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A MEA (membrane electrode assemblies) reactor has been developed and applied to produce ozone in
deionized water under low cell voltage. In this work, the electrolytic process was investigated and
optimized. The results show that the ozone concentration was more than 0.1%wt in the mixture gas
(3.2L-min™). Under the experiment conditions, the electrolytic processes were controlled by activation
polarization (2.0V-3.5V) and electrochemical polarization (3.5V-5.5V), and the optimized current
density was 1.2-1.6 A-cm™. The cell voltage was 3.7 V (5-50 °C), and the peak value of 0zone output
(5.7 mg-min™) appeared at 30 °C. In the processes of 0zone production, more than half of the energy
was converted into heat. The short time of average retention (<5s) kept ozone from obvious
decomposing in the experiment. During the durability tests, the output of ozone can stabilize at
5mg-min™ (under 1.46 A-cm™ and 30 °C). The SEM pictures showed that the surface of the catalyst
(working 500 times, more than 1h every time) was eroded and the sharp edges disappeared.
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1. INTRODUCTION

Ozone (0O,) is a kind of strong oxidant with the oxidation-reduction potential 2.07 V (in water),
which is lower than that of F, (2.5V), but higher than that of Cl, (1.36V) and CIO, (1.5V). Ozone not
only can degrade most of the organics in waste water [1, 2], but also can clear bacteria in the water or
air effectively [3, 4]. Moreover, the decomposition product of ozone is O, which avoid the secondary
pollution caused by itself. In recent years, as people’s awareness of environment, ozone has been
widely used in water treatment, medical and health care, food industry and many other fields [5, 6].
Especially, it has been applied successfully in the processes of drinking water and bottled water
production [7].


http://www.electrochemsci.org/
mailto:wang.longyao@cczu.edu.cn
mailto:wang.longyao@cczu.edu.cn

Int. J. Electrochem. Sci., Vol. 9, 2014 7060

Ozone can be produced by electrochemical, photochemical or corona discharge method.
According to the electrochemical method [8], ozone was produced with DC power. Similar with the
membrane electrode in fuel cell, a MEA (membrane electrode assemblies) reactor was designed with
solid polymer electrolyte (SPE) [9]. The catalysts of anode and cathode were bonded or deposited on
both sides of SPE. MEA reactor had the advantages as lower power cost (run within 3-6V), safe and
simple on device [10].

MEA is the “heart” of electrochemical reactor. There are many reports about the preparation of
catalyst, the structure design of electrode and the investigation of electrolyte [11-13]. However, when
it comes to ozone generator, the characterization and optimization of application processes are
important. During the process of ozone preparation, the operation conditions and the equipment
structure will affect the performance of the ozone generator. In this paper, the characterization and
optimization of MEA reactor were put forward for Ozone production in deionized water.

2. MATERIALS AND METHODS

The experiment system consisted with a DC power (WYJ-50A30V, Apple Instrument Co.
Ltd.), MEA reactor (FT-018, Zhejiang ODREI electro-oxidation Instrument Co. Ltd.) [14]. The area of
MEA was 8.76 cm™? and the electrolyte was deionized water (<10us-cm™). The schematic of the
experiment equipment was shown in Fig. 1. In the processes of the experiments, the influence of gas-
liquid separation, current density, temperature, operation time and the working stability are
investigated, respectively.
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Figure 1. Schematic of MEA o0zone generator
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As shown in Fig. 1, water flow circularly between the tank and MEA reactor under the
affection of airlift. In this process the gas can be bring out from the MEA reactor, at the same time the
temperature of MEA can be cool down. The gas generated from anode and cathode flowed into anode
tank and cathode tank (2110mm, liquid depth 100mm) respectively. Compressed air (3.2L-min™) was
introduced into anode tank (Ti) to take ozone out, while hydrogen was collected from cathode tank (Ti)
and discharge. The pipelines in the experiment system were made of silica gel.

In the process of ozone production, the main electrode reactions and its standard potentials
were as below.

Anode

3H,0 = O3+ 6H"* + 6e° (E;"=1.51V)
2H,0 = O, + 4H™ + 4¢” (Ex’=1.23V)
Cathode

2H" +2e'=H, (Es"=0.00V)

The actual yield of ozone from the reactor was analyzed by Kl absorption method, while the
theoretical yield of ozone was calculated according to Faraday's Law [15]. The current efficiency of
anode can be obtained as below.

Current efficiency= Actual yield / Theoretical yield x 100% 1)

3. RESULTS AND DISCUSSION

3.1. Effect of gas-liquid separation process on ozone output

As shown in Fig. 1, the mixture gas of ozone and oxygen bubbled and lifted in the water of
anode tank, and then blown out by compressed air. According to the classical two-film theory, ozone
dissolved in the liquid was the control step. The kinetics equation for the process can be expressed as
follows.

