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Abstract  
In the adsorption process of heavy metals, a major challenge is to design and develop adsorbent materials 
in an abundance of accessible adsorption sites with high affinity to achieve both fast adsorption kinetics 
and increased adsorption capacity for toxic contaminants. The removal of pollutants by mesoporous silica 
adsorbents is now in the limelight due to the nontoxicity and biocompatibility of these materials with the 
environment. In this study, a fibrous core-shell magnetic mesoporous composite (Fe3O4/SiO2/KCC-1) was 
successfully synthesized and used as a nano-adsorbent to remove Pb(II) from an aqueous solution. The 
adsorbent was characterized by employing TEM, SEM, FTIR, VSM, XRD, and N2 adsorption–desorption 
techniques. According to the results, Fe3O4/SiO2/KCC-1 was successfully synthesized with an average 
pore diameter of 7.94 nm, a surface area of 813.07 m2 g-1, and a pore volume of 1.41 cm3 g-1. The 
response surface methodology (RSM) was then adopted in the central composite design (CCD) to 
optimize parameters of the adsorption process. The optimal conditions for Pb(II) adsorption were then 
determined at a temperature of 80 °C, an adsorption dosage of 0.04 g L-1, a pH 5.6, and the contact time 
of 38 min. The removal rate of Pb(II) was 90%. Studies of equilibrium and kinetics indicated that the 
adsorption process followed Langmuir’s isotherm and the pseudo-first-order model with correlation 
coefficients of 0.98 and 0.99, respectively. The maximum adsorption capacity of Fe3O4/SiO2/KCC-1 was 
reported 574.4 mg g-1. Moreover, the thermodynamic parameters known as enthalpy (∆H° = +5.84 kJ 
mol-1), negative Gibbs free energy (∆G°) values, and entropy (∆S° = +23.42 kJ mol-1 K-1) indicated that 
the adsorption was endothermic and spontaneous with the increased disorder at the solid–liquid 
interphase.

Keywords: Magnetic Mesoporous Adsorbent, Central Composite Design, Isotherm, Kinetics, 
Thermodynamics.
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1. Introduction 
Water pollution with heavy metal ions is still a 
worldwide threat to the public health because of high 
toxicity and non-biodegradability (Wu et al., 2019). 
Known as a common contaminant of industrial 
wastewater, lead is considered a very toxic element 
(Wang et al., 2018). According to the standards 
announced by the World Health Organization, the 
maximum allowed concentration of lead in drinking 
water is 0.01 mg L-1, whereas its maximum limit for 
discharge in wastewater is 0.1 mg L-1 (Betiha et al., 
2020). The concentrations of lead above the threshold of 
toxicity may cause human health problems such as 
kidney or liver failure, insomnia, central nervous system 
damage, hallucinations, anemia, and irritability (Faraji‐
Khiavi et al., 2022). 

Therefore, it is necessary to find effective solutions 
to the removal of these pollutants from water sources 
and the implementation of water purification appropriate 
treatment. Recently, various physical and chemical 
methods have been developed for the removal of heavy 
metals, adsorption (Fooladgar et al., 2019), chemical 
precipitation (Cheng et al., 2022), coagulation–
flocculation (Moghaddam et al., 2010), ion exchange 
(Liu et al., 2021), flotation (Cheng et al., 2022), reverse 
osmosis (Taseidifar et al., 2019), electrochemical 
methods (Anantha et al., 2020), membrane filtration 
(Vieira et al., 2020), solvent extraction (Sun et al., 2020), 
and biological processes (Dhaliwal et al., 2020). 

Each of these methods has certain advantages and 
disadvantages based on simplicity, flexibility, process 
efficiency, cost efficiency, time consumption, 
repeatability, and environmental friendliness. The 
adsorption technique is preferred to other methods for 
treatment purposes in terms of flexibility, low costs, 
simple design, less sludge production, high 
effectiveness, insensitivity to the resultant toxic 
materials, and desirable outputs (Nasab et al., 2019). 

According to the research literature, various 
nanostructured adsorbent substances were utilized to 
remove heavy metal ions from aquatic environments 
such as the activated carbon (Clifford et al., 1986), 
mesoporous silica (Da'na and Sayari, 2012), low-cost 
natural lignocelluloses substrates (Šćiban et al., 2006), 
zeolites (Yuna, 2016), graphene-based nanomaterials 
(Ahmad et al., 2020), metal/covalent organic 
frameworks (Cao et al., 2021), and mesoporous carbons 
and carbon nanotubes (Fiyadh et al., 2019). 

Most common adsorbents have low adsorption 
capacities and low separation rates; hence, it is essential 
to synthesize adsorbents with a high adsorption capacity. 
Magnetic nanoparticles, especially Fe3O4, have been 
widely used as the core materials in core-shell 
adsorbents due to their outstanding properties such as 
effective magnetic separation by an external magnetic 
field, low toxicity, biocompatible, easy and economic 

synthesis processes, and simple surface modification 
(due to the abundant hydroxyls on the surface of iron 
oxide) (Nowicka et al., 2019)  . However, magnetic 
nanoparticles  tend to aggregate easily, something which 
could lead to surface area limitation and toilsome 
recycling (Vickers, 2017). 

As a result, support materials should be introduced to 
ensure the homogeneous distribution of Fe3O4
nanoparticles for the adsorption process. Reportedly, the 
formation of a passive coating for magnetic 
nanoparticles can prevent their magnetic aggregations in 
the reaction mixture, thereby improving their chemical 
stability (Izgi et al., 2020). Most recently, magnetic 
nanocomposites with Fe3O4 cores and diverse organic 
and inorganic compounds as shells have been 
synthesized and used successfully as adsorbents to 
remove contaminants and perform water treatment 
(Narayan et al., 2018). For instance, humic acid-coated 
Fe3O4 nanoparticles were reported to be efficient in 
removing Hg(II), Pb(II), and Eu(III) (Yang et al., 2012). 

Moreover, Abd Ali et al. described a novel chrysin-
functionalized Fe3O4 core for the removal of Cu(II) from 
aqueous solutions, reporting an adsorption capacity of 
114 mg g-1 (Abd Ali et al., 2016). 

Silica can be an appropriate coating material to use as 
a protective layer due to its high specific surface area, 
low toxicity, favorable biocompatibility, low cost, and 
high availability that can remain stable under acidic 
conditions, helping to protect the inner magnetite Fe3O4
core. Not only does silica coating help magnetic 
nanoparticles' stability at certain conditions, but it is also 
easily modified with various silane coupling agents or 
compounds for adsorption (Salman et al., 2021). In many 
recent studies, some special groups and compounds have 
further branched on the silicon shell of core-shell 
absorbents to increase the activity and the adsorption site 
of absorbents. 

Zhang et al. prepared five kinds of amino-
functionalized magnetic Fe3O4/SiO2 submicron 
composites (Zhang et al., 2014). Zhao et al. prepared  
3-aminopropyltriethoxysilane (APTES) functionalized 
magnetic core-shell structure materials (Zhao et al., 
2015). Amino functionalization has also been reported 
by other researchers (Reddy et al., 2014). 

Bao et al. published the synthesis and analysis of 
mercapto amine-functionalized silica-coated magnetite 
for the removal of toxic metals such as Pb(II) with a 
maximum adsorption capacity of 292 mg g-1 (Bao et al., 
2017). 

There is an ever-increasing demand for silica 
nanospheres with different dimensions, surface areas, 
pore sizes, and morphologies for industrial applications. 
The absence of pores and insufficient surface areas of 
silica nanospheres would limit their applications in 
various fields. However, these issues were resolved with 
the discovery of mesoporous silica, which is synthesized 
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through templates to create pores and a large number of 
surfaces. Mesoporous silica materials—viz. hollow 
spheres, KIT-5, KIT-6, MCM-41, MCM-48, SBA-15, 
and SBA-16—have grown in popularity in the 
adsorption technology of numerous pollutants due to 
their unique properties such as large identical pore 
networks, high surface areas, functional surfaces, 
nontoxic nature of silica networks, availability of the 
synthetic raw materials, relatively low prices, and simple 
design of pore structures, and morphology (Soltani et al., 
2020). 

However, narrow pore sizes and the possibility of 
their blocking have limited the use of mesopores, 
especially for adsorption and separation (Sun et al., 
2016). Mesoporous silica materials have now been 
developed and successfully utilized to remove heavy 
metal ions from aqueous media (Li et al., 2011a, Anbia 
et al., 2015, Vojoudi et al., 2017, He et al., 2021, Wang 
et al., 2020b, Hassan et al., 2022, Wang et al., 2020a). 

