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In this study, magnetite (Fe3O4) nanoparticles were synthesized by chemical co-precipitation method, coated
with silica, and then the surface of silica coated magnetite (Fe3O4@SiO;2) nanoparticles was modified with (3-
aminopropyl)triethoxysilane (APTES) at first. Secondly, attained nanoparticles were characterized by the Fourier
transform infrared, X-ray diffraction, transmission electron microscopy, the Brunauer-Emmett—Teller, vibrating
sample magnetometer, and zeta-sizer devices/methods. Finally, detailed adsorption experiments were performed
to remove hexavalent chromium (Cr(VI)) from aqueous media by synthesized nanoparticles. Mean size and specific
surface area of synthesized nanoparticles were about 15 nm and 89.5 m? /g, respectively. The highest adsorption
capacity among used adsorbents (Fe3Ou4, Fes04@QSiO2, Fe304@SiO2@QL) was attained by Fe3O4 nanoparticles and
it was determined that adsorption capacity of the other two adsorbents was too low when compared to the FesO4
nanoparticles. Optimum conditions for Cr(VI) adsorption by Fe3sOs nanoparticles were: pH, 3; temperature,
55°C; contact time, 90 min; adsorbent concentration, 0.5 g/l and initial Cr(VI) concentration 10 mg/l. Under
these conditions, adsorption capacity and removal percentage of Cr(VI) were found to be 33.45 mg/g and 88%,
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1. Introduction

Nanoparticles (NPs) are of great interest in recent
years due to their outstanding chemical, physical, and
magnetic properties which are different from coarse-
grained counterparts [1-4]. Magnetite nanoparticles
(FesO4 NPs) have also attracted a great attention to
use as a new adsorbent, in analytical chemistry and for
medicine researches with their some advantageous prop-
erties such as high surface area, low cost, high magnetic
sensitivity, and high surface-active area [5]. Furthermore,
Fe3O4 NPs are also used for some specific applications,
such as drug delivery, magnetic field-assisted cancer ther-
apy, cell labelling and sorting, magnetic resonance imag-
ing and sensing. Like this there are various applications
of Fe304 NPs, but they are not very stable under differ-
ent environmental conditions, can turn into maghemite
by oxidation and soluble in strongly acidic media [6-9].
In order to overcome these problems, the surface of Fe3O4
NPs can be layered with a protective material. Silica is
the best known material to coat the surface of FezO4. Sil-
ica has a good mechanical and chemical stability and so
silica coating provides Fe3O4 NPs to stay stable and pre-
vents to dissolve in acidic media [10]. Furthermore, silica
is biocompatible and there are plenty of silane groups
on the silica surface. Therefore, silica coated magnetite
(Fe304@Si05) NPs can easily be modified by various
functional groups [11]. The surface of Fe30,@SiOy NPs
is negatively charged in aqueous media at low pH levels.
In this case, the adsorption of anionic ions on the nega-
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tively charged surface would be difficult because of elec-
trostatic repulsion forces. The surface of silica can also be
modified by various techniques and chemicals (especially
by amine groups) to obtain positively charged surface.
In this study, (3-aminopropyl)triethoxysilane was used
to modify the surface of Fe30,@SiO5 NPs.

Chromium is one of the most important toxic and
heavy metals emitted into the environment and used
in various applications such as leather industry, cata-
lyst manufacturing, paint and ink industries, ceramic and
glass industry, photography, chromium-plating and pro-
duction of chromium alloys or metals [2127 13]. Hexava-
lent chromium (HCrO,, CrO3~, Cry027) and trivalent
chromium (Cr3*, Cr(OH)?*") are two main chromium
forms mostly occurring in the aquatic environment as
a result of various processes [14]. Unlike other chromium
components, hexavalent chromium [Cr(VI)] is soluble in
groundwater and therefore its transportation and partic-
ipation to living organisms is much more likely. Most
of the components of Cr(VI) has been reported to be
toxic, carcinogenic and mutagenic [15, 16]. According to
the World Health Organization (WHO) standards, max-
imum allowable Cr(VI) concentration in drinking waters
is 0.05 mg/1[13, 17]. Thus, the amount of chromium con-
tent in the waste waters which have dangerous effect on
living beings should be reduced to minimum level before
releasing into the environment.

