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Abstract
In this study, magnetic material was synthesized using iron salts, then silicon-spe-
cific material was used to gain porosity, straight-chain polyacrylamide (PAM) was 
modified to give the surface functional properties, and the final product synthesized 
 Fe3O4/SiO2/PAM nanocomposite material. Heavy metal (Pb and Cd) removal stud-
ies were carried out with the synthesized composite material, considering the cen-
tral composite design and response surface methodology (CCD-RSM) optimization 
model. The effects of various parameters, for example, the initial concentration, pH, 
adsorbent dose, temperature and contact time, were investigated as a part of this 
study. To optimize these parameters, the CCD-RSM model was applied to design 
the experiments. Analysis of variance (ANOVA) was applied to evaluate statistical 
parameters and investigate interactions of variables. In the designed experimental 
set, the amount of adsorbent (30  mg), pH 7.0 value, temperature (40  °C), initial 
concentration of Pb (80  mg/L) and Cd (20  mg/L) and 90  min contact time were 
determined as the optimum conditions. The high coefficient of determination of both 
metals showed good agreement between experimental results and predicted values 
(R2 0.99; 0.95). TEM, SEM, XRD, FTIR, BET and Zeta potential analyses were 
performed to characterize the structure and morphology of the adsorbent. In  Pb2+ 
and  Cd2+ heavy metal removal studies, maximum adsorption capacities were deter-
mined as 66.54 and 13.22  mg/g, respectively. Additionally, adsorption isotherms, 
adsorption kinetics and thermodynamic modeling studies were conducted. Features 
such as large surface area and high adsorption capacity of the synthesized nanoparti-
cles were observed. In this study,  Fe3O4/SiO2/PAM demonstrated its potential as an 
effective adsorbent for the removal of heavy metal ions present in simulated waste-
water samples. In particular, we can say that the material has a strong selectivity, as 
well as a high affinity for Pb(II) ions.
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Introduction

Wastewater generated as a result of industrial, agricultural and human activities 
causes contamination of water resources and environmental pollution. The pres-
ence of toxic and hazardous heavy metals can cause serious negative impacts on the 
environment and human health. For decades, the excessive release of heavy met-
als into both surface and ground water resources has raised serious concerns among 
researchers around the world [1]. Unlike organic pollutants, heavy metals are not 
biodegradable and tend to accumulate in living organisms. Also, many heavy metal 
ions are known to be toxic or carcinogenic [2]. Therefore, water pollution with dif-
ferent heavy metals such as lead (Pb) and cadmium (Cd) has become a serious issue 
that needs to be addressed due to their high toxic risks for the environment and 
human health [3, 4]. It is known that long-term exposure to heavy metals can cause 
diseases such as cancer, systemic sclerosis or diabetes. Heavy metals such as lead 
and cadmium, which can significantly pollute the environment, are among the most 
toxic elements according to the ATSDR (Agency for toxic substances and disease 
registry) [5]. Accordingly, removing or reducing toxic ions from industrial wastewa-
ter is becoming increasingly important. Common techniques used to remove metal 
ions from wastewater include precipitation, ion exchange, adsorption, filtration and 
electrolytic processes. Among these methods, adsorption is widely used due to its 
low economic cost and easy recovery [6, 7]. In adsorption, the presence of chemi-
cal functional groups on the adsorbent surface is an important factor affecting the 
adsorption process [8]. Especially in adsorption applications, modification processes 
with organic functional groups can be widely used to increase the surface stability of 
magnetic nanoparticles and reduce the phenomenon of agglomeration [9]. The most 
basic thing to consider here is that materials and methods that are environmentally 
friendly, have low economic value and have high performance should be preferred 
[10, 11].

Nanostructured adsorbents are thought to provide much higher efficiency and 
faster adsorption in environmental treatment compared to traditional adsorbent 
materials [12, 13]. The usability of magnetic nanoparticles in the adsorption process 
is possible by increasing the adsorption capacity, surface activation and improving 
chemical stability. Here, modification, easy removal and reusability are among the 
most important issues that should be emphasized.

Superparamagnetic materials to be prepared using metal ions have (1) superpara-
magnetic properties, (2) high dispersibility, (3) stability, (4) large surface area, (5) 
ease of synthesis, (6) ultrafine particle size and (7) surface modification. They are 
effective adsorbents for the treatment of wastewater containing heavy metal ions 
[14, 15]. However, its direct application may limit its use in some cases due to vari-
ous facts such as (1) reduction of surface area due to inevitable agglomeration, (2) 
uncertainty due to environmental settings, (3) toxicity, (4) leaching and (5) oxida-
tion [16, 17]. To overcome this situation, coating its surface with non-magnetic 
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shell (encapsulation of magnetic particles with organic or inorganic materials) is 
an attractive way to overcome the above-mentioned problems. This may also lead 
to a decrease in the toxicity of the magnetic material, its biocompatibility and an 
increase in its performance [18, 19].

In studies on the subject, it is seen that polymer-based materials can be highly 
preferred due to their adsorption properties and use for modification purposes [20]. 
After the  Fe3O4 composite material is given magnetic properties, it can be easily 
removed from the aqueous environment.  Fe3O4 has the potential to overcome many 
limitations in applications and provide more effective advantages. Non-toxic silica 
is a very excellent surface coating material for magnetic nanoparticles, forming 
an external protective layer to protect magnetic nanoparticles. Additionally, high-
yield composite materials can be synthesized by coating polymer on  Fe3O4/SiO2. 
Polyacrylamide [PAM,  (C3H5NO)n] has a linear chain structure and is highly water 
absorbent and has the ability to form a soft gel when hydrated. Due to this feature, it 
has been transformed into a superior nanocomposite by adding it to previously syn-
thesized magnetic silicate nanomaterial. It is thought that obtaining a porous mate-
rial with high solid/liquid interface activity by synthesizing  Fe3O4/SiO2/PAM is very 
high as a result of various variations. In the similar studies, since the interaction of 
 SiO2 and  Fe3O4 gives the material a core–shell feature, it increases the adsorption 
feature of the composite material [21]. Additionally, considering that  Fe3O4 nano-
particles may cause instability in acidic solution and their applications may be lim-
ited, there are studies showing that silica layer and PAM materials can provide more 
protection and effectiveness to the magnetic particle.

In the presented study,  Fe3O4/SiO2/PAM magnetic nanoadsorbent material was 
synthesized, characterized and used as an adsorbent material in the removal of  Pb2+ 
and  Cd2+ ions from water samples. Modifying the  Fe3O4/SiO2 material surface by 
synthesizing straight-chain polyacrylamide is a unique situation in the literature. The 
functional groups provided by the straight-chain polymer provide active sites spe-
cific to the surface area of the synthesized material. In the presented study, it was 
aimed to develop a selective material with adsorbent and functional groups that can 
be easily removed by the effect of magnetic field in aqueous environment. Therefore, 
this situation constituted the purpose and originality of our study.

The adsorption capacity of the material was examined using the CCD-RSM 
experimental design optimization model on  Pb2+ and  Cd2+ adsorption, consider-
ing parameters such as pH, initial metal concentration, adsorbent dosage, tempera-
ture and contact time. Adsorption isotherm models and kinetic and thermodynamic 
studies were conducted to determine the adsorption behavior of  Fe3O4/SiO2/PAM 
nanoadsorbent material.

