
instruments were operated in accordance with the manufacturers' 
standard instructions.

2.2. Preparation of MSNs

The synthesis of MSNs was performed in aqueous solution following 
our previous hydrothermally assisted sol-gel method exploiting CTAC 
and polyethylene glycol (PEG) as SDAs  (dual template), and ammonium 
hydroxide as a catalyst [37]. 10 mL of 35% sodium silicate solution was 
diluted with 50 mL of water before being cycled twice through a cation 
exchange column to eliminate/reduce the concentration of Na and K 
ions in the solution. The ion-exchanged solution was slowly added to 
a 100 mL water solution containing 3 mL of NH4OH (25% v/v), 1.0 
g of PEG, and 15 mL of CTAC (25%) in a hydrothermal vessel. The 
components were mixed at a constant stirring speed of 300 rpm for 30 
mins, then transferred to a hydrothermal autoclave, which was sealed 
and placed in an oven at 120°C for 12 hrs. The white silica nanoparticle 
mass was centrifuged, washed with water and ethanol, dried at 100°C 
for 6 hrs, then sintered at 550°C for 5 hrs to eliminate organic residues.

2.3. Synthesis  of PCA-MSNs nano-chelator

The synthesis of PCA-MSNs nanochelator has been attained by 
chemical attachment of PCA chelating reagent onto the surface and 
within the mesopores MSNs via post-synthetic grafting to enhance their 
selectivity for the extraction of transition metal ions. In short, 2 g of 
MSNs were dispersed in 50 ml of anhydrous toluene under stirring, and 
1.25 ml of 3-Aminopropyltriethoxysilane were introduced dropwise. 
After 8 hours of reflux, the product (MSNs-NH2) was isolated using 
centrifugation. The material was subsequently rinsed multiple times 
with toluene and ethanol and dried in an oven at 70 °C. The dried 
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MSNs-NH2 were then dispersed in 50 ml of anhydrous ethanol and 0.6 
g of PCA chelator was added and dissolved in the solution. The mixture 
was reflexed continuously for 24 hours. Subsequently, the solid mass; 
nano chelator (PCA-MSNs) was separated by centrifuge, washed with 
ethanol and water, and dehydrated in a vacuumed oven, and kept in 
desiccator for future characterization and application.

2.4. Adsorption and solid phase extraction experiments

The sorption studies performed to evaluate the sorption capacity, 
pH effect, and kinetic parameters of the synthesized MSNs chelator 
were conducted using standard solutions of Pb, Cd, Ni, and Co ions 
prepared in ammonium acetate buffer at room temperature using 
batch mode adsorption method. Calculated masses of PCA-MSNs 
nano-chelators was dispersed in metal solutions in  100 mL centrifuge 
tubes and agitated to establish equilibrium for the specified time 
intervals. The mixture was centrifuged at 5000 rpm for 10 minutes to 
sediment the resin. Subsequently, 5 mL aliquots were pipetted from 
the supernatant, diluted, and acidified with 5 mL of 2% HNO3. The 
unabsorbed concentration of metal ions was determined by ICP-MS and 
compared to the original concentrations. The sorption capacity of PCA-
MSNs chelator for the studied metals was computed using Eq. (1).
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In this formula, qe represents the capacity (mg/g) and V (L) is the 
volume of the solution. Ci and Ce represent the metal concentrations 
before and after reaching equilibrium (mg/L), while m (g) is the mass 
of the PCA-MSNs resin.

The amounts of ions not retained by the chelating resin were used to 
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For the SPE studies, an identical adsorption method was utilized for 
standard solutions containing multiple elements of the analyzed ions, 
reference materials, and wastewater  real samples. A washing step to 
eliminate unchelated ions was performed by carefully withdrawing the 
supernatant using a pipette. Afterward, the nano-sorbents loaded all 
with metal ions were redispersed in 2.5 mL of 1.5 M HNO3 to elute the 
sequestered metals from the chelator, diluted with deionized water, and 
analyzed for metal ions using ICP-MS. Standard solutions applied for 
the generation of calibration curves are produced from multi-element 
stock solutions and buffered immediately prior to SPE processing.

