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Abstract

Application of sodium ferrate (Na FeO ) is

considered as the environmental friendly and cost-

effective method for oxidation, coagulation and

disinfection processes of water and wastewater

treatment. Even though many methods of Na FeO

production have been proposed, they are still a

challenge for the production of large Na FeO

quantity. This study aims to verify the optimum

operating conditions of Na FeO  production by

solution plasma process (SPP) of using both anode

and cathode made of low-carbon steel placed in

electrolyte solution with a distance of 3 cm. The

results showed that the efficiency of Na FeO

production by SPP that does not obey Faraday’s law

is higher than that by conventional electrochemical

process. The optimum operating conditions of SPP

were verified in 16 M NaOH solution at 30 °C and
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imposed by 35 V of the voltage while the maximum

concentration and the average particle size of the

Na FeO  production as high as 14.7 mM and 35 nm,

respectively, were verified. The maximum current

efficiency of 512% and the minimum energy

consumption of 6 kWh/kg were verified for the

formation of Na FeO  during 2 h due to an

increased activity of OH  ions. A new approach of

large Na FeO  production has been proposed to

support the development of advanced technologies

in water and wastewater treatment.
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Abstract
Application of sodium ferrate  (Na2FeO4) is considered as the environmental friendly and 
cost-effective method for oxidation, coagulation and disinfection processes of water and 
wastewater treatment. Even though many methods of  Na2FeO4 production have been pro-
posed, they are still a challenge for the production of large  Na2FeO4 quantity. This study 
aims to verify the optimum operating conditions of  Na2FeO4 production by solution 
plasma process (SPP) of using both anode and cathode made of low-carbon steel placed 
in electrolyte solution with a distance of 3 cm. The results showed that the efficiency of 
 Na2FeO4 production by SPP that does not obey Faraday’s law is higher than that by con-
ventional electrochemical process. The optimum operating conditions of SPP were verified 
in 16 M NaOH solution at 30 °C and imposed by 35 V of the voltage while the maximum 
concentration and the average particle size of the  Na2FeO4 production as high as 14.7 mM 
and 35 nm, respectively, were verified. The maximum current efficiency of 512% and the 
minimum energy consumption of 6 kWh/kg were verified for the formation of  Na2FeO4 
during 2 h due to an increased activity of  OH− ions. A new approach of large  Na2FeO4 pro-
duction has been proposed to support the development of advanced technologies in water 
and wastewater treatment.

Keywords Current efficiency · Energy consumption · Environmental friendly method · 
Electrolyte solution · Optimum operating condition
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Introduction

The demands for water and wastewater treatment industry continuously increase due to the 
increasing of population, economic and industrial growth from the year to year. More than 
20 methods with its own advantages and disadvantages have been proposed for the treat-
ments of water and wastewater. Many types of oxidizing agents, coagulants and disinfect-
ants can be used in the processes of water and wastewater treatment [1, 2]. The use of ferric 
sulfate  (Fe2(SO4)3), aluminum sulfate (Al(SO4)3) and ferric chloride  (FeCl3) is useful for 
coagulant agents [3]. The use of chlorine  (Cl2), sodium hypochlorite (NaClO), chlorine 
dioxide  (ClO2) and ozone  (O3) is useful for oxidizing agents and disinfectants [4]. It is very 
common for the treatments of water and wastewater to use the oxidants and disinfectants 
such as ferrate(VI), chlorine, ozone and hydrogen peroxide. The chlorine is widely used to 
treat the surface water and groundwater for drinking water production in many developing 
countries because of its low operating cost and high removal efficiency. However, the chlo-
rine disinfection was not able to destroy some species of such as anthrax and cryptosporid-
ium [5, 6]. In addition, chlorine can react with organic compounds to form undesirable 
byproducts like trihalomethanes in the treated water [7–9]. The cost of water and waste-
water treatment by ozonation process could be relatively high in the capital and operating 
costs. Since ozone is unstable and reactive, it has a very short retention time under nor-
mal conditions and is dependent on the environmental conditions like temperature, pH and 
mineral content [10]. Therefore, the application of sodium ferrate  (Na2FeO4), or ferrate(VI) 
particles, has been recommended as an environmentally friendly method for the treatment 
of water and wastewater because of they have the properties of high oxidation potential, 
effective disinfection ability and selective formation of the nontoxic byproduct [9]. The 
disinfection process of using the  Na2FeO4 particles can generate a byproduct of Fe(OH)3, 
which causes the coagulation and flocculation for use in the removal of colloidal particles 
[11, 12]. The ferrate(VI) compounds can be found in the form of different salts such as 
 Na2FeO4,  K2FeO4,  Ba2FeO4, and  Ag2FeO4. The particles of ferrate(VI) have the morphol-
ogy of appearing smoother and more granular when comparing with the morphology of 
the particles resulting from ferric iron [13]. A natural organic matter can be transformed 
into more hydrophilic compounds by ferrate(VI) oxidation while the produced hydrophilic 
compounds have a low affinity with colloids and are less adsorbed on colloids to produce a 
less negative surface charge [14]. The electrochemical synthesis of ferrate(VI) can be car-
ried out an in situ  Na2FeO4 formation by the anodic dissolution of a carbon steel wire in 
concentrated NaOH solution. Therefore, the recent development of advanced wastewater 
treatment has been recaptured an interest on ferrate(VI) as an emerging wastewater treat-
ment agent [15].

