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a b s t r a c t
In this study, synthesis of iron oxide doped methyltrimethoxysilane (Fe2O3-MTMOS) spheri-
cal magnetic nanocomposite was reported, based on the simple methodology for the enhanced 
removal of lead ions from wastewater. The synthesized magnetic nanocomposites were compre-
hensively characterized by using Fourier transform infrared spectrometer, field emission scanning 
electron microscope, X-ray diffraction, and energy dispersive X-ray spectroscopy. Fe2O3-MTMOS 
nanocomposite was then employed as an adsorbent for lead (Pb2+) and various adsorption param-
eters, such as pH, adsorbent dosage, contact time, and initial lead (Pb2+) ions concentration were 
analyzed and optimized. Adsorption process has been validated with different kinetic and isotherm 
model, where the experimental data was found to be in good agreement with pseudo-second-order 
(R2 = 0.986) and Freundlich isotherm (R2 = 0.993) as compared with other models. The adsorption 
capacity of the spherical Fe2O3-MTMOS nanocomposite was found to be relatively higher (105.5mg g–1) 
for lead ions. Adsorption isotherm, kinetic model, and free energy models predicted multilayer 
sorption pattern for lead ions onto spherical Fe2O3-MTMOS under physical adsorption forces.
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1. Introduction

In past few decades, owing to rapid industrialization, 
water pollution has become one of the biggest menaces to 
the environment. Amongst the various potential pollutants, 
heavy metals possess grave danger to the ecological system, 
especially, to aquatic ecosystem [1]. Heavy metal ions are 
the substances with atomic weights ranging from 63.546 

and 200.590, which are widely used in various industries 
[2]. Heavy metal ions, existing in elemental form or incor-
porated with organic species, possess significant harmful 
effects on human health and ecology causing serious envi-
ronmental problems [3,4]. Human exposure to heavy metal 
ions is extremely detrimental in higher concentrations and 
can cause neurodegenerative disorders, liver and kidney 
failure, and cancer [5]. Heavy metal ions usually exists in 
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water as colloids, particulate matter, and dissolved phases 
[6] bestowing adverse impact on water resources and caus-
ing water pollution which is a serious global environmental 
problem [2]. Lead (Pb2+) belongs to the class of heavy metal 
ions, is one of the most harmful and toxic heavy metal which 
is responsible for various antagonistic effects on the differ-
ent tissues of humans and other living beings. Furthermore, 
lead ions have found to be toxic for all form of living beings 
and probably carcinogenic [6]. Therefore, the removal of 
lead ions from the aquatic environment is an important task 
to conserve the aquatic habitats and prevent the spread of 
heavy metal poisoning [2,7]. According to Environmental 
Protection Agency (EPA) guideline the maximum residual 
limit level for lead ions must be less than/equal to 0.05 mg L–1 
in wastewater [8]. Various approaches have been applied for 
waste water remediation, such as adsorption, photocatalysis, 
membrane-based separation, electro-coagulation, biochem-
ical, and oxidative degradation [2,9–11]. Adsorption, due 
to its simple operation and ease of recovery, has been used 
most widely used for removal of heavy metals ions from 
waste water by employing numerous adsorbents including 
biomasses, fly ash, resins, rice husk ash, silica gel, alumina, 
and activated carbon [12]. However, in adsorption process, 
the most important issue to deal with, is establishing high 
stability, surface area, and efficiency of the sorbent material. 
Adsorption is remarkably effective technique since it does 
not add to secondary pollutants, ease of handling, cost effec-
tive, and environmentally friendly [13,14]. In fact, adsorption 
is an electrochemical process that occurs due to the imbal-
ance of superficial forces at the surface of sorbent material.

Nowadays with the fast progress in science and tech-
nology, the necessity of nanoparticles has become unde-
niable. Nanotechnology has become a versatile technique 
which has make scientists around the world, engineers, 
chemists, and physicians, capable of working at the molec-
ular and cellular levels [15]. The wide applications of mag-
netic nanoparticles have paved the way for development of 
new methods for synthesis of novel adsorbents to be used 
in removing hazardous substances from aqueous media 
[16,17]. Magnetic nanoparticles displays fairly unique prop-
erties and therefore, are widely used in various applica-
tions including data storage, body imaging, and catalysis 
[17,18]. Due to their high surface area and ease of separation 
from the media, magnetic materials are promising adsor-
bents in waste water treatment [19]. Furthermore, magnetic 
nanoparticles are distinguished by their shape, controlled 
particle size, higher stability, and narrow size distribution 
[17]. Due to the nano size, magnetic nanoparticles possess 
super paramagnetic properties, and are able to offer great 
potentials in a variety of applications whether in their bare 
or coated form with surface coating and functional groups 
suitable for the specific use.

