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ABSTRACT

In the present study, a mag-molecule was fabricated by functionalizing of silica-coated mag-
netite nanoparticles (MNPs) with 3-aminopropyl triethoxysilane (APTES). The amine func-
tional group on surface of the particles was detected using Fourier transmission infrared
spectroscopy technique. The morphology and dispersion of the functionalized magnetite
nanoparticles (FMNPs) were observed through SEM images. The X-ray diffraction pattern
illustrated the cubic crystal structure of MNPs with 28.79 nm of diameter which was almost
identical with SEM images. The kinetic of adsorption was studied and pseudo-second-order
represented the best fitting to the experimental data. In addition, chemical adsorption for
MNPs and physical adsorption for FMNPs were diagnosed applying the Elovich model.
The Freundlich model showed a better result for MNPs, which demonstrates a multilayer
adsorption on heterogeneous surface, while the Langmuir model was well fitted to FMNPs
data, which indicates a homogeneous adsorption at one layer. Continuous system was per-
formed in the fixed-bed column and the obtained results showed the efficiency of continu-
ous system in selenium (Se) removal. The breakthrough curves were provided in three
different flow rates and two bed depths and the results showed that the Thomas model can
be a promising model for prediction of column performance. The Yoon-Nelson model also
represented an acceptable conformation to experimental data. The time required to reach
outlet concentration to 50% of initial concentration was calculated by Yoon-Nelson model,
and the results were found to be in agreement with the experiments.
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1. Introduction

Nanoparticles own special physical and chemical
properties which make these materials useful for dif-
ferent applications. Among the nanoparticles, magnetic
nanoparticles were in center of attention due to their
super paramagnetic effect and simple way of detection
and separation [1-3]. These magnetic nanoparticles can
have many biological and medical uses, including can-
cer cell detection by magnetic resonance imaging [4],
tumor extermination by heating, hyperthermia [5], can-
cer cell separation [6], and drug delivery [7,8]. These
nanoparticles could be also used in chemical engineer-
ing processes, such as catalytic reaction [9-11] and
adsorption process [12-16]. These nanoparticles are
used in the mag-molecular process which is defined as
a process in which magnetic particles can be separated
from liquid phase by an external magnetic field. The
process involves four main step, adsorption, magnetic
filtration, backwashing, and regeneration of adsorbent.
Considering this definition, mag-molecules are surface-
modified magnetic nanoparticles used for different
goals. In this study, mag-molecules were prepared by
functionalization of silica-coated nanoparticles with
amine group (FMNPs) and were used for selenium
adsorption. The silica coating on magnetic core has
some advantages as follow: silica is an inactive mate-
rial which does not participate in chemical reactions
and that makes the mag-molecule more stable in acidic
solution. It reduces conductivity and coagulation of
core particles. It also increases the colloidal properties
of nanoparticles.

Selenium is needed for human’s health and should
be received in daily diet in a range of 40400 (ug d ™).
Lack of selenium could cause cardiovascular, muscle,
and liver disease. Receiving it more than 400 (ug d™")
also causes gastrointestinal disorders, hair loss,
sloughing of nails, fatigue, irritability, and neurologi-
cal damage [17,18]. This element has several radioac-
tive isotopes such as 798e, with 327 x 10° years of
half-life time [19]. So, even the trace amount of this
element should be removed from wastewater.

Several methods have been applied to prevent the
entrance of Se in the environment. Due to anionic nat-
ure of Se in water, most of these adsorption processes
were performed at very low pH. Wasewar et al. [20]
adsorbed Se(IV) onto granular and powdered acti-
vated carbon. The optimum adsorbent dosages were
found to be 10 and 8 g L™ for granules and powder,
respectively. Maximum adsorption capacities were
attained 9.28 and 11.92 ug L™" for granules and pow-
der, respectively. They used membrane filtering for
the separation of saturated sorbent from the solution.
Meng et al. [21] used elemental iron for removal of

selenocyanate with concentration of 5mgL™". Only
66% removal was attained after 2 h with iron content
of 15 g L™". Despite using a high sorbent dose and low
initial Se concentration, removal was not done very
well. Yusof et al. [22] implement fixed-bed column for
the removal of inorganic selenium species using gran-
ulated modified zeolite Y as adsorbent. After a short
duration, column was saturated. Martinez et al. [23]
used mineral magnetite with surface area of
0.89 m”>g ' as sorbent. 0.1 g of the solid was put in
contact with 20 cm® of the solution, and equilibrium
was reached after 30 h. Rovira et al. [24] studied on
natural goethite and hematite with specific surface
area of 2 and 038m”g '. Adsorbent dose was
0.1 gL, and maximum adsorption was 0.0005 mg g~"
by goethite. Equilibrium was reached after 50 h, and
samples were taken filtered through 0.22 pm pore size
filters. Some other methods were also implemented by
researchers to remove this toxic ion from aqueous
media such as wetland [25], bioreactor [26], and
volatilization [27].

Most of these methods, however, have low effi-
ciency and high operating cost. Therefore, there is a
real need to develop a novel, cost-effective, and effi-
cient method. Adsorption is one of the most promis-
ing and widely applied techniques for the removal of
metal ions from wastewaters. Other separation meth-
ods, such as chromatographic column, centrifuging
(add more techniques), are costly and energy consum-
ing. On the other hand, mag-molecular process is cost-
effective, efficient, and generates low volume of
sludge. This process is composed of two steps: first,
the adsorption of Se onto the mag-molecules surface
and second, the isolation of the adsorbent by a mag-
netic field [28,29].