A novel member of the MSMs1 family is fibrous 
silica KCC-1, which was first synthesized and 
characterized by Polshettiwar et al. (Polshettiwar et al., 
2010). Polshettiwar reported that the large surface area 
of the material was caused by the presence of 
dendrimeric fibrous silica and their associated channels, 
which in turn made KCC-1 the first of its kind. In fact, 
KCC-1 has special center-radial pore structures with the 
pore sizes gradually increasing from the center to the 
surface. Conventional mesoporous silica materials (e.g., 
MCM-48, MCM-41, SBA-15, and SBA-16) have a 
narrow pore size distribution; however, KCC-1 possesses 
the channels that have divergently grown from the 
center. Variations in the sizes of these channels are 
proportionate to their distance from the center. Due to 
their radial-like direct channels and large pores, fibrous 
structured silica nanospheres (KCC-1) help target 
molecules reach the active sites more easily than other 
mesoporous materials (Hasan and Setiabudi, 2019). 

Hence, unlike traditional MSM materials with 
ordered channel-like pores, which are prone to pore-
blocking phenomena leading essentially to the 
inaccessibility of several adsorption sites inside pores 
and channels, KCC-1 possesses a nanoporous fibrous 
architecture that dramatically enhances the accessibility 
to pores and available surface areas (Hasan et al., 2019). 

Thus, KCC-1 performs better than the other silica 
mesoporous in adsorption-related applications (Singh 
and Polshettiwar, 2016). Hence, this study is primarily 
devoted to the synthesis of Fe3O4/SiO2/KCC-1 as a 
magnetic fibrous mesoporous adsorbent in Pb(II) ions 
adsorption process. The adsorption of Pb(II) onto the 
sorbent was analyzed with designed experiments through 
the CCD2 under the RSM3. Analyses of adsorption 
 
1 Mesoporous Silica Materials (MSMs) 
2 Central Composite Design (CCD) 
3 Response Surface Methodology (RSM) 

isotherms, kinetics, thermodynamics, and desorption 
have also been conducted. 
 
2.1. Materials and Equipments 
All reagents used in the experiment were of analytical 
grade and did not require further purification. The 
reagents including TEOS4 (98%), CTAB5 (99%), 
Pb(NO3)2, NaOH and HCl were purchased from Merck 
Chemical Company (Germany). Cyclohexane, Pentanol, 
Urea, NH4OH (25%), FeCl2.4H2O, FeCl3.6H2O, 
C2H5OH (99.8%) were purchased from Sigma-Aldrich 
Chemical Company. Deionized water was used to 
prepare all solutions. 

A Scanning electron microscope (Hitachi SEM6

1460, Japan) at 20 kV was applied to determine the 
shape and structure of the particles. Transmission 
electron microscopy images were recorded on H-9500 
(Phenomenex TEM7 , US) electron microscope. For 
sample preparation, the sample was dispersed in ethanol 
with the assistance of sonication, and a drop of colloidal 
solution was placed on a carbon-coated TEM grid of 200 
mesh and the solvent was evaporated in the air at room 
temperature. Then, the sample was transferred to an 
electron microscope operating at an accelerating voltage 
of  200 kV (Venkateswarlu et al., 2019). 

The FTIR8 (Perkin Elmer FTIR spectrophotometer) 
spectra were detected on a Nicolet Nexus 670 FTIR 
spectrometer using KBr pellets of the solid samples and 
the wavenumber range of the spectra were obtained from 
400 to 4000 cm-1 with a 2 cm-1 resolution. The XRD9 test 
was achieved via XRD instruments (Bruker AXS D8-
advance diffractometer using CuKα radiation). 

The scan range was 2θ=10-90° and λ=1.541874 A° at 
room temperature. Isotherms of N2 adsorption and 
desorption were evaluated through a PHS-1020 
apparatus at 77 K. The specific surface area was assessed 
using BET10 theory, while pore volume was calculated 
through the BJH11 technique. The magnetization 
assessment was obtained utilizing a SQUID magnetic 
susceptometer (VSM12 , USA) at room temperature in an 
applied magnetic field sweeping from -15 to 15 kOe. 
Atomic-absorption instrument (Shimadzu, AA-670G) 
was employed to measure Pb(II) content in the solution. 
Statistical software “Design Expert” (version 12.0) was 
used for designing the experiments and analyses of the 
obtained data. 
 

4 Tetraethyl Orthosilicate (TEOS) 
5 Cetyltrimethylammonium Bromide (CTAB) 
6 Scanning Electron Microscope (SEM) 
7 Transmission Electron Microscopy (TEM) 
8 Fourier Transform Infrared (FTIR) 
9 X-Ray Powder Diffraction (XRD) 
10 Brunauer-Emmett-Teller (BET) 
11 Barrett-Joyner-Halenda (BJH) 
12 Vibrating Sample Magnetometer (VSM) 
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2.2. Adsorbent preparation 
2.2.1. Preparation of Fe3O4/SiO2 core-shell 
nanocomposite 
The magnetic Fe3O4 nanoparticles were prepared by the 
chemical coprecipitation method (Jin et al., 2017). The 
synthesis of these particles was in order to form a silica 
coating on a magnetic core. The typical procedure is as 
follows: 

Firstly, FeCl3·6H2O and FeCl2·4H2O with a molar 
ratio of 1:2 were dissolved into 100 mL of deionized 
water at 90 °C temperature and under nitrogen gas 
protection. Then, the NH3·H2O (25% w/w, 100 mL) 
solution as the precipitant agent was added dropwise at 
the constant rate to the above solution under high-speed 
stirring (1000 rpm) for 20 min to reach a pH 10 value. 
As the concentration of ammonia increased, the color of 
the solution turned darker and eventually became black. 
The suspension was continuously stirred under a 
nitrogen atmosphere at 90 °C for 20 min and then cooled 
to room temperature. 

The mixture was finally centrifuged, and black 
precipitates were washed three times with deionized 
water and ethanol and subsequently dried in a vacuum at 
50 °C for 24 h. Nanoparticle size depends on the Ratio of 
Fe2+ and Fe3+, pH value, and the temperature of the 
solution. The chemical coprecipitation can be expressed 
as follows (Eq. 1) 
 
Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O (1) 

 
In the next step, the Fe3O4/SiO2 core-shell 

nanoparticles were produced with the Fe3O4
nanoparticles coating  using a layer of silica following 
Stöber method and sol-gel process (Li et al., 2011b). The 
Fe3O4 nanoparticles were covered with silica particles to 
allow for further growth of fibrous silica (KCC-1). In a 
typical run, the aforementioned prepared Fe3O4
nanoparticles (1.00 g) were treated with HCl aqueous 
solution (1 M) by sonication for 15 min. Then, the 
magnetic nanoparticles were separated and washed 
several times with deionized water. Thereafter, washed 
nanoparticles were homogeneously dispersed by 
ultrasonic treatments in a mixed solvent of anhydrous 
ethanol (80 mL) and deionized water (20 mL). Then, 
ammonia aqueous solution (2.5 mL, 25 wt%) was added 
to the solution. Subsequently, TEOS (2 mL) was added 
to the reaction mixture dropwise and it was then 
continuously stirred under mechanical stirring (600 rpm) 
for 12 h at room temperature. During this procedure, the 
TEOS hydrolyzed to form the silica oligomers, which 
cover the Fe3O4 nanoparticles. 

The thus-formed Fe3O4/SiO2 composites were 
centrifuged, washed several times with an ethanol-water 
mixture and finally dried under a vacuum at 50 °C for 12 
h (Ding et al., 2012). 
 

2.2.2. Preparation of the Fe3O4/SiO2/KCC-1 
core–shell microspheres 
The Fe3O4/SiO2/KCC-1 core-shell microspheres were 
synthesized according to the procedure described by 
Alamri et al. (Alamri et al., 2018). In this synthesis 
process, TEOS, CTAB, n-pentanol, cyclohexane, and 
urea were used as silica source, structure-directing agent 
(template), co-surfactant (for stabilizing the 
micelles/microemulsion droplets), co-solvent, and 
hydrolyzing agent, respectively. Briefly, the above-
obtained Fe3O4/SiO2) 3.00 g (powder was ultrasonically 
dispersed into an aqueous solution (100 mL) including 
CTAB (2.00 g) and urea (0.60 g). The resulting mixture 
was stirred for about 3 h at room temperature by 
vigorous stirring at 1200 rpm. The suspension was added 
to the solution containing n-pentanol (0.75 mL) and 
cyclohexane (30 mL) under stirring (600 rpm) at room 
temperature. To the above mixture, a solution of TEOS 
(1.25 g) was added dropwise over 20 min under stirring 
by using a dropping funnel and then stirred at 600 rpm at 
room temperature for 1 h. To continue, the mixture was 
refluxed at 120 °C for 24 h.  Afterward, the solution was 
allowed to cool to room temperature and the obtained 
product was isolated by filtration, washed several times 
with deionized water and ethanol, and dried overnight in 
an oven at 40 °C. Finally, the dried precipitant was 
calcined at 550 °C for 5 h to remove the CTAB as a 
templating agent. 
 