Iron oxides usually are the first choice when coming 
to magnetic materials since these oxides have better mag-
netic properties, non-toxicity, and stability as compared to 
other magnetic nanoparticles [19,20]. Silica based nanopar-
ticles, which can be named silica nanoparticles or nano 
silicates, are of great interest in various researches due to 
their stability, low toxicity, facile synthetic route, large-scale 
availability, ability to combine, and functionalized with 
molecules and polymers, and various applications [21].

In the current investigation, we have reported a fac-
ile methodology for the fabrication of Fe3O4 nanoparticle 
doped methyltrimethoxysilane (Fe2O3-MTMOS) spherical 
nanocomposite with improved Pb2+ ions adsorption effi-
cacies. Since, MTMOS is affordable, non-toxic, possesses 
enhanced sorption affinity, and form three-dimensional 
silica network, it seems to be rationale to prepare mag-
netic nanocomposite for easy removal of Pb2+ ions. Hence, 
iron oxide doped methyltrimethoxysilane (Fe2O3-MTMOS) 
spherical nanocomposite was prepared and used as sorbent 
material for the adsorption of lead ions from waste water. 
The adsorption mechanism was elucidated by employing 
various kinetic models, where the experimental data was 
found to be in good agreement with pseudo-second-order 
model (R2 = 0.986). Freundlich, Langmuir, and Dubinin–
Radushkevich, models were analyzed for predicting adsorp-
tion behavior of Pb2+ ions onto Fe2O3-MTMOS, whereas, free 
energy model was examined for adsorption mechanism. 
Thus, Fe2O3-MTMOS nanocomposite can be employed as an 
efficient adsorbent material for removal of Pb2+ ions and can 
help in tackling the issue of heavy metal poisoning in waste 
water.

2. Experimental

2.1. Reagents and chemicals

Iron(II) chloride tetrahydrate (FeCl2·4H2O), Iron(III) 
chloride hexahydrate (FeCl3·6H2O), titanium(IV) butoxide, 
methyl trimethoxysilane (MTMOS), lead nitrate (Pb(NO3)2), 
ammonia (25%), high performance liquid chromatogra-
phy purity grade methanol, ethanol (97%), and hydrochlo-
ric acid (37%) were all obtained from Merck Chemicals 
(Darmstadt, Germany) and used as received. Lead metal 
stock solution (500 mg L–1) was prepared by dissolving cal-
culated amount of lead salt in deionized water and stored 
in refrigerator. Analytical grade chemicals and deionised 
water was used in the entire investigation.

2.2. Instrumentation

PerkinElmer Fourier transform infrared (FTIR) system 
(MA, USA) was run in transmission mode in the wavenum-
ber range of 400–4,000 cm−1 for recording the FTIR spectra 
of the synthesised materials. The surface morphology and 
elemental analysis of Fe2O3-MTMOS was performed at 15 kV 
using a JEOL scanning electron microscope (SEM, Tokyo, 
Japan) equipped with energy dispersive X-ray spectroscopy 
(EDX).

2.3. Sorbent synthesis

Fe2O3-MTMOS was synthesized via sol gel method, 
briefly; 500 mg of the synthesized Fe2+ and Fe3+ ions were 
dispersed in water/methanol solution of ratio 830:12 mmol 
and sonicated for 30 min for homogenization. Thereafter, 
1.5 mmol MTMOS was added under continuous stirring 
and followed by drop wise addition of 25 mmol ammonia 
(25%) under vigorous stirring for 15 min. The solution was 
then kept for 2 d at room temperature. Finally, the desired 
product (Fe2O3-MTMOS) was washed thoroughly using 



299H.R. Nodeh et al. / Desalination and Water Treatment 192 (2020) 297–305

deionized water, oven-dried for 24 h (100°C), and calcinated 
for 2 h at 450°C.