In this study, adsorption technique which is more eco-
nomic, efficient, and easier technique than other tech-
niques was used to remove Cr(VI) ions from aqueous
media by magnetite and modified magnetite NPs. There
is a key role of the surface properties of magnetite for
Cr(VI) adsorption. In acidic media, magnetite surface
becomes more positive and so anionic Cr(VI) ions can
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easily be adsorbed on the magnetite surface by the ef-
fect of electrostatic attraction forces [18]. In addition,
the magnetic sensitivity of magnetite also affects the re-
moval of Cr(VI) [19].

2. Materials and methods
2.1. Materials

Ammonium hydroxide (NH4OH, 28.0-30.0%) and
1,5-diphenylcarbazide (C13H14N4O) were purchased
from Sigma Aldrich. (3-aminopropyl)triethoxysilane
(CoHa3NO3Si, 98%) was purchased from Alfa. Iron(II)
chloride hexahydrate (FeCls-6H20, > 98%), iron(III)
chloride tetrahydrate (FeClp-4HoO, > 99%), tetraethy-
lorthosilicate (Si(OCyHs)4, 28%), hydrochloric acid
(HC1, 35-37% GR), sodium hydroxide (NaOH, 96%),
sulphuric acid (H2SO4, 95-97%), potassium dichromate
(K2Cra07), acetone (C3HgO) and ethanol (CyHs50H,
99.7%) were purchased from Merck.

Cr(VI) stock solution (500 mg/1) was prepared by dis-
solving 1.414 g K5Cro0O7 with 1000 ml distilled water.
1.5-DPC (0.5%) solution was used for UV measurements
and prepared by dissolving 0.25 g 1.5-diphenylcarbazide
with 50 ml acetone. 6N sulphuric acid solution was pre-
pared by adding 8.33 ml HoSO4 (98%) into 50 ml distilled
water to be used to pH adjustments at UV measurements.

2.2. Synthesis of nanoparticles

In this study, modified Massart technique was used
to synthesize magnetite NPs [20]. Briefly, 0.02 mol
FeCl3-6H,0O and 0.01 mol FeCly-4H50O were dissolved
with 100 ml distilled water in a five-necked flask at room
temperature. Dissolution and stirring was carried out
for 30 min at 750 rpm using a mechanical stirrer. Then
50 ml of 28% concentrated NH,;OH was added drop-
wise (3.3 ml/min) into the solution. After that the so-
lution temperature was increased to 90°C and stirring
was continued for 2 h. Finally, the obtained magnetite
NPs precipitate was separated from solution using a mag-
net, washed distilled water and ethanol several times and
stored at 1% concentration in ethanol. Fe30,@SiOy5 NPs
were prepared according to the Stober method by apply-
ing some changes [10, 21]. 50 ml of previously prepared
magnetite liquid (1%) was dispersed ultrasonically and
then added into a 500 ml three-necked flask which con-
tained 40 ml distilled water, 120 ml ethanol, and 5 ml
NH4,OH (28%). The mixture was stirred for 30 min at
25°C and 800 rpm using a mechanical stirrer and af-
ter stirring 0.4 ml TEOS was added into the mixture
very slowly (0.013 ml/min). After adding TEOS, stir-
ring was continued for another 4 h under the same con-
ditions. Finally, the silica coated magnetite NPs were
taken from solution by a magnet, washed distilled wa-
ter and ethanol several times and stored at 1% concen-
tration in ethanol. In order to prepare amine modified
NPs (Fe;0,@Si0,QL), the following method was sum-
marized. 150 mg Fe30,@SiO5 powder was put in a
100 ml beaker which contained 50 ml ethanol and the
mixture dispersed ultrasonically at 80 W for 2 min. Af-
ter that 1 ml APTES was added into the mixture and

stirred for 3 h at 50°C. After stirring, modified NPs
were separated from solution and dried for 4 h at 65°C.
All synthesis processes were performed under Ny gas to
prevent oxidation of NPs. A schematic summary of the
synthesis steps is given in Fig. 1.

APTES
[ —

EtOH

{Fes0,}

{ Fe;0,@Si0, }

{ Fe;0,@Si0,@L }

Fig. 1. Schematic illustration of summarized synthesis
process of NPs.

