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A B S T R A C T

Hematite and cupric oxide nanowires have been synthesized using the oxidation method for green urea
production. Hematite nanowires were obtained by the oxidation of an iron wire at a temperature of 650 °C and
ambient pressure in the presence of N2 and O2 gases. Cupric oxide nanowires were obtained by the same
method at 700 °C, using a copper wire. The X-ray diffraction results show the formation of rhombohedral
structure of α-Fe2O3 and monoclinic phase of CuO. FE-SEM results reveal the formation of nanowires with
dimensions ranging between 5–15 µm and 4–12 µm in length and a diametere ranging between 50–150 nm
and 50–250 nm for α-Fe2O3 and CuO respectively. The VSM results show that the saturation magnetization
values for hematite and cupric oxide were 132.8700 and 0.0124 emu/g, respectively. The nanowires were used
as catalyst for green urea synthesis in the presence of an oscillating and a static magnetic fields. The use of
nanocatalyst with high saturation magnetization gives a higher yield of urea due to the increase in the singlet to
triplet conversion. The highest yield of urea 11243 ppm was achieved by applying an oscillating magnetic field
of frequency 0.5 MHz and using α-Fe2O3 nanowires as nanocatalyst.

1. Introduction

It has been observed that nanoscale materials are quantum
confined thus size reduction from bulk changes the band gap and
electronic properties. The high surface to volume ratio and high surface
charges make them suitable candidate for use as catalyst in chemical
reaction [1]. The sharp tips of 1D nanostructures can effectively
enhance local electric fields and magnetic fields [2]. The hematite (α-
Fe2O3) nanowires have recently attracted considerable attention be-
cause of its low cost, high stability, nontoxicity, environment friendli-
ness and have high resistance to corrosion [3]. α-Fe2O3 is an n-type
semiconductor with a band gap of 2.1 eV which is the most stable iron
oxide under ambient conditions [4]. Hematite nanostructures have
numerous applications in fabrication of transistors [5], sensors [6],
catalysts [7–11], pigments [12], rechargeable lithium batteries [13],
water splitting and treatment [14]. Various α-Fe2O3 nanostructures,
such as 0D (particles) [15], 1D (rods, spindles, wires, tubes, and belts)
[16–19], 2D/3D (rings, disks, dendrites, flowers, mesoporous and
cubes) [20–22], and hybrids, have already been fabricated by a variety
of methods [23]. Copper oxide (CuO) is a p-type semiconductor and
gains considerable attentions because of its excellent electrical and
optical properties [24,25]. CuO with narrow band gap of 1.2 eV is

extensively used in various applications such as sensors [26,27], field
emitters [28], solar cells [29], splitting of water [30], coating [31] and
catalysis [32–37]. To date, there are diversified copper oxide nanos-
tructures with various shapes including nanoparticles, nanowires,
nanotube, nanoribbon bundles, nanoplates, nanospheres, honeycombs,
hierarchical and flowerlike [38–46]. CuO nanostructures have been
fabricated by several methods such as wet chemical method [47],
aqueous solution decomposition [48], hydrothermal route [49], micro-
wave hydrothermal [50] and thermal oxidation method [51]. The size
and morphology of nanocatalyst affect the chemical and physical
properties and hence its application [52].

Scientists have shown special concern in studying the effect of an
external magnetic field on the rates of chemical reactions and related
processes [53–55]. The yield of chemical reaction is greatly influenced
by magnetic field [56]. This influence is due to transitions between
singlet and triplet states of reactants caused by modification of their
reaction rates [57,58]. The rate of chemical reaction and extent of spin
mixing can be altered either by energetically separating the triplet
sublevels via Zeeman interaction with static magnetic fields of typically
1mT or more, or by improving the mixing process through the
application of low static magnetic fields [59]. The effect of oscillating
magnetic field on chemical reaction, theoretically and experimentally
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done at frequencies corresponding to hyperfine splitting shows a
change in the yield of chemical reaction [60–62]. In this research a
static and oscillating magnetic fields have been used to enhance the
catalytic activity of α-Fe2O3 and CuO nanocatalysts and the conversion
of singlet to triplet of green urea reactant gases which improves
synthesis of urea at ambient temperature and pressure. The main
objective of this research is to study the effect of saturation magnetiza-
tion of nanocatalyst and the oscillating magnetic field frequency to
improve the yield of green urea. Hematite and cupric oxide nanowires
with different saturation magnetization were used in the synthesis. The
frequency of oscillating magnetic field was varied from 50 Hz to 5 GHz
in order to investigate the effect on the urea production. This report
shows for the first time that green urea can be synthesized under static
and oscillating magnetic fields and such work has not been reported to
the best of authors knowledge.