2.4. Adsorption methodology

Batch adsorption experiments were carried out to assess 
the adsorption efficiency of the proposed spherical nanoma-
terial for the removal of lead ions from wastewater. Some 
effective parameters such as solution pH (2–6.5), amount of 
sorbent (5–150 mg), contact time (10–210 min), and initial 
ions concentration of Pb2+ (10–200mg L–1) were studied to 
optimise the performance of Fe2O3-MTMOS. After the attain-
ment of adsorption equilibrium, an external magnet was used 
to remove the adsorbent-lead suspension and the concentra-
tion was measured by a flame atomic absorption spectros-
copy. The two main parameters; removal percentage of lead 
(R%) and equilibrium capacity Qe (mg g–1) were estimated 
according to Eqs. (1) and (2), respectively, given below:
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where C0 and Ce are the concentrations of lead in mg L–1 
before and after adsorption, m mass of sorbent in mg, and 
V the volume of aqueous sample solution in mL.

3. Result and discussion

3.1. Characterization

FTIR is a non-destructive, rapid method, which can save 
time to detect a pile of accessible functional groups and 
unstable sensitive molecules [22]. The FTIR spectrum of the 
synthesized material shown in Fig. 1a exhibited peaks at 
3,400 and 1,600 cm−1 which may be attributed to the surface 
hydroxyl (OH) groups. Most notable the peaks at 580 cm−1 
(Fe–O), 2,950 cm−1 (C–H bond in methyl group), the two 
sharp signals at 1,189 and 1,056 cm−1 (siloxane Si–O–Si) 
stretching vibrations confirmed the presence of the mag-
netite and silicate in the final product after sol–gel process. 
Finally, the peak at 810 cm−1 absorption band depicted the 
Si–C in MTMOS [7]. Thus, FTIR clearly illustrate the success-
ful synthesis of magnetic Fe2O3-MTMOS.

Elemental composition and surface morphology of the 
nanocomposite were studied with EDX and SEM. Fig. 1b 
shows the EDX analysis of the magnetic Fe2O3-MTMOS. 
As evident from Fig. 1b, the expected elements C (12% 
w/w), O (40% w/w), Si (46% w/w), and Fe (1.48% w/w) 
are observed clearly and in an appropriate proportion. 
The presence of high amount of O and Si in the EDX spec-
trum indicates that the synthesized adsorbent is rich oxy-
gen and silica containing functional groups which exhibits 
higher affinity toward metal ions. Figs. 1c and d represent 
the field emission scanning electron microscope (FESEM) 
micrograph for nanocomposite. As evident from the FESEM 
images, the Fe2O3-MTMOS exhibited perfect spherical 
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Fig. 1. (a) FTIR spectrum of Fe2O3-MTMOS nanocomposite, (b) EDX spectrum Fe2O3-MTMOS nanocomposite, (c) and (d) FESEM 
micrographs for spherical nanocomposite (Fe2O3-MTMOS).
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morphology. Since the morphology of the nanocomposite 
is uniformly spherical, therefore, the surface area is also 
higher. Moreover, the magnetic nanoparticles are not vis-
ible on the surface of the nanocomposite, which signifies 
that the Fe2O3 nanoparticles are completely coated by silane 
groups. Thus, the morphological analysis clearly indicates 
the successful synthesis of spherical nanocomposites with 
embedded Fe2O3 nanoparticles within the silane matrix.

The crystalline structure of as prepared nanosphere 
composite was investigated with X-ray diffraction (XRD) 
spectroscopy as shown in Fig. 2a. The broad signal at 2θ 
value of 20° is an indication for MTMOS silica network. 
The sharp signals observed at 2θ value of 29° (220), 35° 
(311), 42° (400), 54° (422), 58° (334), and 63° (400) are corre-
sponding to magnetic Fe3O4 nanoparticles as per the JCPDS 
file no. 01-071-6336. The broad signal at 20° indicates the 
amorphous structure for MTMOS spheres and extra sharp 
signals may be assigned to the cubic crystalline structure 
for magnetic nanoparticles.