2.3. Experimental design 
Response surface methodology includes different 
designs. In current study, a five-level central composite 
design was applied to evaluate the effects of four of the 
independent variables (pH, adsorption dosage, contact 
time, temperature) on the removal percentage of  Pb(II) 
by Fe3O4/SiO2/KCC-1 adsorbent. Four independent 
process variables were converted as dimensionless (A, 
B, C, D), respectively.  Five levels (-2(-α), -1, 0, 1, and 
+2(+α)) were used in order to design experiments as 
shown in Table 1. 

2.3.1. Modeling and predicting the response 
In this study, predicted responses by the CCD 
experimental design were better fitted with a second-
order polynomial regression model which is called the 
quadratic model. Based on the proposed model, the 
correlation between the dependent variable and 
independent input variables and finally predicting the 
optimal response can be expressed by the following 
Equation (Eq. 2) 

(2) 
Y =
β" + ∑ β$X$&$'� + ∑ β$$X$
&$'� + ∑ ∑ β$(&('$��&��$'� 	X$X( + ε
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Table 1. Independent variables and their encoded levels 

Symbol Independent variables Factor level 
-2(-α) -1(Low) 0(Center) +1 (High) +2(+α)

A pH 4 5 6 7 8 
B Absorbent dosage 10 20 30 40 50 
C Contact time 20 30 40 50 60 
D Temperature 10 40 70 100 130 

Where 
Y represents the predicted response of the system, Xi, Xj
are the independent variables, n is the total number of 
studied independent variables, βo is the regression 
coefficient for the intercept (the interception coefficient), 
βi , βii, βij are the coefficient values for linear, quadratic, 
and linear-linear interaction effects between Xi and Xj ,
respectively, and ε is the fitting error. 

The obtained results were then analyzed using 
ANOVA1 (Janighorban et al., 2020). 
 
2.4. Batch adsorption studies 
Batch adsorption experiments were carried out to study 
the adsorption behavior of Pb(II) ions onto the 
Fe3O4/SiO2/KCC-1. For each experiment, a certain 
amount of adsorbent 1 was added to 20 mL of standard 
solutions prepared from Pb(II). The solutions were then 
stirred for 12 h at room temperature. It was previously 
checked that this period of time (12 h) was enough to 
reach equilibrium adsorption. Finally, the suspensions 
were centrifuged for 5 min at 3000 rpm, and the residual 
Pb(II) concentrations in the solutions were measured 
employing an atomic absorption spectrophotometer. The 
initial  pH of Pb(II) solution was adjusted using sodium 
hydroxide or hydrochloric acid solution. The removal 
percentage of the Pb(II) from aqueous (R%) and the 
adsorption capacities of the adsorbent for Pb(II) (qt, mg 
g-1) at anytime t were determined using the following 
equations (Eqs. 3 and 4): 
 
R = +,�+-

+, × 100 (3)  
 
qt=3C0− Ct5

V
m (4) 

 
Where 
Co (mg L-1), Ct (mg L-1), m (g L-1), and V(mL) represent 
the initial concentration of Pb(II), the concentration of  
Pb(II) at any time (t), the mass of the adsorbent, and the 
volume of Pb(II) solution, respectively (Bayuo et al., 
2020). 

The optimal adsorbent dose (m= 0.04 g L-1), pH 
(pH=5.6), and T (80 °C) values were selected according 
to the optimization experiments in the current study and 
were kept constant throughout the adsorption 

 
1 Analysis of Variance (ANOVA) 

experiments. The statistical parameter 82, the coefficient 
of determination, was used to decide which isotherm or 
kinetic model is more consistent with the experimental 
data after the linear fitting method. 
 
3. Results and discussion 
3.1. Adsorbent characterization 
The SEM technique was employed to analyze the shape 
and surface morphology of the Fe3O4/SiO2 and 
Fe3O4/SiO2/KCC-1 samples. In the preparation of 
Fe3O4/SiO2/KCC-1, Fe3O4 NPs were covered by 
amorphous silica to form Fe3O4/SiO2 in order to allow 
for the further growth of fibrous nano-silica (KCC-1). 

According to Figs. 1a and 1b, morphology of 
Fe3O4/SiO2 particles changed considerably after they 
were coated with KCC-1, something which confirmed the 
presence of KCC-1 attached to the surface of the 
Fe3O4/SiO2. Both synthesized composites (Fe3O4/SiO2
and Fe3O4/SiO2/KCC-1) were spherical; however, they 
were characterized by distinguished morphological 
differences. According to Fig. 1a, the  nanospheres 
Fe3O4/SiO2 surface was slightly rough and had no fiber 
structures. The SEM images of Fe3O4/SiO2/KCC-1 
demonstrated that it had fibrous and wrinkled 
morphology, clearly visible pore channels, and 
acceptable dispersity. Therefore, Fe3O4/SiO2/KCC-1 is 
mainly composed of monodisperse spherical particles 
with fibrous morphology. In fact, these particles are non-
aggregated with narrow distribution indicating the 
expected high porosity and large specific 
Fe3O4/SiO2/KCC-1 surface area . The close inspection of 
Fe3O4/SiO2/KCC-1 by the TEM technique (Fig. 2) 
indicated that those samples had dendrimer fibers 
arranged within a 3D space to form uniform spheres. The 
TEM images revealed the porous, fibrous, and dendritic 
structures of Fe3O4/SiO2/KCC-1 magnetic composites. 
Moreover, the dimensions of Fe3O4/SiO2/KCC-1 MNPs 
were evaluated through the TEM. The Fe3O4/SiO2/KCC-1 
MNPs were approximately 98 nm long, and the distance 
between the two fibers was nearly 28.5 nm. The larger 
the distance between the fibers, the easier the loading of 
the Pb(II) on Fe3O4/SiO2/KCC-1. The highly-ordered 
tunnels and high surface areas in this adsorbent 
accelerated the adsorption process. 

The FTIR spectrum helps identify the nanomaterials 
through the analysis of functional groups. Fig. 3 
demonstrates the FTIR spectra of the Fe3O4/SiO2/KCC-1.
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a b
Fig. 1. a) The SEM image of Fe3O4/SiO2 and b) the SEM image of Fe3O4/SiO2/KCC-1 

Fig. 2. The TEM image of Fe3O4/SiO2/KCC-1 

 

Fig. 3. The FTIR spectra of Fe3O4/SiO2/KCC-1 

The absorption bands at about 460 cm-1, 1080 cm-1, and 
801cm-1 are attributed to the asymmetric Si-OH 
stretching vibration, Si-O stretching vibration, and Si-O-
Si bending vibration modes, respectively (Yu et al., 
2013).  

These observations are in close agreement with 
previous results regarding mesoporous silica materials 
(Soltani et al., 2018, Soltani et al., 2019b, Soltani et al., 
2019a). Similarly, a broad band at 3428 cm-1 and a peak 
at 1630 cm-1 correspond to the Si-OH stretching and 

water molecules absorbed on the KCC-1 surface, 
respectively.  