Three major methods can be proposed to produce the  Na2FeO4 particles, such that: 
(1) dry oxidation of iron at high temperature by heating or melting the iron oxides in 
the presence of oxygen in an environment with high alkalinity, (2) wet oxidation of 
iron using the chemical oxidizing agents by oxidation of trivalent iron salt at high alka-
linity and in the presence of chlorine or hypochlorite and (3) electrochemical process 
of using iron or its alloys as the anode electrode and an electrolyte solution of NaOH 
or KOH [16, 17]. The formation of  Na2FeO4 can be electrochemically described by an 
anodic reaction of Fe + 8  OH− → FeO4

2− + 4  H2O + 6  e− and by a cathodic reaction of 
2  H2O + 2  e− → H2 + 2  OH− [18]. In spite of the different compositions of iron oxide 
sheath occur at the temperature range of 300–800  °C, any carbon steel wire treated 
above 600 °C may lose its wire-like shape because of the void coalescence as a result 
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of the shrinkage and collapse effects [19]. The increased oxidation rate for the oxi-
dation of iron in dry and wet  O2 at 500 and 600  °C can cause a smaller grain size 
in the hematite layer and leads to faster movement of iron ions [20]. The production 
of  Na2FeO4 particles by electrochemical process is more common than other methods 
because it does not require any chemical agent [21, 22]. One of the major problems in 
conventional electrochemical process of decreasing efficiency after continuous process 
for making ferrates is due to the passivation of electrode surface [11, 23, 24], which is 
not suitable for the industrial scale production of  Na2FeO4 particles [25, 26].

The use of high voltage to create sparks on the anode surface has been attracting 
attentions at the research community since 2005. The contact glow discharge electrol-
ysis (CGDE) can be used for the electrochemical process of being characterized by 
high-voltage electrochemical capacitor to create plasma at electrode–electrolyte inter-
face [27]. The CGDE process has been widely used in the synthesis of nanoparticles 
and named as the solution plasma process (SPP) [28–30]. Solution plasma can have 
the advantages of such as simplicity of process, no need of gas supply, continuous 
improvement capability [31], easy mass production and controllable particle size [32]. 
In the case of CGDE process, the plasma generates at the cathode/solution interface. 
Since the electrical resistance heating of the electrolyte solution may concentrate at the 
cathode/solution interface, the heat of electrolyte solution near the cathode can reach 
at a boiling point to generate a gas layer containing of hydrogen gas and steam. Once 
gas layer has been generated at the cathode surface, the current cannot increase any-
more but decreases due the cathode and the electrolyte solution are not touching each 
other to current boundary at breakdown point. It is suggested that gas layer can form 
glow discharge plasma when the voltage is sufficiently high. A glow discharge with the 
light emission may occur at a certain voltage. The intensity of light emission increases 
with increasing of the voltage, which means that the net area of discharge expanded 
with increasing of the voltage. The discharge could be a partial-plasma and the transi-
tion to full-plasma can occur at certain voltage without any edge shielding. A cur-
rent can jump temporarily and then maintains a steady value. In contrast, the transition 
to full-plasma would be suppressed by edge shielding where the average current can 
reach at a certain value even if SPP uses the same voltage, and the average electrolyte 
solution temperature decreases slightly [30]. Electrochemical formation of  Na2FeO4 
particles normally obeys the Faraday’s law with its high efficiency in an optimal condi-
tion [33]. However, SPP as the abnormal electrochemical process that does not follow 
the Faraday’s law can have the different optimum conditions for the electrochemical 
generation of  Na2FeO4 particles [34–36]. Efficiency of SPP is always higher than that 
of theoretical calculation because of the free energy of radical ions (such as  H2O2, 
 OH−,  H+,  e− and  HO2

−) is high [37]. Therefore, the production of  Na2FeO4 particles 
by SPP is expected to be more efficiency than conventional electrochemical process.