The aim of this case study is to reveal the effi-
ciency and usefulness of adsorption process of Se par-
ticles. This research paper highlights the studies on
mechanism identification of adsorption process. The
authors investigated the effect of initial concentration
and adsorption duration on adsorption capacity and
mechanism. The mechanism was studied using several
kinetic and equilibrium models. Pseudo-first-order
(PS1), pseudo-second-order (PS2), and Elovich models
have been applied as kinetic models. Each model has
a set of logical parameters with physical or chemical
mining. Comparison of obtained model’s parameters
could result in prediction of adsorption mechanism.
Also, some equilibrium isotherms such as Langmuir,
Freundlich, sips, and Fritz-Schlunder were applied for
the better understanding of the surface phenomena.
Kinetic and equilibrium models were related to batch
process. In addition to batch, continuous process in
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packed-bed column was also performed, and the
results were compared together.

2. Materials and methods
2.1. Materials

Ferric chloride hexahydrate (FeCl;-6H,O, 99% pur-
ity) and ferrous chloride tetrahydrate (FeCl,-4H,O,
99% purity), ammonium hydroxide (25%), ethanol
(99.9%), and Tetraethyl orthosilicate (TEOS) were pur-
chased from Merck Chemical Co. 3-Aminopropyl tri-
ethoxysilane (APTES) (99% purity) was supplied by
Aldrich Chemical Co. Sodium selenite pentahydrate
(299% purity) was received from Fluka Chemical Co.
All chemicals were analytic grade reagents and used
without further purification. Distillated deoxygenated
water was used in synthesis of adsorbent.

2.2. Fabrication of mag-molecule

At the first step, magnetite nanoparticles (MNPs)
were synthesized by co-precipitation of ferrous and
ferric ions according to the method described by
Ranjbakhsh et al. [30] with a little modification. The
method is briefly discussed here. Distillated deoxy-
genated water (400 mL) containing FeCl,-4H,0
(0.02 M) and FeCl;-6H,O (0.04 M) was bobbled with
argon gas for 30 min to remove all dissolved oxygen.
Diluted ammonia (2 M) was added dropwise until
black precipitate appeared and pH reached to about
11. Then solution was stirred with mechanical stirrer
under argon flow for 1h at 80°C. The obtained mag-
netite was isolated with magnet and washed three
times with water and ethanol. Finally, magnetite was
dispersed in 200 mL ethanol and then sonicated for
20 min for the sake of well-dispersion prior to silica
coating. Consequently, silica was coated on the sur-
face of magnetite according to the Stober process [31].
In order to functionalize the surface of nanoparticles
with amine (-NH,), 1 g of silica-coated nanoparticles
were dispersed in solution of 50 mL ethanol and
4 mL of water. Suspension was sonicated for 20 min,
followed by addition of 2mL of ammonia (25%).
Then, 0.5 mL of APTES was added to the suspension
and stirred at the room temperature for 24 h, fol-
lowed by particles isolation with a magnet washed
three times with ethanol and water. Synthesized
adsorbent was kept wet and used for adsorption after
measuring amount of water. To be used in continu-
ous process, adsorbents were dried at 80°C and then
were screened so that the range of 300-500 pm of par-
ticle size was obtained.

2.3. Mag-molecule characterization

In order to study morphological properties and
agglomeration trends in the functionalized and naked
nanoparticles, field emission scanning electron micros-
copy images were taken using Hitachi-54160. X-ray
diffraction (XRD) pattern was incorporated to calculate
particles size using Scherrer’s equation [32] (Eq. (1)).

K2
~ bceosO M
where K is the shape factor which is about 0.89 for
magnetite, 1 is the X-ray wave length (1.540598 A), bis
the width of maximum peak at half height, and 6 is
the angle at which the peak appears.

The XRD patterns were obtained using 3003 SC
instrument (Seifert Company of Germany). Fourier
transmission infrared spectroscopy (FTIR) analysis
was applied to validate the surface bonding nature of
the prepared samples. Patterns were recorded using
Veator 22 (Bruker Company of Germany).

2.4. Batch experiment

A laboratory set-up for this process is designed
and is shown with details in Fig. 1. In summary,
wastewater and mag-molecule suspension, tankl and
tank2, with a specified proportion will be sent to
CSTR reactor. In this reactor, which works at optimum
condition, mag-molecules adsorb the selenium ions
and then the suspension passes through the magnetic
filter. After satiating the magnetic filter, the magnetic
field will be cut off and backwashing step will be per-
formed. Super paramagnetic nanoparticles will easily
dissociate from filter when the magnetic field is cut
off. Finally, adsorbent will be regenerated and ready
to use again. In this work, only first step of mag-mole-
cule process, adsorption, is evaluated.

