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SOLAR POWERED PEM ELECTROLYSER USED AS OZONE
GENERATOR FOR TERTIARY WATER TREATMENT

Irina-Elena CIOBOTARU', loana-Alina CIOBOTARU?,
Dinut-Ionel VAIREANU?

This paper presents an autonomous system used for tertiary water treatment.
The system is based on a modified fuel cell and employs Ti electrodes for the
electrochemical generation of ozone. Nafion 117 membrane was used as electrolyte.
The ozone concentration generated using this system was higher than the one
needed for water disinfection.
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1. Introduction

In the recent years, water treatment has gained attention as a result of rapid
population growth and increased drinking water demand and due to the fact that
more than 884 billion people lack access to clean drinking water [1]. Among
water treatment processes, tertiary water treatment may be considered the most
important step as disinfection inactivates pathogens [2, 3], some of them
responsible for waterborne diseases. Usually, tertiary treatment implies the use of
chlorine-based compounds (gaseous chlorine, hypochlorite acid, chlorine dioxide)
[2, 4]. Although the chemical treatment may be effective, unwanted side reactions
take place between the disinfecting agent and the substances (mainly organic
compounds) present in water [4] which lead to the so-called disinfection by-
products [5-11]. In the recent years, studies have been focusing on new,
environmentally friendly disinfection methods [12]. Among these, ozonation is
one of the most suitable methods [2, 13].

Ozonation is used intensively in water treatment as it produces no harmful
by-products, as opposed to chlorination [2, 13]. Moreover, ozone acts as a
disinfecting agent as well as an oxidizing agent. Ozone has an oxidation potential
of 2.07V [13-17].
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Ozone has been proven to be an effective disinfectant, often better than
chlorine-based compounds [3]. Ozone is known to remove colour, taste and odour
from drinking water [18]. Studies proved the efficiency of ozone in the removal of
some pharmaceuticals [18, 19], estrogens [19] and progesterone [18], endocrine
disruptors [20], caffeine [18] and for the degradation and discolouration of
atrazine [21], Reactive Orange 122 [22], Orange-13 and Blue-19 [23]. Among the
pathogens responsible for waterborne diseases, ozone has proven effective in the
destruction of Escherichia Coli [12], Giardia lamblia [16], Encephalitozoon
intestinalis [24], Bacillus subtilis and Aspergillus brasiliensis [25]. In some cases,
ozone proved to be a much more potent disinfectant than free chlorine [24].

The major drawback of ozone disinfection arises from ozone short half-life
(15 minutes at 25°C) [14, 16, 26] and higher capital costs [2]. Moreover, prior to
ozonation, the water must be treated in order to remove the particulate material, as
microorganisms may attach to it and cause a drop in the process efficiency [3].

Among the generation methods, Corona discharge and electrolysis are the
most common methods for ozone generation [4, 15]. The latter has several
advantages compared to Corona discharge and it is the most used method. Among
the advantages, one mentions the fact that ozone is generated in the aqueous
media [27] and the concentration of ozone is higher than the one obtained in the
Corona discharge [15]. Moreover, as opposed to Corona discharge, which requires
high voltage, the electrolytic process requires relatively low voltage (usually over
1.8 V) [26]. As drawbacks of the electrolytic process, one mentions high energy
consumption [15] and the complexity of the system [27]. Among the parameters
that influence the electrolytic process, one highlights the nature of electrode
material [12, 13] and operating parameters, the applied voltage being of a
paramount importance [12].