The presence of silanol groups in KCC-1 is beneficial 
to the adsorption process as the presence of negative 
charge results in a larger number of available active sites 
for the adsorption process. Moreover, the peak at 560 
cm-1 is characterized by Fe–O stretching vibrations (Yu 
et al., 2013). These results successfully confirm the 
presence of all three components, including KCC-1, SiO2,
and Fe3O4, in the adsorbent structure (Yu et al., 2013). 
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Fig. 4 illustrates the N2 adsorption–desorption 
isotherm of Fe3O4/SiO2/KCC-1. According to the IUPAC 
classification, a type-IV isotherm with an evident H1-
type hysteresis loop was exhibited. It revealed strong 
evidence for mesoporous cylindrical or rod-like pores. 
The surface area, pore volume, and pore size of 
synthesized Fe3O4/SiO2/KCC-1 were reported 813.07 m2

g-1, 1.41 cm3 g-1, and 7.94 nm, respectively. The high 
surface area of Fe3O4/SiO2/KCC-1 will improve the 
accessibility of Pb(II) molecules to the Fe3O4/SiO2/
KCC-1, thereby enhancing the adsorption process. 
Moreover, the outcomes from N2 adsorption/desorption 
analysis indicated that the proposed method for 
removing the template from the structure was very 
successful. This method also withdrew nearly all the 
surfactant and produced an effective adsorbent with 
higher surface areas than those of the same structures 
reported by previous studies (Table 2). 
The crystalline structure of the magnetic nanocomposite 
was determined through X-ray diffraction. Fig. 5 
demonstrates the X-ray diffraction patterns of 
Fe3O4/SiO2/KCC-1. The four diffraction peaks located at 
2θ = 30.30, 35.60, 43.20, and 57.20 corresponding to the 
(220), (311), (400), (511), and (440) crystal planes, 
respectively, indicate the characteristic peaks of Fe3O4

NPs (JCPDS NO. 19-0629), which confirmed that the 
Fe3O4 nanoparticles embedded in the core had not 
changed despite being calcined at 550 °C. Furthermore, 
the wide peak within the range of 2θ from 15 to 30° was 
a characteristic of the amorphous siliceous phase in 
KCC-1. The sharp and strong peaks confirmed that the 
product was crystallized properly. The magnetic 
properties of the nanospheres were characterized through 
a vibrating sample magnetometer at room temperature. 
In the Fe3O4/SiO2/KCC-1 nanospheres, the Fe3O4 core is 
responsible for magnetic removal. The magnetization 
curves of the synthesized adsorbent indicated no 
hysteresis loops (Fig. 6), a finding which means that the 
nanocomposite exhibited paramagnetic characteristics. 

The measured saturation magnetization (Ms) value 
was 62.8 emu g-1. Having paramagnetic characteristics 
and high magnetization values, these nanocomposites 
can quickly respond to the external magnetic field and 
quickly re-disperse when the external magnetic field is 
removed. 
 
3.2. Central composite design 

The maximum Pb(II) removal efficiency and the 
impacts of the studied independent parameters on the 
Pb(II) adsorption were analyzed through the experiments

 

Fig .4. The N2 adsorption and desorption isotherm of Fe3O4/SiO2/KCC-1 

Table 2. Comparison of some reported surface areas for magnetic mesoporous 
materials in the research literature 

BET surface area (m2 g-1) Reference 
382 (Lapwanit et al., 2016) 
316 (Hao et al., 2010) 
705 (Monier et al., 2010) 

86.10 (Xu et al., 2010) 
820 (Xu et al., 2006) 
172 (Wang et al., 2011) 
593 (Abdollahi et al., 2012) 

17.31 (Zhao et al., 2013) 
813.07 This work 
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Fig .5. XRD patterns of Fe3O4/SiO2/KCC-1 

Fig. 6. The VSM magnetization curve of Fe3O4/SiO2/KCC-1 

designed in the CCD-based RSM. For this purpose, 30 
experiments including 16 factorial points, 8 axial points 
(α=±2), and 6 repeats of center points were designed in 
the stipulated conditions based on the CCD to optimize 
the studied variables. The experiments were conducted 
in this software design. Table 3 reports the results of the 
dependent variable in each run (experimental responses). 
The total number of experimental runs by a central 
composite design is computed through Eq. 5 
 
N = 2: + 2k + n (5) 
 
Where 
k denotes the number of independent variables, and N 
represents the overall number of experimental runs. In 
the above equation, 2k refers to fractional factorial design 
points consisting of possible combinations of high (+1) 
and low (-1) levels of each factor, which reflect the main 
effects and the interactions between parameters. 
Furthermore, 2= indicates the axial points which were 
fixed axially at a distance (>) from the center to generate 
quadratic terms. In other words, if the distance from the 
center of the design space to a factorial point is ±1 coded 
unit for each factor, the distance from the center of the 

design space to an axial point will be |α|>1. The axial 
points are obtained from the experiments outside the 
intended range for each factor. The value of α depends 
on the type of the offered CCD and the number of 
independent variables. Moreover, n is the center point 
which represents replicate terms. Center points come 
from the experiments that run at the center level of each 
factor range and provide a good estimate of the 
experimental error. They may vary from three to six 
(Moosazade et al., 2021). 
 
3.3. Model fitness and statistical analysis 
In order to analyze the significance and suitability of the 
regression model obtained from the RSM, an analysis of 
variance was conducted to examine the experimental 
responses. Table 4 reports the results. The significance 
of the regression model and its terms were determined 
by F and P values through Fisher’s test and a null 
hypothesis (Rahimi et al., 2021). The F-value is the 
mean square regression (2385.93019) divided by the 
mean square residual (51.0963039). In this study, the 
critical F-value at a 99% confidence level was much 
smaller than the experimental F-value, a finding which 
confirmed that the proposed model was significant and 
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Table 3. The matrix design and responses 

Run No. 

Variables Response 
Factor1 Factor2 Factor3 Factor4 

A: 
pH 

B: 
Absorbent dose 

(mg L-1)

C: 
Contact 

time(min) 

D: 
Temperature(oC) 

Removal% 

Actual Coded Actual Coded Actual Coded Actual Coded Actual Predicted 
1 Axial 6 0.000 10 -2.000 40 0.000 70 0.000 86.45 
2 Axial 6 0.000 30 0.000 60 2.000 70 0.000 89.15 
3 Center 6 0.000 30 0.000 40 0.000 70 0.000 92.25 
4 Factorial 7 1.000 20 -1.000 30 -1.000 40 -1.000 82.87 
5 Factorial 7 1.000 40 1.000 50 1.000 40 -1.000 82.91 
6 Axial 6 0.000 50 2.000 40 0.000 70 0.000 91.8 
7 Factorial 7 1.000 20 -1.000 50 1.000 100 1.000 83.73 
8 Axial 6 0.000 30 0.000 40 0.000 130 2.000 93.64 
9 Factorial 7 1.000 20 -1.000 30 -1.000 100 1.000 85.63 
10 Axial 6 0.000 30 0.000 40 0.000 10 -2.000 85.7 
11 Axial 6 0.000 30 0.000 20 -2.000 70 0.000 92.6 
12 Factorial 5 -1.000 20 -1.000 30 -1.000 40 -1.000 86.83 
13 Factorial 7 1.000 40 1.000 30 -1.000 40 -1.000 85.91 
14 Factorial 7 1.000 40 1.000 30 -1.000 100 1.000 89.33 
15 Center 6 0.000 30 0.000 40 0.000 70 0.000 92.13 
16 Center 6 0.000 30 0.000 40 0.000 70 0.000 92.2 
17 Axial 8 2.000 30 0.000 40 0.000 70 0.000 73.8 
18 Factorial 5 -1.000 40 1.000 50 1.000 100 1.000 92.63 
19 Factorial 7 1.000 40 1.000 50 1.000 100 1.000 86.88 
20 Factorial 5 -1.000 20 -1.000 50 1.000 100 1.000 90.29 
21 Factorial 5 -1.000 20 -1.000 30 -1.000 100 1.000 90.98 
22 Factorial 5 -1.000 40 1.000 30 -1.000 40 -1.000 88.98 
23 Factorial 5 -1.000 20 -1.000 50 1.000 40 -1.000 85.74 
24 Center 6 0.000 30 0.000 40 0.000 70 0.000 92.15 
25 Center 6 0.000 30 0.000 40 0.000 70 0.000 92.2 
26 Factorial 5 -1.000 40 1.000 30 -1.000 100 1.000 93.75 
27 Factorial 5 -1.000 40 1.000 50 1.000 40 -1.000 87.6 
28 Center 6 0.000 30 0.000 40 0.000 70 0.000 92.28 
29 Axial 4 -2.000 30 0.000 40 0.000 70 0.000 83.72 
30 Factorial 7 1.000 20 -1.000 50 1.000 40 -1.000 80.31 

Table 4. ANOVA of dependent variable based on the response surface quadratic model 

Source of variation df Sum of 
Squares(SS) 

Mean 
Squares(MS) F-value P-value 

Regression 14 620.43 44.32 10456.03 < 0.0001 Significant 
Residual 15 0.0636 0.0042 