Materials and methods

Reagents

The reagents used in the experiments were obtained commercially. Iron 
(III) nitrate nonahydrate (Fe(NO3)3·9H2O), iron(II) sulfate heptahydrate 



14516 Polymer Bulletin (2024) 81:14513–14545

1 3

 (FeSO4·7H2O), ammonia solution  (NH4OH 25%), tetraethyl orthosilicate (TEOS), 
polyvinyl pyrrolidone (PVP), toluene  (C6H5CH3), magnesium sulfate  (MgSO4), 
acrylamide  (C3H5NO) and benzoyl peroxide  (C14H10O4) were supplied by Sigma-
Aldrich. Pb(II) and Cd(II) standard solutions were purchased from Merck. Pur-
chased analytical grade chemicals (99%) were used as received without any fur-
ther processing. Ultrapure water (18.2 mω cm) was used to prepare the working 
solution in all experiments.

Polyacrylamide (PAM) synthesis

Toluene, which was used as a solvent in the experiment, was dried with anhydrous 
 MgSO4 to remove any traces of water it might contain. The system was placed in 
a water bath, and when the temperature was fixed at 80 °C, acrylamide (14.21 g) 
was added to the solvent and the mixture was mixed for 10 min. Then, (0.40 g) 
benzoyl peroxide (BPO) was dissolved in 20 ml toluene and added to the reaction 
medium. Polymerization started with the addition of initiator (BPO). During the 
reaction, nitrogen gas was passed through the system and the polymerization was 
terminated by mixing for approximately 3 h. Polyacrylamide, which is insoluble 
in toluene, was washed 3–4 times with hot toluene to remove excess initiator. The 
washed polymer was dried in an oven at 60–65 °C for approximately 3–4 days to 
remove its solvent. The scheme of the synthesized polymer is given in Fig. 1.

Fe3O4 synthesis

Fe3O4 nanoparticles have been traditionally synthesized by coprecipitation 
method. First of all, the amounts of chemicals that will react are calculated. The 
experimental process was started by using a 16.16 g Fe(NO3)3 and 5.56 g  FeSO4 
salts in 100 mL of distilled water. This process was carried out with the help of 
a sonicator to ensure maximum interaction in terms of homogeneity and degra-
dability. After obtaining a homogeneous mixture, 25%  NH3 solution was added 
until it turned black, slowly dropping it to pH 10, and stirred for two hours at 
room temperature. Afterward, the prepared magnetic nanoparticles were sepa-
rated from the solution with a magnet, washed with ethanol and deionized water 
and then dried under vacuum at 60 °C. Thus,  Fe3O4 nanoparticles were obtained.

Fig. 1  Synthesis of PAM
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Fe3O4/SiO2 synthesis

The synthesis of  Fe3O4/SiO2 was carried out using a method described by [20]. 
Accordingly, 1.0 g of  Fe3O4 nanoparticles were added to 50 mL of distilled water 
and dispersed, and then 2 mL of tetraethylorthosilicate (TEOS) was added to this 
mixture. Then, 25 mL NaOH (0.1 M) was added dropwise while stirring at room 
temperature and stirred at 40  °C for one hour. Finally,  Fe3O4/SiO2 nanoparticles 
were washed several times with pure water and dried under vacuum at 60 °C.

Fe3O4/SiO2/PAM synthesis

0.2  g of the polyacrylamide (PAM) sample with a straight-chain structure, which 
was briefly explained above and synthesized in this context, was taken and dissolved 
in 100 ml of water for approximately 30 min. Then, 0.2 g of  Fe3O4/SiO2 nanoparti-
cles was added to this mixture and mixed. Afterward, 0.3 g of polyvinylpyrrolidone 
(PVP) was added and mixed for 5 h and washed several times with pure water. The 
obtained samples were dried under vacuum at 60 °C and stored away from light. The 
schematic situation of the prepared polymeric material is given in Fig. 2.

Characterization process

A comprehensive characterization study of the synthesized  Fe3O4/SiO2/PAM mate-
rial was carried out using various analytical techniques. To examine the material 
morphologically, elementally and structurally, JEOL JEM 1220 device was used for 
TEM analysis and Rigaku Smart-Lab X-Ray Diffractometer device was used for XRD 
analysis of phase changes in the samples. For SEM analyses, JEOL brand JSM-7600F 
model, Thermo Scientific, Nicolet Is10, was used for FTIR spectra (in the range of 
400–4000  cm−1), Zeta potential and mobility measurement device (MALVERN Nano 
ZS90) was used to determine the isoelectric point of the adsorbent, and MICROMER-
ITICS GEMINI VII 2390t (BET) Device was used for surface area measurements. 
In all adsorption experiments, it was used the ZHWY-200D Incubator device with 

Fig. 2  Fe3O4/SiO2/PAM nanocomposite material synthesis
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adjustable temperature and shaking speeds. The Agilent 240FS AA atomic absorption 
spectrophotometer was used for heavy metal analysis.

Adsorption experiments

The removal of  Pb2+ and  Cd2+ ions was carried out to evaluate the adsorption effi-
ciency of the synthesized adsorbent. Adsorption experiments designed by CCD-RSM 
are an effective method for modeling and optimizing various parameters affecting the 
adsorption of metals. These parameters include initial concentration, pH value, amount 
of adsorbent, temperature and contact time. Trace amounts of 0.1 M NaOH and 0.1 M 
HCl were used to adjust the suspension pH. All adsorption experiments were carried 
out with the help of an Incubator device with a constant stirring speed of 130  rpm. 
Concentrations of metal ions were determined using atomic absorption spectrophotom-
etry. The adsorption capacity (amount of metal ions adsorbed per unit mass) was calcu-
lated according to Eq. 1.

Here, qe is the adsorption capacity of the synthesized adsorbent (mg/g),  Co and  Ce 
are the initial concentration and equilibrium concentration of ions (mg/L), respectively, 
V is the solution volume (L), and m is the amount of adsorbent (g).

Experimental design and central composite design (CCD)

The experimental design was considered to optimize the critical parameters affecting 
the response function by simultaneously changing them and to improve the experimen-
tal result by performing a limited number of trials [22, 23]. The CCD-RSM method was 
applied to the experimental design to improve the removal performance as a response 
function and optimize the influencing parameters. Adsorbent amount (A), temperature 
(B), contact time (C), pH (D) and initial concentration (E) constitute the main param-
eters of the experimental design. Dependent variables were designed by coding lead 
(Pb: R1) and cadmium (Cd: R2). The total number of experiments to be performed on 
the CCD was obtained using the following formula:

Here, k is the number of independent parameters and L is the number of central 
points. Forty-four trials were designed using this equation. Two of the trial numbers 
were considered central points to reduce experimental errors. A quadratic polyno-
mial regression equation was used to relate the response variable to the independent 
variables.

(1)qe =
C0 − Ce

m
× V
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In this equation, Y represents the response function, while β0 is a constant coef-
ficient. “k” represents the total number of variables, and Xi and Xj denote the inde-
pendent variables  (C0, pH, mg, T and t). βi is the ith coefficient of linearity, βii rep-
resents the quadratic coefficient, βij is linear with the linear interaction coefficient, 
and ε is a random error. Analysis of variance (ANOVA) was used to evaluate the 
regression mathematical model for statistical significance. CCD-RSM was exam-
ined using DesignExpert software version 12 for statistical and graphical analysis of 
experimental data.

