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ABSTRACT

In the present paper, a novel thermal plasma method is proposed to synthesize ZnO-Fe,O3; nanocomposite, with different
percentages of iron, namely 3, 5, and 7%. This method is an efficient feasibility of the Zno-Fe,O3; nanocomposite synthesis. The
nanocomposites are synthesized by homemade direct current (DC) plasma torch. They are analyzed by different methods. The
bandgap is determined by diffuse reflectance spectroscopy (DRS). The photocatalytic performance of Zno-Fe,Os is evaluated.
The results show that the structure of nanoparticles is spherical, which is more favored in the industry. Also, the particle size
distribution is uniform. The average size of nanoparticle crystals increases with increasing iron content. Despite the formation of
nanocomposites, due to the lack of support for nanoparticles, the results of photodegradation are not satisfactory.

Keywords: Thermal plasma, Plasma torch, Nanomaterial synthesis, Iron-doped ZnO, Photocatalysts

1. Introduction spherical shape of the obtained nanoparticles [12-18].
) ) Advantages of thermal plasma method: 1- it is a high
Thermal plasma is generally produced by direct current  temperature process, ceramic nanoparticles can also be

(DC) or radio frequency (RF) plasma torches [1-5].  synthesized, 2- Plasma is a powerful medium for
High enthalpy, high temperature and high speed arethe  accelerating chemical reactions, 3- Unlike the sol-gel
main flame characteristics of these plasma torches [6-7]. method, this method does not require any coating agent,

The thermal plasma environment is ideal to facilitate also high purity products are produced, 4- This method
rapid chemical reactions and high heat transfer for works at atmospheric pressure and high vacuum
nanoparticle synthesis [8-11]. There are three main  conditions are not required, 5- Compared to chemical
methods for producing nanoparticles using thermal  methods, the synthesis time is very short, 6- It is

plasma, which are: 1. The direct current transfer plasma possible to form very crystalline products, 7- The
torCh, 2. The non-transferred directcurrent(DC) and 3. existing parameters for growth ControL etc. of

The radio frequency (RF) plasma torches methods. nanoparticles, are numerous.

In the first method, the target metal is selected as the  Metal nanoparticles [19-20], non-metallic nanoparticles
anode and converted directly to nanoparticles by the  [21-25] and variety of composite nanomaterials [26-28]

transfer plasma arc. This process is not continuous due can be synthesized by thermal plasma method. At
to the consumption of the anode and the need to replace present, from an environmental point of view, the

it. The second and third methods are used for continuous removal of toxic chemicals such as tripheny|methane
production of nanoparticles. Through these methods, the  dyes from waste waters of industries such as textiles,
desired particles with micron size enter the plasma turn paper, leather, etc., is one of the most important
into nanoparticles in a cooling chamber. One of flame in  environmental issues. There are several ways to remove
powder form. The powders evaporate and then  these toxic dye contaminants, which have significant

theadvantages of using thermal plasma method is the disadvantages. One of the most effective methods is the
*Corresponding author: oxidation of organic pollutants, which is achieved when
E-mail address: shahrooz.saviz@srbiau.ac.ir a strong oxidizing agent such as OH is produced. The
(S. Saviz) advanced oxidation process, (AOP) is performed in
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different ways. The semiconductor mediated photo
catalysis is one of the important AOPs. This type of
AOPs has the capability of organic and inorganic
pollutants removal. In contrast to other methods, in this
method there are no harmful byproducts. If
photocatalysts are present in an aqueous medium, and
are exposed to ultraviolet photons, excited electrons
moving from the charge layer to the conduction layer
can produce hydroxyl radicals. The results of studies
have shown that pairing different semiconductors and
supporting them can lead to better results.

In addition to the unique and many applications such as
piezoelectric, semiconducting and catalytic activity and
the wide range of applications in sensors, solar cells,
optoelectronics, and transducers in medical sciences, the
ZnO is one of the popular photocatalysts due to its low
price. However, its high bandwidth has led to poor
photon absorption, resulting in reduced photocatalytic
properties. To solve this problem, there are various
methods that can be cited as follows: increasing the
specific surface area by producing zinc nanoparticles,
coupling with metallic and non-metallic elements to
increase electrons and holes, and reducing bandwidth
[29-56]. Nezamzadeh-Ejhieh et al. [42], investigated the
effect of supporting and hybridizing of FeO and ZnO
semiconductors onto Iranian clinoptilolite nano-
particles and the effect of ZnO/FeO ratio in the solar
photodegradation of fish ponds waste water. The results
showed that the best light degradation is achieved when
the ZnO photocatalyst is combined with a certain
percentage of FeO. They also showed that the supported
photocatalysts have far higher optical degradation
properties. Also, in a certain gram/liter of photocatalyst,
the optimum amount of light degradation is obtained,
and in higher and lower amounts, this property is
reduced.

