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ABSTRACT

This study investigated the removal of heavy metals such as Ni(Il), Cu(l), and Cr(III) in
aqueous solutions by the synthesis of thiol-functionalized mesoporous silica-coated mag-
netite nanoparticles (TF-SCMNPs) with different pH levels, contact times, and adsorbent
dosages. The synthesis of TF-SCMNPs samples occurred with simple co-precipitation
methods. FT-IR, X-ray diffraction, SEM, energy dispersive X-ray, and VSM techniques were
used for characterization of the prepared adsorbent. The removal efficiency of heavy metals
by TE-SCMNPs was more than that of magnetite in similar conditions. The results showed
that the maximum adsorption of TF-SCMNPs for Ni(II), Cu(II), and Cr(IIl) was obtained at
pH 7, 10, and 10 during the contact time of 20 min, respectively. By increasing adsorption
dosage the removal efficiency was increased. The study of the adsorption kinetic model
revealed that the pseudo-second-order model was the best applicable one to describe the
adsorption of Ni(Il) and Cu(ll), pseudo-first-order model for Cr(Il)onto TF-SCMNPs.
Adsorption data were analyzed by both Langmuir and Freundlich adsorption isotherms
and the results showed that it was better described by the Langmuir model for Ni(Il), Cu
(II), and Freundlich model for Cr(Ill). The maximum adsorption capacities were estimated
to be 4.476, 4.038, and 1.119 mg/g at optimum pH and room temperature for Cu(Il), Ni(Il),
and Cr(IlI), respectively. TF-SCMNPs nanoparticles were maintained even after five
successive cycles, suggesting a promising adsorbent for aquatic-contaminated heavy metals.

Keywords: Heavy metals; TF-SCMNPs nanoparticle; Kinetic and Isotherm models;
Adsorption; Aqueous solutions

1. Introduction

The most important natural resource for the
human survival in the world is water [1]. Population
growth and industrialization are the main causes for

*Corresponding author.

aquatic pollution [1]. The most important pollutants of
environment are heavy metals [1,2]. Heavy metals
such as Cu(Il), Ni(II), and Cr(IIl) may cause poisoning,
diseases, and even death for aquatic organisms and
human [3-5]. Toxicity level of heavy metals depends
on the type of metal, biological role, and the type of
organisms that are exposed to it [3]. The known fatal
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effects of heavy metal toxicity in water resources
include mental disorder, damaged central nervous
system, and lower energy level [6]. The long-term
exposure of these metals results in physical, muscular,
severe neurological diseases such as Alzheimer’s dis-
ease (brain disorder), Parkinson’s disease(destructor
disease of the brain), muscular (advanced skeletal
muscle weakness), and multiple sclerosis (a nervous
system disease that affects brain and spinal cord) [6].
Water and wastewater pollutants mainly consist of
heavy metals, micro-organisms, fertilizers, and thou-
sands of toxic organic compounds [7]. As trace ele-
ments, some heavy metals (e.g. copper, selenium,
zinc) are essential to maintain the metabolism of the
human body [8]. However, at higher concentrations,
they may lead to poisoning individuals, since they
tend to bioaccumulate in the human body [8]. Ingest-
ing amounts of Cu(ll), Ni(Il), and Cr(IIl) can cause
death by nervous system, liver, and kidney failure [8].
Maximum contaminant level (MCL) in drinking water
is equal to (01mg/L) and (0.05mg/L) for copper,
(0.05-0.005 mg/L) and (0.2mg/L) for nickel, and
(0.05 mg/L) and (0.05 mg/L) for chromium, according
to WHO and USEPA guidelines, respectively. The
most commonly used procedures for removing metal
ions from aqueous solution include adsorption, chemi-
cal precipitation, lime, coagulation, ion exchange,
reverse osmosis, electro dialysis, and solvent extrac-
tion [9-11]. The disadvantage of coagulation—floccula-
tion is the high operational cost due to chemical
consumption [9]. The disadvantage of ion exchange is
that it cannot be applied to concentrated metal solu-
tion as the matrix gets easily fouled by organics mat-
ter and other solids in the water [9]. Moreover, ion
exchange is nonselective and is highly sensitive to the
pH of the solution [9]. The disadvantage of electro
dialysis is the formation of metal hydroxides, which
clog the membrane [9]. The disadvantage of mem-
brane filtration is high operational cost due to mem-
brane fouling [9]. Among them, adsorption technique
has attracted more attention because it is simple, effi-
cient, and requires low operating cost. When adsorp-
tion capacity of the wused adsorbents has been
exhausted, they should be separated from the aquatic
system using filtration method and regenerated [12].
However, filtration is a tedious process causing block-
age in filters [12]. Recently magnetic separation has
much attention as a promising environmental tech-
nique since it produces no contaminants and has the
ability to treat large amount of wastewater within a
short span of time. Fe;O, is a traditional magnetic
material having superparamagnetic property [13,14]. It
can be recovered very quickly by external magnetic
field and reused without losing the active site [13]. To
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protect magnetic nanoparticles from oxidation or
being dissolved under low pH conditions, thiol is
good modify functionalize to coat magnetic nanoparti-
cles with silica shell which owner reliable chemical
stability, biocompatibility and versatility in surface
modification [15]. Thiol group is organic ligand and
strong resemble with heavy metal ions according to
Pearson’s hard soft acid-base theory [15]. Shen et al.
reported removal efficiencies of 97.6, 99.8, and 88.5%
for Cr(VI), Cu(ll), and Ni(Il) by adsorption onto Fe;O,,
respectively [16]. Liu et al. reported removal efficien-
cies of 92.4, 50.4, and 46.3% for Pb(I),Cd(I), and Cu
(I by Fe;O4,—Humic acid, respectively [17]. Yantasee
et al. reported removal efficiency of 99% for Pb(Il) by
adsorption with Fe;O4-modified SH [18].