The adsorption experimental design and levels of independent parameters are 
given in Table 1. As seen in Table 1, five coded levels were studied using the CCD 
method: − α, − 1, 0, + 1 and + α, to which the parameter levels are related. For each 
parameter, + α indicates the highest level, 0 indicates the middle level, and −α indi-
cates the lowest level.

Results and discussion

Characterization of  Fe3O4/SiO2/PAM nanoadsorbent material

Various analytical techniques, for example, TEM, SEM, XRD, FTIR, Zeta potential 
and BET analyses, were used to characterize the structure and morphology of the 
 Fe3O4/SiO2/PAM nanoadsorbent material. The relevant results are presented below.

In Fig. 3, the TEM images of the all material samples are given. As can be seen 
from the figure, bare  Fe3O4 shows nanorods structure and lower aggregation with 
regular orders. Also, TEM images of  Fe3O4/SiO2 samples typically show dark, 
roughly rods-shaped  Fe3O4 nanoparticles embedded in a lighter, more diffuse  SiO2 
matrix. The contrast between the  Fe3O4 and  SiO2 phases in TEM images is due to 
the difference in their electron density.  Fe3O4 is more electron-dense than  SiO2, so 
it scatters electrons more strongly and appears darker in the image. When PAM-
supported  Fe3O4/SiO2  (Fe3O4/SiO2/PAM) materials were evaluated,  Fe3O4 and  SiO2 
morphology did not change and PAM has created a nebular image. The reason for 
this is beam sensitivity and low electron density. Beam damage manifests as blurred 
edges, holes or even complete disintegration of the polymer regions in the image. 

Table 1  CCD encoded 
experimental levels

Parameters Code Real values

− α − 1 0  + 1  + α

Adsorbent dosage (mg) A 20 30 40 50 60
Temperature °C B 15 20 30 40 45
Time (min) C 20 30 60 90 100
pH D 4 5 6 7 8
Concentration (mg/L) E (Pb) 30 40 60 80 90

E (Cd) 5 10 15 20 25
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Lower electron density results in weaker scattering, leading to a faint and less 
defined appearance compared to the other phases.

Changes in the surface morphology of adsorbents can provide certain information 
about the adhesion characteristics and mechanism. SEM and EDS results of adsor-
bents in the presented study are given in Fig. 4.

It can be seen from Fig.  4a, b and c that  Fe3O4/SiO2/PAM presents a regular 
spherical shape, and the magnetic particles do not have any breaking phenomenon. 
From comparing B and C, the decrease in mesopores shows that it is due to the 
adsorbed mass of adsorbates in the mesopores, which is consistent with the TEM 
results. EDS is widely used to determine the elemental composition, content, chemi-
cal value and chemical bonding properties of materials.

The size of nanoparticles was measured from the SEM micrograph using ImageJ 
software. It can be seen that the particle size of  Fe3O4,  Fe3O4/SiO2 and  Fe3O4/SiO2/
PAM is 22.27 ± 8.25, 26.52 ± 4.11 and 19.18 ± 3.11 nm, respectively. The increased 

Fig. 3  Fe3O4 a,  Fe3O4/SiO2 b and  Fe3O4/SiO2/PAM c TEM images of nanoparticles
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size of  Fe3O4 nanoparticles is explained by the  SiO2 coating. However, a decrease in 
particle sizes was observed later. This decrease was observed as a result of  Fe3O4/
SiO2/PAM reaching a porous and porous structure as a result of being coated with 
PAM.

Figure 5a shows the XRD pattern of the samples. As seen from the figure, four 
peaks of two theta degrees at 30.04, 35.44, 57.14 and 62.74 have been attributed to 

Fig. 4  A, B, and C SEM images of  Fe3O4,  Fe3O4//SiO2, and  Fe3O4/SiO2/PAM, respectively
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the pure  Fe3O4 with 220, 311, 511 and 440 planes, respectively. The X-ray analy-
sis revealed that the nanoparticles made by the sol–gel method possessed a specific 
arrangement of atoms known as the “spinel magnetite” cubic crystal structure [24]. 
For magnetite  Fe3O4 particles have a fairly high suitability between the peaks that 
appear in the sample with the literature Joint Committee on Powder Diffraction 
Standards (JCPDS) 19–0629. These same peaks were also observed in another sam-
ple containing  Fe3O4 nanoparticles coated with silica  (Fe3O4/SiO2). This suggests 
that even with an outer layer, the core of the nanoparticles still retains the charac-
teristic  Fe3O4 structure. However, there was another angle to consider: 2θ = 21.07°. 
This peak didn’t fit the typical  Fe3O4 fingerprint. This additional peak could be 
attributed to the presence of amorphous  SiO2. As known,  Fe3O4 nanoparticles were 
coated with  SiO2. While the core remained  Fe3O4, the presence of this peak suggests 

Fig. 5  XRD analysis of  Fe3O4,  Fe3O4/SiO2 and  Fe3O4/SiO2/PAM nanoparticles
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that the coating wasn’t entirely crystalline (ordered), but potentially had some non-
crystalline (amorphous) regions as well [25]. In order to see the peaks more clearly 
in the XRD analysis for PAM, spectra between 20° and 25°are shown in Fig. 5b. 
The X-ray diffraction pattern of polyacrylamide (PAM) appears as a blurry "bump" 
instead of sharp peaks (Fig. 5b). This “bump” tells us that the polymer doesn’t have 
a well-defined, ordered structure like a crystal, but rather a more disorganized, ran-
dom arrangement of molecules that is amorphous structure.

Crystallite sizes were calculated using Scherrer equation given below:

where d is the crystal size, K is a constant (0.89), k is the wavelength of X-ray, 
β is the full width of half maximum (FWHM) and θ is the diffraction angle. The 
most intense peak was referenced to calculate the average crystallite size of the sam-
ples. The average crystallite size of the samples was calculated as 0.234, 0.255 and 
0.256 nm, respectively. This indicates that the crystallite size of the  Fe3O4 did not 
change indicating  SiO2 forms a shell around the existing  Fe3O4 crystals. This shell 
acts as a barrier, preventing the  Fe3O4 crystals from growing or shrinking signifi-
cantly. Similarly, since the polyacrylamide is added after the  Fe3O4/SiO2 crystals 
have already formed, it won’t affect the  Fe3O4/SiO2 size.

Figure  6 presents the FTIR spectra of the all samples. In Fig.  6, the observed 
peaks at 632   cm−1 N–H bending, 1114   cm−1 C–N stretching, 1442   cm−1 C = O 
stretching (amide I), 1672  cm−1 N–H bending, (amide II), 2944  cm−1 C–H stretch-
ing, 3184   cm−1 C = O stretching (amide III) and 3409   cm−1 O–H stretching are 
shown, respectively [26].

Also, the FTIR peak of the pure  Fe3O4 shows five characteristic peaks at 
576  cm−1 Fe–O, stretching, 887  cm−1 Fe–O–Fe bending, 1384  cm−1 multiple modes 
(including Fe–O stretching and O–Fe–O bending), 1631   cm−1 O–H bending and 
3386  cm−1 O–H stretching (adsorbed water), respectively [27].