3. Results and Discussion

3.1. Synthesis and characterization of MSNs and PCA-MSNs

The synthesis of MSNs used in this work was accomplished through 
sol-gel process using sodium silicate solution as silica precursor in 
aqueous alkaline media, making use of CTAC surfactant and PEG as 
dual templates under hydrothermal conditions at 120°C to minimize 
aggregation and optimize particle size distribution. The synthesized 
MSNs were calcinated for 5 hrs at 550°C to remove organic residuals. 
In the Figure 1, the XRD pattern (Figure 1a) confirmed that the 
synthesized MSNs possess an amorphous structure, although the FE-
SEM (Figure 2a) revealed minimally aggregated spherical to cotton 
ball-like particles with a specific size range from 20 to 45 nm with an 
average value of 36 nm and a surface area of 1011 m/g2 exhibiting pore 
size measurements of 3.1 nm. Evidently, the MSN retained its original 
morphology after washing and post-calcination. Optimization of MSNs 
synthesis is presented in another article [37].

The MSNs  have been used as a substrate for the chemical 
immobilization of PCA moiety to synthesis MSNs-PCA metal chelator. 
The chemical attachment of the chelating agent PCA realized via 
post-synthetic grafting. The chemical functionalization involves two 
reaction steps as illustrated in Scheme 1. Initially, MSNs were silanized 
using  APTES to yield MSNs-NH2 intermediate. Subsequently, Schiff 

bases are generated through the condensation of MSNs-NH2 which 
act as the primary amine, and PCA which has an aldehyde group. The 
heterogeneous Schiff base  enables the selective adsorption of metal ions.

The XRD patterns of the PCA-MSNs confirms that there is no 
significant change due to the immobilization of the PCA moiety except 
for the predicted decrease in the XRD peak intensity (Figure 1b). This 
provides sufficient evidence that the functionalization occurred mainly 
inside the mesoporous channels indicating that the PCA were evenly 
dispersed in the mesoporous channels.

The FE-SEM micrographs of unmodified mesoporous MSNs at a 100 
nm scale, shown in Figures 2(a) and 2(b), reveal that the mesoporous 
nanoparticles possess a spherical cotton ball-like morphology featuring 
minimal aggregation, with average particle sizes of 36 nm for MSNs 
and 38 nm for PCA-MSNs. The morphology of MSNs is mostly the 
same after the modification; however, the slight enlargement in 
particle size could be attributed to the influence of the attached PCA 
molecules after modification. As seen in Figure 2(b), the modified 
MSNs demonstrated a noticeable improvement in disparity perhaps 
due to the attached molecules, which minimize non-specific binding 
between silica nanoparticles [38]. The modification method seems to 
have no significant effect on the average particle size of PCA-MSNs 
(Figures 2c and 2d). The effect of functionalization on surface areas, 
pore volume, and pore size distributions have been evaluated using 
nitrogen adsorption-desorption technique. The measurements for MSNs 
and PCA-MSNs samples were compared. Figure 3 depicts the normal 
isotherm for the plain MSNs and the PCA modified samples and Table 
1 presents the surface area and pore volume. Obviously, all samples 
exhibit capillary condensation, with P/P0 values ranging from 0.1 to 
0.4. The isotherms exhibit a type IV isotherm, which is characteristic of 
mesoporous materials. Surface area and pore volume contracted upon 
the loading of PCA moieties. This is expected as the PCA molecules can 
be attached to MSNs pores, resulting in reduced pore volume, diameter, 
and surface.

Scheme. 1. Reaction scheme for the covalent attachment of PCA onto mesoporous 
silica nanoparticles area.

Figure 1. X-Ray Diffraction patterns of plain (a) MSNs and (b) PCA-MSNs.
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Figure 3. (a) The N2 adsorption–desorption isotherms, (b) linear, and (c) pore size distribution curves of the MSNs and PCA-MSNs samples.

(a) (b) (c)

Table 1. The textural properties of MSNs and PCA-MSNs samples.

Sample Surface area (m2/g) Pore diameter (nm) Pore volume (cm³/g)

MSNs 1,011.42 3.11 0.38
PCA-MSNs 512.97 2.4 0.19

Figure 2. Surface characterization of bare MSNs and PCA-MSNs; (a, c) FE-SEM of bare MSNs and PCA-MSNs; (b, d) the histogram of particle size calculated from FE-SEM.

