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Abstract
In this research, an amine-functionalized magnetic silica nanosorbent was prepared using the co-precipitation technique, and this
nanosorbent can be effortlessly detached using an external magnetic field. FTIR and SEM analyses identified that the
nanosorbent holds extraordinary adsorption characteristics for toxic metals’ (copper, cadmium, zinc, and nickel) removal. The
adsorption-affecting parameters were optimized, and the thermodynamic studies assessed that the adsorption process seemed to
be spontaneous, feasible, and exothermic. The pseudo-first-order and Freundlich models perfectly fit the kinetic and equilibrium
data, respectively. Langmuir monolayer capacity of the nanosorbent was analyzed using nonlinear evaluation methods such as
419.9 mg/g for copper, 321.9 mg/g for nickel, 217.3 mg/g for cadmium, and 137.6 mg/g for zinc. The used adsorbent was simply
rejuvenated using the 0.2 N HCl solution subsequently with intense agitation. The result of the present research confirms that the
produced nanosorbent can be effectively utilized for industrial wastewater management.
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Introduction

The progressive development of industries and technology
over the decade has increased the extremity of pollution in
our ecosystem. The contamination with substantial heavy
metal ions is considered to be one of the most alarming threats

because of their adverse characteristics such as high endur-
ance, intense poison, and higher non-biodegradability
(Cegłowskia et al. 2018). The human activities such as popu-
lation explosion, urbanization, industrialization, automobiles,
increased dumpsites, agricultural runoff, improper sewage
system, and household wastes lead to the heavy metal pollu-
tion (Abhishek et al. 2018; Kobielska et al. 2018). Industrial
sectors such as textiles, metal industry, fertilizer manufactur-
ing, and electroplating industries which release wastewater are
the major sources of heavy metal pollution (SenthilKumar
et al. 2011; Rangabhashiyamm et al. 2016). Due to the im-
proper monitoring of the industrial effluents, a noticeable
amount of harmful heavy metal ions have crept into the nature
inducing severe damage to the life of all kinds of living organ-
isms; later, it also leads to a deficiency of fresh water and
causes severe health impacts (Liu et al. 2019). The overdosage
of heavy metals affects the most delicate organs such as the
kidney, the liver, and the central nervous system of the human
body (Kumar 2014; Siyal et al. 2018). Harmful heavy metals
can apparently get bioaccumulated inside the human body
through various mediums such as air, water, and majorly
through the food chain, and also they get deeply deposited
into the plants and animals (Neeraj et al. 2015). Even in low
concentrations, some of the heavy metals such as copper,
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cadmium, zinc, lead, lithium, mercury, aluminum, nickel, ar-
senic, chromium, cobalt, and titanium are highly toxic wheth-
er it is in the mode of dissolved salts or metal ions, and they
can cause serious damage to flora and fauna (Kumar et al.
2011; Al-Senani and Al-Fawzan 2018; Castro et al. 2018;
Cegłowskia et al. 2018). The elimination of these heavy
metals from the industrial effluent has turned into an essential
issue on the grounds because of their deliberate negative im-
pacts on the environment and progressively prohibitive enact-
ments (Castro et al. 2018). Previously, diverse conventional
methods such as filtration, chemical precipitation, floccula-
tion, coagulation, dissolved air floatation, electrodialysis, ion
exchange, reverse osmosis, electrochemical method, extrac-
tion, cementation, advanced oxidation process, membrane
technology, spray drying, and microbial treatment have been
used for eliminating the toxic metal ions from the aqueous
solution (Basha et al. 2008; Castro et al. 2018; Cegłowskia
et al. 2018; Saravannan et al. 2018; Siyal et al. 2018). Due to
some of the adverse circumstances such as complexity, high
expenditure, high energy demand, sophisticated instrumenta-
tion, and expertise labor, the above primitive techniques pro-
crastinate in treating the effluents of lower metal ion concen-
tration. Another main disadvantage of these traditional
methods is that they produce secondary waste which is tedious
to treat (Castro et al. 2018; Neeraj et al. 2015). Adsorption is
one of the outstanding treatment technology used successfully
for decontaminating the heavy metal–containing wastewaters,
and this method is highly preferred for eliminating the indus-
trial contaminants such as heavy metals, dyes, and organic
pollutants. In addition, the adsorption is a simple, low-cost,
efficient, and eco-friendly methodology which can be used
both in the laboratory and industrial scale productively
(Hemavathy et al. 2019). Another added advantage of utiliza-
tion of adsorption technique is the ease in separation of the
used adsorbent from the aqueous solution and uncomplicated
regeneration of the spent adsorbent (Cegłowskia et al. 2018).
Predominantly various economically feasible adsorbents such
as saw dust, rice bran, Pinus kesia, biochar, cashew nut shell,
bamboo, leaf biowaste, coffee waste, green macroalgae, poly-
saccharide, wild herbs, biopolymers, functional polymers, car-
bon spheres, hydrogel, and chitosan have been used in the
adsorption of toxic heavy metal ions (Kumar et al. 2011;
Anitha et al. 2015; Rangabhashiyamm et al. 2016;
Cegłowskia et al. 2018; Kumar et al. 2018; Lee and Choi
2 0 1 8 ; L u e t a l . 2 0 1 8 ; R a n g a b h a s h i y am a n d
Balasubramanian 2019; Rathinam et al. 2018; Semerjian
2018; Shah et al. 2010; Song et al. 2018; Al-Senani and Al-
Fawzan 2018; Suganya and Kumar 2018). The effectiveness
of the adsorbent depends on the nature of the adsorbent and
environmental conditions; moreover, during the utilization of
the natural adsorbents, the regeneration of the adsorbent gets
complicated and there arises a necessity for further purifica-
tion (Neeraj et al. 2015). In order, to overcome the