2. Experimental section

2.1. Simulation of nanocatalysts with reactant gases by using
accelrys materials studio software 6.0

This section is based on the density functional theory (DFT)
simulation [63] of the adsorption energy of reactant gases (N2, H2

and CO2) over Fe2O3 (110) and CuO (111) nanocatalysts cleaved
surfaces followed by the planes reported in XRD characterization in
Fig. 8 using Cambridge Serial Total Energy Package (CASTEP) [64],
Forcite and Adsorption Locator modules. To execute desired simula-
tion for the investigation of reaction mechanism among adsorbates
gases (N2, H2 and CO2) and adsorbents catalysts (Fe2O3 (110) and CuO
(111)), initially nitrogen, hydrogen and carbon dioxide molecules were
constructed individually, cleaned, symbolically labeled and then geo-
metry optimized using Forcite module. Then unit cells of hematite
(Fe2O3) and copper oxide (CuO) catalysts were imported individually
from material studio library and cleaved to (111) plane for copper
oxide and to (110) plane for hematite. Vacuum slabs with specific
volumetric dimensions were constructed for every unit cell of the
catalysts followed by Forcite geometry optimization. Subsequently,
Adsorption Locator module was practiced to figure out the most stable
active adsorption sites on the surface of catalysts (Fig. 1). Ultimately,
CASTEP energy module was operated to calculate the electronic
properties (Band structure and density of states) of catalysts and

reactant gases.

2.2. Synthesis and characterization of hematite and cupric oxide
nanocatalysts

Iron wire (1 mm diameter×10 mm length) with a purity value of
99.99% (Aldrich) were used as both reagent and substrate for synthesis
of α-Fe2O3 nanocatalyst. The wire placed in a crucible and heated in a
tube furnace at temperature 700 °C for 2 h in a nitrogen and oxygen
environment. For cupric oxide the same procedure was carried out at a
different temperature (650 °C) using Cu 99.9% (Aldrich) as reagent and
substrate. The flow rate of O2 and N2 was maintained at 20 sccm and
60 sccm respectively. Analytical methods were applied to investigate
the physical and chemical characteristics of the nanocatalysts. Field
emission scanning electron microscope (FESEM) was used to study the
surface morphology of the nanocatalyst. The phase identification of the
as-synthesized products was obtained by X-ray diffractometer (XRD).
Raman spectroscope was used to study the rotational and vibrational
energies to get an insight into the internal structure of the molecules.
To study the magnetization behavior of nanocatalyst Vibrating Sample
Magnetometer (VSM) was used.

2.3. Synthesis of green urea

Urea was synthesized using α-Fe2O3 and CuO nanowires as
nanocatalyst in presence of oscillating and static magnetic fields to
enhance the singlet to triplet conversion and catalytic activity. Special
reactor was designed to synthesize urea (Fig. 2).

In this reactor a mixture of hydrogen, nitrogen and carbon dioxide
gases pass initially through a region of different frequencies of cross
oscillating magnetic field generated by circular and Helmholtz coils and
then over nanocatalysts placed between two poles of static magnetic
field. The chemical reaction takes place at ambient temperature and
pressure while the strength of static applied magnetic field was 1.0 T
and the oscillating magnetic field frequencies were 5×101, 5×102,
5×103, 5×104, 5×105, 5×106, 5×107, 5×108 and 5×109 Hz. The flow
rates of hydrogen, carbon dioxide and nitrogen gases, with ratio 3:2:1,
were 0.3, 0.2 and 0.1 L/min respectively. The urea was collected for
45 min by diluting it in ACN and then Agilent Cary 630 Fourier
Transform Infrared (FTIR) Spectrometer was used to confirm the
presence of urea and determine its concentration.

Fig. 1. Adsorption Locator configurations of reactant gases over targeted catalyst surfaces a) CuO (111) b)Fe2O3 (110).
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3. Results and discussion

3.1. Adsorption Locator calculations and CASTEP simulation

Table 1 illustrates the adsorption energy evaluation of reactants
molecules for energy distribution configuration over CuO (111) and
Fe2O3 (110) cleaved surfaces, average total energy over all the system
and adsorption energy of the reactant gases N2, H2 and CO2 at a fix
distance of 5 Å.