(a)

(b)

(c)

(d)

Fourier transform infra-red (FTIR) and thermogravimetric analyses 
were conducted on calcined MSNs prior to and following modification 
with the chelating agent. Figure  4 illustrates a characteristic FTIR 
spectrum of calcined MSNs, featuring three distinct bands at 487 
cm-1, 608 cm-1, 808 cm-1, and 1088 cm-1. The sharp band at 487 cm-1 
corresponds to bending vibrations of Si-O-Si, the band at 808 cm−1 is 
ascribed to symmetric vibrations of Si-O-Si, and a broad band at 1088 

cm−1 is linked to asymmetric vibrations of Si-O-Si in silicon [39]. The 
FTIR spectra of PCA-functionalized MSNs has broad peaks at 3600-
3100 cm−1 and 1627 cm−1, which can be attributed to the stretching 
or bending vibrations of N-H or Si-OH bands, respectively [40,41]. The 
absorption signal at 2927 cm−1 illustrates the asymmetric stretching 
of CH3 due to methyl groups, confirming the effective grafting of PCA 
onto MSNs.

The thermogram shown in Figure 5 represents the weight loss 
percentage as the plain MSNs and PCA-MSNs chelator were subjected 
to a heating program from ambient temperature to 900°C. For 
temperatures ranging from 25 to 150°C, samples exhibit considerable 
weight loss due to the loss of adsorbed water. According to [42,43], 
weight loss below 150°C was caused by water evaporation. Plain silica's 
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weight remains stable between 180°C and 900°C before a notable 
gradual mass reduction has been observed. For this temperature range 
PCA-MSNs, exhibited weight loss due to organic group decomposition, 
which includes three-step decompositions at 180, 238, and 4333°C. The 
weight reduction for PCA-MSNs was 16.50%, demonstrating that the 
functionalized PCA ligand decomposes.

3.2. Adsorption studies

3.2.1. Contact time

It is common in the sorption process for rapid adsorption to 
optimize the operational efficiency of the adsorbent. The adsorption 
rate is a critical practical factor in the application of SPE adsorbents. 
Figure 6 illustrates the adsorption rates of Pb, Cd, Ni, and Co ions over 
different reaction times. Meal ion adsorption occurred rapidly in the 
beginning, and as contact time increased, the adsorption capacity 
enhanced but ultimately attained equilibrium. Adsorption equilibrium 
was unequivocally reached after 45 mins. The characteristics of the 
adsorbent may elucidate its fast adsorption. The adsorbent might 
be uniformly dispersed in the aqueous solution. A novel synergistic 
complexation of Pb, Cd, Ni, and Co ions, along with PCA grafting on 
MSNs, was observed.

3.2.2. Effect of pH on the adsorption of metal ions

The pH of the solution is a critical factor in achieving a quantitative 
extraction of metal ions, as it significantly influences the efficiency of 

the chelation reaction. This reaction determines the amount of metal 
ions adsorbed by the chelating resin. The mechanism may involve 
electrostatic adsorption, ion exchange, or complexation processes. The 
effect of pH on the adsorption of various metal ions onto PCA-MSNs 
was investigated over a pH range of 2–9, as shown in Figure 7.

The results clearly indicate that the adsorption capacities of the 
analyzed metal ions increase significantly with pH in acidic media, 
reaching maximum values at specific pH levels [44]. This behavior 
can be attributed to the deprotonation of  chelating centers as the pH 
increased, leading to rise in negative charge and hence facilitating 
the adsorption of cationic species. However, a further increase in pH 
resulted in a slight drop in the adsorption capacity of PCA-MSNs, which 
is more likely due to the formation of metal hydroxyl complexes, that 
could hinder the complexation of metal ions with the chelating centers 
on the resin. This effect can also be attributed to the accessibility of  
active hydroxyl groups, which are abundant on the surface and within 
the mesoporous structure of PCA-MSNs. Based on these findings, a pH 
of 5.0 was determined to be optimal for the extraction of Cd and Co 
ions, while a pH of 6.0 was identified as ideal for Pb and Ni ions.