disadvantages of natural sorbents, the magnetic nanosorbents
are employed in treating the heavy metal ions more specifi-
cally and effectively. Magnetic nanosorbents consolidate the
attractive nanotechnology with biosorption paving way to ef-
fective removal of toxic metals from aqueous solution; further,
they can also be effortlessly separated from the aqueous solu-
tion using an external magnetic field (Castro et al. 2018).

The main objective of this research work is to verify the
effectiveness of amine-functionalized magnetic nanoparticles
in the elimination of toxic metals from wastewater. This ad-
sorbent utilized is eco-friendly and is also easily removed by
using an external magnetic field. This research work primarily
deals with the synthesis of an effective magnetic silica adsor-
bent followed by inducing amine functionalization to the ad-
sorbent. The synthesized amine-functionalizedmagnetic silica
nanoparticles were subjected to examine the biosorption of
heavy metals such as copper, cadmium, zinc, and nickel.
The various adsorption-influencing parameters such as pH,
adsorbent dosage, initial metal ion concentration, contact
time, and temperature have been experimented, and these pa-
rameters have been optimized for the effective removal of
these heavymetal ions from the aqueous solution. The adsorp-
tion isotherms, kinetics, and thermodynamics were also stud-
ied from the batch adsorption process. The used adsorbent can
be rejuvenated simply by using 0.2 N HCl several times with-
out losing its metal sequestration capacity.

Materials and methods

Chemicals and materials

All the chemicals used during the synthesis procedure of the
amine-functionalized magnetic silica adsorbent are of analyt-
ical grade, and it was acquired from Merck, India. The metal
salts used in this study such as copper sulfate pentahydrate
(CuSO4 · 5H2O), cadmium chloride (CdCl2), zinc sulfate
heptahydrate (ZnSO4 · 7H2O), and nickel acetate
tetrahydrate (Ni(OCOCH3)2 · 4H2O) were purchased from
Merck, India, and they are used in the preparation of the
heavy metal stock solution.

Synthesis of nanosorbent

Fe3O4 was synthesized according to the known procedure by
co-precipitation method (Kumar et al. 2014a, b; Paripoorani
et al. 2015). Eight milliliters of NH3.H2O was added dropwise
into a mixed solution containing FeCl3.6H2O (1.351 g, 5
mmol), and FeSO4.7H2O (0.695 g, 5 mmol) was dissolved
in 50 mL of deionized water under vigorous mechanical stir-
ring at 70 °C until the magnetite particles precipitated out.
After continuous agitation for 90 min, the magnetite precipi-
tates were collected by a permanent magnet, and the pH of the
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black precipitates was adjusted to 7.0 by subjecting it to con-
tinuous wash using deionized water. The precipitate was then
centrifuged and dried at 100 °C for a period of 2 h to attained
Fe3O4 nanoparticles.