In spite of many researches have been driven by the ideas of putting the applica-
tion of  Na2FeO4 into practice [1, 2, 9, 11], optimizing the efficiency and rate of the 
 Na2FeO4 synthesis could be a big obstacle in future development of ferrates electro-
chemical synthesis due to the passivation of the electrode can lead to a decrease in the 
efficiency of  Na2FeO4 production [38]. The objectives of this study are: (1) to produce 
the large amount of  Na2FeO4 particles by SPP with alternating current (AC) and (2) 
to evaluate the effects of voltage, NaOH concentration and initial temperature on the 
behaviors of  Na2FeO4 production.
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Materials and Methods

Materials

This study used the carbon steel wire of 2-mm diameter as anode. Upper part of the anodic 
electrode was shielded by quartz-glass tube to obtain an exposed length of 10 mm. The 
exposed part of anodic electrode can be functioned as the net actual electrode. A steel 
circle sheet with its thicknesses of 1-mm and its surface area of 75 × 50  mm2 was used 
as cathode. The cathode was bent in the form of circle around the anode. The anode was 
placed at center of the electrolyte solution with a distance of 3 cm from the cathode and 
4 cm away from the bottom of electrolyte solution bath. The cathode was kept in the elec-
trolyte solution by a quartz rod. All materials and chemical compounds of the analytical 
grades were purchased from Merck, Tehran, Iran. Table 1 shows the chemical composition 
of cathode and anode.

Experimental Procedure

Due to the available energy of AC source used by SPP with a frequency of 50 Hz sinusoi-
dal voltage and voltage varying from 20 to 55 V to initiate the spark under atmospheric 
pressure and room temperature can suddenly increase the temperature of electrolyte solu-
tion, the initial temperature must be controlled using the water bath of being operated at 
4 °C and placed around the electrochemical cell to reach below 45 °C. The electrolyte solu-
tion of 500 mL was homogenized using the magnetic stirrer at speed of 350 rpm. The tem-
perature of water bath was homogenized using the mechanical stirrer at speed of 248 rpm. 
The oxide layers from the surface of anode were removed using 400, 600, 800, and 1200 
grit SiC abrasive papers. The electrochemical cell was cleaned with acetone and dried and 
then isolated from the atmospheric environment. Potentiodynamic polarization curves of 
the iron electrode in different NaOH concentrations were measured using a conventional 
standard three-electrode electrochemical test system. This work used the pure platinum foil 
as counter electrode and the saturated calomel electrode (SCE) as reference. After an initial 
delay of 60 min, the potential electrolyte was verified to increase at a scan rate of 1 mV/s, 
starting from 250 mV below the open circuit potential. All corrosion testing was repeated 
three times with nearly identical results.

Effects of voltage (20–55  V), NaOH concentration (8–18  M) and temperature 
(5–45 °C) on the formation of  Na2FeO4 particles by SPP were analyzed during 5 min of 
the experiment. Effect of voltage on the  Na2FeO4 production was investigated by keep-
ing the NaOH concentration at 16  M and temperature at 25  °C of the solution con-
stant. Effect of NaOH concentration on the  Na2FeO4 formation was investigated by 
keeping the voltage at 35 V and temperature at 25  °C of the solution constant. Effect 

Table 1  Composition of the anode and cathode

Electrode Chemical composition (%)

Ni Cr S P Mn Si C Mo Al Co Fe

Cathode 7.30 19.3 0.01 0.028 1.18 0.29 0.06 0.1 0.01 0.201 Balance
Anode 0.005 0.025 0.014 0.022 0.187 0.045 0.047 0.013 0.022 0.002 Balance
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of temperature on the production of  Na2FeO4 particles was investigated by keeping the 
constant voltage of 35 V and the constant NaOH concentration of 16 M. Particle size 
and chemical composition were investigated using the transmission electron microscope 
(TEM) analysis (Philips CM120) and the X-ray diffractometry (XRD) analysis (Philips 
PW3040), respectively, after obtaining the optimum operating conditions of  Na2FeO4 
production. Additionally, the current efficiency and energy consumption by SPP were 
investigated by using the laboratory power supply (ED-345BM) to create the atmos-
pheric pressure plasma in the electrolyte solution. The efficiency and concentration of 
the  Na2FeO4 particles were analyzed using the Optizen 3220UV Double Beam UV–Vis 
Spectrophotometer. Because of the maximum absorption of  Na2FeO4 occurred at a 
wavelength of 505  nm, the calculation of  Na2FeO4 concentration was entirely carried 
out based on the absorbance at the wavelength of 505  nm. A calibration curve helps 
determine the concentration of unknown electrolyte solution by converting the raw 
absorbance data to molar concentration when it is placed on the curve. The corrosion 
rate of carbon steel wire was measured using the PARSTAT 2273 Potentiostat (Prince-
ton Applied Research) in various NaOH concentrations of the electrolyte solution.

Data Calculation

One of the important factors in the production of  Na2FeO4 is the amount of energy con-
sumption. The total energy consumption can be calculated using the equation [34] of:

where E is the energy consumption (in W h/kg), V is the applied voltage (in V), I is the 
electric current (in A), t is the time of conducting the experiment (h), and m is the mass of 
 Na2FeO4 particles (kg).