The adsorption energy dEa/dNi values of CO2 molecule is
−3.072 kcal/mol followed by N2 and H2 molecules as −2.062 kcal/
mol and −1.280 kcal/mol respectively on the Fe2O3 (110) catalyst
surface. Whereas, the adsorption energy values of reactant gases on
CuO (111) catalyst are −0.375, −0.683 and −2.104 kcal/mol for CO2,
N2 and H2 molecules respectively. The adsorption energy evaluation
analysis indicates that the percentage difference of the total adsorption
energy of the adsorbents over catalyst surfaces is 169.0% lower for
Fe2O3 (110) than CuO (111). Similarly, the percentage difference of
adsorption energies (dE/dNi) of N2 and CO2 molecules over Fe2O3

(110) plane is 100.4% and 156.5% lower than CuO (111) respectively,
while for H2 is 48.7% higher for Fe2O3 (110) than CuO (111). It is vivid
that adsorption of reactant gases is favored by rather than CuO (111).
Also for Fe2O3 (110) CO2 molecule has higher adsorption priority and
least average adsorption (dEa/dNi) energy compared to the other gases
which makes it more probable for green urea formation. Table 2
illustrates the details of sorbates and sorbents in terms of initial spin
polarization, initial magnetic moments and sub orbitals electronic
configuration of elements involved. The percentage difference of initial
spin polarization and initial magnetic moments of iron oxide with
adsorbed gases is 149.2% and 133.3% higher than copper oxide
respectively.

Simulation results has also been helpful to further explain the
activity of adsorbed molecules over targeted CuO and Fe2O3 surfaces in
terms of orbital overlapping, electron density, band structures, band
gap, orbital and spin density of states (DOS) that gives further insight

to understand the activity of adsorbed molecules. Fig. 3 shows the
reaction mechanism with the adsorption of gases elaborated for band
structure. The blue lines in electronic band structures correspond to up
spin and red lines to down spin. The blue and red lines in the electronic
band structure of CuO are more separated across the Fermi level
(dotted lines) which constitutes a high band gap of 1.204 eV and less
electronic energy levels, and DOS. The electronic band structure in CuO
below the Fermi level is more condensed compared to that above
within energy range of −10–10 eV. The electronic band structure of
Fe2O3 (110) is almost continuous across the Fermi level leading to zero
band gap energy, orbital overlapping and increase in electron transfer
among the adsorbates and adsorbents.

Fig. 4 highlights the modification about partial orbital of states of
sub-orbitals (s,p,d and sum) with adsorption of reactant gases across
the dotted line (Fermi level). From Figure it is clear that total orbital
DOS for hematite is higher than copper oxide below and above Fermi
level. It is explicit that most of the d-orbital DOS energy is lying below
the Fermi level in CuO (111) while that for Fe2O3 (110) it is above the
Fermi level. In case of CuO (111) the available energy orbital states
above Fermi level are attributed to s and p-orbitals while most of the
energy DOS occupied by d-orbital below the Fermi level is due to 3d10

electronic configuration of Cu that is almost completed leading to least
magnetic moment and saturation magnetization values. While for
Fe2O3 (110) the available energy orbital states above the fermi level
are coming from s, p and d orbitals. The available energy states of d-
orbital above Fermi level are partially filled with electrons because of
electronic configuration of Fe which is 3d6, that makes this catalyst
more active for chemical reaction than CuO. During the adsorption of
gases, the rearrangement of electrons take place among the partially
filled orbitals of adsorbents and adsorbates.

Fig. 5 (a) and (b) shows spin DOS for CuO and Fe2O3 with reactant

Fig. 2. A schematic diagram of the experimental apparatus for green urea synthesis.

Table 1
Adsorption energy evaluation of N2, H2 and CO2 molecules over CuO (111) and Fe2O3

(110) catalyst surfaces.

Structures Total energy H2:dEad/dNi N2:dEad/dNi CO2:dEad/dNi
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

CuO (111) −0.386615 −2.103776 −0.683546 −0.374874
Fe2O3 (110) −4.597645 −1.279657 −2.061865 −3.072332
Percentage

difference
169.0% −48.7% 100.4% 156.5%

Table 2
Adsorbates and adsorbents elements chemical and magnetic properties.

Element H C N O Cu Fe

Initial spin polarization 0 0 0 0 0.091 0.625
Initial magnetic moment 0 0 0 0 1 5
Sub orbital electronic

configuration
1s1 2s2 2p2 2s2 2p3 2s2 2p4 3d10 4s1 3d6 4s2

Fig. 3. Band structure of a) CuO (111) b) Fe2O3 (110) with the reactant gases.
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gases respectively. The adsorption of reactants gases over Fe2O3 (110)
and CuO (111) surfaces also contribute to large net spin DOS and
magnetic moments values respectively.

Table 3 shows that total orbital energy range across Fermi level with
adsorption of gases is higher for CuO (111) than for Fe2O3 (110).
Whereas density of states in CuO across the Fermi level are lower than
Fe2O3 because d-orbital electronic states are almost completely filled. It
is quite obvious that d-orbital energy range above the Fermi level for
Fe2O3 (5 eV) is higher than that for CuO (1 eV). Also total spin energy
range and spin DOS for Fe2O3 across Fermi level are significant higher
as compared to CuO respectively. This feature clearly reflects the

favorable availability of electronic spin DOS in Fe2O3 than CuO which
enhances the magnetic properties (magnetic moments) and triplet
states (net spin modification) that play a vital role to improve the yield
of green urea. Similarly, the maximum d-orbital DOS for CuO (9
electrons/eV) is higher than for Fe2O3 (7 electrons/eV) but located
under Fermi level which means that the d-orbital states in CuO are
almost filled.

