JOM, Vol. 74, No. 9, 2022

https://doi.org/10.1007/s11837-022-05380-3
© 2022 The Author(s)

o)

Check for
updates

TECHNICAL ARTICLE

Synthesis of FesO, Nanoparticles with Different Shapes
Through a Co-Precipitation Method and Their Application

MUNEER M. BA-ABBAD ®,%* ABDELBAKI BENAMOUR,!
DINA EWIS,! ABDUL WAHAB MOHAMMAD,?
and EBRAHIM MAHMOUDI?

1.—Gas Processing Centre, College of Engineering, Qatar University, P.O.Box 2713, Doha, Qatar.
2.—Department of Chemical and Process Engineering, Faculty of Engineering and Built
Environment, Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor Darul Ehsan, Malaysia.
3.—e-mail: mbaabbad@qu.edu.qa

Magnetic FesO4 nanoparticles (NPs) were successfully synthesized via co-
precipitation method using ferric chloride and ferrous sulphate as the starting
materials. The shape and the size of FesO, NPs were controlled by using
different types of additive including ammonium hydroxide and sodium
hydroxide. The results revealed that by adding ammonium hydroxide, the
particles attained a spherical shape with a uniform size. On the other hand,
the shape of the particles turned from spherical to cubic using sodium
hydroxide. The magnetic results showed that both samples attained hysteresis
loop, which indicated that both samples have ferromagnetic behavior. In
addition, Fe3O, NPs with cubic shape showed higher adsorptive behaviour
towards Congo red compared to spherical FesO4 NPs, which is attributed to
the enhancement of their magnetic properties. The adsorption of Congo red
onto cubic Fes04 NPs was best described by Langmuir isotherm model, while

spherical Fe30, NPs followed Freundlich isotherm model.

INTRODUCTION

In the last 2 decades, nanomaterials especially
metal oxides, have been used extensively as a
magnetic storage material and catalyst because of
their good mechanical and magnetic properties.’
Iron oxide nanoparticles (FesO4 NPs) are the most
famous and popular kind of magnetite nanomateri-
als and are used extensively in many applications
because of their low cost, low toxicity and good
magnetic properties.’ Generally, the physical and
chemical properties of magnetic nanomaterials
depend on their morphology (shape) and size.?
These magnetic nanomaterials are mainly prepared
in the presence of two major aqueous solutions,
which are ferrous and ferric, using different meth-
ods such as co-precipitation, micro-emulsion tech-
nique and hydrothermal synthesis.*® Magnetic
Fe304 NPs have been synthesized with different
morphologies such as nanoparticles, nanocubes,
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octahedral and rhombic dodecahedrons.” Control-
ling the morphology and size of Fe3O, NPs by
controlling the reaction conditions has been
reported previously.®>® Recently, considerable
efforts have been made to produce particles with
interesting properties that can be used for wide
range of applications. Most of the studies reported
in the literature focused on controlling the spherical
shape and the properties of Fe3O, NPs, and few
focused on producing cubic Fe30, NPs.'%!! There-
fore, in this study, Fe3O4 nanoparticle shape was
successfully controlled by different types of additive
ammonia (NH3) and sodium hydroxide (NaOH) in a
conventional co-precipitation method. The solution
pH and ratio between Fe*?/Fe*® as well as the
temperature of reaction were controlled to produce
cubic Fe3sO, NPs with enhanced properties com-
pared to spherical Fe3O4 NPs.
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EXPERIMENTAL
Materials

To synthesize Fe;O4 NPs with different sizes and
shapes, ferric chloride hexahydrate (FeCls 6H,0)
and ferrous sulphate heptahydrate (FeSO,.7H50)
were used (supplied by Merck, Germany, and
Bendosen companies, respectively). Ammonium
hydroxide (NH,OH, with 30% of ammonia in water)
and sodium hydroxide (NaOH, with concentration of
1 N = 1 mol/l) were obtained from R&M Chemicals,
Malaysia, and Merck, Germany, respectively. Etha-
nol (CoHsOH), which is the solvent used as reaction
medium, was purchased from R&M Chemicals. The
Congo red dye was provided by R&M Chemicals
Company.