(4)d =
K�

�Cos�

Fig. 6  FTIR spectra of synthesized materials
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In the FTIR of  Fe3O4/SiO2, the peak at 557  cm−1 displays the Fe–O–Si stretching. 
This mode arises from the vibrations between the iron (Fe) and oxygen (O) atoms 
that are bonded to silicon (Si) atoms. In addition, another peak is at 1062  cm−1 Si–O 
stretching. It originates from the vibrations between the silicon (Si) and oxygen (O) 
atoms within the  SiO2 component of the material. For FTIR spectra of  Fe3O4/SiO2/
PAM, the monitoring four peaks at 566, 800, 1062 and 1643   cm−1 can be attrib-
uted to the above stretching and bending vibration with some shifting [28]. The shift 
observed in the peak position in the FTIR spectra can be connected to the change in 
bond length. When  Fe3O4 interacts with  SiO2, the Fe–O bond length involved in the 
vibration responsible for the peak can change. This change in bond length affects 
the vibrational frequency, resulting in a shift in the peak position. In this case, the 
Fe–O bond length may be slightly longer in  Fe3O4/SiO2 compared to pure  Fe3O4, 
leading to a lower vibrational frequency (lower wavenumber) and the observed shift 
to 557  cm−1.

A negative zeta potential value indicates that the surface of a particle or colloid in 
a suspension has a net negative charge. This net charge arises from the distribution 
of ions around the particle’s surface. Generally, a stronger negative value signifies a 
stronger repulsion between particles, preventing them from aggregating and poten-
tially leading to stability in the suspension [29]. Zeta potential data of the character-
ized and synthesized materials are given in Fig. 7.

From Fig.  7, the zeta potential of the  Fe3O4/SiO2 and  Fe3O4/SiO2/PAM was 
− 30.1 and − 9.19 mV, respectively. The net surface charge of the synthesized par-
ticles is negative. This result also allowed more efficient adsorption of positively 
charged metal ions. In addition, when the  Fe3O4/SiO2 surface was supported with 
PAM, the net surface negative charge value changed significantly toward positive 
axis indicating that the polymeric material PAM was effectively dispersed on the 
 Fe3O4/SiO2 surface.

The BET surface area is a measure of the total surface area of a material, includ-
ing both external and internal surface area. The Langmuir surface area is a measure 
of the external surface area of a material, which is the surface area that is accessible 
to gas molecules. As you can see in Table 2, the BET surface area of all three mate-
rials is greater than the Langmuir surface area. This is because the BET surface area 
includes the surface area of both the external and internal pores of the materials, 
while the Langmuir surface area only includes the surface area of the external pores. 
The material with the highest BET surface area and Langmuir surface area is  Fe3O4, 
followed by  Fe3O4/SiO2/PAM, and then  Fe3O4/SiO2, respectively. This suggests that 
 Fe3O4 has the most pores and external surface area than that of the others. In addi-
tion, the PAM resulted in an increase in the surface area of the material compared to 
 Fe3O4/SiO2. This result was due to the efficient interaction of the polymer material 
with  Fe3O4/SiO2, which resulted in an even greater increase in the adorable branch-
ing on the particle surface.

The pore and pore distributions of the materials are examined, and the results are 
given in Fig. 8. According to the International Union of Pure and Applied Chem-
istry (IUPAC) classification, if the diameters of the particles are less than 2  nm, 
between 2 and 50 nm and greater than 50 nm, they are classified as microporous, 
mesoporous and macroporous groups, respectively [30]. In general, it is seen that 
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Fig. 7  Fe3O4/SiO2 a  Fe3O4/SiO2/PAM b Zeta potential measurements

Table 2  BET and Langmuir 
surface area measurements of 
synthesized materials

Materials BET surface area Langmuir 
surface 
area

Fe3O4 106.21 235.91
Fe3O4/SiO2 47.41 95.89
Fe3O4/SiO2/PAM 59.91 125.63
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the pore diameters in all samples are in the range of 19.00–26.52 nm. This means 
that the adsorption process occurs mainly in physical form, and it is thought that 
the material modified with iron oxide and silicate and containing certain functional 
groups on the surface can have a high adsorption capacity even if the surface area is 
reduced. Moreover,  N2 adsorption–desorption is approximately equal for all materi-
als examined. It is reported that the IUPAC classification belongs to type IV, whose 

Fig. 8  BET analyses, pore size and pore volumes (a-Fe3O4, b-Fe3O4/SiO2, c-Fe3O4/SiO2/PAM)
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 N2 adsorption–desorption isotherm corresponds to the mesoporous nature of adsor-
bents [31].

Statistical analysis of adsorption studies

The effect of the parameters on  Pb2+ and  Cd2+ ions of the  Fe3O4/SiO2/PAM nanoad-
sorbent material was optimized, and its adsorption properties were examined. The 
second order describing the interrelationships between the experimental parameters 
and the response function was obtained as Eqs. 5 and 6 for Pb (II) and Cd (II):

Here Yqe is the adsorption capacity of the adsorbent material for Pb(II) and 
Cd(II). Adsorbent amount (A), temperature (B), contact time (C), pH (D) and initial 
concentration (E) are coded independent variables. The quadratic model was chosen 
to describe the effects of variables on heavy metal adsorption capacities. In Table 3, 
forty-four trial runs designed in CCD were completed and adsorption capacities for 
 Pb2+ and  Cd2+ were determined (Table  3). To evaluate the model obtained from 
CCD-RSM, analysis of variance (ANOVA) test of both heavy metals was performed 
(Tables 3 and 4).

Analysis of variance (ANOVA) was used to clarify the significance of the 
parameters and the adequacy of the model obtained from CCD-RSM. In studies 
conducted for both metals, the significance of the parameters and the adequacy 
of the quadratic regression model were confirmed by a small p value (< 0.0001). 
The significance of the model coefficients was evaluated by considering F and p 
values [32]. The fact that the F values of the model are high, 95.03 (Pb) and 23.45 
(Cd), shows that the model is significant (Table  5). Model category explains a 
large portion of the total variance and is statistically significant. The p values 

(5)

Yqe = 19.8045 − 2.11754(A) − 0.927942(B) − 0.134416(C)

+ 11.6516(D) + 1.0464(E) − 0.00116875(AB)

+ 0.00064375(AC) − 0.05875(AD) − 0.0189812(AE)

− 0.000341667(BC) + 0.0053125(BD) + 0.00135937(BE)

+ 0.0080625(CD) + 0.000521875(CE) − 0.03125(DE)

+ 0.0332219(A2) + 0.0148235(B2) + 0.000324874(C2)

− 0.542809(D2) + 0.00415588(E2)

(6)

Yqe = 2.92704 − 0.26902(A) − 0.202896(B) − 0.0797249(C)

+ 3.11195(D) + 0.270745(E) − 0.000709375(AB)

+ 0.000442708(AC) − 0.0327188(AD) − 0.00588125(AE)

+ 0.00104271(BC) + 0.0187812(BD) + 0.00296875(BE)

+ 0.00555208(CD) − 0.000585417(CE) + 0.0759375(DE)

+ 0.00526244
(

A
2
)