The green urea synthesis in this course of study has been processed
by magnetic induction method (MIM). Triplet mostly comes from d-
orbital DOS (green color) that enhance magnetic moments of catalysts.
From comparison of band structure, orbital and spin density of states
for Fe2O3 and CuO, it is observed that the energy level of Fe2O3 shifted
down as compared to that of CuO. The number of atoms, total number
of electrons, up spin, down spin, net spin and number of bands for the
two nanocatalysts are shown in Table 4. The percentage difference in
the number of atoms, number of electron, net spin (triplet) and number
of bands for Fe2O3 (110) with the adsorption of reactant gases are 90%,
43%, 164% and 39% higher than CuO (111) respectively. High
percentage of electrons with applied oscillating magnetic field frequen-
cies will contribute to improve the magnetic moments arrangements. It
is concluded that Fe2O3 (110) contribute to improved triplet harvesting
(net spin) with favorable activity, energy minimization and increased
green urea yield compared to CuO (111). High percentage of net spin
for the Fe2O3 (110) with adsorbates in the presence of applied fields
will enhance the catalyst activity in term of magnetic moment
modifications and saturation magnetization that impact singlet to
triplet conversion. This is confirmed from the increase in green urea
yield illustrated by the FTIR results (Fig. 12).

From the results shown in Table 4, the availability of large
percentage of free electrons and net spin are helpful in weakening or
elongation of adsorbed reactant molecules bond lengths. High percen-
tage of number of bands (39%) will lead in reduction of band gaps
which will make it easier for the electrons to transfer from low to high
level hence improving catalytic activity.

Fig. 4. Partial orbital density of states of a) CuO (111) b) Fe2O3 (110) with the reactant
gases.

Fig. 5. Spin density of states of a) CuO (111) b) Fe2O3 (110) with the reactant gases.

Table 3
Energy ranges, total orbital and partial density of states of d-orbital for Fe2O3 (110) with
the adsorption of N2, H2 and CO2 molecules.

Electronic properties of nanocatalysts Fe2O3 (110) CuO(111)

Total orbital energy range across Fermi level(eV) −8 to 8 −10 to 10
Maximum total orbital DOS across Fermi level (e's

eV)
20 11.5

Total spin energy range across Fermi level (eV) 6.5 to 10 −5 to 0
Maximum total spin DOS range (eV) −6.5 to 6.5 −0.35 to 0.35
Dorbital energy range across Fermi level (eV) −6 to 5 −6.5 to 1
Maximum total dorbital DOS across the Fermi

level (e's eV)
7 9

Dspin energy range (eV) −6 to 8 −5 to 0
Maximum dspin DOS range (eV) −5 to 5.5 −0.27 to 0.24

Table 4
CASTEP band structure and DOS evaluation of N2, H2 and CO2 molecules over CuO
(111) and Fe2O3 (110) cleaved catalyst surface.

Catalysts Number
of atoms

Number
of
electrons

Number
of spin
down
electrons

Number
of bands

Number
of spin
up
electrons

Net spin

CuO (111) 20 62 30 39 32 2
Fe2O3 (110) 53 96 38 58 58 20
Percentage

differ-
ence

90% 43% 24% 39% 58% 164%
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3.2. Morphological and structural properties of the nanocatalysts

The surface morphology of α-Fe2O3 and CuO nanocatalysts were
investigated using Field Emission Scanning Electron Microscopy
(FESEM). Fig. 6 shows Scanning Electron Microscopy (SEM) images
of the two catalysts. It is clear from the figure that the shape of the two
nanocatalysts is nanowire like. In general, on average, the nanowires
obtained for the two nanocatalysts were 50–150 nm in diameter, and
5–15 µm in length for the α-Fe2O3 and 50–250 nm in diameter, and 4–
12 µm in length for the CuO. The diameters of synthesized nanowires
were not uniform along their length; it is sharp at the tip. It is also
observed that the substrate wires were fully covered with nanocatalyst.

The crystallinity and crystal phases of iron oxide and copper oxide
nanocatalysts were examined using Raman spectroscopy and XRD. In
Fig. 7(a) it is seen that there are seven major Raman peaks at 160, 300,
346, 598, 635, 643 and 813 cm−1 which are related to Cu2O and CuO
phases. The peaks at 160, 598, 643 and 813 cm−1 are related to Cu2O
phase [65,66] while the peaks at 300, 346 and 635 cm−1 related to the
CuO phase [67,68]. And in Fig. 7(b) the peak values at 226, 245, 294,
409, 498, 612 and 1321 cm−1 correspond to the α-Fe2O3 phase [69,70].