Lack of fit 10 0.0473 0.0047 1.45 0.3567 Not significant 
Pure error 5 0.0163 0.0033 
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Table 5. ANOVA of the quadratic model for removal of Pb(II) 

Variables df Sum of 
Squares(SS) 

Mean 
Squares(MS) F-value P-value 

A-pH 1 145.39 145.39 34302.64 < 0.0001 Significant 
B- Adsorbent dosage 1 43.50 43.50 10262.84 < 0.0001 Significant 

C-Contact time 1 18.53 18.53 4372.64 < 0.0001 Significant 
D-Temperature 1 95.80 95.80 22603.25 < 0.0001 Significant 

AB 1 0.7098 0.7098 167.47 < 0.0001 significant 
AC 1 1.98 1.98 467.41 < 0.0001 Significant 
AD 1 1.52 1.52 358.41 < 0.0001 Significant 
BC 1 0.1828 0.1828 43.12 < 0.0001 Significant 
BD 1 0.3335 0.3335 78.69 < 0.0001 Significant 
CD 1 0.2186 0.2186 51.57 < 0.0001 Significant 
A2 1 308.49 308.49 72785.10 < 0.0001 Significant 
B2 1 15.94 15.94 3761.57 < 0.0001 Significant 
C2 1 2.90 2.90 683.12 < 0.0001 Significant 
D2 1 10.75 10.75 2537.23 < 0.0001 Significant 

df: degree of freedom of source of variance; SS: sum of square; MS: mean square (the ratio of sum of square to degree of freedom of 
each term); P-value: probability of error to be significant; F: MS/MS residua. 

could properly process the experimental data. In 
addition, if the p-value for the F-test is smaller than the 
significance level, it indicates that the model fits 
properly with the experimental data (Dahlan et al., 
2022). 

According to the ANOVA of the quadratic regression 
model, the proposed model from the RSM with 
“Prob>F” less than 0.01 was statistically significant. 
Hence, there was only a 0.01% chance that the model 
could be affected by noise, and most of the variation in 
the response was explained by the regression equation. 
In fact, the ANOVA indicated a significant and accurate 
relationship between the response and independent 
variable. Moreover, a regression model exhibits lack of 
fit when it fails to adequately describe the functional 
relationship between the experimental factors and the 
response variable. In the RSM, if the p-value of LOF1 is 
larger than the significance level α, it implies that the 
proposed model fits the experimental data (Bhattacharya, 
2021). 

According to Table 4, the LOF of the proposed 
regression model was non-significant. The F values can 
be employed to estimate the significant effect of each 
parameter on the response variable. The highest F value 
indicates more importance of a factor (Dan et al., 2021). 
All the linear, quadratic, and interactional effects on the 
response were significant (p < 0.0001) in this study (refer 
to Table 5). Among the terms including single terms, the 
sequence of pH > temperature>adsorption dosage > 
contact time with F values of 34302.64, 22603.25, 
10262.84, and 4372.64, respectively, indicated the 
importance of their effects on the response. 

Among the terms including interactional effects, the 
sequence of pH-contact time > pH-temperature>pH-

 
1 Lack of Fit (LOF) 

adsorption dosage > adsorption dosage-temperature > 
adsorption dosage-contact time was observed to have the 
F values of 467.41, 358.41, 167.47, 78.69, and 43.12. 
Among the quadratic terms, pH2, adsorption dosage2,
and temperature2 with F values of 72785.10, 3761.57, 
and 2537.23, respectively, indicated the most important 
effect on the response variable Y. 

The following second-order polynomial equation was 
expressed as the final regression model (Eq. 6) 
 

(6) 
R%@Pb3II5D = 92 ∙ 20 − 2 ∙ 46A + 1 ∙ 35B − 0 
87C + 2 ∙ 00D + 0 ∙ 21AB − 0 ∙ 35AC − 0 
∙ 31AD − 	011BC + 	0 ∙ 14BD + 0 ∙ 12CD − 3	 
∙ 35A
 − 0 ∙ 76B
 − 0 ∙ 32C
 − 0	 ∙ 63D


Where  
A = pH, B = adsorption dosage, C = contact time, D = 
temperature. 

In Eq. (6), the positive sign suggests a synergistic 
effect, whereas the negative sign indicates antagonistic 
behaviour (Manzar et al., 2021). Accordingly, 
temperature and pH are the most important parameters 
that affect Pb(II) adsorption on Fe3O4/SiO2/KCC-1.
Furthermore, at a higher temperature and a lower pH, a 
higher removal efficiency could be achieved. 
 
3.4. Interactions of variables 
The combined effects of two factors on the predicted 
response were visualized by the 3D surface plots (Fig. 
7). These plots are employed to evaluate the behavior of 
the whole adsorption system. In fact, they show how 
parameters affect the response (Torğut et al., 2020). The 
surface plots were generated from the model by varying 
any two variables within the limit of the experimental 
range while keeping the other independent factors 
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Fig. 7. Response surface plots for the efficiency of Pb(II) removal as a function of two independent variables: 
a) absorbent dosage and pH, b) contact time and pH, c) temperature and pH, d) contact time and absorbent dosage, 

e) temperature and absorbent dosage and f) temperature and contact time 
 

a b

c d

e f
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constant at their midpoint (null point). The pH of the 
solution is a very crucial parameter in the adsorption 
process. According to Figs. 7a, 7b, and 7c, as the pH 
increased, the removal percentage increased up to a 
certain point and then decreased slightly. The maximum 
removal efficiency of Pb(II) was observed in nearly 
neutral conditions. By increasing pH, the removal of 
Pb(II) exhibited a downward trend. According to Figs. 
7c, 7e, and 7f, the adsorption efficiency increased as the 
temperature increased. This trend can ensue from the 
activated sorption surface and the increased pore size; 
hence, the diffusion of Pb(II) ions into the 
Fe3O4/SiO2/KCC-1 pores escalated. Another probable 
reason for this upward trend is the increasing diffusion 
rate of the Pb(II) molecules from the solution to the 
liquid–solid interphase (Topal and Topal, 2020), as a 
result of a decrease in the viscosity of the solution. 

According to the trends observed in Figs. 7a, 7d, and 
7e, the removal percentage increased with an increase in 
the adsorbent dose. This increase can be attributed to the 
enhanced active sites while increasing the adsorbent 
dosage (Joshi et al., 2020). According to Figs. 7b, 7d, 
and 7f, the removal efficiency of the used 
nanocomposite adsorbent was affected by the contact 
time parameter due to the equilibrium nature of lead (II) 
removal, and the removal efficiency slowly increased as 
the contact time between lead ions and adsorbent 
increased. 
 
3.5. Optimization of process parameters 
Fig. 8 demonstrates the ramp function graph of 
maximum desirability value for the numerical 
optimization of five goals: adsorbent dosage, 
temperature, contact time, pH, and lead removal 
percentage. The optimization was performed at the initial 
concentration of 10 mg/L while the agitation speed was 
fixed at 180 rpm. The optimal conditions for the 
maximal removal percentage included a temperature of 
80 °C, an adsorption dosage of 0.04 g L-1, a pH of 5.6, 
and a contact time of 38 min. 

According to Table 6, a predicted removal efficiency 
of 93.97% was found by the model under these 
optimized operations. Furthermore, the removal 
efficiency was determined under these optimal 
conditions experimentally. The results indicated that the 
predicted response and the experimental response were 
in very good agreement (Table 6). The high degree of 
agreement between the predicted optimal conditions and 
the repeated experimental results signaled that the 
central composite design could be used as an effective 
and reliable tool to evaluate and optimize the effects of 
adsorption parameters on the efficiency of Pb(II) 
removal through the Fe3O4/SiO2/KCC-1 nanocomposite. 
The initial pH of heavy metal solutions is among the 
most important parameters affecting the adsorption 
efficiency. In fact, at low pH values, due to the presence 

of excessive amounts of H+ ions in the solution, a 
competition occurs between Pb2+ and H+ in active sites 
on the adsorbent surface at the repulsion of Pb2+ as well 
as the protonated adsorbent surface. Hence, the removal 
efficiency decreases (Khan et al., 2020). 

Moreover, when the pH is very acidic, the structure 
of the adsorbent dissolves, and hydrolysis of the tissues 
will occur inside the structure. As a result, the removal 
efficiency is lower at these pH values. However, at high 
pH values, despite the increase in deprotonation of the 
adsorbent surface, Pb(II) ions tend to precipitate in the 
form of metal hydroxide (e.g., Pb (OH)2), something 
which affects the absorption process, eventually 
reducing the removal efficiency (Cheraghipour and 
Pakshir, 2020). 