In this study, thiol-functionalized mesoporous sil-
ica-coated magnetite nanoparticles (SCMNPs) was
used for the adsorption of heavy metals such as Cu
(ID, NidI), and Cr(Il) from aqueous solutions. The
effects of pH and adsorbent dosage in different time
intervals on the removal efficiency were studied.
Adsorption kinetic and isotherm studies were under-
taken to comprehend the adsorption mechanism and
maximum  adsorption  capacity of SCMNPs
nanoparticles.

2. Materials and methods
2.1. Chemicals

FeCL;-6H,0, FeCl,-6H,0, 3-mercaptopropy-
ltrimethoxysilane (3-MPTS), and ethanol (EtOH), cop-
per nitrate, nickel nitrate, chrome nitrate, which were
of analytical grade, were purchased from Merck, Ger-
many and used without any purification. The initial
pH of the solution was adjusted by the addition of
0.1 M NaOH or HCl, and measured by pH meter
(Metron, Switzerland). The experiments were carried
out at room temperature (25 + 2°C). Heavy metal stock
solutions (1,000 mg/L) were prepared with appropri-
ate amount of heavy metal salts in distilled water and
kept in dark.

2.2. Synthesis of TF-SCMNPs nanoparticles

TF-SCMNPs nanoparticles were prepared via the
co-precipitation method in alkaline solution [15]. This
preparation includes three stages (Fe;O4, Fe;0,@nSiO,,
and TF-SCMNPs). Fe;O, was prepared using the co-
precipitation method described in pervious works
[16]. The appropriate amount of FeCl;:6H,O and
FeCl,-4H,O were dissolved in 200 mL deionized
water. NH,OH 25% (25 mL) was added dropwise to
the precursor solution to obtain an alkaline medium
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(pH 8) producing a black and gelatinous precipitate of
Fe30O, nanoparticles under nitrogen gas. It was heated
at 80°C for 2 h with continuous stirring. The desired
Fe;0, nanoparticles were collected by a permanent
magnet and then washed with deionized water and
ethanol for five times. Then, it was dried at 80°C in
vacuum for 5h. Then, appropriate amount of the
TEOS, ethanol, and NH; were added to the previous
stage to obtain Fe;0,@nSiO, under nitrogen gas and
mixed for 2h. TF-SCMNPs nanoparticles were pre-
pared via adding appropriate amount of the MPTMS,
TEOS, ethanol, and NHj to previous stage nitrogen
gas and mixed for 24 h. The desired TF-SCMNPs
nanoparticles were collected by a permanent magnet
and then washed with deionized water and ethanol
for five times. Then it was dried at 80°C in vacuum
for 5h. The point of zero charge (pHy,.) was deter-
mined to investigate the surface charge properties of
the adsorbents. The pHzpc of TF-SCMNPs nanoparti-
cles was determined adopting the method previously
used [19]. For characterization of the functional groups
on the surface of the samples, Fourier transform infra-
red spectroscopy (FT-IR) spectra were recorded using
a Perkin-Elmer (Germany) spectrometer under dry air
at room temperature by the KBr pellets method. The
spectra were collected over the range from 400 to
4,000 cm™'. The X-ray diffraction (XRD) studies were