The purity of  Na2FeO4 particles can be calculated using the Beer–Lambert equation 
[39] of:

with

where P is the purity of  Na2FeO4 particles (in %), A is the value of absorbance (dimen-
sionless), ε is the attenuation coefficient (in  mol−1), which is obtained from the calibration 
curve and then calculated using Eq. (3). M is the molecular mass of  Na2FeO4 (in g mol−1), 
W is the weight of sample (in g), L is the width of quartz cuvette (in cm), and C is the con-
centration of  Na2FeO4 (in mol L−1 or M). The fact that when the electrolyte solution was 
placed in a quartz square tube with an inner width of 1 cm, A/ε ratio is the  Na2FeO4 con-
centration in electrolyte solution.

Using Eq. (2) permits us to calculate the purity of  Na2FeO4 particles. The proper pro-
duction of  Na2FeO4 particles can be obtained by mixing the  Na2FeO4 powder in 100 mL of 
the saturated NaOH solution and stirred at 400 rpm at 10 °C for 5 min. Then the  Na2FeO4 
concentration in NaOH solution was analyzed using the UV–Vis spectrophotometry. In this 
work, the crystal size of  Na2FeO4 can be investigated using the TEM analysis.

(1)E =
VIt

m

(2)P =
A

�

× 0.1 ×
M

W
× 100%

(3)A = �LC
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Results and Discussion

Effects of Voltage, NaOH Concentration, and Temperature on the  Na2FeO4 
Production

Effect of Voltage on  Na2FeO4 Production

The results (Table 2) show the effect of voltage ranged from 20 to 55 V on the  Na2FeO4 
production when the NaOH concentration in solution was fixed at 16  M for the experi-
ment imposed using an average current source of 7.3 A at 25 °C during 5 min. It is recog-
nized that spark ignition delay time is the delay time of ignition energy delivery as spark 
to beginning of the steady flame propagation [40]. An increase in the voltage from 20 to 
55 V can lead to abruptly fall the spark ignition delay time to first second and increases the 
final electrolyte solution temperature from 16 to 45 °C. Therefore, the formation of plasma 
occurs sooner, attributing it to more electrical potential energy. The maximum  Na2FeO4 
concentration of 14.3  mM was obtained at 35  V of the voltage. The SPP imposed by a 
voltage of 20 V was not able to vaporize the surrounding liquid and to produce the plasma 
in center of the gas layer around the ferrous anode. The first spark confirms the initiation 
of plasma around the anode after 164 s of the delay time when the voltage increases up to 
30 V. Table 2 shows that the formation of  Na2FeO4 at 30 V is five times higher than that at 
20 V of the voltage. The evidence of high quantity of  Na2FeO4 particles attributes to the 
formation of plasma occurred by imposing 30 V of the voltage. By increasing the voltage 
from 20 to 30 V, a surface melting occurs even if there is no initial spark. This may lead 
to overheating and excessive generation of high-energy particles such as  H2O2. When the 
voltage is greater than 35 V, a degeneration of plasma may occur and leads to the reduction 
of  Na2FeO4 concentration in electrolyte solution. The production of  Na2FeO4 by conven-
tional electrochemical process can increase the density of current to reach higher than its 
critical value, depending on electrolyte concentration, anode, cathode and temperature. The 
increasing of reaction rate can lead to an evolution of oxygen at the anode surface [41] and 
the reduction of hydrogen at the cathode surface [34, 35, 42]. The reduction of hydrogen 
at cathode surface may decrease the efficiency of current density and the rate of  Na2FeO4 
production. However, an increase of the current density can cause the decomposition of 
 Na2FeO4 compounds at high temperature [43].

This study verified that an increase in the voltage from 35 to 55  V this can lead 
to increasing of the final electrolyte solution temperature from 34 to 45  °C and the 

Table 2  Effect of voltage on the  Na2FeO4 production in 16 M NaOH solution at 25 °C for 5 min

Voltage (V) Average current 
(A)

Spark ignition delay 
time (s)

Final solution tempera-
ture (°C)

Na2FeO4 
concentration 
(mM)

20 7.3 – 16 1.9
30 7.3 164 32 10.1
35 7.3 39 34 14.3
40 7.3 21 38 13.2
45 7.3 4 44 11.7
55 7.3 First second 45 7.9
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temperature gradually decreases from the electrode rod towards the wall of electrolytic cell. 
An increase of the final electrolyte solution temperature could be due to the generated heat 
surrounding anode cannot be balanced with a cooling capacity of the electrolytic cell. The 
average current of around 7.3 A reflects essentially no change during the SPP experiment, 
as shown in Fig. 1. The temperature of 68 °C was verified at around the anode from which 
the plasma sparks, decreased to 62 °C at the electrolytic cell interface and then decreased 
to 45 °C at outside of the electrolytic cell when a voltage of 55 V was imposed on the elec-
trode. The decreasing of temperature from 68 °C at around the anode to 49 °C at the elec-
trolytic cell interface and then to 34 °C at outside of the electrolytic cell was verified when 
the electrode was imposed by a voltage of 35 V. The thermodynamic of high temperature 
in electrolyte solution can cause to a sudden decomposition of Fe(VI) to Fe(III) and to 
Fe(II). The formation of  Na2FeO4 suggested based a product and pathway consistent with 
the observed colored electrolyte solution can be described by the chemical equation of: 2 
 H+ + H2O2 + 2 Fe(II) → 2 Fe(III) + 2  H2O and then by the chemical equation of: 2  Na+ + 2 
 OH− + Fe(III) + 2  (H+ + •O2