The reactions that describe the electrochemical generation of ozone and
the associated standard electrode potentials are given by Eq. (1) and (2) [4, 13, 14,
28-32]. During the electrolysis of water, ozone is generated at the anode and
hydrogen gas is produced at the cathode. The ozone generation reaction is a side
reaction, as the main reaction taking place at the anode is oxygen evolution
reaction, which is thermodynamically favoured (Eq. 3) [4, 13-15, 28-32]

3H,0 >0, +6H" +6e", E°=1.52V (1)
2H"+2e" > H,, E° =0V )
2H,0 >0, +4H" +4e", E’=123V 3)

Another drawback of the electrolytic generation of ozone arises from the
stability of the electrode material. Electrodes should have oxygen over potential
[13, 27]. Studies have proven that such electrodes are those made of platinum
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[13], boron-doped diamond [30], PbO;-loaded Pt screens [26], Ti/B-PbO; [21, 33],
silicon/titanium oxide/platinum/titanium dioxide (Si/TiOx/Pt/TiO,) [13, 14], Pt—
TaOy/Ti [28], Ni-Sb—SnO,/Ti [29] and tantalum oxide [34].

The aim of this paper is to present the experimental results of ozone
generation using a PEM (proton exchange membrane, namely Nafion 117)
electrolyser based on perforated Ti electrodes.

2. Experimental part

The electrochemical generation of ozone was accomplished using an
autonomous system based on a modified reversible PEM fuel cell used as
electrolyser. The electrodes were made of perforated Ti sheets and hydrated
activated Nafion membrane. One has collected only the ozone gas in a gas
collector filled with tap water. Hydrogen gas was discharged in the air.

In the present study, one has used Ti electrodes instead of Pt electrodes as
previous studies have shown that the Nafion membrane may be damaged by the
oxidation of the Pt anode to form Pt oxides, such as PtO,. During the oxidation of
the Pt anode, ionic species can be formed and released from the Pt anode surface.
These species pass through the membrane and concentrate on the cathode side of
the Nafion 117 membrane. The reduction of these species by hydrogen causes the
decomposition of the Nafion 117 membrane [32]. Although Ti also forms a layer
of TiO,, it has a better mechanical resistance and it is not subjected to poisoning,
as it is the case of Pt.

The dissolved ozone concentration was measured using disposable ozone
test strips.

One has generated ozone at 7 current densities ranging from 200 A'm™ to
800 A'm™. The experiments were conducted at constant current. The necessary
voltage was supplied by a power source. One has also generated ozone using a
solar charger as power source, in order to provide autonomy to the process and to
assess the system's ability to generate ozone when no power source is available.

The solar charger was tested at the beginning of the experiments using a
standardised charging/discharging procedure for the evaluation of the
rechargeable battery capacity. The charging and the discharging process took
place at a constant current, namely 0.5 A and 0.33 A (the discharging current
value was correlated with the manufacturer’s initial information regarding the
rechargeable battery capacity).

One has monitored the concentration of dissolved ozone at every 3
minutes The total operating time was 30 minutes, as ozone has a short half life
(approximately 15 minutes at 25°C) [26].
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3. Results and discussion

Table 1 shows the concentration of ozone generated during the electrolytic
process and the values of the operating parameters at 6 minutes after the
beginning of the experiments. Tables 2 and 3 show the values of the same
operating parameters at 15 minutes and at the end of the process.

In the initial stage of the research, the dissolved ozone was produced using
a laboratory power rectifier that allowed a control over the supplied current (and
implicitly current density) as well as over the applied voltage. The second
experimental stage was concerned with the manufacturing of an autonomous
system so that the ozone generator may be used in remote areas where the clean
water sources are not easily reachable, nor the 220 V power grids (e.g. Danube
Delta).

The results obtained in the case of the electrochemical generation of ozone
in laboratory at voltages lower than 3V, for various electrolysis times (see Table 1
— 3) showed that the concentration of 0zone does not vary significantly versus the
applied voltage up to 2.9 V. The increase of the voltage above 2.9 V shows an
increase of the generated dissolved ozone (the concentration doubles its value
when the voltage is increased from 2.9 to 3.1V).

The ozone was also generated using an autonomous system. The choice of
the solar charger took into consideration the experimental values of the ozone
concentration.