performed with a Philips XRD instrument (Siemens D-
5000, Germany) using Cu Ko radiation (2 = 1.5406 A)
at wide-angle range (26 value 4°-80°) at 40 kV of accel-
erating voltage and at 30 mA of emission current. The
surface morphology of Fe;O, and TF-SCMNPs
nanoparticles was obtained by a field emission scan-
ning electron microscopy (Mira3, Tescan, Czech
Republic). SEM images were further supported by
energy dispersive X-ray (EDX) to provide direct evi-
dence for the purity, existence, and distribution of
specific elements in a solid sample. The magnetic
property of TF-SCMNPs nanoparticles was character-
ized by vibrating Sample Magnetometer (VSM,
MDKEFD, Iran).

2.3. Adsorption experiments

The adsorption experiments were carried out in
1,000 mL Erlenmeyer flask containing 100 mL of Ni(II),
Cu(), and Cr(III) solution and 0.04 g/100 mL, while
the mixtures were stirred at 150 rpm and room temper-
ature (25 +2°C) in different time intervals (5-20 min).
Then adsorbent was separated from the mixture solu-
tion by permanent magnet. The residual concentration
of the Ni(Ill), Cu(l), and Cr(Ill) in each sample was
measured using a flame atomic adsorption spectropho-
tometer (Analyst 200-perkinelmer) [20]. In order to
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determine the effects of various parameters, the
experiments were conducted at different adsorbent
amounts of 0.008-0.04 g/100 mL, and initial pH of
3-10. Each experiment was conducted in triplicates and
mean values of data were reported. The removed
amount of heavy metals by TF-SCMNPs nanoparticles
and the removal efficiency were calculated by Egs. (1)
and (2), respectively [19]:

qg= W % 100 (1)
Removal efficiency (%) = @ x 100 )

where g is the adsorption capacity (mg/g), C;, Co, and
Ce are the initial, outlet, and equilibrium concentra-
tions of dye (mg/L), respectively, V is the volume of
the dye solution (L), and M is the total amount of TF-
SCMNPs nanoparticles (g) [19].

3. Results and discussion
3.1. Adsorbent characterization
3.1.1. FT-IR analysis

FT-IR analysis of Fe;0, and TF-SCMNPs nanocom-
posite were performed in the range of 400-4,000 cm™'
Fig. 1. Fe304 nanoparticles showed significant absorp-
tion peaks at 447, 580, 860, 1,403, 1,623, 3,378, 3,788,
and 3,850 cm™'. TF-SCMNPs nanoparticles showed sig-
nificant absorption peaks at 461.83, 593.04, 802.37,
1,081.22, 1,429.30, 1,545.40, 1,711.56, 2,360.25, 2,852.33,
2,922.20, 3,366.80, 3,743.08, and 3,857.20 cm ™. The two
distinct absorption peaks at 580 and 447 cm™' are
attributed to the vibrations of Fe**~0O®" and Fe**-O%",
respectively [15,21]. Moreover, for TF-SCMNPs, the
peak at ~802.37 cm™! is attributed to the vibration of
aromatic Si-C bonding, and the peak at ~2,360.25 cm™!
is attributed to the vibration of aromatic S-H bonding
[15,21]. The peak at ~2,852.33 cm ! s assigned to an
aromatic C-H and O-CHj stretching [15,21]. The FT-IR
analysis supported good thiol-functionalized meso-
porous silica-coated magnetite nanoparticles.