−) → 2  H2O + Na2FeO4 + 3  e− [44]. The decomposition of 
 Na2FeO4 can accelerate when the additional iron ions are added to the electrolyte solution 
[36]. The production of high-energy particles and free radical of  H2O2 in electrolyte solu-
tion increases with increasing of the imposed voltage [45, 46]. The efficiency of  Na2FeO4 
production may improve when the  H2O2 concentration increases but to not higher that its 
optimum concentration in electrolyte solution of containing certain NaOH concentration. 
The results (Fig. 2a) of verifying the effect of voltage variation on the color property of 
 Na2FeO4 particles observed in 16 M NaOH solution at 25 °C during 5 min of the experi-
ment show that an increase in the imposition of voltage from 35 to 55 V can cause the 
color of  Na2FeO4 particles to gradually change from reddish purple to a white there is due 
to the increasing of energy imposed to move electrons from one orbital to another.  

The weight loss of anode was measured at various voltages after 5 min of conduct-
ing the experiment. The results (Fig. 2b) show that the weight loss of anode increased 
from 0.073 to 0.770 g with increasing of the voltage from 20 to 35 V could be due to the 
electrode consumption by electrolyte solution can have the optimum operating voltage 
of 35 V. Then, an increase in the voltage from 35 to 55 V this can lead to a decrease in 
the weight loss of 0.200 g from 0.770 to 0.570 g because of any voltage spike higher 
than 35 V would be consumed by other reactions of  Na2FeO4 decomposition rather than 
electrode consumption. The integral value of current is zero and this may not be able to 
estimate the distribution of potential and protective current density at anodic or cathodic 

Fig. 1  A plot of electrical current 
versus time of the experiment 
imposed with a voltage of 20 V 
and 16 M NaOH concentration in 
electrolyte solution
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part of the voltage circuits. Therefore, it cannot be explained which part of the cur-
rent has been used for the formation of  Na2FeO4 particles or oxygen evolution [47]. 
The same is true for hydrogen evolution in parallel with the reduction of  Na2FeO4 com-
pounds. Because of the ratio between two electric currents used for an individual elec-
trode reaction changes with changing of the voltage, it is not possible to determine the 
exact portion of electric current used for each electrochemical reaction in spite of the 
change in  Na2FeO4 synthesis efficiency can be attributed to either the portion of anodic 
or cathodic reaction at different voltages.

The rate of electrode weight loss can be calculated since the quantity of  Na2FeO4 
production has been verified. Noted that (1) the measured weight loss is the different 
weight of electrode before and after the experiment of SPP and (2) the calculated weigh 
loss is the  Na2FeO4 concentration in electrolyte solution measured using the UV–Vis 
spectroscopy. Figure 2b shows that the calculated weight loss of approximately 0.030 g 
higher than the measured weight loss was verified when the amplitude of voltage signal 
imposed on the monitored electrodes was 40 V. However, the measured weight losses 
of 0.024 and 0.128 g higher than the calculated weight losses were verified when the 
amplitudes of voltage were imposed at 45 and 55 V, respectively. This means that the 
kinetics of  Na2FeO4 decomposition at high voltage is unpredictable. It was not neces-
sary to calculate the purity of  Na2FeO4 particles using the Beer-Lambert equation due 
to the A/ε ratio is the  Na2FeO4 concentration in electrolyte solution.

Fig. 2  Effect of voltage on a the 
color of  Na2FeO4 particles and 
b the weight loss of  Na2FeO4 
particles for the experiment by 
solution plasma process in 16 M 
NaOH electrolyte solution at 
25 °C during 5 min (Color figure 
online)

(a)

(b)
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Effect of NaOH Concentration on  Na2FeO4 Production