+ 0.00076615
(

B
2
)

+ 2.89664e − 05
(

C
2
)

− 0.255006
(

D
2
)

− 0.00575025
(

E
2
)
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Table 3  Pb(II) and Cd(II) adsorption capacity

Run Independent parameters Adsorption capacity  (qe)

Adsorbent 
dosage 
(mg)

Tem-
perature 
(°C)

Time 
(min)

pH (−) Concentration Pb2+ 
(mg/g)

Cd2+ (mg/g)

Pb(II) 
(mg/L)

Cd(II) 
(mg/L)

1 50 20 30 7 80 20 37.37 7.35
2 30 40 90 7 80 20 66.54 13.22
3 40 30 60 6 60 15 33.65 6.22
4 30 40 30 7 80 20 65.08 11.70
5 40 30 20 6 60 15 30.21 6.68
6 50 20 90 5 40 10 18.52 4.06
7 30 40 90 7 40 10 31.75 6.64
8 40 30 60 6 60 15 33.46 6.25
9 50 20 30 5 80 20 39.12 6.66
10 30 40 30 5 80 20 65.70 8.57
11 50 40 90 5 40 10 18.32 3.93
12 30 40 90 5 40 10 25.70 5.37
13 50 40 30 7 40 10 19.52 4.60
14 50 40 30 7 80 20 39.57 7.55
15 50 20 90 7 80 20 39.82 7.54
16 40 30 60 6 30 5 18.09 2.62
17 30 40 30 7 40 10 32.83 6.87
18 30 20 90 7 40 10 33.00 5.57
19 50 40 90 5 80 20 38.60 6.81
20 50 40 30 5 80 20 38.65 6.97
21 40 30 60 4 60 15 21.34 3.49
22 30 20 30 5 80 20 62.04 10.29
23 60 30 60 6 60 15 23.35 5.06
24 30 20 90 5 80 20 64.87 6.18
25 40 45 60 6 60 15 33.78 7.15
26 20 30 60 6 60 15 65.87 12.32
27 40 30 100 6 60 15 32.31 6.80
28 40 15 60 6 60 15 34.81 6.50
29 50 40 90 7 40 10 19.57 4.16
30 50 40 30 5 40 10 18.02 3.84
31 30 20 90 5 40 10 25.37 4.83
32 50 40 90 7 80 20 39.35 9.03
33 40 30 60 6 90 25 51.31 9.40
34 30 20 30 7 80 20 65.58 11.27
35 30 20 90 7 80 20 64.29 9.98
36 30 40 90 5 80 20 64.62 9.13
37 50 20 90 7 40 10 19.55 3.79
38 50 20 90 5 80 20 38.50 5.53
39 40 30 60 8 60 15 36.96 7.64



14529

1 3

Polymer Bulletin (2024) 81:14513–14545 

Table 3  (continued)

Run Independent parameters Adsorption capacity  (qe)

Adsorbent 
dosage 
(mg)

Tem-
perature 
(°C)

Time 
(min)

pH (−) Concentration Pb2+ 
(mg/g)

Cd2+ (mg/g)

Pb(II) 
(mg/L)

Cd(II) 
(mg/L)

40 30 40 30 5 40 10 28.25 4.72
41 30 20 30 7 40 10 31.83 5.83
42 50 20 30 5 40 10 18.67 3.66
43 30 20 30 5 40 10 29.45 5.33
44 50 20 30 7 40 10 19.75 3.63

Table 4  ANOVA of the model for  Pb2+ adsorption capacity

Source Sum of squares df Mean square F value p value

Model 11,126.17 20 556.31 95.03  < 0.0001 Significant
A-Adsorbent dosage 3591.78 1 3591.78 613.57  < 0.0001
B-Temperature 0.2140 1 0.2140 0.0366 0.8500
C-Time 0.0019 1 0.0019 0.0003 0.9858
D-pH 96.85 1 96.85 16.54 0.0005
E-Concentration 6562.79 1 6562.79 1121.09  < 0.0001
AB 0.4371 1 0.4371 0.0747 0.7871
AC 1.19 1 1.19 0.2039 0.6558
AD 11.05 1 11.05 1.89 0.1828
AE 461.17 1 461.17 78.78  < 0.0001
BC 0.3362 1 0.3362 0.0574 0.8127
BD 0.0903 1 0.0903 0.0154 0.9022
BE 2.37 1 2.37 0.4041 0.5313
CD 1.87 1 1.87 0.3198 0.5772
CE 3.14 1 3.14 0.5360 0.4715
DE 12.50 1 12.50 2.14 0.1575
A2 294.33 1 294.33 50.28  < 0.0001
B2 24.18 1 24.18 4.13 0.0538
C2 0.7406 1 0.7406 0.1265 0.7253
D2 7.86 1 7.86 1.34 0.2585
E2 30.41 1 30.41 5.19 0.0323
Residual 134.64 23 5.85
Lack of fit 134.62 22 6.12 339.01 0.0428 Not significant
Pure error 0.0180 1 0.0180
Cor total 11,260.81 43
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of the model are less than 0.05, indicating that the independent variables of the 
model have a significant effect on the response variable. In particular, the selected 
variables A, D, E, AE,  A2,  E2 for Pb adsorption capacity and A, B, D, E, AD, 
AE, BC, DE,  A2 for Cd and some interactions are significant model terms. The 
fact that some values are greater than 0.1000 indicates that the model terms are 
not significant. The high coefficients of determination of Pb (R2 0.99) and Cd (R2 

Table 5  ANOVA of the model for  Cd2+ adsorption capacity

Source Sum of squares df Mean square F value p value

Model 261.65 20 13.08 23.45  < 0.0001 Significant
A-Adsorbent Dosage 64.80 1 64.80 116.15  < 0.0001
B-Temperature 4.34 1 4.34 7.78 0.0104
C-Time 0.2382 1 0.2382 0.4269 0.5200
D-pH 24.26 1 24.26 43.48  < 0.0001
E-Concentration 138.79 1 138.79 248.80  < 0.0001
AB 0.1610 1 0.1610 0.2887 0.5962
AC 0.5645 1 0.5645 1.01 0.3249
AD 3.43 1 3.43 6.14 0.0210
AE 2.77 1 2.77 4.96 0.0360
BC 3.13 1 3.13 5.61 0.0266
BD 1.13 1 1.13 2.02 0.1683
BE 0.7051 1 0.7051 1.26 0.2725
CD 0.8878 1 0.8878 1.59 0.2198
CE 0.2468 1 0.2468 0.4423 0.5126
DE 4.61 1 4.61 8.27 0.0085
A2 7.14 1 7.14 12.79 0.0016
B2 0.0646 1 0.0646 0.1158 0.7368
C2 0.0062 1 0.0062 0.0110 0.9172
D2 1.68 1 1.68 3.00 0.0964
E2 0.5326 1 0.5326 0.9548 0.3387
Residual 12.83 23 0.5579
Lack of Fit 12.83 22 0.5832 1296.00 0.0219 Not significant
Pure Error 0.0005 1 0.0005
Cor Total 274.48 43

Table 6  Pb and Cd adsorption capacity statistical parameters

Pb(II) Cd(II)

Std. Dev 2.42 R2 0.9880 0.75 R2 0.9533
Mean 37.16 Adjusted R2 0.9776 6.70 Adjusted R2 0.9126
C.V. % 6.51 Predicted  R2 0.9460 11.15 Predicted R2 0.8100

Adeq precision 30.8465 Adeq precision 20.1063
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0.95) indicate good correlation fit between the actual and predicted values of the 
response. Therefore, we can say that the model fits the experimental data, con-
sidering the significant effects of the independent variables or parameters on the 
response.