The results of the testing procedure showed that the solar charger
discharges after 80 minutes, during which time it may provide the necessary
voltage for the electrolytic process to take place. The electrode surface directly in
contact with Nafion membrane is 13.72'10* m®. The current density provided by
the charger is 0.48 A (which corresponds to a current density of about 350 A~m'2),
while the output voltage is 2.74V. One should bear in mind the fact that during the
testing procedure, the charger was completely covered in order to avoid its
recharging. Therefore, the actual time it may operate in a discharging state may be
improved provided that the system has access to the sunlight.

The system provides twice the necessary energy to power the system for
30 minutes electrolysis time. Moreover, the solar charger may operate the
electrolyser even in the absence of Sun for at least 70 minutes before being

recharged.
Table 1
Dissolved ozone concentration obtained after 6 minutes of electrolysis

Current density (A'm™) Voltage (V) Dissolved ozone concentration (mg-L™")

200 2.2 0.05

300 2.4 0.05
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400 2.7 0.05
500 2.8 0.05
600 2.9 0.05
700 3.1 0.10
800 3.1 0.10
Table 2
Dissolved ozone concentration obtained after 15 minutes of electrolysis
Current density (A-m?) Voltage (V) Dissolved ozone concentration (mg-L™")
200 2.2 0.05
300 2.5 0.05
400 2.7 0.10
500 2.8 0.05
600 2.9 0.10
700 3.0 0.10
800 3.1 0.10
Table 3
Dissolved ozone concentration obtained after 30 minutes of electrolysis
Current density (A-m™) Voltage (V) Dissolved ozone concentration (mg-L™")
200 2.2 0.10
300 2.5 0.10
400 2.6 0.10
500 2.7 0.10
600 2.9 0.10
700 3.0 0.10
800 3.0 0.10

4. Conclusions

The electrochemical generation of ozone was accomplished using an
autonomous system based on a modified reversible PEM fuel cell used as
electrolyser.

The results proved that the system provides a dissolved ozone
concentration high enough to sterilise, inhibit and prevent microbial growth. The
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operation time was 30 minutes to provide an excess of ozone, but this can be
lowered if one may need only the threshold sterilisation concentration.

The solar charger used in the experiment discharges completely after more
than one hour, thus one is able to conduct two set of experiments in one
discharging cycle.

Acknowledgements

The work has been funded by the Sectoral Operational Programme Human
Resources Development 2007-2013 of the Romanian Ministry of Labour, Family
and Social Protection through the Financial Agreement
POSDRU/107/1.5/S/76903.S (Miss Irina-Elena Ciobotaru) and by the Politehnica
University of Bucharest and the Ministry of Education, Research, Youth and
Sport of Romania (Miss loana-Alina Ciobotaru).

REFERENCES

[11 World Health Organisation and UNICEF, “Progress on sanitation and drinking water®,
WHO/UNICEF Joint Monitoring Programme for Water Supply and Sanitation, WHO
Press, Geneva, 2010.

[2] United States Environmental Protection Agency, “Wastewater technology fact sheet: ozone
disinfection®, 1999.

[3] C. Gottschalk, J.A. Libra, A. Saupe, “Ozonation of water and waste water, second edition,
Wiley-VCH Verlag, Weinheim, 2010.

[4] A. Kraft, “Electrochemical water disinfection: a short review®, in Platinum Metals Review, vol.
52, no. 3, 2008, pp. 177-185.

[5] R. Sadig, M.J. Rodriguez, “Disinfection by-products (DBPs) in drinking water and predictive
models for their occurrence: a review®, in Science of Total Environment, vol. 321, no. 1-3,
2004, pp. 21-46.

[6] K. Gopal, S.S. Tripathy, J.L. Bersillon, S.P. Dubey, “Chlorination by-products, their
toxicodynamics and removal from drinking water, in Journal of Hazardous Materials, vol.
140, no. 1-2, 2007, pp.1-6.