Synthesis of Fe3O4@SiO2

The procedure consisted of slow addition of 10 mL of Fe3O4

nanoparticles (4.85 mg/mL) which was first dispersed in 1 mL
of freshly prepared APS solution and mixed with 25 mL of
deionized water. The mixture was sonicated for 30 min and
the solution was heated at 90 °C for 6 h with vigorous me-
chanical agitation. After that, 50 mL of ethanol and 5 mL of
TEOS were successively added in the above solution and
stirred for 24 h, during which the pH was controlled at 11.0
by the addition of NH3.H2O. Then the dark-brown precipitate
was washed with water and methanol for four times in each
case and separated with an external magnetic field several
times and denoted as Fe3O4@SiO2. The separated particles
were further dried in vacuum at 70 °C overnight to yield a
fine powder.

Instrumental analysis

The synthesized magnetic silica nanosorbent is characterized
using the Fourier transform infrared spectroscopy (FTIR), en-
ergy dispersive X-ray spectroscopy, and scanning electron mi-
croscope (SEM) analyses. The functional groups responsible
for the effective toxic metal sequestration which are existing
in the surface of the magnetic silica adsorbent are examined
using FTIR spectroscopy (4000–400 cm−1). The surface mor-
phology of the magnetic silica adsorbent is explored using the
scanning electronmicroscopy, and the EDX analysis is used to
determine the elements poised in the magnetic silica adsor-
bent. The initial and final concentrations of heavy metals pres-
ent in the exploratory solution were examined using the atom-
ic adsorption spectroscopy (ELICO SL-176 Double beam
AAS, India).

Adsorption-influencing parameter studies

The adsorption studies were performed by the amine-
functionalized magnetic silica adsorbent for all the four
heavy metals such as Cu(II), Zn(II), Ni(II), and Cd(II).
The stock solutions of all the four metals are prepared by
using their respective metal salts. The batch adsorption
process was performed in the Erlenmeyer flask containing
the magnetic silica adsorbent and the heavy metal solution.
The adsorption experiments were performed by differing
the various parameters such as pH, adsorbent dosage, tem-
perature, contact time, and initial metal ion concentration;
later, the adsorption kinetic, isotherm, and thermodynamic
studies were determined using the conclusions of

parameter studies. The batch adsorption studies were per-
formed in the Erlenmeyer flasks (250 mL) containing stock
solution of Cu(II), Ni(II), Zn(II), and Cd(II) ions of 100 mL
with the nanosorbent with various dosage levels depending
on the type of metal ion (Cu, 1 g/L; Ni, 1.5 g/L; Cd, 2 g/L;
Zn, 3 g/L) and the flask containing adsorbent and adsorbate
is subjected to agitation in the orbital shaker maintained at
130 rpm at 30 °C for an appropriate time interval. Then, the
used adsorbent is easily segregated from the aqueous solu-
tion using an external magnet, and the supernatant is sep-
arated using the filtration process and examined under the
AAS for determining the concentration of metal ions
adsorbed. Subsequently, the pH profile was adjusted from
2 to 8 and maintained using the 0.1 N HCl or 0.1 N NaOH,
and the optimum pH required for the maximum sequestra-
tion of metal ions is determined. Later, the initial metal ion
concentration of the four toxic metals (Cu (II), Ni(II), Cd
(II), and Zn (II)) are varied from 100 to 500 mg/L, and the
adsorption experiment is conducted with the optimized
level of adsorbent dosage (Cu, 1 g/L; Ni, 1.5 g/L; Cd, 2
g/L; Zn, 3 g/L). The contact time is one of the important
parameters to be analyzed and it is performed by varying
the incubation time in the shaker from 5 to 60 min, at every
5-min interval; the adsorbent-adsorbate mixture in the con-
ical flask is subjected to filtration and heavy metal concen-
trations are analyzed using AAS. The impact of the tem-
perature on the adsorption process was analyzed by
performing the adsorption process at four various temper-
ature profiles such as 30 °C, 40 °C, 50 °C, and 60 °C,
respectively. Every parameter studies are conducted in trip-
lets, and the concentration of all the four metal ions
(Cu(II), Ni(II), Cd(II), and Zn(II)) adsorbed by amine-
functionalized magnetic silica at varying process parame-
ters was used in further studies such as adsorption iso-
therms, kinetic, and thermodynamics.