The corrosion tests were performed to get better understanding on the effect of NaOH con-
centrations on the rate of electrode weight loss. An increase in the electrode weight loss 
can lead to an increased  Na2FeO4 formation in the electrolyte solution. Tafel slope noted in 
term of β is the level of increasing the overpotential to increase the reaction rate by a factor 
ten and determines the magnitude of the change in the activation energy [48]. A technique 
of calculating the corrosion rate from electrochemical data does not give any information 
on the localized corrosion. The rate of corrosion is the speed at which electrode (iron) dete-
riorates in electrolyte solution. In this work, the unit of corrosion rate is expressed in Mils 
per year (mpy). The results (Table  3) of verifying the electrochemical corrosion param-
eters show that the highest corrosion rate of 19.39 mpy was verified for the experiments 
conducted in 16 M NaOH solution at 25 °C and imposed by 35 V of the voltage during 
5 min. The corrosion current density decreases with increasing of the NaOH concentra-
tion from 16 to 18  M as the corrosion rate decreases from 19.39 to 14.49  mpy there is 
because of a high concentration of 18 M NaOH in the electrolyte solution can lower the 
water activity [49]. An increase in the NaOH concentration from 8 to 18 M can be the only 
way to decrease the electrical conductivity [22] because of the initiation of spark in electro-
lyte solution of low NaOH concentration has been occurred earlier at 35 V. An increase in 
the NaOH concentration from 12 to 18 M in electrolyte solution can significantly increase 
the rate of the reaction to get verified with increasing of the βa value from 57 to 140 mV/
decade. Two mechanisms of reaction have been proposed for the formation of  Na2FeO4 
particles by electrochemical method, such that: (1) the surface of anode oxidizes to form 
the oxide layer and then the oxide layer converts to the  Na2FeO4 formation [50] and (2) the 
ferrous ions and the iron oxide particles of different valences (intermediate particles) emit 
into a strongly alkaline electrolyte, which causes the particles converts to the  Na2FeO4 for-
mation [51]. In case of the formation of  Na2FeO4 particles by SPP is due to the formation 
of spark and plasma on the surface of electrodes in electrolyte solution and then the oxida-
tion of them by in situ generation of  Na2FeO4 in aqueous alkaline solution. The conversion 
of suspended particles produced by SPP to  Na2FeO4 depends on the oxidizing capacity of 
 OH− ions,  H2O2, and temperature.

The results (Fig. 3a) of Tafel polarization curve tested for different NaOH concentra-
tions at 25 °C show that the current density of 16 M NaOH solution is higher than that 
of 14 M NaOH solution and then is higher than that of 18 M NaOH solution. It is well 
matched with the results (Table 3) of verifying the corrosion rate that the corrosion rate 
of 19.39 mpy is higher than that of 14.77 mpy and then is higher than that of 14.49 mpy 
for the NaOH concentrations of 16, 14, and 18 M in electrolyte solution, respectively. 

Table 3  Effect of NaOH on the corrosion rate observed at 25 °C and 35 V for 5 min

NaOH 
concentration 
(M)

βa (mV/decade) βc (mV/decade) Corrosion current 
density (µA  cm−2)

Potential (mV) Corrosion 
rate (mpy)

8 56 − 25 8.9 − 863 8.19
12 57 − 49 12.2 − 959 11.21
14 140 − 46 16.1 − 1079 14.77
16 131 − 49 21.2 − 1099 19.39
18 111 − 49 15.8 − 1055 14.49
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The rate of corrosion affected by free  H2O molecules and accelerated by  OH− is due to 
the  OH− ions increase with increasing of the NaOH concentration. The rate of corrosion 
tends to increase with an increase in the velocity of motion of the electrolyte solution 
over the surface of electrode. The modification of the electrode surface can enhance the 
corrosion resistance [52]. The velocity of free  H2O molecules movement reduces when 
the 18  M NaOH concentration of apparently imposed electrolyte solution. This study 
verified that the optimum operating condition of  Na2FeO4 production was occurred in 
16 M NaOH solution.

The results (Table 4) of UV–Vis spectroscopy show that the formation of  Na2FeO4 
particles increases from 3.9 to 14.3  mM with increasing of the NaOH concentration 
from 8 to 16 M. A low  Na2FeO4 production of 3.9 mM could be due to the synthesized 
 Na2FeO4 particles may rapidly decompose if the large amount of free  H2O molecules 
in 8 M NaOH solution exists. However, the mobilization of free  H2O molecules signifi-
cantly decreases when the NaOH concentration reaches up to 18 M and this may affect 
a decrease of the corrosion rate yielding the reduction of  Na2FeO4 formation, there is 
due to the decomposition of  Na2FeO4 particles is low [41] and the balance of dissolved 
Fe(II), Fe(III) and Fe(VI) species is stable [22, 53, 54]. The increasing of  Na2FeO4 par-
ticles in electrolyte solution was verified by gradually increasing the color density from 
white in 8 M to brown in 18 M NaOH solution, as shown in Fig. 3b.