3.1.2. XRD analysis

The XRD patterns of Fe;O, and TF-SCMNPs
nanoparticles are illustrated in Fig. 2. The patterns
exhibit crystalline structure of both Fe;O, and TF-
SCMNPs nanoparticles even after thiol-functionalized
mesoporous silica-coated magnetite nanoparticles. The
main peaks at 20 values of 18.27, 21.16, 30.11, 30.21,
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Fig. 1. FT-IR spectra of samples.
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Fig. 2. Typical XRD patterns of samples.

35.42, 35.53, 37.03, 37.18, 43.12, and 57.09 correspond
to the (011), (002), (112), 200), (121), (103),
(022),(202),(004), and (321) planes of orthorhom-
bicFe;04 (JCPDS card no. 031156). As illustrated in
Fig. 3, the peaks related to the Fe;O4 nanoparticles are
still observed after the thiol-functionalized meso-
porous silica-coated magnetite nanoparticles. The aver-
age crystalline size of Fe;O, and TF-SCMNPs
nanoparticles were calculated using the following
Debye-Sherrer’s equation (Eq. (3)) [22]:

0.94

B fcos b @

where D is the average crystallite size (A), 1 is the
wavelength  of the X-ray radiation (Cu
Ka =1.54178 A), p is the full width at half maximum
intensity of the peak, and 6 is the diffraction angle.
According to the Eq. (3), the mean crystallite size of
the Fe;O, and TF-SCMNPs nanoparticles were esti-
mated to be 8 and 11 nm, respectively.

3.1.3. SEM and EDX analyses

SEM images of Fe;O, and TF-SCMNPs nanoparti-
cles are shown in Fig. 3(a) and (b), respectively.
Fig. 3(b) clearly illustrates the distribution of thiol-
functionalized mesoporous silica over the surface of
the magnetite nanoparticles. The size of TF-SCMNPs
nanoparticles was around 10 nm. Li et al. reported the
average diameter of the particles around 500 nm for
SH-mSi@Fe;O, [15]. Also, they are reported the aver-
age pore diameter equal to 2.5 nm. The BET area and
total pore volume were calculated to be 321 m*/g and
0.29 cm®/g, respectively [15].

EDX microanalysis was used to characterize the
elemental composition of the Fe;O, and TF-SCMNPs
nanoparticles. EDX pattern of the Fe;O, and
TF-SCMNPs nanoparticles are depicted in Fig. 4.
According to the EDX analysis, the major elements
were Fe (57.63%), O (29.18%), Si (5.88%), and S
(3.15%) indicating good hybridization thiol-functional-
ized mesoporous silica-coated magnetite nanoparticles.
Li et al. reported the element mass contents of Si, S,
and Fe in SH-mSi@Fe;O4 equal to 17.95, 1.23, and
38.03%, respectively [15]. VSM was used to measure
magnetite property of Fe;O, and TF-SCMNPs. VSM
magnetization curve of the Fe;O, and TF-SCMNPs
nanoparticles at room temperature is depicted in
Fig. 5. The saturated magnetization value of FezO,
and TF-SCMNPs nanoparticles was 58.97 and 32.43 n/
g, respectively. These results also indicated that the
TF-SCMNPs nanoparticles showed an excellent
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Fig. 3. SEM image of samples (a) Fe;0, nanoparticles and (b) TF-SCMNPs nanoparticles.

magnetic response to a magnetic field. Therefore, it
could be separated easily and rapidly due to this high
magnetic sensitivity. This value is smaller than the
magnetization ~ value  of  amino-functionalized
Fe;0,4-S5i0, (34.0 u/g) [23], and greater than thiol-

functionalized superparamagnetic carbon nanotubes
(29.02 u/g) reported by other researchers [24]. Zhang
et al. reported that the maximal saturation magnetiza-
tion of Fe;0,, Fe;0,@SiO,, and Fe;0,@SiO,-SH were
55.05, 25.45, and 20.47 n/g, respectively [25].
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Fig. 5. VSM image of samples.