The stability of the nanosphere composite was stud-
ied in terms of thermogravimetry analysis (TGA). Fig. 2b 
presents the TGA thermogram of MTMOS spheres which 
depicts the small weight loss (~2% w/w) and a big weight 
lost (~6% w/w) at 100°C–220°C and 450°C–680°C, respec-
tively. The first weight loss may be attributed to the decom-
position of hydroxyl functional groups and adsorbed free 
water. The second degradation may be due to decomposition 
of carbon based materials. Hence, the proposed material is 

thermally stable material, since at temperature 100°C–700°C 
only 8% w/w is lost is observed.

Vibrating sample magnetometer (VSM) is an efficient 
technique to envisage the magnetic properties of the mag-
netic nanocomposites. The freshly prepared Fe2O3-MTMOS 
was studied with VSM and its magnetic hysteresis graph 
is shown in Fig. 2c. As can be seen in the VSM plot, the 
hysteresis provided an appropriate saturation magneti-
zation (±3 emu) for Fe2O3-MTMOS nanosphere. Thus, this 
material is effectively magnetic in nature and is suitable to 
be removed from aqueous media by assistance of external 
magnetic field.

Nitrogen adsorption–desorption cycle was used to inves-
tigate the specific surface area (Brunauer–Emmett–Teller 
(BET)) of the magnetic nanosphere. Based on the adsorption–
desorption profile (Fig. 2d), the BET surface area was found 
to be 20.59 m2 g–1 with pore size of 0.31–1.0 nm and pore vol-
ume of 0.07 cm2 g–1. Hence, the framework structure of the 
as prepared Fe2O3-MTMOS nanosphere is mesoporous as per 
the IUPAC nomenclature for adsorption isotherms.

3.2. Effect of pH

Initial pH of the solution plays a vital role and is consid-
ered as one of the most important factors in sorption pro-
cess, since changing of aqueous pH leads to the change in the 
degree of ionization and properties of both sorbent surface 
and metal ions [15]. The surfaces of metal oxides are usually 
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Fig. 2. (a) XRD pattern, (b) TGA graph, (c) VSM hysteresis, and (d) BET adsorption–desorption profile for Fe2O3-MTMOS.
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comprises of hydroxyl groups that vary in form with dif-
ferent pH levels. In adsorption chemistry, the zero point of 
charge (pHzpc) is a vital parameter [23,24]. It is because, at 
pH < pHzpc, the adsorbent surface is positively charged and 
anion adsorption is more favorable and supported by elec-
trostatic attraction while at pH > pHzpc adsorbent surface 
is negatively charged and cation adsorption is favorable and 
sustained at this point [25]. The pHzpc for magnetic-silica 
based materials is usually falls within the pH range of 5–6.2 
[26]. Thus, in order to achieve maximum removal efficiency, 
effect of pH on lead removal by using Fe2O3-MTMOS was 
examined in a solution with 100 mg L–1 of lead ions in the 
pH range of 2–6.5 since at pH > 7 the lead ions under goes 
hydroxide precipitate [27]. As can be seen Fig. 3a, at low 
pH adsorption efficiency is low which may be attributed 
to the fact that at pH 2–4 the surface of adsorbent is posi-
tively charged (based on pHzpc) thereby causing electro-
static repulsion with metal ions. As the pH increases (from 4 
to 6), the adsorption efficiency also increases since at higher 
pH the adsorbent surface developed negative charge leading 
to strong electrostatic attraction between positively charged 
Pb2+ and adsorbent.

3.3. Adsorbent dosage

The mass of sorbent is considered as another important 
factor affecting the adsorption efficiency of the proposed 
sorbent. Generally, larger doses imply greater adsorption 
capacity providing more active sites but just to the extent 
that mass transfer limitation is overcome [28]. Adsorbent 
dosage was examine in the range of 5–150 mg (Fig. 3b) 
with 100 mg L–1 of initial concentration of lead ions and it 
is clearly evident by the obtained results that by increasing 
the dosage the removal efficiency also increase until 80 mg. 
Thereafter, removal percentage remained almost constant.