In the present paper, the novel dc thermal-plasma
method is used to synthesize iron-doped ZnO composite
nanomaterials [57-59]. The rest of the paper is organized
as follows: In Section 2, the used materials and the
nanomaterial synthesis method are shown. Section 3
shows the used analyzes. The results and discussions are
given in section 4. The most important results are given
in section 5.

2.Experimental
2.1 Materials

Zinc powder (purity: 99.9%, size: 62 um) and iron
powder (purity: 99.9%, size: 45 um) are used as raw
materials. Methylene blue (Neutron Pharmaceutical
Co.) was used to prepare the dye solution. An 8W UV-
C lamp (Philips) was used to irradiate the dye solution.

2.2. Synthesis of nanocomposite

In our research, the thermal plasma method is used to
obtain synthesis of the nanoparticles. As shown in Fig.
1 the main parts are: 1- the direct current (DC) plasma
torch system (including: electric power supply, cooling
chiller, gas capsule, powder feeding system, etc.) and
cooling chamber. The plasma torch power is 40 kW
(current: 500 A and voltage: 80 V). In a plasma torch,
an electric arc is generated between the tungsten cathode
and copper anode by the electric power supply. When
plasma main gas (Argon) passes through this arc, it
ionizes and due to high temperature and pressure, it
leaves the plasma torch nozzle in the form of the flame.
The temperature of this flame can be change from 4000
°C to 15000 °C. Argon flow rate is 20 LPM.

We prepared three mixtures of zinc powder and iron
with different weight ratios as follows: Sample 1: 100g
of Zn-2.5wt%Fe contain 2.5¢g of Iron and 97.5g of Zinc.
Sample 2: 100g of Zn-4.3wt%Fe contain 4.3g of Iron
and 95.7g of Zinc. Sample 3: 100g of Zn-6.1wt%Fe
contain 6.1g of Iron and 93.9g of Zinc. After weighing
the powders, the raw materials are manually mixed in a
cylindrical vessel for 12 min and then injected into the
powder feeder tank. The powder feeder system uses a
vibrating mechanism to move the powders into the tube,
through which the oxygen gas passes. The powder
enters the plasma torch by the 15 lit/min oxygen carrier
gas. Oxygen is selected because it assists in the
complete oxidation process.

As shown in Fig. 1, the powders are guided into the
nozzle by a copper tube. As soon as the powder particles
enter the plasma flame, they are evaporated and
atomized, and oxidized due to the presence of oxygen.
Atoms can stick together to form larger particles in a
short time. Particle size and geometry depend on the
cooling rate. The faster the cooling, the smaller the size
of the nanoparticles formed. The powder particles
evaporate inside the plasma torch and cool down and get
oxidized inside the cooling chamber, and the final
nanoparticles accumulate on the wall of the cooling
chamber. The temperature of the cooling chamber wall
is maintained at 7 °C, by a chiller during the test. Test
conditions are given in Table 1.

2.3. Characterization of zinc oxide

nanoparticle composites

iron-doped

The microstructure of the synthesized particles is
observed, under a field-emission electron microscope
(FE-SEM, MIRA3 TESCAN-XMU). The energy gap of
the synthesized nanocomposites is calculated by diffuse
reflectance spectroscopy (Avaspec 2048, Tech Avalight
DHS).
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Fig. 1. Graphical abstract of the experiment

Table 1. Test conditions in the synthesis of iron-doped zinc
oxide

Sample name Sample Sample Sample Sample
1 2 3 4
Fe wt% 0 25 4.3 6.1
Cooling chamber 7 7 7 7
wall Temperature
(°C)
Powder Carrier ~ Oxygen Oxygen Oxygen Oxygen
gas
Plasma maingas  Argon Argon Argon Argon

3. Results and Discussion
3.1. Crystallography

The phase characteristics, and the size of the
nanoparticles, are determined using X-ray analysis
(PW1730, Philips, Netherlands) in the range of 10 to 80°
with a step size of 0.05° time per step of | s, a copper X-
ray lamp wavelength of 1.56540 4, voltage of 40 kV,
and a current of 30 mA.