The standard deviation of the model is determined as 2.42 (Pb) and 0.75 (Cd) 
and is shown in Table 6. The estimated R2 of 0.9460 for Pb is in reasonable agree-
ment with the adjusted R2 of 0.9776, and the estimated R2 of 0.8100 for Cd is 
in reasonable agreement with the adjusted R2 of 0.9126. The difference between 
them being less than 0.2 indicates the closeness of the model’s predicted values 
to the response values. Accuracy rates of 30.847 (Pb) and 20.106 (Cd) for both 

Fig. 9  Normal % probability plot of  Pb2+ and  Cd2+ adsorption capacity residues. a, b Graph showing the 
closeness between the predicted and actual values of Pb(II) and Cd(II) adsorption capacity c, d 
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metals, respectively, indicate high signal-to-noise ratio. The fact that these ratios 
are higher than 4 indicates the statistical suitability of the model.

Figure 9a, b visually shows the normal percentage probability plot of the experi-
mental capacity residuals. These graphs indicate how well the data obtained in the 
experiments fit the normal distribution. The fact that the points are approximately 
on the line shows that the data are closer to normal distribution [33]. This confirms 
that the data have a normal distribution. We can evaluate the agreement between 
predicted values and actual values according to Fig. 9c, d. The distribution of points 
close to the line indicates a difference between the actual values of adsorption 
capacities and the predicted values.

A distance indicates harmony, while a distance indicates deviation. In conclusion, 
both graphs were useful for visual analysis and provided important information for 
interpreting the experimental results.

Effects of selected parameters on adsorption

The effects of  Fe3O4/SiO2/PAM nanoadsorbent material on  Pb2+ and  Cd2+ adsorp-
tion capacities were analyzed with 3D surface graphics. Simultaneous optimization 
of the parameters and the effects of the designed variables on the response function 
are shown in Fig. 10.

Initial pH effect

The pH effect of  Fe3O4/SiO2/PAM nanoadsorbent material on  Pb2+ and  Cd2+ adsorp-
tion is shown in Fig. 10a and d. Solution pH is an important parameter that affects 
the  qe values of adsorbents by determining the presence and effectiveness of active 
sites on the nanoadsorbent [34]. A pH range of 4–8 was designed by CCD-RSM to 
determine the optimum conditions for both heavy metals. By increasing the pH val-
ues from 4 to 8, the adsorption capacity for  Pb2+ increased from 21 to 37 mg/g, and 
for  Cd2+ from 3.5 to 7.6 mg/g. Briefly, it was observed that  Pb2+ and  Cd2+ adsorp-
tion capacities showed an increasing and then decreasing trend with the increase of 
pH from 4 to 8. The maximum  qe value was obtained at pH 7, and the adsorption 
capacity reached saturation above pH 7. At high pH values, a decrease in  qe values 
was observed as a result of the formation of various metal complex ions or  Pb2+ 
and  Cd2+ precipitates. Another factor that determines pH range effectiveness is the 
adsorbent surface charge. Considering zeta potential measurements, it reveals that 
there is interaction between the negatively charged adsorbent surface and positively 
charged heavy metal ions at neutral pH. Therefore, the optimum value of pH 7 for 
both metals reflects a situation confirming this interaction.

Also, the low removal at low pH values can be explained by the presence of pro-
tons in the environment. It is expected that the surface of the polymer-coated mate-
rial will be positive at low pH, adsorbent–adsorbate interactions will be low due to 
the same charge, and as pH increases, the surface charge will shift from positive 
to negative, which will have a positive effect. It affects the adsorption of positively 
charged metal ions. In addition, the excess of OH ions in the high pH environment 
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Fig. 10  3D surface graphs showing the effects of parameters on  Pb2+ and  Cd2+ adsorption capacities



14534 Polymer Bulletin (2024) 81:14513–14545

1 3

can be attributed to precipitation of excretions in the form of metal hydroxide as well 
as adsorption. In all experiments, it was observed that Pb adsorption performance 
was higher than Cd at the same parameters. This is related to the fact that the atomic 
radius and covalent radius of Pb are higher than the values of Cd. Similar studies 
report that the lower hydration radius and higher electronegativity of Pb result in 
higher adsorption performance compared to other metals [34]. These results are par-
allel to the data we obtained.

Effect of adsorbent amount

Another parameter that affects adsorption capacity and is of critical importance is 
the amount of adsorbent. The effect of the amount of adsorbent was studied in the 
range of 20–60 mg as indicated in Fig. 10b and e. To determine the optimum condi-
tions, by increasing the amount of adsorbent between 20 and 60 mg, the adsorption 
capacity for  Pb2+ decreased from 66 to 24 mg/g and for  Cd2+ from 12 to 5 mg/g. 
A decrease was observed. The adsorption capacity reached the maximum value at 
30 mg for both metals. That is, with the decrease in the amount of adsorbent, there 
is an increase in  Pb2+ and  Cd2+  qe values. Additionally, increasing the amount of 
adsorbent resulted in saturation of the existing binding sites on the  Fe3O4/SiO2/
PAM surface. Another important situation encountered in the use of high amounts 
of adsorbents is the decrease in surface area as a result of aggregation of adsorbents 
[35]. Therefore, increasing the amount of adsorbent will not affect the  qe values.

Initial concentration effect

The effect of initial concentration on adsorption capacity was examined in the  Pb2+ 
30–90 mg/L and  Cd2+ 5–25 mg/L concentration ranges, as shown in Fig. 10c and 
f. It was observed that the adsorption capacity increased from 18 to 51 mg/g with 
increasing concentration for  Pb2+ and from 3 to 9 mg/g for  Cd2+. The adsorption 
capacities for both metals showed an increasing and then decreasing trend with 
increasing concentration. It was observed that the adsorption capacity reached the 
maximum value at the concentration of 80 and 20 mg/L for  Pb2+ and  Cd2+, respec-
tively, and they were considered optimum conditions. This can be explained by the 
fact that the number of adsorbent active sites increases as the concentration increases 
[36]. Additionally, the decrease in adsorption capacity at high concentrations may 
be associated with saturation of binding sites.

Contact time effect

As seen in Fig.  10c and e, contact time is one of the parameters that affects the 
adsorption capacity. To determine the optimum conditions, contact time was studied 
in the range of 20–100 min. The adsorption capacity for  Pb2+ and  Cd2+ was found 
to be 30.2 mg/g and 6.6 mg/g, respectively, as a result of 20 min contact time. It was 
observed that as the contact time increased, the adsorption capacity increased and 
reached the maximum  qe value at 90 min. The adsorption capacities of both metals 
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decreased in 100 min due to the desorption process. With the increase of contact 
time, saturation and desorption process occurred on the adsorbent surface [37]. As a 
result, the adsorption process reached equilibrium.