[71 S.E. Hrudey, “Chlorination disinfection by-products, public health risk tradeoffs and me*, in
Water Resources, vol. 43,no. 8, 2009, pp. 2057-2092.

[8] G. Hua, D.A. Reckhow, “Comparison of disinfection by-product formation from chlorine and
alternative disinfectants®, in Water Resources, vol. 41, no. 8, 2007, pp. 1667-1678.

[9] E. Agus, N. Voutchkov, D.L. Sedlak, “Disinfection by-products and their potential impact on
the quality of water produced by desalination systems: A literature review*, in
Desalination, vol. 237, no 1-3, 2009, pp. 214-237.

[10] R. Mosteo, N. Miguel, S. Martin-Muniesa, M.P. Ormad, J.L. Ovelleiro, “Evaluation of
trihalomethane formation potential in function of oxidation processes used during the
drinking water production process®, in Journal of Hazardous Materials, vol. 172, no. 2-3,
2009, pp. 661-666.

[11] E.E. Chang, P.C. Chiang, S.H. Chao, Y.L. Lin, “Relationship between chlorine consumption and
chlorination by-products formation for model compounds®, in Chemosphere, vol. 64, no. 7,
2006, pp. 1196-1203.



Solar powered pem electrolyser used as ozone generator for tertiary water treatment 33

[12] J. Jeong, C. Kim, J. Yoon, “The effect of electrode material on the generation of oxidants and
microbial inactivation in the electrochemical disinfection processes®, in Water Research,
vol. 43, no. 4, 2009, pp. 895-901.

[13] K. Kitsuka, K. Kaneda, M. lkematsu, M. Iseki, K. Mushiake, T. Ohsaka, “Ex situ and in situ
characterization studies of spin-coated TiO, film electrodes for the electrochemical ozone
production process®, in Electrochimica Acta, vol. 55, no. 1, 2009, 31-36.

[14] A.M. Mohammad, K. Kitsuka, A.M. Abdullah, M.l. Awad, T. Okajima, K. Kaneda, M.
Ikematsu, T. Ohsaka, “Development of spin-coated Si/TiOx/Pt/TiOx electrodes for the
electrochemical ozone production®, in Applied Surface Science, vol. 255, no. 20,2009, pp.
8458-8463.

[15] M.H.P. Santana, L.A. De Faria, J.F.C. Boodts, “Investigation of the properties of Ti/[IrO,—
Nb,Os] electrodes for simultaneous oxygen evolution and electrochemical ozone
production, EOP*, in Electrochimica Acta, vol. 49, no. 12, 2004, pp. 1925-1935.

[16] N.K. Shammas, L.K. Wang, “Ozonation“, in “Handbook of Environmental Engineering,
Volume 3: Physicochemical Treatment Processes”, The Humana Press Inc., Totowa, NJ,
2004.

[17] C. Heim, K. Glas, “Ozone I: Characteristics/Generation/Possible Applications®, in Brewing
Science, vol. 64, 2011, pp. 8-12.

[18] R. Broséus, S. Vincent, K. Aboulfadl, A. Daneshvar, S. Sauvé, B. Barbeau, M. Prévost,
“Ozone oxidation of pharmaceuticals, endocrine disruptors and pesticides during drinking
water treatment*, in Water Research, vol. 43, 2009, pp. 4707-4717.

[19] T.A. Ternes, J. Stiuber, N. Herrmann, D. McDowell, A. Ried, M. Kampmann, B. Teiser,
“Ozonation: a tool for removal of pharmaceuticals, contrast media and musk fragrances
from wastewater?*, in Water Research, vol. 37, no. 8, 2003, pp. 1976-1982.

[20] B. Ning, N.J.D. Graham, Y. Zhang, “Degradation of octylphenol and nonylphenol by ozone —
Part I: Direct reaction®, in Chemosphere, vol. 68, no. 6, 2007, pp. 1163-1172.