Fig. 3  Effect of NaOH con-
centration on the formation 
of  Na2FeO4 particles for the 
experiment of solution plasma 
process imposed by 35 V of the 
AC source at 25 °C during 5 min; 
with a the tafel polarization 
curves of low-carbon steel and 
b the color change of  Na2FeO4 
production (Color figure online)

(a)

(b)
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Effect of Temperature on  Na2FeO4 Production

The results (Table 5) of UV–Vis spectroscopy show that the maximum  Na2FeO4 concen-
tration of 14.7 mM was verified in 16 M NaOH solution with the initial temperature of 
30 °C. The atmospheric pressure plasma could be not initiated at an initial temperature of 
5 °C for the experiment of 5 min. The plasma can initiate to start the sparks during the first 
few seconds inside the electrolyte solution with the temperature range of 35–45 °C and this 
leads to an increase in the temperature from 37 to 42 °C at outer wall of the electrolytic 
cell. An increase in the temperature can increase the conductivity of electrolyte solution to 
early starting the initiation of spark up until the formation of  Na2FeO4 particles [36, 55]. 
When the initial temperature of electrolyte solution was set at 45 °C, the final temperature 
of 68 °C was verified at around the anode in the spark region, decreased to 59 °C at the 
electrolytic cell interface and then decreased to 45  °C at outside of the electrolytic cell 
for the experiment in 16 M NaOH solution imposed by 35 V of the voltage during 5 min. 
However, the decreasing of final temperature from 68 °C at around the anode to 51 °C at 
the electrolytic cell interface and then to 36 °C at outside of the electrolytic cell was veri-
fied when the initial temperature of electrolyte solution was set at 30 °C. An increase in 
the temperature of electrolyte solution can increase the activity of  OH− ions and leads to 
increase the  Na2FeO4 production efficiency. However, the high stability of  Na2FeO4 syn-
thesis is obviously due to the low temperature of SPP. The efficiency of  Na2FeO4 produc-
tion may decrease after 2 h of the experiment when the temperature of SPP is higher than 
35 °C [35]. Degradation of passive film on the anode can occur at high temperature due 
to the activity of  OH− ions increases and prevents a rapid drop of the  Na2FeO4 production 
efficiency. The degeneration of  Na2FeO4 particles is very fast when the temperature of SPP 
is higher than 70 °C.

Table 4  Effect of NaOH on the 
 Na2FeO4 production at 25 °C and 
35 V for 5 min

NaOH 
concentration 
(M)

Ignition time (s) Final solution 
temperature (°C)

Na2FeO4 
concentration 
(mM)

8 First second 43 3.9
10 First second 41 4.3
12 21 38 9.0
14 29 35 12.1
16 39 34 14.3
18 – 30 3.1

Table 5  Effect of temperature 
on  Na2FeO4 production in 16 M 
NaOH solution at 35 V for 5 min

Initial solution 
temperature 
(°C)

Ignition time (s) Final solution 
temperature 
(°C)

Na2FeO4 
concentration 
(mM)

5 – 25 1.5
15 186 30 7.9
25 39 34 14.3
30 15 36 14.7
35 5 39 11.4
45 First second 45 5.8
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This study suggested according to the plot of anode weight loss versus temperature 
(see Fig.  4) that the production rate of  Na2FeO4 particles around the anode increases 
with increasing of the initial temperature of electrolyte solution. Figure  4 shows that 
an increase in the anode weight loss of 0.719 g from 0.072 to 0.789 g with increasing 
of the initial temperature from 5 to 30 °C is due to the dissolution of anode increases. 
However, the increasing of temperature to higher than 30 °C this may lead to a decrease 
of the anode weight loss due to part of the electrons moving from cathode to anode are 
consumed by other reactions of  Na2FeO4 decomposition in electrolyte solution rather 
than anode dissolution. The true rate of electrochemical reactions is amplified by more 
electrons consumed around the cathode compared to around the anode for the produc-
tion of  Na2FeO4 particles. The plots (Fig.  4) of the measured and calculated anode 
weight loss versus temperature show that the calculated anode weight loss is 0.024  g 
higher than the measured anode weight loss at an initial electrolyte solution temperature 
of 30 °C to reveal the optimum operating temperature of producing  Na2FeO4 particles. 
However, the measured anode weight losses of 0.648 and 0.434 g are 0.010 and 0.109 g 
higher than the calculated anode weight losses of 0.638 and 0.325 g for the electrolyte 
solution with its initial temperatures of 35 and 45 °C, respectively, due to the decom-
position of  Na2FeO4 particles increases with increasing of the electrolyte solution tem-
perature after reaching higher than 30 °C during 5 min of the experiment.

Investigation of  Na2FeO4 Production at Optimum Operating Conditions

The production of  Na2FeO4 particles under the optimum operating conditions of using 
16  M NaOH solution, imposing by 35  V and running at 30  °C must be investigated 
for understanding the efficiency of  Na2FeO4 production and energy consumption, the 
size distribution and surface morphology, as well as the XRD plasma phase analysis of 
 Na2FeO4 formation.