3.2. Effect of parameters on the removal of heavy metals
with TF-SCMNPs nanoparticles

3.2.1. Effect of Solution pH and contact time

The effect of initial pH on the removal of heavy
metals on the TF-SCMNPs nanoparticles was investi-
gated by varying the initial pH from 3 to 10 and at
constant condition (Cu(Il) and Ni(Il) =2 mg/L and
Cr(Il) =8 mg/L, adsorbent dose =0.04 g/100 CC) in
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different time intervals (Fig. 6). As shown in Fig. 7,
with increasing the initial pH from 3 to 10 at different
time intervals, the removal efficiency Cr(Ill) and Cu(Il)
increased, but decreased for Ni(Il). According to the
data, the pHzpc of TF-SCMNPs nanoparticles is 6.
This means that at pH values below 6, the TF-
SCMNPs surface has a net positive charge, while at
pH greater than 6, the surface has a net negative
charge [26]. At pH values above pH of point of zero
charge (pH,,,.), adsorption of Cu, Ni, and Cr was com-
plete, although increasing amount of metal ions could
be adsorbed at relatively higher pH [26]. The metal
cations have tendency to hydrate in aqueous solution
with the increase in the pH value, thus resulting in
increased adsorption during adsorbate/adsorbent
interaction with the increase in the pH value [26]. The
decrease in adsorption with decreasing solution pH is
in that way attributed to low mobility hydrated spe-
cies, competition of H" for available surface sites, and
the reinforcement protonation of the -SH group in
acidic condition [26]. To compare magnetic
nanoparticles and TF-SCMNPs for removal Ni(Il)
included that with increasing pH from 2 to 8 removal
efficiency Ni(Il) for both adsorbent increased. Maxi-
mum uptake of Ni(Il) ions took place at pH 8 with
99.2% for the concentrations of 25 Ni** mg/L [13].
These results are in agreement with our obtained
results. As shown in Fig. 6 with increasing contact
time from 5 to 20 min, the removal efficiency increases
from 2.5 to 42% for Cr(IIl), 45.5 to 96.3% for Cu(l),
and 32 to 93.5% for Ni (III), respectively. As shown in
Fig. 6, the removal rate of Ni(Il), Cu(Il), and Cr(lIl) at

= Cu(ll) pH=3
* Cudll) pH=3
Cu(ll) pH=17
- Cudll)pH=10
= Ni (1) pH=3
Niql) pH= 5
= Ni(ll) pH= 7
- Xin pH=10
= Cr (1) pH=3
» Cr(l)pH=%
= Cr(lll) pH=7
Cr () pH=10

——al

Removal efMicienc (%)

T S

15
Time (min)

Fig. 6. Effect of pH on the removal of heavy metals by TF-
SCMNPs nanoparticles in different time interval (Cu(Il)
and Ni(D) =2mg/L and Cr(Il) =8 mg/L, adsorbent
dose = 0.04 g/100 CC).
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Fig. 7. Effect of adsorbent dose on the removal of heavy
metals by TF-SCMNPs nanoparticles (Cu(Il) and Ni(II)
=2mg/L and Cr(ll) = 8 mg/L, Time =20 min pH 10 for
Cu(II) and Cr(III) and pH 7 for Ni(I)).

all dosages was rapid in the first stages of contact time
(5 min), and then it was gradually slowed until reac-
tions reached a near equilibrium after 20 min. Kumari
et al. reported the removal efficiency equal to 44% at
contact time equal to 60 min with magnetic nanoparti-
cles, and 93.5 and 96.3% with TF-SCMNPs at contact
time equal to 20 min for Ni(Il) and Cu(l), respectively
[13,27]. Also, the stability of TF-SCMNPs nanoparticles
has been assessed at different solution pH values.
According to the pHzpc data, the results showed that
TF-SCMNPs nanoparticles are stable in acidic solu-
tions (pH >2). The results showed that the most
removal of TF-SCMNPs for Ni(II), Cu(ll), and Cr(III)
was obtained at pH 7, 10, and 10 in contact time
20 min, respectively. The other experiments were
performed at this pHs.