X-ray diffraction (XRD) analysis was used to investigate the crystal
structure of copper oxide and iron oxide nanowires. Before testing the
samples, the nanowires were scraped off from the copper and iron
substrates using a blade then placed on the sample holder. Fig. 8 shows
the XRD patterns of the as-prepared samples. As seen from Fig. 8(a),
two phases of copper oxide, cupric oxide (CuO) [monoclinic, JCPDS
01-80-1917] and cuprous oxide (Cu2O) [cubic, JCPDS 01-78-2076]
were present. Also Fig. 8(b) shows two phases of iron oxide, hematite
(α-Fe2O3) [rhombohedral, JCPDS 24-0072] and magnetite (Fe3O4)
[cubic, JCPDS 02-1035]. For copper oxide sample, eighteen peaks were
observed. The two dominant planes were (002) and (111) at 2Θ=35.6

and 36.74 degree, which correspond to CuO and Cu2O phases
respectively. And for iron oxide sample, eleven peaks were observed.
The two dominant planes were (311) and (110) at 2Θ=35.3 and 35.5
degree, which correspond to Fe3O4 and α-Fe2O3 phases respectively.
Also it can be seen that the XRD patterns of α-Fe2O3 nanowires is in
conformity with rhombohedral α-Fe2O3 (a,b=5.0380 Å and
c=13.7720Å and for Fe3O4 nanowires with cubic Fe3O4 (a, b and
c=8.4100Å). The CuO nanowires is in conformity with monoclinic CuO
(a=4.6893 Å, b=3.4268 Å and c=5.1321 Å) and for Cu2O nanowires
with cubic Cu2O (a,b and c=4.2670 Å. The XRD sample preparing
method is the reason behind the existence of two phases in each sample
during which part of the oxide from the bottom layer were also scraped
off alongside the nanowires. For the copper oxide and iron oxide
samples, CuO and α-Fe2O3 peaks come from the nanowires on the
surface while the Cu2O and Fe3O4 peaks come from the bottom layer
[31].

The crystal structure characterization of the α-Fe2O3 and CuO
nanowires were further investigated by TEM and HRTEM. Fig. 9 (a)
and (d) shows the low magnification TEM images of individual CuO
and α-Fe2O3 nanowires while Fig. 9 (b) and (e) shows the high
resolution TEM (HRTEM) images of the samples. From Fig. 9 (b) it
can be seen that the fringes spacing are 0.15, 0.23 and 0.25 nm which
are in good agreement with the interplanar spacing of planes (−113),
(111) and ((002) or (11−1)) respectively. The result is consistent with
the XRD results and previous studies [71,72]. Also from Fig. 9(e) the
fringes spacing of 0.25 and 0.27 nm concurs well with the interplanar
spacing of the planes (110) and (104) respectively [73,74]. The selected
area electron diffraction (SAED) pattern (Fig. 9(c)) confirms that the
nanowires have monoclinic CuO crystal structure as it exhibits
characteristic planes of a monoclinic. Also the selected area electron
diffraction (SAED) pattern (Fig. 9(f)) confirms that the nanowires have

Fig. 6. FESEM images of the a) CuO b) α-Fe2O3 nanowires synthesized at 700 °C and 650 °C respectively in presence of O2 and N2 gaseous environment.

Fig. 7. Raman spectra of a) copper oxide b) iron oxide nanowires synthesized at 700 °C and 650 °C respectively in presence of O2 and N2 gaseous environment.
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rhombohedral α-Fe2O3 crystal structure.

3.3. Magnetic properties of the nanocatalyst

The magnetic properties of α-Fe2O3 and CuO nanocatalysts were
studied using Lakeshore 7400 series model. The single net magnetic
moment and the net spin of cupric oxide lead to weak ferromagnetic
behavior observed in Fig. 10(a), while α-Fe2O3 have stronger ferro-
magnetic behavior due to five net magnetic moment and higher net
spin (Fig. 10(b)). Table 5 shows that, the coercivity value of copper
oxide nanocatalyst (119.56 G) is higher than that of hematite
(29.72 G). Hematite nanocatalyst can be classified under the category
of soft magnetic materials because of its low coercivity value [75]. Also
it is observed that there is a big difference in the values of saturation
magnetization for the two samples taken at 2 Tesla, the saturation
magnetization for hematite nanocatalyst was (132.87 emu/g) which is
approximately ten thousand times higher than that of cupric oxide
nanocatalysts (12.44×10−3 emu/g) with percentage difference of
199.96%. The percentage difference of the coercivity for α-Fe2O3

nanocatalyst is 120.26% lower than CuO nanocatalyst and that is
because hematite has higher magnetic moment than cupric oxide. The
percentage difference in the retentivity for the α-Fe2O3 nanocatalyst is
199.94% higher than that of CuO nanocatalyst, while the percentage
difference in the squareness ratio for the α-Fe2O3 nanocatalyst is
52.10% lower than that of CuO nanocatalyst.