Furthermore, the effects of the point of zero charge 
(pHpzc) value of the adsorbent on the Pb(II) adsorption 
were analyzed. To interpret the effect of pH on the 
adsorption process, pHpzc is considered an effective 
parameter. The pHpzc value of Fe3O4/SiO2/KCC-1 was 
reported approximately 4.7, a finding which meant that 
the surface charge of  Fe3O4/SiO2/KCC-1 adsorbent was 
positive at pHs below pHpzc, whereas it changed from 
positive to negative as pHs exceeded pHpzc (Khan et al., 
2021). 

Hence, the removal percentage of Pb(II) increased at 
pH values above pHpzc due to the attractive interaction, 
whereas it decreased at pH values below pHpzc because 
of the electrostatic repulsion. In conclusion, Pb(II) 
adsorption reached the maximum at an approximate pH 
of 5.6 in the end. According to the optimization results, 
the adsorption process with the mesoporous 
Fe3O4/SiO2/KCC-1 composites was endothermic, a 
finding which was also confirmed by the thermodynamic 
results. In other words, the attractive forces between 
metal ions and the adsorbent surface became stronger at 
higher temperatures, and then the adsorption capacity 
increased. The increase in the uptake of metal ions with 
temperature might be due to the dissolution of the 
sorbing species and changes in the sizes of the pores 
(Fattahi et al., 2021). 

Moreover, Pongsumpun et al. reported that 
increasing adsorption with an increase in temperature 
indicated an increase in the mobility of the metal ions 
and a corresponding increase in the frequency of 
collision between the adsorbate and the adsorbent 
(Pongsumpun et al., 2020). 

Dao et al. suggested that increasing temperature 
might cause a swelling effect within the internal 
structure of the adsorbent, enabling metal ions to 
penetrate further (Dao et al., 2020). 

The results also showed that the adsorption of lead 
ions on Fe3O4/SiO2/KCC-1 adsorbent was fast, and the 
adsorption efficiency reached a maximum value within 
38 min. The obtained short adsorption time might be due 
to the presence of abundant active sites on the surface of  
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Fig .8. The ramp function graph of desirability 

fibrous silica nanospheres. This feature can be attributed 
to the high surface area of adsorption. The amount of 
adsorbent is another important parameter that can 
determine the adsorption capacity for a given initial 
concentration. The conglomeration or overlapping of the  
active adsorption sites with an increase in the adsorption 
dosage would lead to a decrease in the absorption 
efficiency (Dehghani et al., 2020). 
 
3.6. Analysis of adsorption isotherm  
The relationship between the amount of a substance 
adsorbed per the unit mass of an adsorbent at constant 
temperature and its concentration in the equilibrium 
solution is known as the adsorption isotherm. For the 
solid-liquid system, adsorption isotherms must be 
analyzed to determine the adsorption capacity and the 
interaction between an adsorbate and an adsorbent 
(Razmi et al., 2019). 

The linearized Langmuir and Freundlich isotherms 
models were used for the fitting of experimental data. 
For this purpose, several experiments with different 
initial concentrations (C0= 0.5–250 mg L-1) of Pb(II) 
were conducted under optimal conditions for 12 hours. 
Langmuir’s adsorption model is based on the assumption 
that intermolecular forces decrease rapidly with distance 
and consequently predict the presence of a monolayer 
cover of the adsorbate on the outer surface of the 
adsorbent. This model also assumes that adsorption 
occurs in certain homogeneous regions within the 
adsorbent and that all adsorption zones are the same and 
energetically equivalent. Unlike the Langmuir isotherm, 
the Freundlich isotherm can be employed for multilayer 
adsorption on heterogeneous sites. According to the 
Freundlich isotherm, the adsorption heat distribution and 
affinities towards the heterogeneous surface are non-
uniform. The values of the correlation coefficients (R2)
for the datasets were used as indicators of conformity 
between experimental data and the corresponding values 
predicted by each model. Basically, the closer the value 

of R2 is to 1, the better the model fits the experimental 
data. 

Table 7 presents the parameters calculated in the two 
isotherm models along with their correlation coefficients 
(R2). According to Table 7, the adsorption of Pb(II) with 
Fe3O4/SiO2/KCC-1 can be best explained by Langmuir’s 
model with a higher regression coefficient (R2) as 
opposed to the Freundlich model. Therefore, Langmuir’s 
model fitted the empirical data better. According to 
Table 7, the calculated maximum adsorption capacity 
(574.4) obtained by Langmuir’s model was close to the 
corresponding experimental value (552.5), a finding 
which indicated the good agreement of this model with 
the experimental data. Hence, the agreement of 
Langmuir’s model with the experimental results 
indicated that a monolayer of Pb(II) cations was 
adsorbed on the surface of Fe3O4/SiO2/KCC-1. In 
addition, the values obtained for 1/n within the range of 
0 < 1/n < 1 indicated that the adsorption was favorable; 
if 1/n > 1, adsorption is unfavorable, and if 1/n = 1, 
adsorption is irreversible (Eltaweil et al., 2020). 
According to Table 7, the value of 1/n for the adsorbent 
was below 1.0, something which reflected the 
desirability of the adsorption process. 

In order to compare the adsorption efficiency of the 
present adsorbent with those of the adsorbents 
synthesized in previous studies, Table 8 presents the 
maximum adsorption capacities. Evidently, the 
Fe3O4/SiO2/KCC-1 adsorbent exhibited promising Pb(II) 
adsorption capacity compared with other adsorbents. 
Table 9 reports the constants of Langmuir’s and 
Freundlich’s models for the adsorption of Pb(II) onto 
some mesoporous adsorbents synthesized in previous 
studies. According to the coefficients of correlation 
obtained from linear regression, Langmuir’s model fit 
the data better than Freundlich’s model in all cases. 
 
3.7. Analysis of adsorption kinetics  
The adsorption kinetics were analyzed in order to better 
understand the dynamics of metal adsorption on the 
adsorbent and develop a predictive model to estimate the 
amount of adsorbed ions within the process. The rate of 
retention or release of a solute from an aqueous solution 
to the solid-phase interface can be described by 
adsorption kinetics in certain experimental conditions 
such as adsorbent dosage, flow rate, temperature, and pH 
(Xu et al., 2018).  

Therefore, two common kinetic models called 
pseudo-first-order and pseudo-second-order models were 
employed to analyze the kinetic behavior of Pb(II) 
adsorption in Fe3O4/SiO2/KCC-1. The adsorption kinetics 
were analyzed by varying the time from 0 to 120 min at 
the room temperature with an initial concentration of 100 
mg L-1 in optimal conditions. According to the PFO1 and  

 
1 Pseudo-First-Order (PFO) 
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Table 6. The values of the optimized process variables for Pb(II) adsorption with the Fe3O4/SiO2/KCC-1 nanocomposite 

%Removal Contact time 
(min) pH Temperature (°C) Adsorbent dosage 

(g L-1) Experimental Predicted 

90 93.97 385.6 800.04 

Table 7. Isotherm constant parameters and correlation coefficients calculated for Pb(II) adsorption with 
 the Fe3O4/SiO2/ KCC-1 nanocomposite 

Model Equation Parameters Value qm,exp.(mg g−1)

Langmuir 
Ce
qe
= 1
KL qm

+ Ce
qm

qm,cal ( mg g–1)
KL ( L mg–1)

R2

574.4 
0.098 
0.98 

552.5 

Freundlich ln qP' ln KQ +
1
n lnCP

Kf (mg g–1)(L mg–1)1/n 
n
R2

148.7 
3.83 
0.95 

Where qm,cal is the maximum adsorption capacity reflected a complete monolayer (mg/g), KL is the Langmuir constant or adsorption equilibrium 
constant (L mg–1), 1/n is the isotherm constant indicates the empirical parameter, KF is the isotherm constant indicates the capacity parameter (mg/g) 
(L/mg)1/n 

Table 8. Comparison of the maximum adsorption capacity (qmax) of various mesoporous composite 
reported in the literature for removal of Pb(II) 

Adsorbents Maximum adsorption capacity 
(qmax , mg g-1) Reference 

CMA 175.16 (Awual, 2019) 
Commercial activated 

carbon (CGAC) 
27.3 (Asuquo et al., 2017) 

Ligand immobilized 
mesoporous 

200.80 (Awual et al., 2014) 