Temperature effect

Temperature can influence the process by increasing or decreasing the adsorption 
capacity, so it has a significant impact on  qe values. The temperature effect on the 
adsorption capacity of the nanoadsorbent material is shown in Fig. 10b and f. The 
temperature effect was investigated in the range of 15–45 °C, and the optimum value 
for both metals was determined as 40  °C. The adsorption capacity was observed 
to decrease above 40 °C, and this is due to the delay of chemisorption [38]. At the 
same time, the kinetic energy of metal ions increases with increasing temperature. In 
this case, we can understand that the bond between metal ions and the active sites of 
the  Fe3O4/SiO2/PAM adsorbent material is blocked or broken. Therefore, the elec-
trostatic interaction between the adsorbent and adsorbate is disrupted.

Optimization of parameters

CCD-RSM optimization process was applied to increase the adsorption capacity 
of the  Fe3O4/SiO2/PAM nanoadsorbent material and optimize the five parameters 
affecting adsorption. Optimum conditions were obtained by adjusting the desired 
target maximum for adsorption capacity and other independent parameters within 
certain ranges. In the experimental set designed for both metals, the amount of 
adsorbent (30 mg), pH value of 7, temperature (40 °C), initial concentration of Pb 
(80 mg/L) and Cd (20 mg/L) and contact time of 90 (min) were determined as opti-
mum conditions. The maximum adsorption capacity was calculated with the pro-
posed models and found to be 66.54 and 13.22  mg/g for  Pb2+ and  Cd2+, respec-
tively. The values obtained from the optimization results (Pb Desirability = 1 and Cd 
Desirability = 0.94) show that the predicted values are compatible with the experimental 
data.

Comparison of  Fe3O4/SiO2/PAM adsorption capacity with other adsorbents

To evaluate the adsorption capacity performance of  Fe3O4/SiO2/PAM nanoadsor-
bent material on  Pb2+ and  Cd2+ ions, a comparison with other adsorbents was made. 
The differences in  qe values of various adsorbents shown in Table 7 are due to the 
properties of the adsorbents such as functional groups and surface area. Compared 
to other adsorbents, the adsorption capacity of  Fe3O4/SiO2/PAM material is quite 
high.  SiO2 in its structure increases the physical properties of the material and pro-
vides resistance to acids and bases. In particular, –OH and –NH2 functional groups 
provide specific active sites to the adsorbent material. This indicates that the affinity 
between the adsorbent and metal ions is higher. Therefore, considering the  qmax val-
ues, we can say that the  Fe3O4/SiO2/PAM adsorbent material has a greater affinity 
for  Pb2+ ions.



14536 Polymer Bulletin (2024) 81:14513–14545

1 3

Adsorption mechanism

Figure  11 shows the FTIR spectra of the  Fe3O4/SiO2/PAM sample after/before 
adsorption. As can be seen from Fig.  11, there are new peaks in the spectrum at 
around 1640   cm−1 and 3400   cm−1. These peaks are indicative of the presence of 
water molecules, which suggests that the adsorbent has absorbed water during the 
adsorption process. In addition, the intensities of some of the peaks have changed 
after adsorption. For example, the peak at around 1030  cm−1 has decreased in inten-
sity. This decrease in intensity could be due to the interaction of the adsorbate mol-
ecules with the functional groups on the surface of the adsorbent. As the final, some 
of the peaks have shifted in position after adsorption. The peak at around 1540  cm−1 
has shifted to a slightly higher wavenumber. This shift could be due to changes in the 
hydrogen bonding interactions between the adsorbent and the adsorbate molecules.

Table 7  Comparison of 
adsorption capacity with other 
adsorbents

Adsorbent Adsorption capac-
ity (mg/g)

References

Pb2+ Cd2+

Fe3O4-Phenolics – 9.6 [38]
MNPs-NH2 40.1 – [39]
Fe3O4/cyclodextrin polymer 64.5 27.7 [40]
Floresan sensör FSCHP 11.0 7.5 [41]
OP/Fe3O4 magnetic composite 54.94 – [42]
Fe3O4@CPS 25.9 10.7 [43]
γ-Fe2O3-carbonaceous materials 20.1 2.88 [44]
Fe3O4-GS 27.95 27.83 [45]
Fe3O4/SiO2/PAM 66.54 13.22 This study

Fig. 11  FTIR spectra of the  Fe3O4/SiO2/PAM
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The adsorption mechanism for the adsorption of  Pb2+ and  Cd2+ metal ions on 
 Fe3O4/SiO2/PAM is designed in Fig. 12. It is reported that heavy metal ions can be 
adsorbed through electrostatic interaction, ion exchange and coordination [46]. In 
the presented study, metal ions are thought to form coordinated bonds with electron-
rich functional groups such as carbonyl and amino groups. The strong interaction 
between these functional groups and heavy metal ions shows that the synthesized 
nanoadsorbent material has high adsorption capacity. These results are consistent 
with FTIR results.

Adsorption isotherms

The widely used Langmuir and Freundlich models were used to evaluate the iso-
therm data on  Pb2+ and  Cd2+ adsorption and find the best model. These isotherms 
provide information for examining the equilibrium between the adsorbent and 
metal ions, as well as determining the adsorption capacity and equilibrium param-
eters. The Langmuir adsorption isotherm model states that adsorbed molecules are 
removed by monolayer adsorption on homogeneous surfaces without interaction. 
The linear formula of the Langmuir isotherm is as follows:

where  Ce (mg/L) is the equilibrium concentration,  qe (mg/g) is the amount of 
adsorbate adsorbed,  qmax is the maximum adsorption capacity and  KL (L/mg) is the 
Langmuir constant. The Freundlich isotherm is a model that describes the physical 
adsorption of substances onto the heterogeneous surface of an adsorbent. Compared 
to the Langmuir isotherm model, the Freundlich model has a broader scope that is 
not limited to single-layer adsorption and is represented by the following equation:

(7)
Ce

qe
=

1

KLqmax
+

Ce

qmax

Fig. 12  Adsorption mechanism
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where  qe (mg/g) is the adsorbed amount of adsorbate at equilibrium,  Ce (mg/L) is 
the adsorbate concentration at equilibrium,  KF (L/mg) is the adsorption capacity and 
n is the constant representing the intensity of the adsorption process.

Both adsorption isotherm models described above were used to study the adsorption 
behavior of the nanoadsorbent material and the competitive effect between both metals 
and the surface properties of the nanoadsorbents. The results obtained from these mod-
els are given in Table 8.

When Table 8 is examined, it is seen that the Langmuir model is higher than the 
Freundlich model. This shows that homogeneous monolayer adsorption of Pb and 
Cd adsorption occurs on nanoadsorbents. Additionally, the calculated  RL values are 
between 0 and 1, indicating that the adsorption is positive [34]. According to the Lang-
muir model, the qmax values obtained for  Pb2+ and  Cd2+ were 66.54 and 13.22 mg/g, 
respectively. A higher  KL value indicates a higher affinity between the adsorbent and 
metal ions. In this study, the  KL value of Cd(II) was found to be higher than the other 
metal.