Fe304 NPs Preparation

The co-precipitation method was applied to syn-
thesize and control FesO, NPs shape and size.
Briefly, FeSO4.7TH,0 and FeCl36H,O were dis-
solved separately in two 50-ml beakers of water
(A) and ethanol (B) under continuous stirring at
room temperature. The molar ratio of FeSO4.7H,0
and FeCl; 6H,0 as Fe?* and Fe®* was 2 to 1 moles,
respectively. After both solutions were completely
dissolved, solution from beaker A was added slowly
to beaker B, and the temperature was increased to
35 + 5°C. The final solution pH was adjusted by
adding NH,OH to reach pH 11.0 (Sample 1). The
first procedure was repeated by changing the addi-
tive to NaOH to adjust the pH at 11.00 (Sample 2).
Both samples were stirred vigorously at 60 + 5°C for
2 h. After 2 h, the samples were left to cool down.
Then, both samples were washed to remove unre-
acted precursors. The washing step was carried out
with pure water continuously until the solution pH
reached 7.0 + 0.2. Finally, both samples were
washed by absolute ethanol and dried in an oven
for 24 h at 75°C.

Characterization of Fe;04 NPs

The structural phase and crystal size of the
synthesized Fe3sO4 NPs were evaluated using x-ray
diffraction analysis. This analysis was carried out
using the BRUKER AXS D8 ADVANCE diffraction
meter (Brujer AXS, GmbH) with CuKu radiation (4
= 1.5406A) with scanning in range of 5-80° for 20
angle. The crystal size, d, of synthesized samples
was calculated using the Scherrer equation (Eq. 1):

K
:ﬁcosﬁ (1)

where K is the Scherer constant, (K = 0.89), f is the
peak width at half maximum (radian), 1 is the x-ray
wavelength, (1 = 1.5406A), and 6 is the Bragg
diffraction angle. To determine sizes and shapes of

Fe304 NPs samples, a transmission electron micro-
scope (TEM) (Philips CM200, model JEOLJEM
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2100) and field emission scanning electron micro-
scope (FESEM) (SUPRA 55VP) were used, respec-
tively. Energy-dispersive x-ray spectroscopy (EDX)
(Oxford EDX INCA Penta FETX3) was also used to
measure composition of Fe3O4 samples.

The magnetic properties were investigated at
room temperature using a vibrating sample magne-
tometer (VSM model Lakeshore 7404). The x-ray
photoelectron spectroscopy (XPS) (Axis Ultra DLD,
KRATOS model) was used to detect energy binding
and oxidation state of Fe3O4 samples. This analysis
was carried out with a monochromated Al Ko
(1486.6 eV) radiation as excitation source at 15 kV.

Experimental Procedures for Adsorption
Process

The performance of both Fe3O, NPs for the
removal of Congo red dyes from aqueous solution
was investigated in a batch process at room tem-
perature; 50 mL of Congo red solution with selected
loading of Fe3sO4 NPs was shaken using a shaker.
The initial concentrations of Congo red dyes ranged
from 12.50 mg/L to 100 mg/L, and the loading of
both Fe3sO4 NPs ranged from 0.25 g/L to 2.0 g/L.
After 30 min of shaking the samples, the mixture
was centrifuged at 8000 rpm for 5 min. The removal
(R%) was measured using the absorption band in
UV spectrum at wavelength of 1,,.,= 500 nm. The
Congo red concentration for standard and residual
was calculated from absorbance measured by Per-
kin Elmer (lambda 35) UV/Vis spectrophotometer.
The efficiency of Congo red removal percentage was
calculated from Eq. 2:

Co—Cy
Co
where Cy is the initial concentration and Cythe final
concentration of Congo red dye, which were mea-

sured from the absorbance before and after adsorp-
tion process.