3.2.3. Adsorption isotherms

The isotherm study is crucial for understanding  interactions 
between adsorbents and adsorbates and provides  full knowledge of 
the adsorption processes. Hence, in this work, the absorption of Co, Pb, 
Ni, and Cd ions was carried out at various initial concentrations under 
pH 5-6 and at a temperature of 298 K as shown in Figure 8. The results 
indicated that as the initial concentration increased the adsorption 
capacities of metals. This indicates that the initial concentration ion is 
critical in pushing raised up ions to move from the liquid to solid phases 
until maximum adsorption is reached. The adsorption of the studied 
metal ions by PCA-MSNs represented in Table 1 has been acquired from 
Langmuir [45] and Freundlich [46] adsorption isotherm models (Eqs. 
3-6):

q
q ��K C

��K �Ce
max L e

L e

�
�1

(3)

C

q
�
K �q

� ��
q

Ce

e L max max
e� �

1 1
(4)

In this equation, qmax(mg g−1) is the maximum adsorption capacity 
for the ions. KL is the Langmuir constant, which directly relates to the 
energy of adsorption and the affinity of binding sites. Eqs. (5) and (6) 
define the Freundlich model and its linear representation, respectively:

q
e� �K �C

F� e

n= 1/ � (5)

Figure 5. TGA of (a) calcined MSNs at 550°C and (b) PCA-MSNs.

Figure 6. Adsorption efficiency of the metal ion onto  
PCA-MSNs at different initial metal ion concentrations.

Figure 4. FTIR spectra of MSNs and PCA-MSNs.
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demonstrates better correlation coefficients when compared to Langmuir 
(Figures 9a and 9b), indicating it is the most suitable to describe the 
adsorption isotherms of the examined metals. The figures display the 
linear curves of Ce/qe versus Ce for Langmuir and lnqe against lnCe for 
the Freundlich model of the adsorption of metal ions. The values for KL, 
qm, KF, 1/n, and correlation coefficients (R2) from the curves above are 
provided in Table 2.

The pseudo-first- and pseudo-second-order models were utilized to 
analyze the kinetics and adsorption data, shown in Figures 10(a) and 
10(b). The typical mathematical representation for Lagergren’s [50] 
pseudo-first order rate equation can be expressed by the Eqs. (7) and 
(8).

d
d
�q

�t
�K � q �qt

e t� �� �2
(7)

ln ln
.

�q �q � q n
K

�te t e
��� � � �

�

�
��

�

�
��

1

2 303
(8)

In this context, qt and qe (mgg−1) represent the adsorption capacity 
and the equilibrium state, respectively. K1(min−1) denotes the rate 
constant for pseudo-first-order kinetics. Eqs. (9) and (10) define pseudo-
second-order interactions [51]. 
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e t� �� �2
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� �
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t e e

� �
1 1

2
2 (10)

K2 denotes the pseudo-second-order rate measured in g mg-1 min-1.  
(min−1). Table 3 displays the kinetic parameters for the extraction/
removal of Co, Cd, Ni, and Pb using PCA-MSNs. The pseudo-second-
order model had a higher accuracy (root-mean square error (RSME) 
< 0.1) than the pseudo-first-order model to predict the adsorption of 
studied ions, suggesting that the main mechanism is governed by rate 
chemisorption [52,53].

The intraparticle diffusion model was applied to investigate the 
sorption reaction’s rate-determining phase [54]. The capacity of 
adsorption was determined using Eq. (11). 

Figure 7. pH dependent on the metal ion adsorptions onto PCA-MSNs.

Figure 8. Metal ion adsorption isotherms: Non-linear Langmuir (dashed line) 
and Freundlich (solid line) isotherms for Pb, Cd, Ni, and Co at different starting 

concentrations.
Table 2. Langmuir and Freundlich isotherm parameters for Co, Cd, Ni, and 
Pb adsorption onto PCA-MSNs at 298 K.

Parameter (ions) qmax
(mg/g)

KL (l.mg-1)x105 R2 n kF (mg/g)(L/mg)1/n R2

Pb 121 0.46 0.83 3.21 45.98 0.97
Cd 116 0.75 0.86 3.60 52 0.98
Ni 132 0.32 0.87 3.03 47 0.90
Co 130 0.45 0.92 3.60 45.80 0.93

Figure 9. (a) Linear forms for Langmuir isotherm and (b) Freundlich isotherm models of metal ions adsorption onto PCA-MSNs.