Batch experiments were put into practice to evalu-
ate the adsorption capacity and to obtain the kinetic
and equilibrium parameters. The mechanism and ther-
modynamic of adsorption were studied in previous
work [33]. In order to implement the batch experi-
ments, for each test, 30 mL of solution with the sele-
nium concentration of 50 mg L' was prepared, and
the adsorbent was contacted to solution with the dose
of 1gL™". The first essential factor in the study was
contact time which was varied from 5 to 360 min to
find the optimum adsorption time and also to find the
kinetic parameters. In the next step, reaching the
equilibrium isotherm was proposed and to achieve
that initial Se concentration was varied in the range of



936 Y. Nabavi Larimi et al. | Desalination and Water Treatment 57 (2016) 933-948

SAMPLE INLET MAG MOLECULE INLET

LEGEND

BACK WASHING

2-way valve
GV6

2-way control valve
Cle

TANKI TANK2

TANK3

2-way solenoid valve

CSTR

X
TANK4 &Hq
H:80 em H:80 em
H:80 em 80 ¢ 3-way valve
@:40 cm @:40 em H:80 em X ¥
340
Stainless Steel Stainless Steel : 0:40 u‘n @:40 cm " One phase centrifuge
Stainless Steel Stainless Steel
0-100 lit/min | . 0-100 liv'min ) o 0-100 lit'min pump
’ c20 c18 |
[
v GVE GVT .
(}X{ 1 y E Mixer
II% sV3 DD% sV2
I-‘ Magnetic filter
Cl19 0.1 mbar
2080 °C
G H:&0 em ---- -------- 17
........ @:48.5 cm l
# MF \ Drain
5[
24 0-100 i
S g CST - iwmin
44 P/ J— =%, FZZ7] Heater
o el X { t E
sV1 1 !
cl clz | { 1 : Reactor
o & Cl3
/PP 0.75 Kw

Fig. 1. Schematic diagram of mag-molecule process.

5-230 ppm. The optimum equilibrium time found in
previous step was identically considered and the
adsorbent dose was 1gL™", similar to kinetic tests.
Drying the synthesized adsorbent results in coagula-
tion and consequently efficiency will decrease. So the
wet adsorbent has been used in all experiments. It is
necessary to find the water content of the wet adsor-
bent in order to reach the specific dose. One of the
main factors involved in adsorption is the pH of solu-
tion. Both batch and continuous experiments were
performed at room temperature and optimum pH, 2.4
for the MNPs and 1.7 for the FMNPs, which are
obtained in previous work [33]. Sulfuric acid was also
used as acidic agent to reach that optimum pH. A sha-
ker with 200 rpm was used to agitation of the suspen-
sion and then an external magnetic field was exerted
in order to the isolation of adsorbent from the solu-
tion. Adsorption capacity of adsorbent is calculated by
the Eq. (2).

G -G

Ge =31 174 2

where M (g) is weight of adsorbent and V (ml) is vol-
ume of solution while C; and C, mg L™" are initial and
equilibrium concentrations, respectively. Inductively
coupled plasma mass spectrometry, Perkin Elmir
Company Optima 7300 DV, was also applied to detect
the selenium concentration in water.

2.5. Kinetic study

It is well known that there are some steps which
control the adsorption process. These steps are not to
be considered as simple ones. Initially, the adsorbate
should pass through the media with all the limitation
to reach the surface and place on it. This step consists
of movement from bulk to near the surface which is
facilitated by vigorous shaking at 200 rpm and causes
enhancing mass transfer from bulk to near the surface.
Next step is crossing-diffusing the film, thin layer near
the surface, to reach the surface. After getting to the
active site on the surface, a chemical reaction or a
physical interaction occurs and adsorbate attaches to
the surface. If the adsorbent has porous structure,
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diffusion of the adsorbate through the pores could be
another barrier. It is important to know how the
adsorption occurs on the surface and this could be
evaluated here by analyzing the obtained parameter
from kinetic and isotherm models. PS1 is a primary
empirical kinetic model which considers only the sur-
face reaction [34]. The linear form of this model is
given as:

In (g — q¢) = Ing, — kqt 3)
In which g, represents the adsorption capacity
(mmol g™') at time t and k; (1 min™") is the PS1 rate
constant. g, and k; can be calculated from slop and
intercept obtained from linear plotting of In (g, — q¢) vs.
t. PS2 is also another commonly used model which has
satisfactory result for the many of adsorption processes.
The model predicts the mechanism of two steps which
are film diffusion and then surface reaction [35]. The
linear form of PS2 model is presented as:

t 1 t

P + Py 4)
where k; (g mg ' min) is the PS2 rate constant. This
model is able to estimate experimental g, values quite
well and usually fits the experimental data better than
the PS1 model. The third applied model is the Elovich
model which explains the adsorption on the heteroge-
neous surface [36]. The model is given as:

1
q: = —1In (1 + AEBEt) 5)
B

In which Ar (mmol min~' g™') and By (g mmol ') are
the Elovich model parameters, explaining the rate of
chemisorption and surface coverage, respectively.

2.6. Equilibrium study

In addition to kinetic study, equilibrium study was
performed to simulate the selenium uptake by

937

adsorbents. In this section, several isotherm models
were applied for equilibrium study in order to find the
relation between adsorbed component on the adsor-
bent surface and adsorbate amount in the fluid phase
at equilibrium condition and constant temperature.
The Langmuir and the Freundlich models which have
two parameters are the most frequently used isotherms
to fit the experiment data. Sips and Fritz-Schlunder
models which have three and four parameters were
also applied to find the best model for data fitting.

The Langmuir model assumptions are as follow:
homogeneous surface, no interaction between
adsorbed molecules, the same mechanism for all
adsorption, and monolayer adsorption on the solid
surface [37]. Two linear form of the Langmuir model
are presented as bellow:

(6)

L)L
e quKr) Co " G

1 1
C_leo

Im ‘ KLqm

e

@)

where g, (mg g™') is the adsorption capacity and C,
(mg L") is the equilibrium concentration of the adsor-
bate, while g,, (mgg™") is maximum capacity and K;
(L mg ") represents the energy of the adsorption.