The effective heavy metal removal efficiency is calculated
using Eq. (1) as follows:

Removal efficiency ¼ Co−Ceð Þ
Co

� 100% ð1Þ

Owing to the mass balance principle, the equilibrium con-
centration of the metal ions such as Cu(II), Ni(II), Cd(II), and
Zn(II) adsorbed onto the magnetic silica adsorbent is exam-
ined using Eq. (2):

qe ¼
Co−Ceð ÞV

W
ð2Þ

whereCo andCe are the initial and final concentrations (mg/L)
of the metal ions present in the aqueous solution, V is the
volume of metal ion solution (mL), and W is the mass of the
adsorbent (g).
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Thermodynamic study

The thermodynamic study is conducted to obtain the nature of
the adsorption process, the feasibility, and also the thermody-
namic parameters such as enthalpy change (ΔH°), entropy
change (ΔS°), and free energy change (ΔG°). These parame-
ters are calculated using the following equations:

ΔGo ¼ −RT ln Kð Þ ð3Þ

where R is the universal gas constant (8.314 J/mol K), T is the
optimum temperature, and K is the equilibrium constant. The
entropy change and enthalpy change are determined using the
following equation:

LogKC ¼ ΔSo

2:303R
−

ΔHo

2:303RT
ð4Þ

Adsorption isotherm studies

The Langmuir and Freundlich isotherms are the two adsorp-
tion models used in this adsorption process to explore about
the amount of metal ions adsorbed onto the magnetic silica
adsorbent. The adsorption isotherm models are utilized in ex-
amining whether the adsorption possess monolayer or multi-
layer adsorption types. The Langmuir model gives the affilia-
tion between the metal ion equilibrium adsorption capacity
(qe) and equilibrium concentration (Ce) (Flores Lopez et al.
2018). The Langmuir model in nonlinear form is expressed
using the following equation:

qe ¼
qmKLCe

1þ KLCe
ð5Þ

where KL is the Langmuir constant, qe is the equilibrium con-
centration of the metal ions, qm is the maximum monolayer of
toxic metal ion adsorption capacity of the adsorbent (mg/g),
and Ce is the final concentration of the metal ions present in
the aqueous solution after adsorption. The separation factor
(RL) is an important parameter used to presume the effective-
ness of the adsorption mechanism by determining the relation-
ship between the adsorbent and adsorbate; also, it is calculated
using the following equation:

RL ¼ 1

1þ KLCo
ð6Þ

The Freundlich isotherm in nonlinear form is indicated
using the following equation:

qe ¼ K FCe
1
n F ð7Þ

where Freundlich constant is denoted by KF (mg/
g)(L/mg)(1/n) and the intensity of adsorption is indicated
by nF. The Freundlich adsorption isotherm parameters
predict the concentration of the heavy metal ion adsorbed
onto the magnetic silica adsorbent and the adsorption ca-
pacity of the adsorbent in terms of bonding energy
(Neeraj et al. 2015). The adsorption equilibrium values
of the abovementioned heavy metals and the magnetic
silica nanoparticle were implied to the Langmuir and
Freundlich adsorption isotherm models with the help of
MATLAB 2009a software.