3.4. Synthesis of green urea using hematite and cupric oxide
nanocatalysts in the presence of static and oscillating magnetic fields

FTIR spectrometer was used to quantify the green urea. The yield
was calculated by comparing the intensity of absorbance peaks for the
synthesized green urea with the commercial pure urea. Fig. 11 shows
the calibration curve for the commercial pure urea, which illustrate the
relationship between the absorbance and the concentration of pure
urea at different values, 1×103, 2×103, 3×103, 4×103, 5×103 ppm.

Fig. 12 shows the FTIR absorbance spectra for seven samples (six
green urea samples and one pure acetonitrile (ACN)). From the figure,
it is clear that there is a difference in the intensity for these samples in
the ranges (700–1200 cm−1), (1600–1700 cm−1) and (3300–
3700 cm−1), which agree with infrared absorption bands of urea with
frequencies 793, (1000–1014), (1464–1492), 1595, 1630, (1659–
1676) and (3333–3436) (cm−1) coresponding to OCNN,
CN(stretching), CN(bending), NH(bending), NH2, CO(stretching) and
NH(stretching) groups respectively [76,77], which indicates that there
is difference in the concentration of green urea.

3.5. Experimental design

Response Surface Methodology (RSM) was used to design the
experiment. The design was built to study the relationships between
the input variables (oscillating magnetic field frequency, CO2 flow rate
and catalyst type) and the response (urea yield), and to determine the
optimum variable values that contribute to get the highest (optimum)
response. The experimental variables were set to 5×101, 5×102, 5×103,
5×104, 5×105, 5×106, 5×107, 5×108 and 5×109 Hz for the oscillating
magnetic field frequencies, 0.1 and 0.2 L/min for the CO2 flow rate
and, CuO and α-Fe2O3 for the catalyst. The flow rate of N2 and H2 were
fixed at 0.1 and 0.3 L/min respectively. Thirty-six experiments were
conducted base on the design (see Table 6). The average percentage
difference in the green urea yield when α-Fe2O3 nanocatalyst was used
is 115.8% higher than that for CuO nanocatalyst at a CO2 flow rate of
0.1 L/min and 159.7% at a flow rate of 0.2 L/min.

In this design, a modified sixth order process was selected, with
exclusion of terms with p-values higher than 0.1. The design was
evaluated using the data analyzing and diagnostic tools in the software
such as analysis of variance (ANOVA) tables and diagnostic plots. Both
tools help to estimate the validity of design. Numerical optimization
was done for the variables and the response by choosing the goals for
each one. The option in range was chosen for the three variables while
maximum was chosen for the response. A list of the optimum possible
solutions were then generated from the software to get the optimum
output (response). Analysis of Variance (ANOVA) was used to test
whether the three variables mean was significantly affecting the
response value and to evaluate the design. F-values were calculated
to measure the size of the effects by comparing the ratio of the
differences between the variables mean. Table 7 shows the ANOVA
results that was used to test the hypotheses for the variables mean.

The F-value of the model is 27.66 which implies that the model is
significant. There is only a 0.01% chance that an F-value could occur
due to noise. The probability (P-value) for B, C, BC, A2, A2B, A2C, A2BC,
A4, A4B, A4C, A4BC, A6 terms are less than 0.05 which indicate that
these model terms are significant. The R-squared statistic value
indicates that the model as fitted can explains 94.32% of the variability
in urea yield. This implies that 94.32% of the experiment values for
urea synthesis is reliable. The Adequate precision ratio is 18.03 which
means that the model has high signal to noise ratio that qualify it to
navigate the design space. The model that was used for urea yield
prediction is described by Eqs. (1) and (2) in terms of actual factors
when the two nanocatalysts were used.

Fig. 8. XRD patterns of a) copper oxide b) iron oxide nanowires.
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α f v f

f v f f v f

Urea yield ( − Fe O ) = 1605.8 − 6167.2 + 56840.9 + 1397.1

− 546.2 − 16.8 + 8.0 + 0.1
2 3

2

2 4 4 6 (1)

f v f f v

f f v f

Urea yield (CuO) = 7273.2 − 6167.2 + 325.4 + 1295.3 + 114.0

− 15.5 − 1.2 + 0.1

2 2

4 4 6 (2)

where: f: Oscillating magnetic field frequency (Hz) and v:CO2 flow rate
(L/min) It is important to know that the equation in terms of actual

factors can be used to predict the response (urea yield) for a given level
of each factor. Where, the levels should be specified in the original units
for each factor.