Removal (R%) = x 100 (2)
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Fig. 1. XRD pattern of Fe3O, NPs using different additives of
NH4,OH and NaOH.
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Fig. 2. FESEM, TEM images and EDX of Fe304 NPs synthesized using Fe3O,4- NH,OH (a, a1, a2) and Fe304- NaOH (b,b1,b2).

RESULTS AND DISCUSSION
XRD Analysis

The XRD patterns of Fe3sO4 NPs prepared by co-
precipitation method using different additives of
NH,OH and NaOH are shown in Fig. 1. The XRD
diffraction peaks of both samples indicate a cubic
system Fd-3m space group as phase structure,
which in a good agreement with the standard
(standard reference as ICDD: 98-015-8743).

However, all peak positions of FesO4 matched at
20 of 30.21°, 35.72°, 43.34°, 53.35°, 57.37°, and
63.07°. The locations of the diffraction peaks were
referred to the diffraction data of face-centered
cubic (FCC) crystalline structure as reported ear-
lier.'? Lower intensity peaks of Fe;0,- NH,OH
compared to Fe3O4- NaOH were obtained, which
was attributed to smaller crystal size of FesOy-
NH,OH compared to FesO4- NaOH. According to
Scherrer Eq. (1), the average crystallite sizes were



3534

——Fe304-NH40H

——Fe304-NaOH

Ms(emu/g)
S

-12p00 -9000 -6000 -3000 3000 6000 9000 12000

H (Oe)

Fig. 3. Hysteresis loop of synthesized samples of both Fe3Os4-
NH4OH (spherical) and FezO,4- NaOH (cubic).

found to be 8 nm and 25 nm for Fe;O, NPs using
NH,OH and NaOH, respectively. This result was
also confirmed by the TEM analysis of both samples,
which was in good agreement with the XRD values.

Surface Morphology

The size and the shape of the synthesized Fe;O4
NPs by both NH,OH and NaOH are characterized
using FESEM/EDX and TEM, as given in Fig. 2.
The results of FESEM and TEM images indicated
that Fe304 NPs attained a spherical shape using
NH,OH, while cubic shape was observed when
using NaOH. The TEM images of both samples
showed clearly that the Fe3O, NPs shape was
affected significantly by the type of additive, either
NH,OH or NaOH. Furthermore, the average sizes
of the samples were evaluated as 10 + 2 nm for
Fe304- NH,OH and 32 + 2 nm for Fe3O4- NaOH. By
comparing the particle size of both samples, the
TEM images showed that the particles size was
larger than the values obtained from XRD. This was
mainly because the TEM technique determines the
diameter from the surface of the particle, while the
XRD measures the single crystal grain.’® The
energy-dispersive x-ray spectroscopy (EDX) results
of both samples Fe3s04- NH,OH and Fe304- NaOH
are shown in Fig. 2. Only two peaks appeared in the
spectrum for the oxygen (O) and iron (Fe), and their
value of Fe was 78.14% and O was 21.86% for
Fe304- NH,OH; Fe was 76.54% and O was 23.46%
for FesO4- NaOH. This result demonstrated that
pure Fe3O, was produced using NH,OH and
NaOH."

Magnetic Properties

The magnetic properties of synthesized FesO4
NPs using different types of additives were mea-
sured at room temperature. Figure 3 shows the
typical magnetic hysteresis loop of FesO, NPs with
spherical and cubic shape obtained with different
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types of additives. The magnetic results of both
samples showed a hysteresis loop, which indicated a
ferromagnetic behavior. The ferromagnetic behav-
ior of Fe3O4- NH,OH (spherical) showed saturation
magnetization (Ms) and coercivity (Hc) values of
27.35 emu/g and 32.09 Oe, respectively. However,
higher saturation magnetization (Ms) of 45.14 emu/
g and coercivity (Hc) values and 129.73 Oe was
obtained for FesO4- NaOH (cubic). The results of
magnetic properties show that saturation magneti-
zation and value coercivity were enhanced when the
shape of Fe304 NPs changed from spherical to cubic.
These results were attributed to the large sharp
anisotropic nature of the cubic, which reyresented
the barrier for particle remagnetization.'®¢