Another widely used model is Freundlich which is
the simplest empirical isotherm with assumption of a
heterogeneous surface with different adsorption
energy for each site. Accordingly, well-fitting of this
model to equilibrium data describes the multilayer
adsorption on the heterogeneous surface [38]. The lin-
ear form of the Freundlich model is given as:

1
Inge =InKr+—InC, ()
nr

In which K¢ ((mmol g7")/(L mmol )™) is the model
constant and np represents the surface heterogeneity,
while they can be calculated by slope and intercept of
plotting In g, vs. In C,.

Table 1
Pseudo-first-order, pseudo-second-order, and Elovich model parameters for selenium adsorption by MNPs and FMNPs
Pseudo-first order Pseudo-second order Elovich
MNPs FMNPs MNPs FMNPs MNPs FMNPs
kq 0.0053 0.0045 k; 0.0034 0.0013 Ag 1.947e4 49.02
e 6.512 12.57 e 46.147 27.93 Be 0.54 0.34
R? 0.822 0.951 R? 0.999 0.997 R? 0.978 0.984
SSE 0.674 0.089 SSE 0.059 0.029 SSE 3.732 3.073
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The Sips isotherm is a hybrid model which follows
the Langmuir and Freundlich isotherm. At the low
concentration, Sips model approaches to Freundlich
while at the high concentrations, this model gives a
constant value like the Langmuir isotherm [39]. The
model is represented as bellow:

g
ge = Qm(KSCe) n )
1+ (KSCe) ’
where K, (L mmol ™) is the affinity constant and ns is
the surface heterogeneity factor. If ng gets a value of
unity, it shows the surface is homogeneous and Sips
model returns to Langmuir model. This model should
be nonlinear fitted to experimental data since it has
three parameters.

Fritz-Schlunder isotherm is a four-parameter
empirical isotherm represented for modeling experi-
mental data. The model is fitted with data in the non-
linear form, like the Sips model. The Fritz-Schlunder
model is given as [40]:

qmKrsC.F

=17 KpsCe'™s (10

In which ngs and mgg are the surface heterogeneity
factors, and Kps (L mmol ') is model affinity constant
which corresponds to Langmuir constant (energy fac-
tor). Increasing the amount of parameter in the model
gives better result for data fitting, but the parameters
have less physical mining. Lack of model’s physical
mining cannot help to understand the mechanism of
the adsorption. Therefore, two-parameter models
(Langmuir and Freundlich) should be considered to
understand the adsorption mechanism.

2.7. Continuous experiments

In the fixed-bed column, adsorbent is motionless
and fluid containing the adsorbate move through the
channels. The adsorbate moves from bulk phase to
nearby of the solid surface and finally adsorbs on its
surface. Considering the mentioned mechanism, mass
transfer is the main factor in fixed-bed adsorption.
The column performance was investigated by measur-
ing output concentration of the adsorbate and plotting
the breakthrough curve, which is normalized concen-
tration (C;/Cp) or volume of fluid passed the column
vs. time. The experimental set-up for the column con-
sists of a glassy column, a peristaltic pump, and a feed
tank. In order to hold the adsorbent particles, glass
wool has been used at the bottom of the column. The
mesh size of the dry adsorbents was 300-500 um. All

experiment was performed at the laboratory condition.
At the first step, the column was packed at a constant
weight of adsorbent and the effect of flow rate was
varied in three points. For the magnetite, flow rate of
2, 4, and 6 mL min~' were examined with 2 g of
adsorbent (height of 2 cm) and the column diameter
was 1 cm. For the functionalized magnetite, the flow
rates were 0.5, 1, and 2 mL min~! and the adsorbate
weight was 1 g (height of 3 cm). Lower flow rates and
adsorbent’s weight were chosen for functionalized
magnetite, since its reaction rate is lower than naked
magnetite. The initial concentration was 30 mg L™" for
the functionalized magnetite and 50 mg L™ for the
naked magnetite. The flow rates, in which the maxi-
mum adsorption capacity is obtained, were chosen as
optimum value. The second step was the investigation
of the effect of the bed’s height which was performed
by doubling the height. The optimum flow rate was
fixed in previous step and the experiment was
repeated in height of 4cm (4 g) for magnetite and
6 cm (2 g) for the functionalized magnetite.

2.8. Modeling of breakthrough curve

Representing a sufficient breakthrough model
could help designers to fabricate a sufficient process
in the different operating conditions. There are several
models to analyze the experimental data and predict
the column efficiency.

The Thomas model is a simple model to study the
performance of the adsorption column. This model
can be derived by mass balance equation. The Thomas
model assumes a second-order reaction, Langmuir
model for surface adsorption at equilibrium and the
condition of the non-axial dispersion [41,42]. Linear
form of the model is presented as bellow:

C K m
ERE

(11)

In which C and Cj are the selenium concentration of
the outlet and inlet flow, respectively. Kz;, (1 g~ min) is
the Thomas rate constant, gy (mg g~ ") is the maximum
adsorption capacity, M (g) is total weight of the adsor-
bent, and t (min) is the time. This model was nonlinear
fitted to experimental data, and gy and Kr;, could be cal-
culated. These obtained parameters could be used in
the condition of the same flow rate.