The diagnostic plots were made to evaluate the design and to ensure
that the statistical assumptions tally with analysis data. Fig. 13 shows
the normality plot of the residuals for the urea yield. Most of residuals
lie on the straight line which means that the distribution of residuals is
normal. The p-value on the Anderson-Darling test is greater than 0.005

Fig. 9. (a and d) TEM images of a single CuO nanowire and α-Fe2O3 nanowire, (b and e) HRTEM images of the and CuO and α-Fe2O3 nanowires respectively, (c and f) Electron
diffraction pattern of the CuO and α-Fe2O3 nanowires respectively.

Fig. 10. VSM hysteresis loops of a) CuO b) α-Fe2O3 nanocatalysts synthesized at 700 °C and 650 °C respectively in presence of O2 and N2 gaseous environment.
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which also confirm that the distribution is normal.
Fig. 14 shows the predicted versus actual values plot for the

response (urea yield) values. In this plot the straight line indicates

the predicted values while the small boxes represent the actual
experimental values of the urea yield. It is clear that the actual values
are located close to the straight line and has a correlation coefficient, R2

of 0.9083, confirming the accuracy of the model.
Residuals versus predicted response for urea yield is depicted in

Fig. 15. The graph shows that almost all points lie within area ± 3.0.
This indicate that the assumption of constant variance is confirmed and
the suggested model is suitable.

The relationship between every independent variable (Oscillating
magnetic field frequency, CO2 flow rate and catalyst type) with the
response (Urea yield) was studied by the software. In every case only
one variable from the three was studied while the others were fixed.
Fig. 16 (a) shows the relationship between the oscillating magnetic field
frequency and the urea yield when CO2 and H2 flow rates were 0.15 L/
min and 0.3 L/min respectively, and CuO catalyst was used. It is clear
from the graph that the urea yield is affected by the oscillating magnetic
field (OMF) frequency, the yield is alternates with increase in OMF
frequency. Fig. 16(c) shows the relationship between the OMF fre-
quency and the urea yield when the variables CO2 flow rate, H2 flow
rate and the catalyst were 0.15 L/min, 0.3 L/min and α-Fe2O3 respec-
tively. It is clear from the graphs that the urea yield is affected by the
OMF frequency. For CuO catalyst (Fig. 16(a)) it increased until it
reached a peak then fell to a minimum at 5 kHz before rising to another
peak, fell and rose until it reached a maximum peak of about 1200 ppm
at approximately 5 GHz frequency. In the case of α-Fe2O3 (Fig. 16(c))
the yield dropped to a minimum at 5 kHz before rising to a maximum
yield of about 5200 ppm at a frequency of 0.5 MHz. Fig. 16(b) shows
the relationship between the CO2 flow rate and the urea yield when
OMF frequency, H2 flow rate and the catalyst were 5 GHz, 0.3 L/min

Table 5
VSM hysteresis results for the nanocatalysts.

Magnetic properties CuO α-Fe2O3 Percentage
difference

Coercivity (G) 119.56 29.72 −120.36%
Saturation Magnetization(emu/

g)
12.44×10−3 132.87 199.96%

Retentivity(emu/g) 67.03×10−6 0.42 199.94%
Squareness (Mr/Ms) 5.39×10−3 3.16×10−3 −52.10%

Fig. 11. Concentration calibration curve of pure commercial urea.

Fig. 12. FTIR absorbance spectra shows the change in the absorbance value which is related to urea yield when a different nanocatalysts and magnetic frequency was used.
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and CuO respectively. The urea yield is directly proportional to CO2

flow rate within the flow rate range. The same pattern was observed for
α-Fe2O3 (Fig. 16(d)) but with a steeper slope.

The plots of urea yield with a combination of two variables for each
catalyst have been predicted based on the model. Fig. 17 (a), (b) and
(c), (d) shows three-dimensional surface and two-dimensional contour
plots respectively for the interaction between the response (urea yield)
and the two variables (OMF and CO2 flow rate) when CuO and α-Fe2O3

catalysts were used respectively. The figures show that the peak urea
yields of about 9000 ppm (which is in the greenish yellow region) were
achieved when the OMF frequency were 50 Hz, 0.5 MHz and 5 GHz,
the flow rate of CO2 was 0.2 L/min and the nanocatalyst used was α-
Fe2O3 nanowires. This high yield at the particular three frequencies
may be due to the electron spin resonance and interconversion of spin
multiplets through the action of inhomogeneous magnetic fields,
hyperfine interactions, or differences in the g factors of the reactant
gases [78], which can be explained as follow. To have a high yield of

urea the singlet to triplet conversion of H2, N2 and CO2 gases must be
increased. The OMF affects electron spins of the three gases. The
flipping of electron spins weakens the bonds between gas molecules
which leads singlet to triplet to occur. For singlet to be converted to
triplet in catalyst, inhomogeneous magnetic fields must be applied
[79].