3.2.2. Effect of adsorbent dosage

The effect of adsorbent dosage on the removal of
heavy metals on the TF-SCMNPs nanoparticles was
investigated by varying the initial adsorbent dosage
from 0.008 to 0.04 g/100 mL and at constant condition
Cu() and Ni(ID =2mg/L and Cr(lll) =8 mg/L,
adsorbent dose =0.04 g/100 CC, Time =20 min)
(Fig. 7). As shown in Fig. 7 with increasing adsorbent
dosage from 08 to 0.04 g/100 mL, the removal effi-
ciency of Cr(ll), Cu(l), and Ni(ll) increased from
1.375 to 42%, 80 to 96.3%, and 44 to 93.5%, respec-
tively. This trend can be explained by the increased
active sites for the removal of contaminants along
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with the increase in the adsorbent dosage. Similar
observations were also reported for the removal of
heavy metals by magnetite and TF-SCMNPs
nanoparticles [28-30].

3.2.3. Comparison of each process

To evaluate the effect of various processes on the
removal efficiency of Cu(ll), Cr(Illl), and Ni(I) by
Fe;04 and TF-SCMNPs nanoparticles, they were com-
pared under constant conditions (Cu(ll) and Ni(II)
=2mg/L and Cr(ID) =8 mg/L, adsorbent
dose =0.04 g/100 CC, Time =20 min, TF-SCMNPs
and Fe;O4=0.04 g/100 mL and pH 10, 10, and 7)
(Fig. 8). Fig. 8 shows that the removal efficiency of Ni
(I, Cu(I), and Cr(II) with TF-SCMNPs nanoparticles
was 93.5, 96.3, and 42% and with Fe;O, nanoparticles
40, 50.55 and 13.875%, respectively [13,27]. These
experiments demonstrate that TF-SCMNPs nanoparti-
cles are needed for the effective removal of heavy met-
als. Reusability of adsorbent is an important factor for
the application of developed adsorbent in the treat-
ment of water and wastewater [26]. Hence, the
adsorption of Ni(Il), Cu(ll), and Cr(Il) was performed
by TF-SCMNPs nanoparticles for four repeated runs
with HCl and without it. As can be seen in Fig. 9, the
adsorption capacity of Ni(Il), Cudl), and Cr(IIl) by
TF-SCMNPs nanoparticles was reduced to four
consecutive runs.

Removal efficiency (%)

F€304

TF-SCMNPs
Adsorbent

Fig. 8. Results of reusability test for the removal of heavy
metals by TF-SCMNPs nanoparticles (Cu(Il) and Ni(II)
=2mg/L and Cr(Ill) = 8 mg/L, Time =20 min pH 10 for
Cu(I) and Cr(III) and pH 7 for Ni(ID)).
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Fig. 9. Contribution of each process involved on the
removal of heavy metals by TF-SCMNPs nanoparticles (Cu
(I and NidI) =2 mg/L and Cr(Ill) = 8 mg/L, Time =20 -
min pH 10 for Cu(I) and Cr(IIl) and pH 7 for Ni(II)).

3.3. Kinetic, equilibrium, and thermodynamic studies

Adsorption kinetic experiments were performed at
initial Ni(II), Cu(I), and Cr(III) concentration (2, 2, and
8 mg/L), at constant adsorbent dosage (0.04 g/100 mL)
and at pH 7, 10, and 10. The pseudo-first-order,
pseudo-second-order and intra-particle diffusion model
models were applied in order to find an efficient model
for the description of adsorption. The relevant equa-
tions for the kinetic and equilibrium studies are shown
in Table 1 [13,19,31-35]. To obtain kinetic data for the
removal of heavy metals, In (1 - g;/g.) and t/g, vs. t and
g: vs. t*° was plotted for the pseudo-first-order,
pseudo-second-order, and intra-particle diffusion mod-
els, respectively. The kinetic parameters for the removal
of Ni(II), Cu(Il), and Cr(IIl) at different pH by pseudo-