Fig. 4  Effect of initial temperature on the anode weight loss in 16 M NaOH solution for the experiment of 
solution plasma process imposed by a voltage of 35 V during 5 min
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Efficiency of  Na2FeO4 Production and Energy Consumption

Once the plasma is initiated, it is possible to accelerate the particles in electrolyte solu-
tion for producing the  OH− and  e− elements of much higher energy to participate in the 
formation of  Na2FeO4 particles [34, 41, 56]. Even though the rate of  Na2FeO4 formation 
increases with increasing of the temperature, the stability of  Na2FeO4 in electrolyte solu-
tion occurs at low temperature [35]. It is difficult to set the experimental conditions with 
high temperature near the anode and low temperature at a certain distance beyond the 
anode aperture due to the electrolyte solution flows, except the in situ arrangement by the 
mechanism of plasma formation [57–59]. A high temperature of the anode can increase 
the activity of  OH− ions and leads to increase the rate of  Na2FeO4 formation. This study 
verified that the current efficiency of SPP to produce  Na2FeO4 reaches seven times higher 
than that of conventional electrochemical process. The plots (Fig. 5) of energy consump-
tion and current efficiency of the  Na2FeO4 production versus time show that an optimum 
operating condition with a current efficiency range of 501–512% reaches when the time 
of experiment is at a range of 2–3 h. The other processes of  Na2FeO4 production verified 
that the electrode becomes passive after a while and the efficiency of  Na2FeO4 production 
decreases [23, 43, 60]. The productions of  Na2FeO4 particles as high as 1.76 and 8.64 g 
were verified for the energy consumptions of 11 kWh/kg during 0.5 h and 9 kWh/kg during 
2 h of the experiment, respectively, with the  Na2FeO4 purity of 98.9%. When there is no 
passivation occurred in plasma solution this can be affected by high voltage, synthesis and 
reaction mechanism of the  Na2FeO4 formation, and viscosity reduction mechanism. The 
energy consumption begins to increase from 6 kWh/kg at 3 h to 12 kWh/kg at 8 h of the 
experiment, as can be seen in Fig. 5.

Size Distribution and Surface Morphology

The TEM image of  Na2FeO4 particles reveals the microstructure that the average particle 
size of approximately 35 nm being characterized with its size distribution in the range of 
10–90 nm was verified from nine TEM images (see Fig. S1 of Supplementary material) 
like the one shown in Fig. 6. The synthesis of nanocrystalline and monodispersed  Na2FeO4 
particles of the uniform spherical shape was observed under given optimum operating con-
ditions of SPP. Spherical, ellipsoidal and elongated hematite particles can be obtained in 

Fig. 5  Effect of time on (i) the energy consumption and (ii) the current efficiency of the  Na2FeO4 produc-
tion in 16 M NaOH solution at 30 °C
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the presence of ascorbic acid by the reaction of chemical precipitation of  FeCl3 and NaOH 
[61].

XRD Analysis

The results (Fig. 7) of the XRD analysis indicates the existence of  Na2FeO4 particles with 
a very high intensity at the 2-theta of 30, following by the 2-theta of 20 and then by the 
2-theta of 34. It has been reported that the plasma synthesis of nanoparticles with different 

Fig. 6  TEM image of  Na2FeO4 
particles observed under given 
optimum operating conditions of 
solution plasma process

Fig. 7  XRD pattern of  Na2FeO4 
particles
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iron oxides occurs when the time of electrolysis and viscosity of the fluid increase [62]. 
 CO2 from air can be easily absorbed by the electrolytic cell to form  Na2CO3 [63, 64]. The 
electrolytic cell must be isolated from the atmospheric environment and kept at stable tem-
perature for the production of  Na2FeO4 by SPP in the range of pH 9.2-10.

Conclusions

This study aims to understand the formation mechanism of  Na2FeO4 particles by SPP. 
The optimum operating conditions of  Na2FeO4 production in 16 M NaOH solution were 
obtained when the SPP imposed by 35 V of the voltage at 30 °C of the initial electrolyte 
solution temperature. The increases of voltage higher than 35 V and initial electrolyte solu-
tion temperature higher than 30 °C can lead to an increased decomposition rate of  Na2FeO4 
compounds. A decrease in the NaOH concentration of lower than 16 M in electrolyte solu-
tion can cause to shorten the time to start the sparks due to the conductivity of electrolyte 
solution increases. There is no plasma atmosphere initiated at 35 V with increasing of up 
to 18 M NaOH concentration because of the conductivity of the electrolytic cell is low. An 
increase in the current efficiency of up to 512% could be due to the formation of  OH− ions 
and  H2O2. A decrease of the current efficiency over time after passing the optimum time 
could be due to the passivation of the electrode. The efficiency of  Na2FeO4 production by 
SPP was verified seven times higher than that of conventional electrochemical process due 
to the presences of plasma, high-energy particles and different mechanisms of the  Na2FeO4 
formation. A new approach of the large  Na2FeO4 production has been proposed to con-
tribute to growing improvement of the advanced technologies in water and wastewater 
treatment.
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