The XRD analysis for the three samples listed in Table
1 is shown in Fig. 2. In these X-ray diffraction patterns;
standard patterns are used to detect the crystal phases of
the synthesized samples. According to card number 01-
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089-1397, provided by the Joint Committee on Powder
Diffraction Standards (JCPDS), the XRD patterns and
hkl diffraction planes of ZnO nanoparticles agreed with
that of hexagonal zinc oxide crystallite phase. The
diffraction peaks positioned at 26 values and related hkl,
are as follows: 31.737° (1 0 0), 34.379° (0 0 2), 36.215°
(101),47.484° (102),56.536° (1 10),62.777° (10 3),
66.304° (200),67.868° (11 2),69.009° (20 1), 72.465°
(004),76.867 (20 2),81.270 (1 0 4) and 89.492 (2 0
3).

Fig. 2 shows that according to cad number 00-024-0081,
the Fe203 nanoparticles has a cubic crystal phase. The
20 position and hkl planes related to Fe203 are as
follows: 15.004 (1 1 0), 18.392 (1 1 1), 21.239 (2 0 0),
23.836(210),26.111(211),30.273(220), 32.173 (2
2 1),35598 (311),37.281 (22 2),38.784 (320),
40.416 (32 1), 43.473 (4 00), 48.652(4 2 0), 53.888 (4
22),57.168(51 1), 59.599(5 2 0), 60.459(5 2 1), 62.728
(4 4 0), 65.186(5 3 0), 71.403(6 2 0), 74.679 (5 3 3),
75.374 (6 2 2), 79.472 (4 4 4), 87.297(6 4 2), 90.250 (7
31),92.205 (6 5 0), 95.095 (8 0 0) and 97.063 (8 1 1).

To calculate the average size of nanocrystal, the
Scherrer formula is used as below:

_ KA
- B CosH
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Fig. 2. XRD patterns of ZnO-Fe;03 nanocomposites for sample 2 (Zn-2.5wt%), sample 3 (Zn-4.3wt%Fe), sample 4 (Zn-

6.1wt%Fe).

In Eq. 1, for cubic crystal structure, K =0.94. Also,
A=1.56540, A is the wavelength of X-ray, p is the full
width at half maximum intensity (FWHM) of the peak
(in Rad) and D is the crystallite sizes (in nm).

Using Equation 1, the average size of the synthesized
nanoparticles is obtained for three samples, which are
shown in Table 2. As shown in Table 2, the average
size of nanoparticle crystals increases with increasing
iron content. The presence of peaks of single
nanoparticles, ZnO and Fe,Os;, indicates that the
synthesis of ZnO-Fe,Os; nanocomposite has been
performed successfully. The XRD analysis of the a-
Fe,Os; and ZnO nanoparticles (NPs) is performed by
Nezamzadeh-Ejhieh et al. [44-45]. They obtained the
crystallite sizes by the Scherrer equation and by the
Williamson-Hall equation for the ZnO, a-Fe;Os3 and a-
Fe203-ZnO catalysts, respectively.

3.2. Nanoparticle morphology

The morphology of nanoparticles is studied by FESEM,
and the results are presented in Fig. 3. All micrographs
show the porous structure of the synthesized
nanoparticles, resulting in an increase in the active
surface area of the catalyst. This porous structure has
also been observed in studies in which thermal plasma
is used for the synthesis of nanoparticles [57-59].
Samples 1, 2, and 3 contain Fe atoms, and spherical
nanoparticles with the average diameter of 30 nm
formed.

EDX analysis for the three samples is shown in Fig. 4.
As it transpires, the presence of zinc, iron and oxygen is
evident. Also, considering the zinc and iron ratios of the
three samples, it is evident that the peak intensity of zinc
is much higher than that of iron.
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Table 2. Average crystal size of the three samples, sample 1 (Zn-2.5wt%), sample 2 (Zn-4.3wt%Fe), sample 3 (Zn-
6.1wt%Fe), with Scherrer formula.

Sample No. 0° FWHM(Rad) crystallite sizes (nm)  average crystallite sizes (nm)

15.87 0.0165 9.17

1 17.19 0.0035 43.9
18.1 0.0165 8.78 17.9
21.7 0.0165 9.67
15.87 0.0165 11.6

2 17.19 0.0035 58
21.7 0.0165 8.87 35.4
23.7 0.0165 63
15.87 0.0165 9.17

3 17.19 0.0017 90
18.1 0.0165 9.2 46.1
21.7 0.002 76

L

L1 =36.09nm

L2 = 35.54'nm

40 . .
‘ ~ C 33197 nm N
c AP o . o S <

«

(¢)
L Fﬁ

-5

'fg.. >
Y& o

-

«

oy e
8

= -

‘:‘.\.