Another simple model is Yoon-Nelson model
which focuses on the adsorption of vapors or gases in
activated coal, but is frequently used for liquid sys-
tems. This model assumes that the rate of decrease in
probability of adsorption for each adsorbate molecules
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is proportional to the probability of adsorbate adsorp-
tion and the probability of adsorbate breakthrough on
adsorbent [42,43]. The following equation represents
the linear form of this model:

1n<coc_ c) = Kyn(t —1)

where Kyy (1 min™") is the Yoon-Nelson’s proportion-
ality constant and ¢ (min) is the time required for 50%
adsorbate breakthrough

(12)

3. Results and discussion
3.1. Characterization of nanoparticles
3.1.1. Field emission scanning electron microscopy

Fig. 2 shows the SEM images of MNPs and
FMNPs. Prepared samples were dispersed for 30 min

:-r:-. *%

28.08kV

Fig. 2. SEM images of (a) FMNPs and (b) MNPs.

in the ultrasonic bath. The morphology of the synthe-
sized nanoparticles could be clearly seen. The size dis-
tribution is uniform, and synthesized nanoparticles
are nearly spherical. As it could be seen in the Fig. 2,
the average of particle’s diameter is around 30 nm.
Furthermore, dispersion of the coated particles was
better than naked particles, which is likely due to fra-
gility of silica layer and the presence of amine group
on the surface of the coated nanoparticles. At first, sil-
ica layer on the surface of naked nanoparticles screens
the magnetic dipolar attraction between magnetic
nanoparticles, which favors the dispersion of magnetic
nanoparticles in liquid media and protects them from
leaching in an acidic environment. Second, due to the
existence of amine groups on the silica layer, FMNPs
do not attach together and prevent formation of bigger
clusters [44].
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3.1.2. XRD Pattern

In order to check the phase purity and crystal
structure of the synthesized MNPs, the XRD analysis
was applied. Fig. 3 represents the XRD pattern of
naked MNPs. The diffraction peaks of (220), (311),
(400), (422), (511), and (440) demonstrate the fact that
standard magnetite has a cubic crystal structure [32].
The obtained pattern is identical to reference pattern
of JCPDS No. 19-629. According to the data obtained,
average particle size has been calculated with the
scherrer’s equation, and was calculated to be 28.79 nm
which is almost identical to observation of the SEM
images.

3.1.3. Fourier transmission infrared spectroscopy

Surface nature of the synthesized nanoparticles
was detected by FTIR analysis. Fig. 4 shows the FTIR
spectra of naked MNPs and FMNPs. According to
Fig. 4(a), there is a peak at 587 cm™' which corre-
sponds to Fe-O vibration that is related to MNPs
phase. The peak at 3,440 cm™' is due to stretching
vibration of -OH groups at the surface of MNPs. The
band at 1,635 cm ™! is contributed to the stretching and
bending vibration of physically adsorbed H,O on the
surface. In Fig. 4(b), there is an intense and broad
band appeared in 3,000-3,700 cm™' region correspond-
ing to -NH, groups which were overlapped with
vibration band associated with hydroxyl groups of
surface. The peak at 1,102 cm™" is due to stretching
vibration of Si-O-Si which demonstrates the presence
of silica phase. Peaks at 2,930 and 2,859 cm ! corre-
spond to —CH,— group of APTES attached to Si,
which are absent in Fig. 4(a). The band at 1,465 cm™!
might be due to C-H bending motion. The band at
1,640 cm ™! is likely due to adsorption of H,O with the
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Fig. 3. XRD pattern of MNPs.
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Fig. 4. FTIR spectra of (a) MNPs and (b) FMNPs.

-NH, groups of surface. The presence of a peak cen-
tered at 471 cm™' is probably caused by symmetric
and asymmetric stretching vibration of framework
and terminal Si-O groups

3.2. Effect of contact time

The contact time is one of the most important pro-
cessing parameters, so the adsorption capacity was
calculated after 5, 10, 30, 60, 120, 180, 240, 360, and
1,020 min for two adsorbent and the result is shown
in Fig. 5. At the minutes of initial, the adsorption
increased rapidly so that 82% of equilibrium value
was adsorbed by MNPs and 56% adsorption by
FMNPs in the 10 min. Within a short period of time,
adsorption rate decreased due to the occupation of
active site at surface of adsorbent. For MNPs. after 1 h
adsorption reached to 92% of equilibrium, whereas
this quantity is 88% for FMNPs after 3 h. The result
showed that the adsorption rate for MNPs is three or
four time faster than FMNPs. Hence the optimum
time can be proposed 1h for MNPs and 3 h for
FMNPs. However, the adsorption enhances with the
time but this is not possible to increase the reaction
time due to high processing cost. At the initial
moments, because of vacancy of the most active site,
chemical potential difference between adsorbent and
solution is high, so the driving force for the mass
transfer is more and consequently adsorption rate is
higher. However, due to gradual and low pace growth
in the adsorption capacity after 17 h, a contact time of
6 h for FMNPs and 3 h for MNPs was selected as the
equilibrium time for the text equilibrium experiments.
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Fig. 5. Effect of reaction time on the selenium uptake by
MNPs and FMNDPs.