IIMS-MCM-41 344.8 (Cui et al., 2017) 
Fe3O4@MCM-41-NH-oVan 155.71 (Cui et al., 2017) 

NH2-MCM-41 57.74 (Heidari et al., 2009) 
NH2-HMS 119.04 (Javadian et al., 2017) 

Fe3O4@ MCM-41-NH2 268.0 (Mehdinia et al., 2015) 
EDTA-modified 

mesoporous silica SBA-15 
273.2 (Huang et al., 2012) 

Graphene/activated carbon 
(GAC) 

217.6 (Saeidi et al., 2015) 

AH-1 377.17 (Wu et al., 2012) 
AF-Fe3O4 369.0 (Xin et al., 2012) 
LMS-AP 48.7 (Li et al., 2018) 
SBA-16-g 289.9 (Gupta et al., 2019) 

Fe3O4/SiO2/ KCC-1 574.4 This work 
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Table 9. Langmuir’s and Freundlich’s isotherm constants for the adsorption of Pb(II)  
onto various mesoporous adsorbents 

Langmuir
equation Adsorbent qm (mg g-1) KL ( L mg–1) R2 Reference 

SNF/MNP/PS 243.9 0.0542 0.990 (Li et al., 2018)

NZVI-SH-HMS 580.0 0.0760 0.8924 (Li et al., 2021) 

 Fe3O4@SiO2-EDTA 101.01 0.40 0.9984 (Liu et al., 2016) 

Fe3O4@ MCM-41-NH2 268 1.98 0.997 (Mehdinia et al., 2015) 

 Fe3O4@SBA-15-NH2-H 243.9 2.05 0.9997 (Wang et al., 2015) 

Fe3O4@SiO2–NH2 361.1 0.065 0.9945 (Zhang et al., 2013) 

 PVP–SBA-15 175.439 0.0067 0.996 (Betiha et al., 2020) 

Pb-IIMS-SBA-15 211.4 2.3107 0.9932 (Cui et al., 2017) 

 This work 574.4 0.098 0.98 - 

Freundlich
equation Adsorbent Kf (mg g–1)(L mg–1)1/n n R2 Reference 

SNF/MNP/PS 28.52 2.20 0.935 (Li et al., 2018)

NZVI-SH-HMS 12.340 3.003 0.7995 (Li et al., 2021) 

 Fe3O4@SiO2-EDTA 49.71 6.79 0.5908 (Liu et al., 2016) 

Fe3O4@ MCM-41-NH2 106.6 2.00 0.941 (Mehdinia et al., 2015) 

 Fe3O4@SBA-15-NH2-H 152.6 6.59 0.9610 (Wang et al., 2015) 

Fe3O4@SiO2–NH2 6.700 3.311 0.9696 (Zhang et al., 2013) 

 PVP–SBA-15 2.143 1.37 0.964 (Betiha et al., 2020) 

Pb-IIMS-SBA-15 128.8 5.441 0.6674 (Cui et al., 2017) 

 This work 148.7 3.83 0.95 - 

Table 10. Kinetic parameters of Pb(II) adsorption with the Fe3O4/SiO2/KCC-1 nanocomposite 

Model Equation Parameters Value qe,exp.(mg g−1)

Pseudo-first order log@qe − qtD = log@qeD −
k1t
2.303

k1(min-1)
qe,cal ( mg g–1)

R2

0.14 
490.2 
0.99 

494.2 

Pseudo-second order 
t
qt
= 1
k2qe2

+ U 1qe
V t

k2(g mg–1 min–1)
qe,cal ( mg g–1)

R2

3.38 
540.5 
0.98 

Where qe,cal (mg g−1) is the adsorption capacity at equilibrium time, k1 (min−1) is the pseudo-first-order kinetic rate constant, k2 (g mg–1 min–1) is the 
pseudo-second-order kinetic rate constant. 

the PSO1 kinetic models, the removal process is based on 
physical adsorption and chemical adsorption, 
respectively. 

Table 10 presents the kinetic parameters obtained 
from the two kinetic models. Comparing the PFO model 
with the PSO models in terms of R2 values clearly 
indicated that the adsorption kinetics of Pb(II) came 
from a combination of both PFO and PSO kinetic 
 
1 Pseudo-Second-Order (PSO) 

models. However, the equilibrium adsorption capacity 
(qe,cal) of Fe3O4/SiO2/KCC-1 calculated through the PFO 
model was closer to the experimental adsorption 
capacity (qe,exp), a finding which indicated that the PFO 
model was more consistent with the experimental data 
than the PSO model. Hence, the PFO model played a 
more significant role. 

Table 11 reports the kinetic parameters and 
correlation coefficients obtained from pseudo-first-order 
and pseudo-second-order models for the adsorption of  
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Table 11. Kinetic parameters of Pb(II) adsorption onto some mesoporous absorbents 

Pseudo-first-order Adsorbent qe,cal (mg g-1) k1 (min-1) R2 Reference 
Fe3O4@SiO2@m-

SiO2
281.68 0.04 0.998 

(Javaheri et al., 
2019) 

AS-ACI-2.0 75.5 0.11 0.996 (Zhou et al., 2018) 
 PVP–SBA-15 25.59 0.04 0.998 (Betiha et al., 2020) 

MDA–SBA-15 52.30 0.11 0.986 
(Shahbazi et al., 

2011) 
 This work 490.20 0.14 0.99 -

Pseudo-second-
order 

Adsorbent qe,cal (mg g-1) k2 (g mg-1 min-1) R2 Reference 

Fe3O4@SiO2@m-
SiO2

833.33 0.0008 0.616 
(Javaheri et al., 

2019) 
AS-ACI-2.0 78.3 0.0028 0.971 (Zhou et al., 2018) 

 PVP–SBA-15 35.71429 0.00106 0.997 (Betiha et al., 2020) 

MDA–SBA-15 58.9 0.0025 0.955 
(Shahbazi et al., 

2011) 
 This work 540.5 3.38 0.98 - 

Pb(II) onto some mesoporous absorbents analyzed in 
previous studies. According to the results, the correlation 
coefficient (R2) value of the pseudo-first-order kinetics 
model was higher than that of the pseudo-second-order 
kinetics model, a finding which indicated that the 
adsorption process of these composites for Pb(II) was 
more consistent with the pseudo-first-order kinetics. 
Moreover, the surface adsorption process was mainly 
physical. 

3.8. Adsorption thermodynamics 
Thermodynamic parameters reflect the feasibility and 
spontaneity of processes, endothermic or exothermic 
reactions, and entropy changes during a process. The 
thermodynamic parameters of Pb(II) adsorption onto 
Fe3O4/SiO2/KCC-1 include change in free energy (∆G°), 
change in enthalpy (∆H°), and change in entropy (∆S°). 
These parameters were calculated through the variation 
of adsorbate distribution coefficient between the solid 
and liquid phases by using the following thermodynamic 
 
equations (Eqs. 7, 8, and 9) 
 

Kd =
qe
Ce

(7) 
 

lnKX = ∆Z°
\

�
] +

∆^°
\ (8) 

 
∆G° = ∆H° − T∆S° (9) 
 
Where 
Kd refers to the dimensionless thermodynamic 
equilibrium constant for the adsorption process, and R 
denotes the ideal gas constant (8.314 J mol-1 K-1). 

Moreover, T indicates the absolute temperature of the 
system (K), whereas qe represents the equilibrium 
concentration of Pb(II) on the adsorbent surface (mg L1), 
and Ce represents the concentration of Pb(II) in the 
solution (mg L-1). After the thermodynamic equilibrium 
constant was calculated for different temperatures 
(through the Van ‘t Hoff equation), the ln Kd graph was 
plotted vs. 1/T (Equation 8). The values of ∆H° and ∆S°

were then obtained from the slope and the intercept of 
the linear plot ln Kd vs. 1/T, respectively (Vij et al., 
2021). 

Moreover, the Gibbs free energy of the process at 
different temperatures was obtained from Equation 9. 
Table 12 reports the calculated values of ∆G°, ∆H°, and 
∆S°. The negative ∆G° values at different temperatures 
indicate that the adsorption process of Pb(II) on 
Fe3O4/SiO2/KCC-1 was spontaneous, favorable, and 
feasible at all the studied temperatures. The increase in 
negative values of ∆G° with the increase in temperature 
indicated that adsorption was more favorable at higher 
temperatures (Table 12). This finding might be due to 
the hydration sheath of metal ions having to be destroyed 
before its sorption, a process which required energy 
(Guo et al., 2018). The Gibbs free energy ranging 
between 0 and -20 kJ mol-1 indicates physical absorption, 
whereas a range between -20 and -80 kJ mol-1 means 
chemical (or physical-chemical) adsorption (Samaniego 
et al., 2019). 