VdC =K, S(C™-C)dt (2)

Where V is the volume of liquid, m®; C is the concentration of ozone in water, mg-m™; C”is the
equilibrium concentration of ozone under the experiment conditions, mg- m?; S is the gas-liquid
contact area, m%; Ky, is the total liquid-phase mass transfer coefficient under experiment condition, m-s°
L tis the aeration time, s.

After integration and arrangement of Eq. (2), the relationship between aeration time and ozone
concentration can be expressed as below.

Vv ol
=——In(=—=) €)
K.S C-C
Under the conditions of normal pressure and 20 °C, the ozone concentration in the water of
anode tank was analyzed at different time. According to the fitting results of Eq. (3) based on the
experiment data, the values of V/K;.,S and C* can be obtained as 330 m-s* and 1.5x10* mg-m™

respectively. In addition, the solubility of ozone in water was coincide with Henry's law. Under the
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equilibrium conditions, the equilibrium concentration of ozone in water (Coz0ne) Versus corresponding
concentration of ozone in gas (C%;0ne) Was shown in Fig. 2 [16].
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Figure 2. The equilibrium concentration of ozone in water

The output of the mixture gas (O3+0-) released from the generator was 65-70 ml-min™. The
ozone concentration of the mixture gas was about 5%wt. The gas bubbles raising from the water (depth
100mm) need 3s and the average surface area of the bubbles staying in the water was 3 cm?
approximately. The surface area of liquid layer in anode tank was 95cm?. The flow rate of air from the
anode tank was 3.2L-min™, and the ozone concentration was more than 0.1 %wt. In this case, the
results of ozone concentration according to Eq. (3) was consistent with the experiment results (Fig. 2).

According to the Eq. (3), it consumed 3.8 min for the dissolving process that the ozone
concentration of the water in anode tank increased from 0 to 50% equilibrium concentration under the
experiment conditions. In this process the overall dissolved ozone was 7.1 mg while the total output of
ozone was 19 mg. So the gas-liquid separation process had little impact on ozone output when the
experiment system was working after 15 min.

3.2. Effect of current density on ozone output and current efficiency

The relationships between current density, ozone output and current efficiency were shown in
Fig. 3. Different with the anolyte of 1 M HCIO, [17], in this work deionized water was used as
electrolyte. Under the experiment conditions, the output of ozone increased with the increasing of
current density, while the current efficiency arrived the peak value (7.7%) at the current density 1.4
A-cm™
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Figure 3. Effect of current density on ozone output and current efficiency (temperature 30 °C)

The cell voltage of ozone generator was mainly composed of fixed voltage (from first class
conductor, electrolyte, ion exchange diaphragm and interface) and polarization voltage (activation
polarization, electrochemical polarization and concentration polarization) [18]. The polarization
voltage was great differences under different operating conditions. As shown in Fig. 4, when the cell
voltage increased from 2.0 V to 3.5 V, the current density increased only 0.6 A-m™, which indicated
that the electrolytic process was controlled by activation polarization. However, when the cell voltage
increased from 3.5 V to 5.5 V, the current density increased linearly. The increase rate of current
density was about 1.8A-V*, which indicated that the electro oxidation process was controlled by

electrochemical polarization.
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Figure 4. Effect of current density on ozone output and cell voltage (temperature 30 °C)
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Under the same experiment conditions, the decrease of ozone yield was resulted from the
decline of current efficiency. The electrode with particle stacking appearance had big specific surface
area, which extended the period of electrochemical polarization. Furthermore, the concentration
polarization didn’t show significant effect in the experiment process. According to the application cost
and requirements, the optimized current density was determined as 1.2-1.6 A- cm™.

3.3. Effect of temperature on cell voltage and ozone output

In the process of electro oxidation, the activity of catalyst was strengthened by the increasing of
temperature. In this case, the solid polymer electrolyte was activated and the proton transfer rate
increased, which will decrease the cell voltage of ozone generator [19]. However, the decomposition
rate of ozone also increased with the increasing of operation temperature, which will lead the yield of
ozone decrease. The ozone output and voltage versus water temperature was shown in Fig. 5.
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Figure 5. Effect of operation temperature on ozone output and cell voltage (current density 1.46
A-cm, temperature 30 °C)

As shown in Figure 5, the cell voltage was stable at 3.7 V under the temperature 5-50 °C, while
the ozone output was different significantly and the peak value 5.7 mg-min™ was detect at 30 °C. LM
Da Silva et al characterized an ozone generator with the fine mesh electrodes [20], and the maximum
yield of ozone is the same appearing at 30 °C. Although the decomposition rate of ozone was bigger at
30 °C than that at 10 °C, the short average retention time (<5s) kept ozone from obvious
decomposition in the experiment system [21].
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3.4. Effect of operation time on temperature and ozone output