2.3. Characterization methods

The morphology and size of NPs were observed us-
ing JEM 2100F (JEOL) transmission electron microscope
(TEM). To determine the functional groups of NPs, the
Fourier transform infrared (FTIR) spectra were recorded
on a Perkin—Elmer Spectrum BX spectrometer with the
KBr technique in the range of 4004000 cm~!. Magnetic
sensitivities were determined by using 1.2 H vibrating
sample magnetometer VSM (LDJ 9600) at 200 kV accel-
erated voltage. To understand the crystal structure of
NPs, Bruker D8 advance X-ray diffraction device (XRD)
was used with Cu K, radiation. The specific surface area
of NPs was determined using Micromeritics Gemini 2360
by the Brunauer, Emmett and Teller (BET) method [22].
Zeta potential (¢) measurements were performed using
Malvern Nano-Z zetasizer. To perform ( measurements
0.01 g of sample with 100 ml 10~2 M NaCl solution were
put in a beaker and the mixture was dispersed ultrasoni-
cally for 3 min. Then, pH of mixture was adjusted using
previously prepared 0.1-5 M HCI and 0.1-1 M NaOH
solutions and ¢ measurements were performed for each
sample.

2.4. Adsorption experiments

Batch adsorption experiments were performed in a
100 ml erlenmayer which contained 50 ml Cr(VI) solution
of known concentration and desired amount of adsorbent.
The mixture was stirred using a GFL-1086 shaking wa-
ter bath at 175 rpm. After that the adsorbent was taken
from solution by magnetic separation using a magnet and
the solution analysed for the residual Cr(VI) ions by Shi-
madzu UV-1240 spectrophotometer. Determination of
Cr(VI) ions was performed as follows. 40 ml of sample
was taken in a beaker and 3 ml of 6N HySO4 was added
into the solution to decrease the pH of the solution under
2. Then 0.8 ml of 0.5% DPC solution was added to the
mixture. After waiting for 5 min, the UV measurements
were performed [23]. Percentage removal of Cr(VI) and
amount of adsorption at equilibrium, ¢. (mg/g), were
calculated by using following Egs. (1) and (2):

Ci - Ce

K3

Removal(%) = x 100%, (1)
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C;, - C
ge = # xV, (2)
where C; and C, are the initial and final concentration of
Cr(VI) ions (mg/1) in the solution, respectively. V is the
volume (1) of tested solution and m is the mass of used
adsorbent (g).

3. Results and discussion
3.1. Characterization of synthesized nanoparticles

FTIR spectrum of synthesized NPs is displayed in
Fig. 2. Strong adsorption band around 570-580 cm™!
wavelength proves the presence of FesO4 NPs for both
spectra. This band is interpreted to stretching vibra-
tions of Fe?t and Fe3' ions in tetrahedral regions and
Fe3T ions in octahedral regions of magnetite [8]. The ab-
sorption bands at 945 cm~! and 1094 cm~! wavelength
observed in Fig. 2b are a result of Si-O-Si and Si—-O-H
stretching vibrations. The extra peak seen at 800 cm ™!
wavelength is due to the Si—O vibration [24]. These re-
sults indicate that the magnetite NPs was successfully
coated by silica. The wide bands around 3440 cm™!
wavelength are attributed to O-H stretching vibrations
of free water molecules, hydroxyl groups (OH) on the sur-
face, or water molecules absorbed by the material [8, 9.

3439
T T T T T T T 1

3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm™)

Fig. 2. FTIR spectra
F6304@Si02NPS (b)

TEM images of the NPs were shown in Fig. 3. The
average particle size of Fe3O4 NPs was estimated to be
15 nm and silica shell thickness was not clearly seen be-
cause of very thin coating. Therefore, surface coating
and modification have no significant effect in size and
morphology of Fe3O4 NPs. The NPs has approximately
spherical shape as seen in the figure.

Figure 4 shows the XRD pattern of NPs. Large peaks
show nanocrystalline and sharp peaks show the high de-
gree of crystalline structure [8, 25]. As seen in the fig-
ure, crystalline diffraction peaks with 26 at 30.1°, 35.4°,
43.2°, 53.9°, 57.2° and 62.7° correspond to the charac-
teristic planes [(220), (311), (400), (422), (511), (440)]
of cubic spinel Fe3Oy, respectively (JCPDS No. 01-071-
6336). The same results observed in Fig. 4b indicate the
presence of magnetite crystals. As shown in XRD pattern
of Fe30,@Si0,@L NPs, less intense and larger peaks are
a result of silica coating and amine modification of the
magnetite surface [26].