3.4. Kinetic study

Adsorption rate onto Fe3O4-MTMS was studied by 
varying the contact time from 10 to 210 min as illustrated 
in Fig. 4a. As can be seen from the obtained results, equi-
librium was accomplished after 120 min (R% > 80%) and 
further increase in contact time had no effect on Fe3O4-
MTMOS adsorption capacity. It is noteworthy that the 
trend was steeper at the beginning and turned constant 
upon increasing time, implying that the removal rate was 
initially higher since all active sites were uncovered and 
available causing a stronger flux and flow of lead ions on 
the adsorbent. However, with time, the rate decreased 
significantly and reached a steady state after equilibrium 
due to the lesser availability of the adsorption sites and 
decrease in free lead concentration.

The sorption rate of lead adsorption onto Fe3O4-MTMOS 
can be described by the different kinetic models and herein 
pseudo-first-order and pseudo-second-order kinetic mod-
els were applied at various experimental conditions for this 
investigation and their corresponding linear forms were 
expressed respectively, as follows:

ln lnQ Q Q k te t e−( ) = − 1  (3)

t
Q k Q

t
Qt e e

= +
1

2
2  (4)

where Qe and Qt are the adsorption capacity at equilibrium 
(maximum) and different time (t), respectively, in (mg g–1). 
k1 is the pseudo-first-order constant in (1 min–1) and k2 is 
the pseudo-second-order constant in (g mg–1 min–1). The 
corresponding linear plots of both models are presented in 
Figs. 4b and c, respectively, at the same Pb2+ ions concen-
tration at room temperature. The different parameters Qe, 
k1, and k2 were estimated from the slope and y-intercept 
of Eqs. (5) and (6), respectively (Table 1). According to the 
calculated R2 values, both models are applicable for kinetic 
process. In contrast, by comparing the experimental and 
theoretical Qe values it was observed that pseudo-second- 
order fits more with the adsorption experimental data as 
compared to pseudo-first-order.

3.5. Isotherm study

Adsorption isotherm (Fig. 5a) is the plot of sorption 
capacity (Qe, mg g–1) as a function of adsorbate residual initial 
concentration (Ce, mg L–1). These isotherms usually describe 
the relation between the sorbent surface coverage nature 
and the analytic concentration in solution at a given tem-
perature. Besides, the prediction of adsorption mechanism 
at equilibrium and the optimal adsorbate amount required 
for the quantitative adsorption (equilibrium) can also be 

(a)

(b)

Fig. 3. Effect of solution (a) pH and (b) adsorbent dosage on the 
adsorption process (initial concentration of lead ions 100 mg L–1).
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predicted by using these models. Adsorption isotherm was 
obtained by varying the initial concentration of Pb2+ ions 
from 10–200 mg L–1. As can be seen (Fig. 5a), by increasing 
the initial concentration the adsorption capacity (Qe) also 
increased considerably. The isothermal analysis pointed that 
the obtained isotherm is following the Type II adsorption 
pattern as set by IUPAC in 1985 [29].

In this work, the most common adsorption isotherm 
models namely Langmuir, Freundlich, and Dubinin–
Radushkevich models were adopted to examine the collected 
experimental adsorption data and to evaluate the maximum 
sorbent uptake capacity (Qm) for the Pb2+ ions.

The Langmuir isotherm model assumes a monolayer 
adsorption onto the sorbent surface predicting chemisorp-
tion tendency having limited homogeneous sites with the 
adsorption energy conserved and adsorbate transmigra-
tion absent. However, Freundlich isotherm is valid for both 
physisorption (multilayer) and chemisorption (monolayer) 
adsorption mechanisms. Dubinin–Radushkevich usually 
confirms the Langmuir isotherm model. Hence, the three 
mentioned models can be expressed in a linear form accord-
ing to Eqs. (5)–(8), respectively [30].
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Fig. 4. (a) Effect of adsorption time on removal efficiency (initial concentration of lead ions 100 mg L–1). Kinetic models of 
(b) pseudo-first-order and (c) pseudo-second-order.