Adsorption kinetic studies

The adsorption kinetic studies are performed using two ad-
sorption models such as pseudo-first-order model and
pseudo-second-order model as described in Liu et al. (2019.)
The pseudo-first-order kinetic model is expressed using the
equation

log qe−qtð Þ ¼ logqe−
kad
2:303

t ð8Þ

where, kad = pseudo-first-order constant (min−1)
The pseudo-second-order kinetic model is expressed using

the equation

t
qt

¼ 1

k2qe2
þ 1

qe
t ð9Þ

where, k2 = pseudo-second-order rate constant
The adsorption equilibrium concentration values of the

adsorption of heavy metals and the magnetic silica nano-
particles were implied to the pseudo-first-order and
pseudo-second-order models with the help of MATLAB
2009a software.

Desorption studies

The reusability of magnetic silica adsorbent in the heavy
metal adsorption has been determined using the desorp-
tion study. The sequential adsorption and desorption of
heavy metals are performed repeatedly for around 5 cy-
cles with the same magnetic silica adsorbent. Around 100
mg/L of the four heavy metal (Cu(II), Ni(II), Cd(II), and
Zn(II)) solution are provided with the magnetic silica ad-
sorbent at different optimum dosage levels based on the
type of heavy metal, and the adsorbate-adsorbent mixture
is subjected to vigorous agitation followed by magnetic
separation. The obtained supernatant is analyzed under
AAS for determining the concentration of heavy metal
ion present in the solution. The spent magnetic silica ad-
sorbent is dried and rejuvenated using 0.2 N HCl.
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Results and discussions

Characterization studies

The magnetic silica adsorbent material is subjected to the
FTIR analysis to determine the presence of surface active
functional groups present in the nanosorbent. From the FTIR
results, it is concluded that the effective surface active func-
tional groups such as carboxyl, hydroxyl, and amine are pres-
ent on the surface of this nanosorbent which are highly re-
sponsible for the enhancement of the toxic metal adsorption
capacity. The scanning electron microscopy results inferred
about the surface morphology of the adsorbent. This magnetic
silica adsorbent possessed a good number of pores and cavi-
ties which strongly help in trapping the heavy metal ion.

Elimination of heavy metal under varied conditions

The adsorption of Cu(II), Ni(II), Cd(II), and Zn(II) ions onto
amine-functionalized magnetic silica nanoparticles was at varied
conditions of pH, temperature, initial metal ion concentration,
adsorbent dosage, and contact time. The variation of pH in the
adsorption of heavymetal ions affected the rate of adsorption in a
similar way. From the experimental results, it is concluded that all
the heavy metal ions followed a similar pattern, the extent of
adsorption gets elevated gradually with the increase of pH, and
the maximum metal recovery is attained at pH 5 which is con-
sidered to be the optimal pH. The rate of adsorption gets de-
creased gradually when the pH is raised above the optimal pH
condition. At low pH conditions, the availability of the hydrogen
ions is higher as compared with the metal ions’ availability and
only low adsorption of metal ions is possible. pH of the adsorp-
tion solution was increased with an increase in adsorption due to
lower availability of hydrogen ions as compared with metal ions
and most of the metal ions get adsorbed onto the adsorbent. The

adsorbent dosage is one of the significant parameters which de-
cides the feasibility and compatibility of the adsorption process.
When the adsorbent dosage is varied from 0.5 to 4 g/L, the
removal efficiency of the adsorption process gets increased with
the increase of the adsorbent dosage due to the maximum avail-
ability of active surface of the adsorbent, and the optimum ad-
sorbent dosage level of each heavymetal seemed to be Cu(II) = 1
g/L; Ni(II) = 1.5 g/L; Cd(II) = 2 g/L; and Zn(II) = 3 g/L. After
reaching the optimum dosage level, the rate of adsorption gets
saturated and lowered.When the influence of contact time on the
heavymetal adsorption is investigated, it is concluded that higher
removal efficiency of metal ions was observed at 30 min, while
exceeding the contact time after 30 min, there was no further
increase in the rate of adsorption inferring that the incubation of
30 min is enough for the efficient removal of all heavy metal ion
used in this experiment. The effect of contact time on the
adsorption is depicted in Fig. 1. In addition, the batch ad-
sorption experiments were performed by varying the initial
metal ion concentration from 100 to 500 mg/L. The in-
crease in metal ion concentration decreases the extent of
adsorption due to the fluctuations in the availability of
adsorption sites. The experimental investigation on the ef-
fect of temperature upon the removal of heavy metal ions is
studied, the increase in the temperature simultaneously de-
creased the removal efficiency, and the optimum tempera-
ture was found to be at 303 K. The various parameters
which enhance the effective elimination of heavy metal
using amine-functionalized magnetic silica are successful-
ly optimized using this optimization study.