Working continuously and efficiently were important for the generator. However, the
temperature of the system will increase with the prolonging of operating time, and the catalyst will turn
to inactive and degrade the working life. In order to investigate the performance of the generator, here
we kept the generator working continuously for eight hours. During this experiment, the effect of
operation time on temperature and ozone output was shown as below.
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Figure 6. Effect of operation time on temperature and ozone output (current density 1.46 A-cm™, cell
voltage 3.7 V, initial temperature 18 °C)

In the experiment process, the water temperature increased from the initial temperature 18 °C
and stabilized at 45 °C after working 3 hours. Based on the energy balance, we can estimate the
heating efficiency of the generator in the working process. Eq. (4) can be used to calculate the total
energy consumption of the ozone generator, while Eq. (5) expressed the energy which converted to
chemical energy.

W =Ult 4)

Where W is the total energy consumption, J; U is cell voltage, V; | is current, A; t is time, s.
It&

W, = _(;AHi ®)
nF

Where F is Faraday's constant, 96487 C-mol™; & is the current efficiency to generate i
component, %; n; is the number of electron transfer in the reaction; AH;is the reaction enthalpy for
generating i component, kJ-mol™.

The reaction enthalpy for generating oxygen and ozone from water are as below.

2H,0—0,+2H,  AH=+571.6kJ-mol™

3H,0 —03+3H,  AH=+1285.5kJ-mol™

Under the experiment conditions (current density 1.46 A-cm™, cell voltage 3.7V), the current
efficiency of generating ozone was 7.5%, while the current efficiency of generating oxygen was
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92.5%. In this process, the efficiency of electrical energy converted into chemical energy can be

calculated as Eq. (6).

n= w «100% = No,50,AH, + 1o, 50, AH

O 0
0.0 UF x100% =415% (6)
It can be know from the calculation results of Eq. (6) that more than half of the energy is
converted into heat in the process of ozone production. In this process the system temperature
increased from 18 °C to 43 °C in the first 3 hours. Because of the heat loss of the experiment device,
the temperature stay at 45 °C finally.
The peak value of ozone output appeared around 30 °C, which coincide with the results of
chapter 2.3. The ozone output stabilized with the stabilization of temperature. This indicated that the
optimization of operation temperature can improve the work efficiency of ozone generator.

3.5. Working stability of the MEA reactor

The catalyst adhered on the surface of the MEA. In the processes of ozone generation, the
catalyst degraded with the increasing of the working times and the operation time [22]. The SEM
pictures in Fig. 7 showed the difference of fresh catalyst and the old catalyst which had been used
more than 500 times (working more than 1h every time).

Figure 7. SEM pictures of the anode catalyst (a, fresh catalyst; b, old catalyst)

As shown in Fig. 7, the edges of fresh catalyst particles were sharp, and kept the crystal shape
clearly. But the surface of the old catalyst was eroded and the sharp edges disappeared. Moreover, the
number of the small particles in the old catalyst was more than that in fresh catalyst. The changes in
morphology and structure of the catalyst particles would affect the performance of the MEA reactor.

In the processes of ozone generation, the destruction of the crystal structure may cause the
decline of the current efficiency, which will affect the yield of ozone directly. Under the conditions of
1.46 A-cm™, working 1 hour every time (200 times), Fig. 8 showed the relationship between ozone
output and the working times. As shown in Fig. 8, although ozone output fluctuated with the increasing
of working times, the value of ozone output stabilized at 5mg-min™.
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Figure 8. Relationship between ozone output and experiment times (current density 1.46 A.cm?,
temperature 30 °C, working 1 h every time)

4. CONCLUSION

In this work, a MEA reactor for Ozone production in deionized water was characterized and the
operation process was optimized. The results of the experiments were concluded as below.

1) The output of ozone gas (O3+O;) released from the reactor was 65-70 ml-min™, and the
ozone concentration was more than 0.1 %wt after mixed with air (3.2L-min™).

2) The electrolytic process was controlled by activation polarization from 2.0V to 3.5V and
electrochemical polarization from 3.5V to 5.5V. The optimized current density was 1.2-1.6 A-cm™.

3) The system temperature increased from 18 °C to 43 °C in the first 3 hours and more than
half of the energy was converted into heat. The cell voltage was stable at 3.7 V (5-50 °C), while the
peak value of ozone output (5.7 mg-min™) appeared at 30 °C.

4) Although ozone output fluctuated with the increasing of experiment times (200 times), the
value of ozone output can stabilize at 5 mg-min™.
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