Table 1
Kinetic models parameters for adsorption of lead ions 
(experimental Qe = 25 mg g–1)

Kinetic models Parameters Pb(II)

Qe (mg g–1) 1.88
Pseudo-first-order k1 (min–1) 0.0083

R2 0.974
Qe (mg g–1) 13.45

Pseudo-second-order k2 (g mg–1 min–1) 0.005
R2 0.986
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where KL, KF, and Kad are equilibrium Langmuir constant 
(L mg–1), Freundlich constant [(mg g–1) (L mg–1)1/n], and 
Dubinin constant related to sorption energy (mol2 kJ–2), 
respectively. n is the intensity of adsorption index lying 
between 1 and 10 showing the strength and favourability 
of interaction, Qe and Qm are the equilibrium and maximum 
monolayer amount of lead ions adsorbed onto the sorbent 
(mg g–1), respectively, and Ce the concentration of lead ions 
remained at equilibrium (mg L–1), Qs is the theoretical sorp-
tion capacity (mg g–1), T (Kelvin) is the temperature, and R 
is the gas constant (0.008314 kJ mol–1 K–1). E is the sorption 
energy, where, if value of E is <40kJ mol–1, the adsorption 
pattern follows the physisorption mechanism, whereas if 
values ranges from 40 to 800 kJ mol–1, it indicates chemisorp-
tion pattern [31,32].

The different model parameters of each equation were 
computed by plotting the graphs (Figs. 5b and c) and the 
results are summarized in Table 2. Based on the higher 
value of R2, it was proposed as which model represents the 
data better and the obtained results pointed that Freundlich 
model better fits with the data. Hence, the mechanism of 
Pb2+ ions adsorption onto the Fe2O3-MTMOS was found to 
be in compliance with the multilayer sorption with no fur-
ther addition of adsorbate by the physisorption force (E < 40 
kJ mol–1). The Freundlich constant value (KF) was found to be 
lower for sorption process but is still acceptable since sorp-
tion capacity generally can explain by adsorption isotherm.

Finally, the freshly prepared Fe2O3-MTMOS sphere were 
successfully reused for 10 successive adsorption–desorption 

cycles for the adsorption of lead(II) ion without any signif-
icant decrease in percentage removal. For regeneration, 
magnetic sphere adsorbent were washed with diluted hydro-
chloric acid (0.1 N) and distilled water after each cycle of 
removal.

3.6. Comparison

The lead(II) removal performance of newly fabricated 
Fe2O3-MTMOS was compared with recently reported 
adsorbents in terms of pH, contact time, and adsorption 
capacity and the compared parameter are listed in Table 3. 

 

(a)

(b)
(c)

Fig. 5. (a) Adsorption equilibrium and isotherm models (b) and (c).

Table 2
Isotherm parameters for adsorption of lead ions

Isotherms Parameters Pb(II)

Langmuir
Qm (mg g–1) 105.5
KL (L mg–1) 0.066
R2 0.885

Freundlich
KF [(mg g–1) (L mg–1)1/n] 7.35
n 1.57
R2 0.993

Dubinin–Radushkevich
Qs (mg g–1) 38.99
Kad (mol2 kJ–2) 0.0009
R2 0.852

Energy E (kJ/mol) 23.57
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The magnetic Fe2O3-MTMOS adsorbent showed appropriate 
adsorption capacity (105.5 mg g–1) as compared to cyclone 
steel dust, sulfonated MNPs, and ZnO-montmorillonite. 
As evident from the obtained data from Table 3, the prepared 
Fe2O3-MTMOS nanocomposite proposes greater adsorp-
tion efficiency for Pb2+ ions in a short duration and hence 
may be employed for effective treatment of heavy metals 
removal from polluted water thereby addressing the peril of 
environmental pollution.

4. Conclusion

Spherical magnetic nanocomposite based on methyltri-
methoxysilane (Fe2O3-MTMOS) was synthesized via sol–gel 
method and applied for removal of toxic lead ions from 
wastewater aqueous solution. Three well-known isotherm 
models were applied for validation of experimental data and 
Freundlich isotherm model was found to be well-fitted with 
the obtained results predicting multilayer pattern for lead 
ions uptake onto Fe2O3-MTMOS. By considering the exper-
imental and theoretical values for Qe, pseudo-second-or-
der kinetic model was well fitted to adsorption process. 
Moreover, free energy analysis suggested physical adsorp-
tion for multilayer adsorption of lead ions on the surface of 
Fe2O3-MTMOS. Hence, the synthesised spherical magnetic 
Fe2O3-MTMOS nanocomposite can be applied as an alterna-
tive adsorbent for wastewater treatment.
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