XPS Analysis

Figure 4 shows the XPS spectra analysis for
Fe3;04- NH,OH and Fe;O4- NaOH. The XPS spectra
had a high detecting potential of Fe?* and Fe®*
cations in Fe3O, samples. However, herein, XPS
was applied to determine the electronic properties
and the chemical state information of the synthe-
sized Fe304 NPs. Figure 4a and al shows the XPS
analysis of the synthesized Fe;O4,-NH,OH, which
indicates the detection of Fe 2p region as Fe 2pq/
and Fe 2ps3, at 723.50 and 711.30 eV, respectively.
The XPS analysis of Fe3sO4- NaOH showed that no
differences were obtained compared to FesOy-
NH,OH in which 723.80 eV and 710.70 eV for Fe
2p1/2 and Fe 2ps/s, respectively, as shown in Fig. 4b
and bl. Oxygen (O 1s) was detected at region of
530.50 eV for both samples. These binding energies
of Fe 2py/2 and Fe 2p3,s were in good agreement with
the bulk Fe;0, NPs binding energies.!” The XPS
spectra showed that there were no other peaks for
other magnetic compounds such as Fe;03, FeO and
FeOOH. Generally, the higher binding energy of the
Fe®* compared to Fe?* is attributed to an increased
positive charge. Therefore, the overall shielding of
the Fe®* nucleus decreased, causing the electrons to
be pulled closer to the Fermi level. %17

Mechanism of Shape Transformation

In general, control of nanoparticle morphology
has been reported as the main challenge for
researchers because several variables must be con-
trolled within formation of the nanoparticles. In this
study, we aimed to produce Fe304 and develop its
properties and morphology using a common method.
For this aim, the different precursor salts [ferric
chloride hexahydrate (FeCl; 6H,0) and ferrous sul-
phate heptahydrate (FeSO,7H50)] and solvents,
ammonia (NH3z) and sodium hydroxide (NaOH),
were used and modified to tune Fe3;O, NPs shape
controlling by the reaction temperature. This factor
directly affected the kinetics of the reaction and the
nucleation rate of the nanoparticles.” The main
reaction to produce Fe;0, NPs using Fe?* and Fe?*
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Fig. 4. XPS spectra of synthesized sample (a, a1) Fe304- NH,OH (spherical) and (b, b1) Fe30,4- NaOH (cubic).

cations and NH,OH, NaOH is given in the following
Eq. 3:

Fe?' 4+ 2Fe®" + 80OH™ — Fe304 +4H;0  (3)

On the other hand, some sequence reactions
controlling Fe30, NPs morphology and properties,
as reported in previous studies,” are summarized
in Egs. 4, 5, 6, 7, and 8:

Fe?" + 20H™ — Fe(OH), (4)

4Fe(OH), + O, — 4FeOOH + 2H,0  (5)

Fe(OH), + 2FeOOH — Fe304 + 2H,0  (6)
Fe’" + 30H — Fe(OH), (7)

Fe(OH), + 2Fe(OH); — Fes04 + 4H,0  (8)

The mechanism of Fe3O, NP formation with
different morphologies (shapes) depended on the
addition of NH,OH and NaOH. By adding NH,OH
solution, the pH was slowly increased until it
reached to 11.00, whereby a low concentration of
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Fig. 6. Effects of the Fes0, NPs loading on the removal of Congo
red dyes with concentration of 25 mg/L.

Fe(OH); and FeOOH led to slow formation of FesOy4
NPs (Eq. 6) with smaller particle size.?! However,
by using NaOH solution, it caused the pH to reach
11 quickly, and the excess amount of OH" led to an
increase of Fe(OH); and FeOOH concentrations
(Egs. 5 and 6). This condition showed faster growth
of Fe;0, NPs with large particle size.?"?? Actually,
Fe304 NPs has a cubic crystal structure (FCC)
whereby the surface energy is of anisotropic order
as [111] < [100], which indicates that Fe30,4 crystal
might have a tendency to grow in octahedral
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structure.’ However, changes of growth rate
between the [111] and [100] facets resulted in one
of them having lower surface energy than the other
facet, which caused the change in structure mor-
phology.?® Furthermore, increase of reaction tem-
perature led to destabilizing of [111] and [111] >
[100], which allowed transforming the morphology
to cubic shape.?