SEM MV 15.0 KV
SEM MAO: 150 kx

SEM NV 15.0 KV
SEM MAG: 150 kx
View fedd: 1.38 pm  Date{midly): 01/1621

Fig. 3. SEM images of the nanocomposites (a) sample1(Zn-2.5wt%), (b) sample2 (Zn-4.3wt%Fe) and sample3 (Zn-6.1wt%Fe).
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Fig. 4. EDX spectrum of the nanocomposites (a) samplel (Zn-2.5wt%), sample2 (Zn-4.3wt%Fe) and sample3 (Zn-6.1wt%Fe).
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The energy gap of the synthesized nanocomposites is
calculated by DRS and the Kubelka-Munc equation [32-
34]. Fig. 5 shows the spectra obtained from the DRS
analysis. The energy gap of samples 1, 2, and 3 is 3.14,
3.13 and 3.16 eV, respectively. With increasing
impurity, when the valence bands of Fe atoms are placed
beside Zn atoms, the resulting middle layers have a
reduced energy gap. On the other hand, the significant
increase of the grain size has a positive effect on the
energy gap that makes it increase. The obtained values
are the result of the combination of both effects.

3.4.  Synthesized
performance

Nanocomposite  Photocatalytic

In this section, the photodegradation properties of
synthesized nanocomposites are examined. Synthesized
nanocomposites are unsupported. Nezamzadeh-Ejhieh
et al. [42] showed that the photodegradation properties
of ZnO, FeO and ZnOFeO in the non-supported state are
much lower than in the NCP-supported state. The aim
of this section is to show that if nanocomposites
produced by plasma method, are not supported, they
will not have very noticeable photodegradation
properties. The aim in future articles will be to produce
supported nanocomposites using the plasma method.
The steps of testing the photocatalytic properties of the
produced nanocomposites are as follows: 1-Dissolve 3
ppm of methylene blue powder in 100 ml of deionized
water. This solution is prepared equally for the four
synthesized samples. 2-Add 0.05 g of the synthesized
nanocomposite to the prepared methylene blue solution.
3-The suspension was mixed by a magnetic stirrer for
30 min in the dark to establish an adsorption/desorption
equilibrium between the powders and the dye. This is to
eliminate the effect of surface adsorption on
photocatalytic properties. 4-The solution is placed in a
photoreactor for three hours. Inside the photoreactor, an
8-watt UVC lamp is used. Sampling every 30 minutes
to measure the photo degradation. This is done with UV/
Visible Spectrophotometer with wavelength range of
200 to 800 nm. 5-By collecting spectrometer data for
four samples, Figure 5 is drawn.

Fig. 6 shows that, as the percentage of iron increases,
the rate of absorption increases. This means that the
optical degradation property decreases with increasing
iron content. Nezamzadeh-Ejhieh et al. [44-45],
considered the equal percentage of zinc and iron, and
showed that the photodegradability of ZnO-Fe;Os
nanocomposite is high.

When the iron content exceeds a certain amount, Fe
atoms turn into a center for the recombination rather
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than entrapment of the electron-hole pair for improving
the photocatalytic activity. Iron can be found as Fe*,
Fe3*, and Fe?" in the crystalline lattice. Fe** ions receive
electrons under UV irradiation and are converted to Fe®*
and subsequently Fe?* ions. In contrast, Fe?* ions receive
the resulting holes and are converted into Fe**. As a
result, Fe atoms turn into centers for the recombination
of the electron—hole pair, reducing the photocatalytic
activity. Despite the lower photocatalytic activity of
sample 1, it outperformed samples 2 and 3 with a dye
removal efficiency of 33%. The dye absorption
increased after 90 min for sample 2, which can be
attributed to dye desorption from photocatalyst particles
into the solution.
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Fig. 5. DRS results of zinc oxide nanocomposites for (a)
samplel (Zn-2.5wt%), sample2 (Zn-4.3wt%Fe) and sample3
(Zn-6.1wt%Fe).
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Fig. 6. Photocatalytic degradation of methylene blue for (a) samplel (Zn-2.5wt%), (b) sample2 (Zn-4.3wt%Fe) and (c) sample3

(Zn-6.1wt%Fe).
4. Conclusions

The most important results from this study are
summarized as follows: 1-Synthesis of ZnO-Fe;Os;
composite nanoparticles by single stage thermal plasma
technique. 2-The resulting nanocomposites have a
spherical geometry. 3-Without the presence of support,
the optical degradation properties are very weak. 4-The
average size of nanoparticle crystals increases with
increasing iron content.
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