3.3. Adsorption kinetics

In order to kinetic study of selenium adsorption
onto adsorbent, PS1, PS2, and Elovich models were
employed. The PS1 is one of the most commonly used
models and predicts one-site occupancy. The PS2 is
sufficient model to simulate the two-site occupancy of
adsorption and was useful for different cases of
adsorption. The Elovich model can divide adsorption
to chemisorption and physical adsorption [36]. The
calculated values for the parameters are presented in
Table 1. The PS1 model is not sufficient according to
the low regression coefficient and estimated equilib-
rium capacity for both adsorbent which has significant
differences with experiments. In addition, the linear
plot of PST model depicts deficient data fitting which
is shown in Fig. 6. However, the obtained result from

Table 2
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Fig. 6. Linear plot of pseudo-first-order model for MNPs
and FMNPDPs.

data fitting is showing that the PS2 model has the best
conformity with the experimental data. Linear plot of
this PS2 model also demonstrates this, as shown in
Fig. 7. The regression coefficient is almost unity and
error sum of square (SSE) for this model has less value
through these three models. That can be claimed that
adsorption occurs in two steps, film diffusion and sur-
face reaction. And also, the adsorbents do not have
porous structure because of conformity with PS2
model. The fitting’s result with Elovich model is also
represented in Table 1. Basically PS1, PS2, and intra-
particle models indicate the number of limiting factor
in adsorption and could be used for all the cases. On
the other hand, the Elovich model should be carefully
used. It is worth mentioning that the Elovich model is
better to apply it for comparison cases. The regression

The obtained parameters of isotherms for modeling of equilibrium data in selenium adsorption system

Parameters Langmuir Freundlich Sips Fritz—Schlunder
Magnetite

Gm 33.267 88.92 71,160

K 36.85 20.8 0.02875 0.0003007
n 4.75 0.3003 0.2271

m 1.358

R? 0.9364 0.9712 0.9789 0.9885
SSE 0.001656 0.1605 61.98 33.7
Functionalized magnetite

Gm 28.3 34.11 363

K 0.234 7.1349 0.1266 0.02377

n 3.1665 0.5212 0.3621

m 0.7257

R? 0.982 0.903 0.99 0.994

SSE 0.0737 0.8108 8.811 5.853
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Fig. 7. Linear plot of pseudo-first-order model for MNPs
and FMNPs.

coefficient and SSE indicate that this model is well fit-
ted to experimental data. This model was nonlinear
fitted to data and Fig. 8 shows a plot of Elovich equa-
tion for two series of data. The adsorption on the mag-
netite might occur chemically, but adsorption on the
functionalized magnetite is physically. This conclusion
is based on that concept of the Ag parameter which is
related to chemisorption. Another logical parameter of
this model is Bg, indicating the surface coverage of the
adsorbent. The calculated parameters of the model are
represented in Table 1. Surface coverage value of
MNPs is 0.54 and for FMNPs is 0.34, comparable with
their adsorption capacity.

It could be comprehended that the adsorption of
selenium occurs in two steps. The first limiting factor
is the adsorbate crossing through a film near the

50 T T
I
45 o ® o ¥
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Fig. 8. Plot of the Elovich model for MNPs and FMNPs.

surface which is due to the mass transfer driving
force, followed by the second factor, surface reaction.
The result shows that MNPs adsorb selenium chemi-
cally and FMNPs adsorb it physically. It is better to
use reusable adsorbent. After adsorption, regeneration
should be carried out to use refreshed adsorbent in
the next cycles. It is clear that regeneration is more
possible when the physical adsorption occurs. Accord-
ingly, FMNPs are suitable adsorbent because of its
reusability.

3.4. Adsorption isotherms

In order to perform equilibrium study, the initial
concentration was varied from 5 to 230 mg L™' and
obtained isotherms are presented in Fig. 9. The
adsorption capacity for both adsorbent was enhanced
by growth in the ion concentration. Initial concentra-
tion is considered as a driving force for adsorption
process. A rise in initial concentration though could
increase the driving force and subsequently improve
the adsorption efficiency. However, here the adsorp-
tion yield dwindles by increasing ion concentration so
that it decreases from 99.8% at 10 mg L™ to 73.7% at
50 mg L™" for MNPs and decreases from 89 to 46.2%
for FMNPs. This is probably due to lack of available
active site at the higher concentrations. The maximum
Se uptake is 52.89 mg g~ ' for MNPs and 27.82 mg g~"
for FMNPs which occurred at 230 mg L™ as initial
concentration. As depicted in Fig. 9, the adsorption
capacities did not change after 100 mg L™ of initial
concentration and isotherms were plateau at high
solution concentration.

60

50
40 —e—MNPs
c) —=—FMNPs
IS)
£ 30
(0]
o
20
10
0
0 50 100 150 200 250
Ce (mg/L)
Fig. 9. Experimental isotherm obtained for selenium

adsorption by for MNPs and FMNDPs.
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Fig. 10. Plot of linear form of Langmuir isotherm for (a)
MNPs and (b) FMNDPs.