Removal of Congo Red From Aqueous
Solution

Figure 5 shows the removal efficiency (R%) and
adsorption capacity of Congo red using FesOy-
NH,OH and Fe304- NaOH NPs at room temperature.
However, the initial concentration of Congo red is one
of the important factors that can affect the particles’
adsorption efficiency. It is important to investigate
the effect of initial pollutant concentration as it
affects the adsorption capacity of the adsorbate
because of the change in driving force strength
between molecules in aqueous and solid phases.?*
The removal of Congo red exhibited was high under
concentration < 50 mg/1 for both samples, as shown in
Fig. 5a. However, removal efficiency (R%) was
reduced when the initial concentration was increased
to > 50 mg/L for both samples. At the same time,
higher removal was achieved by Fe304- NaOH com-
pared to FesO4- NH,OH for concentrations between
50 mg/LL and 100 mg/L. On the other hand, an
increase in the adsorption capacity with increasing
Congo red concentration was observed by FesOy4-
NaOH, as shown in Fig. 5b. In addition, the adsorp-
tion equilibrium increased from 12 mg/g to 50 mg/g
for Fe304- NaOH and from 12 mg/g to 44 mg/g for
Fe;04- NH,OH. Overall, these results confirmed
strong chemical interactions between the magnetic
NPs and Congo red molecules [25]. It was postulated
that the shape and higher magnetic properties of
Fe304- NaOH not only caused the higher removal
efficiency but also enhanced the capacity of
adsorption.?®

The effect of loading on the Congo red removal at
concentration of 25 mg/L was evaluated for both
samples (Fig. 6). High removal using Fe304- NaOH
was achieved for all loading compared to FesOy-
NH,OH. For the Fe304- NH,OH sample, the
removal efficiency increased from 72% to 88% as
the NPs concentration increased from 0.25 g/L
tol g/.. However, there was a slight increase
(around 4%) in the removal efficiency of Congo red
as the loading increased from 1.5 g/L to 2 g/L. These
results indicated that the optimum dosage was
around 0.25 g/L. and 2 g/L from Fe304- NaOH and
Fe3;04- NH,OH, respectively. Overall, FesO4- NaOH
samples showed higher removal capability at higher
Congo red concentration because of their enhanced
magnetic properties. However, electrostatic attrac-
tion between the Congo red molecules might be
enhancing the adsorption mechanism.?6-3°
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To investigate both Fe3;O, NPs samples’ perfor-
mance for Congo red removal, photos during
adsorption experiments were taken as presented
in Fig. 7. After shaking the Fe;O, NPs samples with
Congo red solution for 30 min, the NPs were
collected using small pieces of magnetic. The results
showed that the separation of Fe30,- NaOH NPs
was easy, and the solution become clear in few
seconds. However, Fe3O,- NH,OH NP separation
using a magnet was slow, which could be attributed

A experimental

= = Freundlich model

- = - Langmuir

5 —Sips

0 10 20 30 40 50 60
Ce

Fig. 9. Non-linear isotherm model fitting for FezO4-NH,OH.

to its weak magnetic property compared to FesOy4-
NaOH, as given and explained in Fig. 3. These
results also confirm that good magnetic properties
of both Fe3O, NPs reduce the post-treatment time,
which could affect the total cost in the future.