In the current research, the catalysts were exposed to homogeneous
applied magnetic field, but this could be considered as inhomogeneous
because of the density distribution difference, orientation, geometric
factor and the morphology of nanowires. Sharp tips of nanowires

Table 6
Effect of α-Fe2O3 and CuO as a nanocatalysts on urea yield at different magnetic field frequencies.

CO2 flow rate Catalyst Urea yield (ppm) at different magnetic field frequencies (Hz):

(L/min) 5×101 5×102 5×103 5×104 5×105 5×106 5×107 5×108 5×109

0.1 CuO 0 44 197 266 290 23 75 169 565
α-Fe2O3 0 243 362 974 1670 862 538 435 893

0.2 CuO 362 243 301 974 1590 862 538 435 813
α-Fe2O3 7654 3850 1906 6385 11243 5542 4195 4773 9777

Table 7
ANOVA results for the experimental design of urea synthesis.

Source Sum of
squares

df Mean square F-value p-value (Prob
> F)

Model 28.17×107 13 2.17×107 27.66 <0.0001
A-OMF

frequency
0.25×107 1 0.25×107 3.16 0.0893

B-CO2 flow rate 3.51×107 1 3.51×107 44.80 <0.0001
C-Catalyst 4.48×107 1 4.48×107 57.23 <0.0001
BC 2.56×107 1 2.56×107 32.66 <0.0001
A2 1.28×107 1 1.28×107 16.35 0.0005
A2B 0.88×107 1 0.88×107 11.28 0.0028
A2C 0.97×107 1 0.97×107 12.42 0.0019
A2BC 0.54×107 1 0.54×107 6.85 0.0158
A4 0.77×107 1 0.77×107 9.88 0.0047
A4B 1.10×107 1 1.10×107 14.03 0.0011
A4C 1.11×107 1 1.11×107 14.15 0.0011
A4BC 0.75×107 1 0.75×107 9.54 0.0054
A6 5.03×107 1 5.03×107 6.43 0.0189
Residual 1.72×107 22 0.08×107

Fig. 13. Normality plot of the residuals for the urea yield.

Fig. 14. Plot of predicted versus actual values for urea yield response.

Fig. 15. Plot of residuals versus predicted response.
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occupy high electron density which leads to better induced magnetic
fields [80]. The longer the distance among the nanowires, the higher
the magnetic field gradient and vice versa. Randomly oriented nano-
wires will lead to different direction and strengths of induced magnetic
field which will affect the net magnetic field strength [81]. During
interaction between gases and nanocatalyst, the wave function of
nanocatalyst tips overlap with the wave function of the hydrogen,
nitrogen and carbon dioxide gases, which weakens or brakes the bonds
in the gases due to interference [82]. The strength of static applied
magnetic field is important to prevent a singlet state from mixing with
the triplet states [78]. In a strong magnetic field where the frequency is
much higher than hyperfine coupling constant, the singlet to triplet
transition can occur whilst the secular approximation of the hyperfine
coupling is also applicable. However, in weak magnetic field where the
frequency is much lower than hyperfine coupling constant, the non-
secular terms of the hyperfine couplings become significant and the
singlet states are mixed with all triplet states [83]. The maximum effect
of oscillating magnetic field incorporation to hyperfine interaction is
25% of the singlet to triplet conversion. The oscillating magnetic field
should have the same value of the hyperfine interactions so that a
singlet to triplet interconversion can take place [62].

4. Conclusion

The α-Fe2O3 and CuO nanowires were successfully synthesized. In
general, on average, the nanowires obtained were about 5–15 µm and
4–12 µm in length, and 50–100 nm and 50–250 nm in diameter for α-
Fe2O3 and CuO respectively. The two factors that affected the yield of
urea were the saturation magnetization of the nanocatalyst and the
oscillating magnetic field frequency value. The percentage difference in
the saturation magnetization of hematite nanocatalyst was 199.96%
higher than that of cupric oxide nanocatalyst. Therefore, the increase in
percentage difference of the green urea yield is 115.8%. The highest
yield of urea 11243 (ppm) was achieved using α-Fe2O3 as nanocatalyst
at oscillating magnetic field frequency of 0.5 GHz. This was due to
increase in the singlet to triplet conversion.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.physb.2016.11.024.
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