of FesO4 NPs (a) and

Fig. 3. TEM micrographs of FesOs NPs (a) and
F6304@Si02@L NPs (b)
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Fig. 4. XRD patterns
Fe304@Si02@L NPs (b)

of FesOs NPs (a) and

Magnetization curves of synthesized NPs are given in
Fig. 5. Magnetization saturations (M) of Fe3O4 and
Fe30,@SiO2,@QL NPs were found to be 75 emu/g and
37 emu/g, respectively. As expected, the magnetization
saturation of Fe30,@SiO,@QL NPs measured was lower
and this is a result of diamagnetic silica shell mass sur-
rounding the magnetite NPs. But, 37 emu/g is still suf-
ficient for magnetic separation of NPs by a magnet from
a solution. Another result shown in Fig. 5 is that both
magnetization curves go through exactly the origin of
magnetization graph. This means that the synthesized
NPs show superparamagnetic behaviour at room tem-
perature because of not exhibiting hysteresis, coercivity,
and remanence [27].
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Fig. 5. Magnetization curves of (a) FesO4 and (b)

Feg O4@Si02 QL NPs.

In order to determine the surface charge of NPs, ( mea-
surements as a function of pH are presented in Fig. 6.
As seen in the figure, the isoelectric point (iep) of FezOy
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NPs was found to be 6.8 which is compatible with lit-
erature values [8, 27, 28]. The Fe30,@SiO2NPs showed
an iep of 2.2 close to that of amorphous silica [29] and
the iep of Fe304@SiO>,QL NPs was measured to be 8.4.
These different results prove that silica coating and amine
modification of magnetite NPs surface were successfully
performed.
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Fig. 6. Zeta potential ({) measurements of NPs as a

function of pH.

3.2. Comparison of prepared NPs according to their
adsorption capacities

Adsorption experiments at different initial Cr(VI) con-
centrations were performed to compare the adsorption
capacities of NPs and obtained comparative results are
shown in Fig. 7. When adsorption experiments were per-
formed, the temperature was 25 °C, contact time: 90 min,
adsorbent concentration: 0.5 g/l, and pH was kept at
2. As clearly shown in the figure, adsorption capacity
of Fe304@Si05 and Fe30,@SiO»@L NPs (1.0 mg/g and
3.2 mg/g, respectively) was found to be much lower than
FesO4NPs (25 mg/g). Therefore, Fe3O4 adsorbent was
selected to perform the next detailed adsorption experi-
ments.

25 X
//
/
20 | e
x — Fe,0,
@i/
=21/ & Fe,0,@5i0,
E |/
E .
210 X —=— Fe;0,@Si0,@L
54
’ — A
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Fig. 7. Cr(VI) adsorption capacities of prepared NPs
(adsorption conditions: initial concentration of Cr(VI)
10 mg/1, adsorbent dose 0.5 g/1, contact time 24 h, tem-
perature 25 °C).

3.8. Effect of pH
Figure 8 shows the effect of pH on the adsorption of
Cr(VI) ions by FesO4 NPs. Maximum removal percent-
age of Cr(VI) (88%) was found at pH range 2-3. As
clearly seen in the figure, the increase of pH resulted in

a sharp decrease of Cr(VI) removal. The dominant form
of Cr(VI) at 2-20 mg/1 concentrations and acidic pH lev-
els is HCrO4 which occurs from the hydrolysis reaction
of the CrQO? ions. If pH value becomes greater than
6.5, CrO3~ ions are seen as dominant Cr(VI) form [30].
Electrostatic attractive forces between the positively sur-
face charged adsorbent and anionic adsorbate (HCrO~%)
are the main cause of the high adsorption amount at
acidic pH levels. pH 3 was selected as optimum value for
the further experiments. The iep of adsorbent (Fe3Oy)
was found to be 5.8. Therefore, the surface of adsorbent
is negatively charged at pH higher than 5.8 and so ad-
sorption of Cr(VI) becomes difficult due to electrostatic
repulsion forces.
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Fig. 8. Effect of pH on the removal of Cr(VI) by Fe3O4

NPs (adsorption conditions: initial concentration of
Cr(VI) 10 mg/l, adsorbent dose 0.5 g/l, contact time
24 h, temperature 25 °C).

8.4. Effect of adsorbent dose

The effect of adsorbent dose on removal of Cr(VI) ions
from solution is demonstrated in Fig. 9. Experimental
results showed that the percentage removal of Cr(VI) in-
creased from 42.5% to 100% with increasing amount of
adsorbent dose from 0.2 g/1 to 0.8 g/1. This can be ex-
plained with increase of effective surface area on which
metal ions will be adsorbed. On the other hand, the
adsorption capacity (mg/g) was continuously decreased
with increase of adsorbent dose and this situation is a
result of remaining of effective surface area without satu-
ration along with the adsorption process. Similar results
were also observed in the other experiments using dif-
ferent adsorbents to removal of Cr(VI) [15, 31]. When
viewed economically, 0.5 g/l was selected as optimum
adsorbent dose for the next experiments.