3.5. Application of isotherm models

Several isotherm equations were employed to
model the equilibrium experiments. Langmuir and
Freundlich isotherms were used in linear form and
Sips and Fritz-Schlunder isotherm were nonlinear fit-
ted to experimental data using MATLAB software.
Each linear form of Langmuir equation was examined
so that the best result for two kinds of sorbent could
be found. Plot of C,/g, vs. C, for FMNPs and 1/¢, vs.
1/C, for MNPs is shown in Fig. 10. Plot of In g, vs.
In C, for Freundlich is shown in Fig. 11 and plot of g,
vs. C, for Sips and Fritz—Schlunder isotherms are also
represented in Fig. 12. The calculated parameters of
each model are represented in Table 2. Considering
the calculated parameters, Freundlich for FMNPs and
Langmuir for MNPs were well fitted to isotherm
data, indicating that homogeneous one layer of sele-
nium sorption occurs on FMNPs while the heteroge-
neous multilayer sorption occurs on the MNPs. The

4.5
o0
)
=
£
+ MNPs
o FMNPs
. 05 *
0
3 2 1 0 1 2 3 4 5 6

Fig. 11. Linear plot of Freundlich isotherm for MNPs and
FMNPs.
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Fig. 12. Plot of Sips and Fritz-Schlunder isotherms for
MNPs and FMNPs.

Fritz-Schlunder model with four parameters has the
highest regression coefficient through the models,
suggesting that increasing of parameter makes the
model more flexible. In addition to two-parameter
models, both Sips and Fritz-Schlunder models could
be used for each sorbent, but the calculated parame-
ters have significant differences with the experimental
data. Maximum adsorption capacity of Sips model
was obtained to be 88.92 mg g™ for MNPs and 34.11
for FMNPs, while their actual values were 52.89 and
27.82 mg g !, respectively. This parameter is calcu-
lated to be 71,160 mgg ' for MNPs and 363 for
FMNPs by Fritz-Schlunder model.

3.6. Continuous experiments and breakthrough curves

At the first step of continuous experiments, flow
rate of initial solution was examined to find the
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optimum flow rate. The breakthrough curves of MNPs
and FMNPs are represented in Figs. 13 and 14. As
depicted in these figures, the slope of breakthrough
curve grew and break time (¢,) decreased by flow rate
growth. That is because of the low residence time for
the adsorbate which leaves the column before equilib-
rium. On the other hand, increasing the flow rate led
to an increment in the turbulence and consequently
mass transfer was enhanced. These two factors,
namely residence time and turbulence, are against
each other. Bearing this in mind, optimum flow rate is
the one in which the adsorbates have enough time to

Table 3
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be adsorbed and suitable mass transfer occurs. The
appropriate flow rate was obtained 4 mL min ' for
MNPs and 1 mL min~" for FMNPs. The experimental
data of column study are represented in Table 3. Sec-
ond step of experiment was investigation of height
effect on column performance. The columns were run
at optimum flow rate and the heights were doubled.
The results indicated that increment of height had a
little effect on the column performance. The maximum
adsorption capacity for magnetite changed from 40.58
to 4276 mg g ' and for functionalized magnetite has
changed from 18.44 to 19.35 mg g~ '. This low increase

Experimental data and calculated parameters of breakthrough curves for selenium uptake in fixed-bed column

Experimental parameters

Flow rate (mL min ") Height (cm) tp (min)
Magnetite

2 2 290
4 2 135
6 2 79
4 4 608
Functionalized magnetite

0.5 3 613
1 3 214
2 3 332
1 6 771

Thomas model

Flow rate (mL min~')  Height (cm) Ky, (1/(g min))

Magnetite

2 2 0.152
4 2 0.202
6 2 0.446
4 4 0.204
Functionalized magnetite

0.5 3 0.217
1 3 0.237
2 3 0.293
1 6 0.233

Yoon—Nelson model

Flow rate (mL min™!) Height (cm) Kyy (min™h)
Magnetite

2 2 0.0075
4 2 0.0101
6 2 0.0243
4 4 0.0102
Functionalized magnetite

0.5 3 0.0071
1 3 0.0082
2 3 0.0106
1 6 0.0078

Texp (Min) Fmexp) (Mg gfl) Adsorption percentage
571 30.26 50.4
408 40.58 45.1
220 30.7 42.6
875 42.76 71.3
1,013 15.05 70
632 18.44 57
272 16.48 35.8
1,353 18.75 71.7
Gmcan (mg g™ SSE R?
31.76 0.0088 0.981
42.36 0.0044 0.98
33.78 0.0047 0.976
41.62 0.0043 0.982
15.13 0.0047 0.991
18.85 0.0055 0.994
17.12 0.0024 0.982
18.32 0.0112 0.992
Tca (min) SSE R?
637 1.547 0.981
422 1.38 0.98
235 2914 0.965
830 2.355 0.981
1,001 0.441 0.996
627 2.344 0.971
257 0.148 0.997
1,234 3.939 0.977
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Fig. 13. The experimental breakthrough curves for sele-
nium adsorption by magnetite in fixed-bed column,
column diameter 1 cm.
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Fig. 14. The experimental breakthrough curves for sele-
nium adsorption by functionalized magnetite in fixed-bed
column, column diameter 1 cm.

in sorption capacity might be due to elongated resi-
dence time. The slope of breakthrough curves did not
change by increment of column height and the break
time was changed from 135 to 608 min for magnetite
and 214-771 for functionalized magnetite. In the con-
tinuous system, it is better to increase the height to
the extent of allowed pressure drop and the threshold
of cavitation prevention.