Thermodynamic study

From the conclusions of the thermodynamic study, the parame-
ters such as Gibbs free energy change (ΔG°), enthalpy change
(ΔH°), and entropy change (ΔS°) have been evaluated. Negative

Fig. 1 Influence of contact time
on the metal removal by the
nanosorbent
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values are obtained for all the three parameters such as ΔG°,
ΔH°, andΔS°. The thermodynamic study results concluded that
the adsorption of Cu(II), Ni(II), Cd(II), and Zn(II) upon the mag-
netic silica adsorbent seemed to be spontaneous, feasible, and
exothermic in nature.

Adsorption isotherms

The equilibrium data obtained from the above studies are fitted
in the two-parameter models such as the Langmuir and
Freundlich models using MATLAB 2009a software (Fig. 2).
From the determined parameter values, the R2 values of the
Langmuir and Freundlich isotherms of the entire four heavy
metal ions are compared with one another and the best-fitted
model is determined. The parameter obtained from the
MATLAB through curve fitting is listed in Table 1. The iso-
therm study concluded that the R2 value of the Freundlich iso-
therm seemed to be higher than that of the Langmuir isotherm;
thus, this adsorption process is said to possess multilayer ad-
sorption capacity. The maximum adsorption capacity of all the
metal ions listed as per Table 1 is as follows: Cu(II) = 419.9 mg/
g; Ni(II) = 321.9 mg/g; Cd(II) = 217.3 mg/g; and Zn(II) =
137.6 mg/g. Among the four metal ions, the Cu(II) ions ex-
hibit a Langmuir maximum adsorption capacity of about

419.9 mg/g. In the current adsorption study, the RL obtained
is found between 0 and 1 which means that this adsorption of
heavy metal upon magnetic silica implied that the process is
feasible and reversible. From the Freundlich model, the nF
values obtained seemed to be greater than 1, which means this
heavy metal adsorption highly depends on physisorption. The
comparison of monolayer adsorption capacities of several ad-
sorbents used for heavy metal removal is listed in Table 2.
Comparing with all other absorbents, this magnetic silica
seemed to possess higher efficient monolayer adsorption ca-
pacity due to the nature and properties of the adsorbent.

Fig. 2 The nonlinear adsorption isotherm of Cu(II) ion (a), Ni(II) ion (b), Cd(II) ion (c), and Zn (II) ion (d) removal by nanosorbent

Table 1 Parameters for Langmuir and Freundlich equations

Metal
ions

Langmuir Freundlich

qm
(mg/g)

KL

(L/mg)
R2 KF ((mg/

g)(L/mg)(1/n))
nF R2

Copper 419.9 0.5463 0.898 172.3 3.861 0.9949

Nickel 321.9 0.1035 0.8974 75.33 2.998 0.9804

Cadmium 217.3 0.1068 0.9104 51.99 3.126 0.9957

Zinc 137.6 0.0991 0.909 32.45 3.184 0.9950
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Adsorption kinetics

The adsorption kinetics is studied using two models such as
pseudo-first-order and pseudo-second-order models using the
MATLAB software. The parameters obtained are listed in
Table 3. The correlation coefficient obtained in the pseudo-
first-order seemed to be higher than that in the pseudo-second-
order model, so it is evident that this adsorption process
seemed to be best fitted in pseudo-first-order model, and in
addition, it is also inferred that this heavy metal adsorption is
strongly supported by physisorption. These same kinetic

features are obtained in some of the similar works done by
Lee and Choi (2018). The kinetics’ equation curve fitting is
represented in Fig. 3. The kinetic parameter values are listed in
Table 3.