Adsorption isotherm

The adsorption data were fitted to the adsorption
isotherm models to gain insights into the interaction
between the adsorbents and Congo red, indicating a
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Table I. Isotherm parameters for Langmuir, Freundlich and Sips models

Model Parameter
Langmuir K;(L/mg)
qn(mg/g)
R2

Freundlich Kr

Sips(L-F) q,,(mg/g)
b(L/mg)
n
R2
RMSE

F8304-N30H F6304-NH4OH

0.535 0.695

51.34 41.80
0.979 0.948
2.143 2.690

21.51 17.87
4.33 4.35
0.872 0.976
5.270 1.816

46.53 39.65
0.00150 0.00147
0.101 0.0952
0.846 0.818
5.785 6.276

chemical or physical based adsorption process.?! In
addition, the parameters obtained from adsorption
isotherm models are important in designing adsorp-
tion contactors.*?

The equilibrium data were fitted to Langmuir,
Freundlich and Sips isotherm models using non-
linear regression by employing Marquardt-Leven-
berg algorithm. Langmuir isotherm model assumes
a monolayer adsorption over a homogenous surface
that has identical surface energy. The model is
described by Eq. 9.

QmKLCe
Qe (1+K.C.) ®)
where Kj, is the Langmuir constant in L/mg and q,,
is the maximum adsorption capacity in mg/g.
Freundlich model assumes the adsorption occurs
on a heterogeneous surface in which multilayer of
adsorption occurs. The model is expressed by Eq. 10.

Q. = K- C;" (10)

where n is the adsorption efficiency and K (L" mgV/
%/g)n) is related to the adsorption capacity.

Sips model is a combination of Langmuir and
Freundlich model, eliminating the restriction of
limited adsorbate concentration range by Fre-
undlich model. The model predicts a heterogeneous
adsorption indicated by Freundlich model at low
concentration range, while a monolayer adsorption
is indicated by Langmuir model at higher concen-
tration. The model is described by Eq. 11.

_ meCel/n
1+5C"

where g, is the maximum adsorption capacity in
mg/g, b is related to energy of adsorption in L/mg,
and n is sips isotherm constants.

The fitting of Congo red adsorption onto FezOy4-
NaOH and Fe3;04,-NH,OH is shown in Figs. 8 and 9,
respectively. The associated parameters obtained

Qe (11)

from the indicated models are shown in Table I.
From Table I, the results clearly indicate that the
adsorption of Congo red onto Fe304-NaOH followed
the Langmuir model with coefficient of determina-
tion (R?) value of 0.979 and root mean square error
(RMSE) of 2.143 with a maximum adsorption
capacity of 52.34 mg/g, while Congo red adsorption
onto Fe;O4,-NH,OH was best fitted to Freundlich
isotherm mode with R? value of 0.976 and RMSE
value of 1.816. The cubic shape that Fe;04,-NaOH
NPs attained facilitated monolayer adsorption of
Congo red and eliminated the possibility of multi-
layer adsorption. On the other hand, the adsorption
of Congo red onto Fe304-NH,OH NPs was best
explained by Freundlich isotherm model indicating
a multilayer adsorption on a heterogeneous surface,
which was mainly facilitated by the spherical shape
that FesO,-NH,OH NPs attained.

CONCLUSION

Controlling the shape and size of Fe3O, NPs was
successfully achieved by co-precipitation method
using two different additives as reactants. The
results showed that the additive type was the key
to control shape and size of Fe3O4 NPs. The higher
crystallized single cubic and spherical shapes of
Fe30, were produced in the presence of sodium
hydroxide and ammonia. The ferromagnetic prop-
erties at room temperature of the cubic showed
higher saturation magnetization (Ms) and coercivity
(He) values compared with spherical Fe;O, NPs.
Higher removal of Congo red dye from aqueous
solution with higher adsorption capacity were
achieved by the cubic of FesO4; NPs due to the
magnetic properties. Finally, the equilibrium
adsorption data of Congo red showed that cubic
Fe30, NPs followed Langmuir isotherm modeln
indicating a monolayer adsorption with a maximum
adsorption capacity of 51.34 mg/g, while spherical
Fe304 NPs followed Freundlich model, indicating a
multiplayer adsorption of Congo red.
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