3.7. Modeling of breakthrough curves

In order to simulate the fixed bed column, it is
necessary to represent a sufficient model for break-
through curves. For this reason, the Thomas and
Yoon-Nelson equations were applied to data analysis.
Both models were linear fitted by Excel software.
According to the result, the Thomas model provides
excellent fit to the experimental data. The obtained

parameters of models are represented in Table 3 and
values are comparable with experimental data. The R*
values of the Thomas model for both adsorbent were
in the range of 0.976-0.994. The absolute value for Ky,
increased by increment of the flow rate but was rather
constant by increment of bed depth. As it is obvious
with reference to Table 3, the differences between cal-
culated values and experimental data are negligible.
Figs. 15 and 16 are also good evidences to the fact that
the Thomas model is sufficient for prediction of break-
through curve for this system.

Although the Thomas model is well fitted to data,
the Yoon-Nelson model owns sufficient results and
can be used for calculating its special parameters. The
linear plot of In [C/(Cy — O)] vs. time (t) is visible in
Figs. 17 and 18 at the different initial flow rate and

8
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6 . i
® 4 ml/min,2cm
A
4 4 6ml/min, 2cm
e 4 ml/min,4cm
2
o
S o
‘5’ 0 1000 1200 1400
-2
-4
-6
-8

time (min)

Fig. 15. Linear form of the Thomas model for break-
through curve of selenium adsorption by magnetite, col-
umn diameter 1 cm.

+0.5ml/min, 3 cm
=1 ml/min, 3 cm
a2 ml/min, 3 cm
e 1 ml/min, 6 cm

Ln(CO/C-1)

time (min)

Fig. 16. Linear form of the Thomas model for break-
through curve of selenium adsorption by functionalized
magnetite, column diameter 1 cm.
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Fig. 17. Linear form of Yoon-Nelson model for break-
through curve of selenium adsorption by functionalized
magnetite, column diameter 1 cm.
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Fig. 18. Linear form of Yoon-Nelson model for break-
through curve of selenium adsorption by functionalized
magnetite, column diameter 1 cm.

the bed depth. The model was capable of being well
fitted to the experimental data. The time required for
50% of adsorbate breakthrough (r) has low differences
with experiment. The linear regression coefficients for
different condition were in the range of 0.965-0.997.
With these explanations it could be understood that
the Yoon-Nelson model fits well to experimental data.
This model could be confidently used for prediction of
breakthrough curve. Application of Thomas and
Yoon-Nelson models depends on the parameter that
is desired and if the breakthrough curve is just
needed, it is better to use the Thomas model.

4. Conclusion

MNPs were synthesized and a layer of silica was
coated. Prepared particles were finally functionalized

with APTES. Capability of MNPs and FMNPs for sele-
nium adsorption was investigated in batch and fixed
bed-column system. The results of batch and continu-
ous system were comparable. The results of nanoparti-
cles characterizations were as follows:

(1) The SEM images showed that the magnetite
particles are nearly spherical with about
30nm of diameter and the functionalized
particles were more dispersed.

(2) The XRD pattern has demonstrated that mag-
netite has cubic crystal structure and particles
diameter was calculated 28.89 nm using scher-
rer’s equation.

(3) The FTIR spectrum has exhibited the surface
nature of the nanoparticles and it is found
that the surface of MNPs is covered by -OH
groups and FMNPs is covered by —-NH,.

The effect of contact time was studied on selenium
adsorption onto both FMNPs and MNPs. The results
have indicated that:

(1) MNPs adsorbed selenium faster than FMNPs.

(2) The MNPs has adsorbed 92% of equilibrium
after 1 h while adsorption has reached 88% of
equilibrium for FMNPs after 3 h.

(3) It was found that the adsorption of selenium
onto both adsorbent have been controlled by
pseudo-second-order mechanism. According
to the result of the Elovich model.

(4) The nature of adsorption was chemically for
MNPs and physically for FMNPs.

(5) The equilibrium capacity obtained
46.05mg g ' for MNPs and 27.55mgg ' for
FMNPs.

The effect of initial selenium concentration was
investigated and results showed that the Langmuir
model for FMNPs and Freundlich model for MNPs
were in agreement with experimental data. According
to the concept of these models, one layer homoge-
neous adsorption takes place on the surface of
FMNPs, while a multilayer heterogeneous adsorption
occurs onto the MNPs. Three-parameter Sips and
four-parameter Fritz—Schlunder isotherms were also
applied and the Fritz-Schlunder was better fitted to
data. These model’s parameters have significant differ-
ent to experimental values. These results indicate that
although increasing of the number of parameters
cause better fitting, the parameters lose their logical
mining.

The continuous study in the fixed-bed column was
performed and breakthrough curve was obtained in
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three flow rates. The optimum flow rate was
4mLmin"' for MNPs and 1mL min~' since maxi-
mum adsorption capacity occurs. The effect of column
depth was also investigated and a change in the col-
umn performance was negligible. The Thomas model
can be confidently used for simulation of break-
through curves. The g, calculated from the model was
much closed to measured value in the experiment.
The Yoon-Nelson model was also well fitted to experi-
mental data so can be used to predict the break-
through curve. The application of each model
depends on the desired parameter.

To conclude, the batch and continuous process in
selenium adsorption by FMNPs and MNPs were stud-
ied and both systems were found to be useful. The
main focus was, however, on the batch system as the
mag-molecular process operates in batch or semi-batch
method. Despite FMNPs have lower adsorption capac-
ity, it could be used as adsorbent in the process
because of its well dispersion capability, chemical sta-
bility, and ability to use for sequential times.
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