Desorption studies

The desorption study of this magnetic silica adsorbent con-
cluded that this adsorbent retained its adsorption capacity even
after 5 continuous adsorption and desorption cycles. The
desorbed adsorbent can be easily regenerated and used again

Table 2 Relative comparison of
monolayer adsorption capacity of
various adsorbents on heavy
metals

Metal ions Adsorbent qm (mg/g) References

Lead Kraft lignin 49.8 Chen et al. (2018)

Cobalt Wild herbs 40.82 Al-Senani and Al-Fawzan (2018)

Cadmium Ceramsite 3.86

Chromium Chitosan-lysozyme biocomposite 216 Rathinam et al. (2018)

Copper Ceramsite 4.96

Mercury Pseudomonas stutzeri 82.4 Manirethan et al. (2018)

Chromium Chitosan-magnetic biochar 42.6 Xiao et al. (2019)

Lead Persimmon leaf biowaste 22.59 Lee and Choi (2018)

Manganese SiO2 encapsulated zeolite 4.2 Wang et al. (2019a, 2019b)

Cadmium Oil tea shell 14.2 Liu et al. (2019)

Copper Magnetic silica 419.9 This work

Nickel Magnetic silica 321.9 This work

Cadmium Magnetic silica 217.3 This work

Zinc Magnetic silica 137.6 This work

Fig. 3 Adsorption kinetics for
Cu(II), Ni(II), Cd(II), and Zn(II)
removal by nanosorbent
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as a fresh adsorbent. Among all the four heavy metals used in
this adsorption experiment, copper seemed to be highly effec-
tive even after 5 subsequent cycles of adsorption and desorp-
tion. This characteristic of this adsorbent results in its feasibil-
ity and compatibility during the heavy metal removal.
Figure 4 depicts the metal recovery of the entire heavy metal
ion after 5 cycles of adsorption and desorption.

Conclusion

The experimental investigation, on the whole, concludes that
this amine-functionalized magnetic silica is a highly potential
adsorbent which can be used in the removal of toxic heavy
metal ions released from the industrial effluents. The magnetic
silica adsorbent is prepared using the co-precipitation tech-
nique in an eco-friendly approach, and it is effectively used
in the sequestration of some of the toxic metal ions such as
Cu(II), Ni(II), Cd(II), and Zn(II). Based on the characteriza-
tion results of the prepared adsorbent using FTIR and SEM,
the following outcome can be inferred: The preparedmagnetic
silica adsorbent possesses the ionizable functional groups
such as carboxyl, hydroxyl, and amine groups which are high-
ly helpful in active sequestration of all the four metal ions
mentioned above. In addition, the surface of the magnetic

silica adsorbent seemed to acquire pretty good number of
pores and cavities in the exterior which makes the adsorbent
more available for trapping the metal ions. The adsorption-
influencing parameters such as pH, adsorbent dosage, initial
metal ion concentration, temperature, and contact time mark-
edly influenced and enhanced the metal recovery capacity of
all the four heavy metal ions such as Cu(II), Ni(II), Cd(II), and
Zn(II). Based on the optimization studies, it is concluded that
pH 5 seemed to be the optimum pH for the adsorption of all
the four metal ions onto the magnetic silica adsorbent; when
the pH is increased above the optimum level, then the removal
efficiency of the adsorbent gets lowered or saturated. The
optimum initial metal ion concentration of all the four metal
ions such as Cu(II), Ni(II), Cd(II), and Zn(II) is intend to be at
1 g/L, 1.5 g/L, 2 g/L, and 3 g/L, respectively. Further, the
optimum contact time was found to be at 30 min at 30 °C
for all the four metal ions. The thermodynamic study revealed
that this adsorption process is feasible, spontaneous, and exo-
thermic in nature. In addition, it follows the Freundlich iso-
therm resulting in a multilayer adsorption, and the kinetic
studies also resulted that this adsorption followed pseudo-
first-order model. From the conclusions of the desorption
study, it is evident that the adsorbent retained the higher ad-
sorption capacity even after several cycles. The simple reju-
venation of the absorbent used is an outstanding feature in this
adsorption process using 0.2 N HCl. This adsorption study
concluded that the prepared adsorbent is an efficient, econom-
ically feasible, and eco-friendly adsorbent which can be effec-
tively utilized for the sequestration of metal ions present in the
aqueous system.
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