(a) (b)

ln�q ln�K � �
n
�ln�Ce� F e� �

1 (6)

where KF and n are the Freundlich adsorption constants, showing the 
adsorption capacity and intensity. It is known that, when the value 
of 1/n falls within the range of 0 to 1, the adsorption process occurs 
spontaneously [47-49]. The Freundlich curves model (Figure  8) 
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only step limiting the sorption rate. This could indicate that various 
other interaction mechanisms, like physical adsorption, intraparticle 
diffusion, ion exchange, and metal ion complexation with chelator, may 
also be involved in the sorption of metals.

The sorption capacities  of the synthesized PAN-MSNs chelators 
for the investigated metal ion were compared with various resins 
incorporating phenanthroline moieties immobilized onto different 
substrates; silica gel, Amberlite XAD-4, and silica monolith (Table 4). 
The PAN-MSNs nano-chelating resin exhibited higher sorption 
capacity. This finding could be ascribed to the high surface area of 
MSN substrates.

3.3 Application of PCA-MSNs for SPE of metals 

The synthesized nano-chelating resin, PCA-MSNs, has been applied 
to sample pretreatment in a batch manner. This straightforward 
method, wherein the nano-sorbents distributed in sample solutions, 
facilitated rapid extraction with high efficiency of recovery [55].

3.3.1. Method recovery

The accuracy of the procedure was evaluated using wastewater 
reference materials (ERM®-CA713, European Commission, Joint 
Research Centre (JRC), Geel, Belgium), following the protocol described 
in the SPE experiments. The standards used for the generation of 
calibration curves were prepared in a 1% nitric acid aqueous solution, 
covering the dynamic range presented in Table 5, and exploited to 
determine the concentration of selected metals in actual samples 
(ERM®-CA713 reference materials and real samples).

Table 6 presents the concentrations (recovery values) of the metals 
analyzed in reference materials, together with the certified values. 
Apparently, all ions in the wastewater reference matrix samples were 
quantified with satisfactory results.

3.3.2. Analysis of wastewater real samples

The optimized and validated dispersed SPE method using 
synthesized PCA-MSNs was used to preconcentrate the targeted metal 

Figure 10. (a) Linear fit of experimental data obtained using pseudo first and (b) pseudo second order kinetic model of metal ion adsorption onto PCA-MSNs.

Figure 11. Interparticle diffusion model for adsorption of Pb(II),Cd(II), Ni(II), and 
Co(II) onto the PCA-MSNs.

Table 3. Kinetic parameters for adsorption of the studied meta ions onto the 
PCA-MSNs.

Pseudo second-order model

K2 (g .g-1min-1)x10-3 qe (mg/g) RMSE(%)

Pb 1.51 25.73 0.09
Cd 1.63 24.77 0.09
Ni 1.92 22.85 0.06
Co 1.51 25.73 0.09

Pseudo First-order model
K1 (mg/g.min1/2) qe (mg/g) RMSE (%)

Pb 0.057 10.165 0.56
Cd 0.095 21.35 0.03
Ni 0.068 17.135 0.03
Co 0.042 11.12 0.41

Table 4. Comparison of PAN-MSNs sorption capacities (mg/g) with 
phenanthroline chelators immobilized on other substrates. 

Resin Metal ions References

Cd Pb Co Ni

PAN -Silica gel 93.06 91.89 .. .. [56]
PAN- Amberlite XAD-4* 18.80 48.01 18.01 … [57]
PAN- Silica monolith* … … 8.20 8.22 [36]
PAN-MSNs 116 121 130 132 Current work 

* The unit was converted from (mM/g) to (mg/g) by multiply by atomic weight of 
metal.

q � ��K ��t �� Ct i� �0 5. (11)