[21] Y.M. Vera, R.J. de Carvalho, M.L. Torem, B.A. Calfa, “Atrazine degradation by in situ
electrochemically generated ozone®, in Chemical Engineering Journal, vol. 155, no. 3,
2009, pp. 691-697.

[22] M.H.P. Santana, L.M. Da Silva, A.C. Freitas, J.F.C. Boodts, K.C. Fernandes, L.A. De Faria,
“Application of electrochemically generated ozone to the discoloration and degradation of
solutions containing the dye Reactive Orange 122%, in Journal of Hazardous Materials, vol.
164, no. 1, 2009, pp. 10-17.

[23] T.Y. Chen, C.M. Kao, A. Hong, C.E. Lin, S.H. Liang, “Application of ozone on the
decolorization of reactive dyes — Orange-13 and Blue-19%, in Desalination, vol. 249, no. 3,
2009, pp. 1238-1242.

[24] D.E. John, C.N. Haas, N. Nwachuku, C.P. Gerba, “Chlorine and ozone disinfection of
Encephalizotoon intestinalis spores*, in Water Research, vol. 39, 2005, pp. 2369-2375.

[25] M.M. Roushdy, E.H. Abdel-Shakour, T.M. Abdel-Ghany, “Sporicidal effect of ozone on fungal
and bacterial spores in water disinfection, in Journal of American Science, vol. 7, no. 1,
pp. 942-948.

[26] M.I. Awad, Mahmoud M. Saleh, “Electrochemical generation of ozone at PbO,-loaded
platinum screens®, in Journal of Solid State Electrochemistry, vol. 14, 2010, pp. 1877—
1883.

[27] A. Kraft, M. Stadelmann, M. Wiinsche, M. Blaschke, “Electrochemical ozone production using
diamond anodes and a solid polymer electrolyte, in Electrochemistry Communications,
vol. 8, no. 5, 2006, pp. 883-886.

[28] M.1. Awad, S.S., K. Kaneda, M. Ikematsu, T. Okajima, T. Ohsaka, “Ozone electrogeneration at
a high current efficiency using a tantalum oxide—platinum composite electrode®, in
Electrochemistry Communications, vol. 8, 2006, pp. 1263—1269.



34 Irina-Elena Ciobotaru, loana-Alina Ciobotaru, Danut-Ionel Viireanu

[29] J. Basiriparsa, M. Abbasi, “High-efficiency ozone generation via electrochemical oxidation
of water using Ti anode coated with Ni—Sb—SnO,“, in Journal of Solid State
Electrochemistry, vol. 16, no. 3, 2012, pp. 1011-1018.

[30] K. Arihara, C. Terashima, A. Fujishima, “Application of freestanding perforated diamond
electrodes for efficient ozone-water production”, in Electrochemical and Solid-State
Letters, vol. 9, no. 8, 2006, pp. D17-D20.

[31] R.C. Rice, A. Netzer, “Handbook of ozone technology and applications®, vol. 1, Ann Arbor
Science, Ann Arbor, Michigan, 1982.

[32] F. Okada, K. Naya, “Electrolysis for ozone water production®, in J. Kleperis (Ed.),
“Electrolysis*, available online at:
http://www.intechopen.com/books/electrolysis/electrolysis-for-ozone-water-production.

[33] L.M. Da Silva, D.V. Franco, J.C. Forti, W.F. Jardim, J.F.C. Boodts, “Characterisation of a
laboratory electrochemical ozonation system and its application in advanced oxidation
processes®, in Journal of Applied Electrochemistry, vol. 36, no. 5, 2006, pp. 523-530.

[34] K. Kaneda, K. Kitsuka, Y. Nowatari, M. Ikematsu, M. lIseki, T. Higuchi, T. Hattori, T.
Tsukamoto, “A Tantalum Oxide Electrode for Electrochemical Ozone Generation®, in ECS
Transactions, vol. 6, 2008, pp. 33-39.