Table 1
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first-order, pseudo-second-order, and intra-particle
diffusion models are summarized in Table 2. The study
of the adsorption kinetic model revealed that the
pseudo-second-order model was the best applicable
one to describe the adsorption of Ni(Il) and Cu(Il)
(R*=0.9994 and 0.9998), pseudo-first-order model for
Cr(IlD) (R* = 0.9975) onto TF-SCMNPs. The estimated P
values for Ni(II), Cu(Il), and Cr(III) have been summa-
rized in Table 2. From these results, it is inferred that
the kinetic data for Ni(II), Cu(Il), and Cr(IIl) adsorption
fitted well with both the pseudo-second-order model
and pseudo-first-order (p <0.05), in comparison to
another kinetic models. To investigate the adsorption
equilibrium isotherm, experiments were performed
with various adsorbent dosages (0.008-0.04 g/100 mL)
at pH (7, 10, 10) for 24 h. All experiments were repeated
three times and the average values were reported.
Langmuir and Freundlich equations were applied to fit
experimental adsorption data, and the related equa-
tions are shows in Table 1 [13,19,31-33,36]. R;, value
(separation factor) expresses a characteristic of the
Langmuir isotherm. Generally, adsorption will be
favorable when R; value is between 0 and 1, while
unfavorable adsorption will be expected at R; value
above 1 e, R, values 1 and 0 correspond to linear and
irreversible adsorptions, respectively. The values of g,
and ki, for each heavy metal are given in Table 3. The
removal capacity of Cr(Ill), Cu(ll), and Ni(Il) by TF-
SCMNPs nanoparticles was compared with that by
other adsorbents in Table 3. Adsorption data showed
that it was better described by the Langmuir model for
Ni(I) and Cu(Il) and Freundlich model for Cr(III). The
maximum adsorption capacity was estimated to be
4.476, 4.038, and 1.119 mg/g at optimum pH and room
temperature for Cu(Il), Ni(Il), and Cr(IlI), respectively.
Also, separation factor (R) was calculated as 0.064—
0.125, 0.96-0.98, and 0.0007-0.001, for Ni(I), Cu(ll), and

Kinetic and isotherm and thermodynamic equations for adsorption of heavy metals by with TF-SCMNPs nanoparticles

Kinetic models

Isotherm equations

Parameters

Pseudo-first-order
In ( — @> = *k1t
qe

Pseudo-second-order
t 1 1

=4 ¢

9 ke ge

Intra-particle diffusion model
=K, x %% + C

_ KrgmCe
=11 K.C.

Freundlich isotherm

logge = log K¢ + 1logC,

Langmuir isotherm

ge (mg/g), q; (mg/g), ky (1/min),

k, (g/mgmin), Ky, (L/mg), 4., (mg/g),
KF (mgl—l/n Ll/n g—1’ Kp (mg/g‘miniOAS),
Co (mg/g)
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Table 3
Isotherm constants for the adsorption of heavy metals by with TF-SCMNPs nanoparticles