Whereby qt represents the adsorption capacity (mg/g) at various 
time intervals, C stands for the intercept (mg/g), and Ki is the rate 
constant for intraparticle diffusion (mg/g min−0.5) during the 
occurrence of adsorption. The plot of qt against t0.5 results in a 
straight line passing through the origin if intraparticle diffusion is the 
controlling step in the adsorption process. This plot for the Pb, Cd, Ni, 
and Co ions individually, as seen in Figure 11, showed stepwise-linear 
patterns with three slopes. The fact that the second slope does not pass 
through the origin might suggest that intraparticle diffusion is not the 
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ions in treated wastewater real samples collected from King Salman 
Medical City Treatment Plant (hospital wastewater; coded as HWW and 
industrial wastewater from Yanbu refinery; coded as IWW). The results 
are shown in Table 7. The HWW values were lower or comparable to 
those reported by Amouei et al. [58] in wastewater samples collected 
from Iranian hospitals, and they were all within EPA permitted limits 
[59]. On the other hand, the concentrations of the analyzed heavy 
metals in IWW were approximately the same as the results obtained 
from the effluent of a Nigerian petroleum refinery [60]. In addition, 
the determined concentrations are within the EPA's permitted limits for 
this wastewater.

3.3.3. Stability and reusability of PAC-MSNs chelator

The stability and reusability of the PCA-MSNs nano-chelator were 
evaluated by measuring its sorption capacity after regeneration and 
treatment with HNO₃ (up to 5 M) and ammonium hydroxide (up to pH 
10), as well as after 10 application cycles [61]. It was found that the 
sorption capacity of the chelator regenerated with nitric acid (1–4 M) 
was comparable to that of the new material, with a variation of ≤1.8%. 
This indicates that the resin can withstand up to 4.0 M HNO₃. However, 
when exposed to a stronger acid (5.0 M HNO₃), a light greenish-yellow 
coloration was immediately observed in the acid solution. This is likely 
due to the cleavage of the ether group in the aminophenoxypropyl 
linker arm under highly concentrated acidic conditions, which also led 
to a significant reduction in sorption capacity (≥4.6%).

Similarly, when the material was immersed in an alkaline solution 
with pH >10, discoloration occurred in the solution, and the sorption 
capacity decreased by 3.8%. The sorption capacity for the studied 
metal ions was further assessed after repeated loading and elution 
cycles. An insignificant decrease in capacity (2.41%) was observed after 
approximately 15 cycles, demonstrating the material's durability.

In addition, when stored in a desiccator for 10 months, the sorption 
capacity of the PCA-MSNs nano-chelator did not show any significant 
changes. Therefore, the chelating resin is highly stable and reusable for 
extended periods and multiple applications.

4. Conclusions

The present work demonstrates the feasibility of using cost-effective, 
high-surface-area MSNs synthesized via a simple hydrothermal-
assisted sol-gel method from sodium silicate solutions as a substrate 
for the immobilization of PCA moiety. The straightforward chemical 
modification allowed the successful synthesis of an efficient PCA-MSNs 
nano-chelating resin, appropriate for the extraction of transition metals 
from aqueous bodies.

TGA and FTIR provided strong evidence confirming the successful 
grafting of PCA chelating agents onto the MSNs. The PCA-MSNs 
demonstrated significantly enhanced sorption capacity for the extraction 
of Pb, Cd, Ni, and Co ions from aqueous solutions compared to resins 
containing the same chelating center. The adsorption efficiency was 
found to be highly dependent on the pH of the solution, reflecting the 
pH-sensitive nature of the chelation process.

Kinetic studies revealed that the adsorption behavior closely 
followed the pseudo-second-order kinetics model, while the adsorption 
isotherms were best described by the Langmuir model. Furthermore, 
the intraparticle diffusion analysis suggested that the diffusion rate was 
influenced by complex formation chemical reactions involved in the 
chelation process.

The novel nano-sorbent, PCA-MSNs, demonstrated excellent 
performance as a specific and effective sorbent for extracting Pb, Cd, 
Ni, and Co ions from water matrices. This efficiency can be attributed 
to the chelating resin's optimized structural organization, high surface 
area, and significant porosity, which facilitate access to the immobilized 
chelating groups within the mesoporous framework. The successful 
application of PCA-MSNs as selective extraction sorbent for the targeted 
ions from wastewater matrices highlights its potential applications for 
the removal of heavy/transition metal ions in wastewater treatment 
processes.
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