3.5. Effect of initial Cr(VI) concentration and contact
time

Figure 10 shows the change in adsorption capacity
with the change of initial Cr(VI) concentration from 5
to 25 mg/l and contact time up to 150 min. As it is
expected, a rapid increase in the adsorption capacity
was observed in the first stage and then this increase
was slowed down until adsorption process reached the
equilibrium time. Adsorption capacity increased from
17.4 mg/g to 24.9 mg/g when percentage removal de-
creased from 87.5% to 62.2% by increase of the initial
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Fig. 9. Effect of adsorbent dose on the removal of

Cr(VI) by FesOs4 NPs (adsorption conditions: initial
concentration of Cr(VI) 10 mg/l, contact time 90 min,
temperature 25°C, pH 3).
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Fig. 10. Effect of contact time and initial Cr(VI) con-

centration on the removal of Cr(VI) by Fe3O4 NPs (ad-
sorption conditions: amount of adsorbent 0.5 g/1, tem-
perature 25°C, pH 3).

Cr(VI) concentration from 10 mg/1 to 20 mg/1. This sit-
uation can be explained by the mass transfer rate resulted
from growing driving force [32]. Additionally, the curves
reaches an equilibrium at 90 min and initial Cr(VI) con-
centration has no effect on the equilibrium time. Accord-
ing to these results, it can be said that the adsorption of
Cr(VI) on the surface of Fe304 NPs is monolayer [33].

3.6. Effect of temperature

Effect of temperature on Cr(VI) removal as a func-
tion of initial chromium concentration is illustrated in
Fig. 11. As seen clearly from figure, the adsorption ca-
pacity (mg/g) increased with increase of temperature and
this result indicates that the adsorption of Cr(VI) on
Fe304 NPs is a endothermic process. When the adsorp-
tion process reached equilibrium, maximum adsorption
capacities at 25 and 55 degrees was found to be 25 mg/g
and 35 mg/g, respectively.

3.7. Adsorption mechanism

In this study, the target ions were the HCrO, ions
which are the dominant form of Cr(VI) ions at 10-
25 mg/1 initial concentration range and pH 3. In aque-
ous media, FeOHJ functional groups are formed on the
surface of Fe3O, NPs [34]. Adsorption of HCrO4 ions
on the FesO4 NPs is a physicochemical process accord-
ing to other studies. Namely, Cr(VI) ions are adsorbed

40 4
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Fig. 11. Effect of temperature on the removal of
Cr(VI) by FesOs4 NPs (adsorption conditions: initial
concentration of Cr(VI) 10 mg/l, contact time 90 min,
adsorbent concentration 0.5 g/1, pH 3).

physically on the surface of FesO4 NPs by electrostatic
attraction forces and then reduced to Cr(III) by redox re-
actions [35-37]. After physical adsorption process, chem-
ical adsorption happens by electron exchange between
FeOHJ and HCrQy ions, and Cr(VI) ions are reduced
to non-toxic Cr(III) forms. Another way to understand
this physical or chemical mechanism of the adsorption
is calculation of adsorption energy. If adsorption energy
becomes in the range of 1-2 kJ/mol, physical adsorption
process is observed. 20—40 kJ/mol adsorption energy lev-
els show the chemical adsorption process [38]. According
to thermodynamic calculations in this study the adsorp-
tion energy (E, or AH®°) was found to be 23.45 kJ/mol.
Therefore, we can say that the adsorption of Cr(VI) ions
onto the Fe304 NPs is a chemical process.

4. Conclusion

Fe3O4 NPs have been shown to be an effective ad-
sorbent for adsorption of Cr(VI) when compared to
Fe30,@Si05 and Fe30,@SiO>QL NPs. Electrostatic at-
traction forces between Cr(VI) ions and magnetite NPs
play a key role for the Cr(VI) removal. The adsorption
process was found to be strongly dependent on pH, con-
tact time, adsorbent dose, and initial Cr(VI) concentra-
tion. Maximum Cr(VI) adsorption capacity was found to
be 33.45 mg/g with 88% removal at pH 3.0. According to
these results, FesO4 NPs can be used as an effective ad-
sorbent for removal of Cr(VI) ions from industrial waste
waters. Additionally, the magnetic separation of Fe3O,
NPs from solution is more rapid, simpler, and more ef-
fective than other solid-liquid separation techniques.
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