Adsorption kinetics

Pb2+ and  Cd2+ adsorption kinetics were tested with two different kinetic models: 
pseudo-first-order and pseudo-second-order. These models describe the rate at which 
an adsorbate binds to an adsorbent surface and how this process changes with time. It 
is also widely used to evaluate adsorbent performance and predict adsorption capac-
ity [5]. Adsorption kinetic experiments were carried out at different concentrations and 
temperatures, taking into account the 30 mg adsorbent amount and pH 7 optimum val-
ues for both metals. Experiments were mixed at 130 rpm for a total of 90 min, taking 
samples every 15 min. The adsorption kinetic models are shown below as pseudo-first-
order Eq. (9) and pseudo-second-order Eq. (10).

(8)ln qe =
1

n
lnCe + lnKf

(9)log
(

qe − qt
)

= log qe −
k1

2.303
t

Table 8  Pb2+ and  Cd2+ 
adsorption isotherm parameters

Isotherm Pb(II) Cd(II)

Langmuir
qmax (mg  g−1) 66.54 13.22
KL (L  mg−1) 0.25 0.45
R2 0.98 0.97
Freundlich
KF (L  mg−1) 0.07 0.72
N 0.95 1.45
R2 0.90 0.91
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where  k1  (min−1) are pseudo-first-order and  k2 (g  mg−1  min−1) are pseudo-second-
order rate constants,  qe and  qt are the amount of metal ions adsorbed on the nanopar-
ticles at equilibrium and at any time t (mg  g−1), respectively. By plotting log  (qe −  qt) 
versus t plot and t/qt versus t plot,  k1,  k2 and  qe values were obtained.

In order to investigate the mechanism of adsorption, the pseudo-first-order kinet-
ics model and the pseudo-second-order kinetics model were used to test dynamical 
experimental data.

The correlation coefficients and the other parameters calculated from both mod-
els are given in Table 9. From these mechanisms, it was observed that the first-order 
kinetic model did not adequately fit the experimental values (R2 < 0.91).

As seen in Table 9, the equilibrium sorption capacity calculated for the second-
order model and the values of  qe,calc and  qe,exp for the polymer-coated magnetic 
material are very close to each other. Additionally, while the linear regression analy-
sis values of the first-order velocity equation were below R2 (0.94), the linear regres-
sion analysis of the second-order velocity equation gave a high R2 value (0.99). This 
shows that Pb and Cd adsorption onto  Fe3O4/SiO2/PAM follows the pseudo-second-
order model [47, 48].

Thermodynamic modeling

Thermodynamic modeling is a modeling process to mathematically explain the 
behavior of systems using the basic principles of thermodynamics. It is used to 
evaluate the efficiency and performance of the adsorption process. These stud-
ies help determine how effectively the adsorbent can retain the adsorbate and 
under what conditions the adsorption process is most efficient [49]. Therefore, 
thermodynamic studies of the adsorption process contribute to a more efficient 

(10)
t

qt
=

1

k2q
2
e

+
t

qe

Table 9  Pseudo-first-order and second-order kinetic models of  Pb2+ and  Cd2+ adsorption

Parameters qe,exp (mg/g) First order Second order

k1 (1/min) qe,calc (mg/g) R2 k2 (g/mg/min) qe,calc (mg/g) R2

Pb(mg/L)
40 32.34 0.08 29.2 0.89 0.01 31.74 0.99
60 46.77 0.08 43.29 0.90 0.009 47.61 0.99
80 62.37 0.061 64.58 0.90 0.004 62.51 0.99
Cd(mg/L)
10 6.39 0.045 5.58 0.91 0.01 6.78 0.99
15 9.29 0.04 7.22 0.88 0.02 9.67 0.99
20 13.22 0.02 11.48 0.90 0.008 13.19 0.99
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and sustainable use of adsorption. The enthalpy change (ΔH), Gibbs free energy 
change (ΔG) and entropy change (ΔS) of adsorption were calculated using the 
following equations:

Here,  KD is the equilibrium distribution constant, T(K) is the absolute tem-
perature of the solution, and R (8.314 J  mol−1  K−1) is the universal gas constant. 
By drawing 1/T graphs against  lnKD, ΔH° and ΔS° values were calculated from 
the slope and intercept, respectively.

As seen in Table  10, ΔH° is positive for  Pb2+ adsorption and  Cd2+ adsorp-
tion. This shows that both metal adsorptions are endothermic [50]. A positive 
ΔS° value indicates that the randomness of the adsorption process decreases dur-
ing possible interactions between metal ions and  Fe3O4/SiO2/PAM. Moreover, the 
negative ΔG° value confirms the spontaneous feasibility of the adsorption pro-
cess at the specific temperatures studied [51]. The increase in negative ΔG° val-
ues for  Pb2+ with increasing temperature shows that the adsorption of these ions 
on  Fe3O4/SiO2/PAM gives more positive results at higher temperatures, while in 
the  Cd2+ adsorption process, negative values occur spontaneously after 313 K. It 
is seen that this situation becomes endothermic up to a certain temperature and 
exothermic after a certain temperature. When the Gibbs free energy changes were 
examined at different temperatures in the range of 298–313  K, it was observed 
that as the temperature increased in  Pb2+ adsorption, ΔG° values decreased and 
the spontaneous realization potential increased (from − 7.454 to − 12.725). More-
over, in  Cd2+ adsorption, these values tended to move from positivity to nega-
tivity with increasing temperature (from 1.729 to − 3.018). Additionally, nega-
tive free energy values indicate that the adsorption process of the nanoadsorbent 
material on  Pb2+ and  Cd2+ metals may have a physical character [37, 52].

(11)KD =
qe

Ce

(12)ΔG = −RT��KD

(13)��KD =
ΔS

R
−

ΔH

RT

Table 10  Thermodynamic parameters of  Pb2+ and  Cd2+ adsorption

ΔH° (KJ/mol) ΔS° (KJ/mol.K) ΔG° (KJ/mol) R2

298 303 313

Pb 69.157 259.8 − 7.454 − 8.691 − 12.725 0.95
Cd 70.639 233.70 1.729 680.16 − 3.018 0.93
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Conclusions

In this study, the preparation, characterization and adsorption performances of  Fe3O4/
SiO2/PAM magnetic nanoadsorbent material in the removal of hazardous heavy metals 
such as  Pb2+ and  Cd2+ on simulated wastewater were investigated. As a result of the 
characterization studies carried out after the synthesis of the nanoadsorbent, it was seen 
that straight-chain polyacrylamide provides specific active sites on the material surface 
and significantly increases the adsorption capacity. When CCD-RSM optimization 
model is used, the amount of adsorbent (30 mg), pH value of 7, temperature (40 °C), 
initial concentration of Pb (80 mg/L), Cd (20 mg/L) and contact time of 90 min as opti-
mum conditions were determined. From the kinetic results, it was seen that the reaction 
rate followed the pseudo-second-order reaction and that the isotherm studies provided 
a better fit according to the Langmuir > Freundlich order. The maximum adsorption 
capacities were determined as 66.54 and 13.22 mg/g for  Pb2+ and  Cd2+, respectively. It 
has been observed that  Cd2+ adsorption is more effective, especially in low concentra-
tion ranges. Considering the adsorption capacities of both metals, it has been observed 
that the  Fe3O4/SiO2/PAM nanoadsorbent material exhibits high affinity and selective 
adsorption properties toward  Pb2+ ions. These properties will make it possible to use 
the nanocomposite material for potential applications.
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