Freundlich constants Langmuir constants

Adsorbents Heavy metals Kg (mgl_l/ nl/n g’l) n R? gm (mg/g) K, (L/mg) R? Refs.
Fe;04/MnO, CudD - - - 9.84 0.392 0.99% [9]
Grafted Silica Cu(ID) - - - 0.0566 9.10 0.961  [28]
Activated Carbon Cu(I) - - - 0.18 0.24 0.85 [30]
Sawdust NidI) 7.87 42 0.9734 2247 0.17 0.9937 [32]
Charcoal Ash NidI) 0.363 0.84 0.98 33.22 0.013 0.99 [42]
Rice Husk Cudn - - - 31.85 - - [43]
Montmorillonite Ni(I) 3.40 053 0.99 21.14 137.74 0.99 [43]
Bentonite Cu(I) 1.622 0.540 0.9803 14.104 0.075 0.9804 [43]
Chitosan/Magnetite Ni(II) - - - 23.30 0.5939 0.977  [44]
Tree Fern Cu(ID 3.24 0.261 0.818 10.6 0.134 0.998  [45]
Red Mud NidI) 0.289 0.532 0.999 10.95 7.193 0.986  [46]
Red Mud Cudn 0.122 0.627 0991 19.7 2.029 x 10" 0.905  [46]
Kaolinite NidI) 0.94 049 0.99 7.05 70.14 0.99 [47]
Natural Chitosan Cu(I) - - - 2.0+0.1 141 +25 096 [48]
Prawn Shell Cu(I) - - - 0.236 0.254 0.978  [49]
Kaolinite Ni(I) - - - 1.669 0.112 - [49]
Clinoptilolite Ni(II) 0.676 0.553 0911 3.28 0.182 0.996  [50]
TF-SCMNPs Cu(Il) 4.184 18.38 0.9889 4.476 186.16 0.9999 This study
TF-SCMNPs Ni(ID) 3.773 9.398 0.9885 4.038 53.82 0.9996 This study
TF-SCMNPs Cr(1D) 678.42 0.355 0.9435 1.119 0.238 0.8746 This study

Cr(II), respectively. The values of heavy metals uptake
found in this work are higher than the other reported
values; for example g, (mg/g) is 1.31 for the removal of
Hg and g, (mg/g) is 0.442 for the removal of Pb onto
SH-mSi@Fe;O4 [15], gm (mg/g) is 1.29 for mercury
adsorption onto Fe;0,@-5i0,-SH [25], g, (mmol/g) is
2.26 for the removal of Cu(ll) onto amphoteric function-
alized mesoporous silica (AG-SBA-15) [37], 5 (mmol/
g) is 0.47, 0.37, and 0.2 mg/g for Cu®*, Pb**, and Cd**
onto Fe;0,@-Si0,-NH, [23]. Also lower than other
reported papers; for example g, (mg/g) is 32.58 and
16.50 for the removal of Pb(II) onto Fe;O,@ SiO,-IIP
and Fe;O,@ SiO,-NIP, respectively [38], g, (mg/g) is
130 and 39 for Pb** and Cd** onto thiol-functionalized
silica (HBS-SH) [39], g (mg/g) is 182, 147, and 141 for
Cu®", Zn**, and Cd*" onto OSU-6-W-TCSPBr-2-TEPA
[40]. gm (mg/g) is 193.85 for Cr(VI) onto PANI-mag-
netic mesoporous silica [41]. This comparison of sorp-
tion capacity of TF-SCMNPs nanoparticles used in this
study with those obtained in the literature shows that
the TF-SCMNPs nanoparticles are an effective adsor-
bent for the removal of heavy metals from aqueous
solution.

4. Conclusion

In this research, application of TF-SCMNPs
nanoparticles for the adsorption of heavy metals in

aqueous solutions was studied. The prepared sample
was characterized by of FI-IR, XRD, SEM, EDX, and
VSM  Analysis. XRD analysis showed crystallized
nature of Fe;O, with pure orthorhombic phase. The
removal efficiency depended on experimental param-
eters like the amount of adsorbent, contact time, and
pH. The removal efficiency increased with the
increase in contact time and adsorption dosage. The
highest removal of TF-SCMNPs for Ni(l), Cudl),
and Cr(IIl) was obtained at pH 7, 10, and 10 during
the contact time of 20 min, respectively. Adsorption
data showed that it was better described by the
Langmuir model for Ni(Il) and Cu(ll) and Fre-
undlich model for Cr(IIl). The maximum adsorption
capacity was estimated to be 4.476, 4.038, and
1.119 mg/g at optimum pH and room temperature
for Cudl), Ni(I), and Cr(III), respectively. The
results show that the TF-SCMNPs can be used for
the treatment of aqueous solutions containing heavy
metals as an appropriate adsorbent in fast time with
high efficiency.
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