In this study, the values of ∆G° indicated the physical 
adsorption of Pb(II) on the absorbent surface. Moreover, 
the positive ∆H° values (5.84 kJ mol-1) denoted that the 
adsorption was naturally an endothermic process. As a 
result, according to Le Chatelier’s principle, the progress  
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Table 12. Thermodynamic parameters for Pb(II) adsorption onto Fe3O4/SiO2/KCC-1 adsorbent in C0= 10 mg L-1 

T(K) qe(mg g-1) kd(L g-1) ∆G° (kJ mol-1) ∆H°( kJ mol-1) ∆S°( kJ mol-1 K-1) R2

293 2.50 0.67 -0.988 +5.84 +23.42 0.98 
303 2.54 0.60 -1.272 
313 2.57 0.59 -1.520    
323 2.59 0.53 -1.717 
333 2.61 0.50 -1.930    

Table 13. Thermodynamic parameters for the adsorption of Pb(II) onto some mesoporous absorbents 

Adsorbent ∆H° (kJ mol-1) ∆S° (J k-1 mol-1) T (K) ∆G° (kJ mol-1) Reference 

Cu-MOFs/Fe3O4 +28.76 +101.39 303 -2.47 (Shi et al., 2018) 
313 -3.48 

Fe3O4@SiO2–NH2 +18.05 +73.24 303 -4.53 (Zhang et al., 2013) 
313 -5.23 

AS-ACI-1.0 +31.81 +129.74 303 -7.52 (Zhou et al., 2018) 
313 -8.77 

SBA-16-G +44.47 +0.21 303 -18.59 (Gupta et al., 2019) 
313 -19.66 

N-Fe/OMC +39.13 +144.03 303 -5.97 (Yang et al., 2015) 313 -7.41 

PMO-IL-SH +25.01 98.48 303 -5.94 (Elhamifar et al., 2016) 
313 -6.04 

This work +5.84 +23.42 303 -1.27 -
313 -1.52 

Table 14. The removal of Pb(II) from various wastewater samples through synthesized  
adsorbent and the proposed method 

Wastewater effluent Added concentration (ng ml–1 ) Removal (%) 

Sample1 
- -
5 53% 
15 62% 

Sample2 
- -
5 46% 
15 55% 

Sample3 
- -
5 51% 
15 60% 

of the reaction increased as the temperature elevated; 
consequently, the adsorption capacity also increased. 
This finding is in agreement with the expected higher 
negative values of ∆G° at higher temperatures for 
endothermic adsorption. Previous studies on the 
adsorption of heavy metals reported that the heat in 
chemisorption and physisorption would fall into the 
ranges of 80–200 kJ mol-1 and 2.1–20.9 kJ mol-1,
respectively (Dinari et al., 2017, Soltani et al., 2019b, 
Soltani et al., 2019a, Liu and Liu, 2008). 

Simultaneously, the positive values of ∆S° indicated 
an increase in the degree of freedom and randomness at 
the solid-solution boundary during the adsorption of 
Pb(II) onto Fe3O4/SiO2/KCC-1. In this situation, some 

internal structure changes may occur in the adsorbent. 
Furthermore, the positive value of ∆S° indicated the 
good affinity of the adsorbent for the Pb(II) ions. The 
thermodynamic study revealed the physical nature of 
adsorption with no structural alteration at the adsorbent–
adsorbate interface. Table 13 reports the results of the 
thermodynamic study on the adsorption of Pb(II) onto 
some mesoporous absorbents. Accordingly, the values of 
∆G° decreased as the temperature increased, a fact which 
indicated higher spontaneity at higher temperatures. At 
higher temperatures, lead ions are readily desolvated. Its 
diffusion through the medium and within the pores 
(intra-particle diffusion) would be a faster process 
contributing to the higher probability of lead adsorption 
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(Xin et al., 2012). 
Moreover, the increase in the adsorption capacity of 

mesoporous adsorbents at higher temperatures can be 
caused by the enlargement of pore size and activation of 
the adsorbent surface (Masue et al., 2007). 
 
3.9. Reusability and real wastewater 
treatment 
In the actual treatment process, it is generally necessary 
to prepare excellent adsorbents with high desorption 
efficiency and good reusability to keep the cost at the 
lowest level. In this study, the capacity of the synthetic 
adsorbent for recycling and reusability for seven 
consecutive cycles were analyzed under the optimum 
conditions.  

After the absorption process at each step, the 
adsorbent was separated from the Pb(II) solution by 
applying an external magnetic field. The Pb(II)-loaded 
adsorbent was then desorbed through a 2% (v/v) HNO3
solution. After desorption, the adsorbents were 
regenerated with a 0.1 M NaOH solution, then washed to 
neutral with distilled water, and reused after heating to 
150 °C (Rott et al., 2018). 

The regeneration study indicated that the adsorbent 
could be used for up to five cycles because the activity 
of the adsorbent and the absorption efficiency declined 
after the fifth cycle. 

Three different petrochemical industry wastewater 
samples were utilized to evaluate the ability of 
Fe3O4/SiO2/KCC-1 magnetic composite in industrial 
wastewater treatment.  

For this purpose, wastewater samples of the 
petrochemical industry were first filtered through a 0.45-
µm Millipore membrane filter before the analysis to 
remove suspended particles and impurities. To analyze 
the effects of the sample matrices on the removal 
process, the samples were spiked by known 
concentrations of Pb(II) ions at two levels, 5 and 15 ng 
ml-1. The proposed method was then implemented under 
optimal conditions. 

According to Table 14, the maximum removal 
efficiency rates for the lead ions in the studied samples 
1, 2, and 3 were reported 62%, 55%, and 60%, 
respectively. 

These results indicated the optimal efficiency of the 
concerned adsorbent in the removal of Pb(II) ions from 
real wastewater. The high selectivity of synthesized 
adsorbent to target metal ions is still a challenge, which 
can encourage more efforts to functionalize adsorbent 
surfaces with desired chemical groups that can 
selectively bind specific metal ions. 
 

4. Conclusion 
In this study, a novel magnetic adsorbent 
(Fe3O4/SiO2/KCC-1) was successfully synthesized 
through a surfactant-templated microemulsion formation 
process. The high saturation magnetization (62.8 emu 
g-1) of the prepared mesoporous adsorbent indicated easy 
and fast separation from water under a moderate 
magnetic field. The specific surface area of the 
mesoporous adsorbent was 835 m2 g-1, and the pore 
diameter was centered at around 2.5 nm. The 
independent factors (pH (A), adsorption dosage (B), 
contact time (C), and temperature (D)) in Pb(II) removal 
were optimized through the RSM combined with CCD. 
The optimal conditions were found at a pH of 5.6, a 
temperature of 80°C, an adsorbent dosage of 0.04 g L-1,
and a contact time of 38 min, with the predictable Pb(II) 
removal rate of 93.97% and the experimental Pb(II) 
removal rate of  90%. Temperature and pH were the 
most important parameters that affected Pb(II) 
adsorption on Fe3O4/SiO2/KCC-1. The isotherm study 
was best fitted with Langmuir’s model, a finding which 
indicated that monolayer adsorption occurred on the 
surface of the homogenous adsorbent. 

According to Langmuir’s model, the maximum 
uptakes were reported 574.4 mg g-1, a finding which was 
in good agreement with the maximum experimental 
uptake capacity (552.5 mg/g-1). The resultant 
thermodynamic parameters indicated that the adsorption 
of Pb(II) on Fe3O4/SiO2/KCC-1 was spontaneous 
(negative values of ∆G°) and endothermic (positive 
values of ∆H°). In addition, the positive value of ∆S°

suggested the increased randomness at the solid–liquid 
interphase during the adsorption of Pb(II) onto 
Fe3O4/SiO2/KCC-1. This adsorbent could be recovered 
and reused at least five times with no considerable 
decline in its performance. 

In conclusion, the synthesized nanocomposite is a 
nontoxic, recoverable, and environmentally friendly 
adsorbent that can be used as an efficient adsorbent 
material for the removal of Pb(II) from an aqueous 
solution. The ability of these nanoparticles to transfer 
molecules fast due to their radial-like direct channels and 
large pore size together with their good adsorption 
capacity can make them promising materials for 
different applications such as water treatment and 
biomedical engineering. 
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