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Abstract 
It was established that application of bipolar membrane in a direct borohydride fuel cell (DBFC) 
with H2O2 co-generation enabled to keep constant pH in catholyte within 2.5 - 3.2 limits, which al-
lowed us to carry out treatment of water polluted by organic compounds in fuel cell catholyte. 
Treatment of water was carried out by electro-Fenton and photo-electro-Fenton methods. With the 
view of efficiency, photo-electro-Fenton method of treatment was the most efficient, which enabled 
to decrease COD of catholytes containing (in each case) phenol, valsaren, 400 g/L dymethoate (BI-58) 
and valsaciper from 500 ppm to 30, 11, 9 and 3 ppm, respectively after 180 min treatment. By in-
creasing the catholyte temperature from 20˚C to 40˚C in the same period, phenol COD fell to 5 ppm. 
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1. Introduction 
Water is the unique resource that cannot be substituted by any alternative and it should be managed and con-
served. Unfortunately, due to the intensive use of water for industrial purposes, sharply deteriorating water qual-
ity and ecosystem balance are infringed. Polluted water is one of the main causes of diseases of live organisms, 
often with lethal end. 
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Various technologies offered for water treatment, such as gravitational settling, filtration, aerial separation or 
adsorption over activated carbon are mechanical processes accompanied by streams of wastes after treatment, 
often containing toxic, biologically non-degradable organic substances. Advanced oxidation processes (AOPs) 
have been offered to resolve these problems. One of the most frequently used AOPs is Fenton reaction, based on 
hydroxyl radical formation at H2O2 decomposition in the presence of Fe2+ ions in acidic medium [1]-[12]: 

( )22 3
2 2Fe H O Fe OH OH Fe OH OH .++ + −+ → + → + +                         (1) 

Fenton reaction is performed in acidic medium (pH ~ 3) for keeping Fe2+ catalyst in soluble form and for in-
creasing of hydroxyl radical ( 0

OH
Е 2.8 V=


) oxidation intensity. In the process of obtaining OH  radicals, we 
can avoid abundant Fe3+ accumulation (that slows down treatment process) by reduction photolysis [Fe(OH)]2+ 
leading to Fe2+ ions regeneration with additional yield of OH  [13]-[15]: 

( ) 2 2Fe OH Fe OH.hν
+ ++ → +  

                                 (2) 

In addition, UV radiation can induce the photodegradation of some oxidation by-products or their complexes 
with Fe3+ promoting Fe2+ regeneration. This is the case of the photodecarboxylation of Fe3+ carboxylate species 
according to the total reaction [15]: 

( )2 2
2Fe OOCR Fe CO R.hν+ ++ → + +                               (3) 

Hydrogen peroxide is one of the most important chemical reagents and it is attributed to a “green reagents” 
group, since in red-ox reactions, it decomposes into environmentally friendly products—water and oxygen. In-
dustrial hydrogen peroxide manufacturing enterprises are built only at several sites and its manufacturing is 
based on so-called “antraquinone process”, which needs centralized huge hydrogen production plants for the 
feedback. Delivery, storage and handling of hazardous concentrated solutions of the strong oxidant are costly 
and risky. Therefore, development of methods for on-site generation of H2O2, especially at water treatment, is an 
important issue.  

The main goal of the present paper is development of electrochemical method for H2O2 generation through 
cathode reduction of oxygen and decontamination of water from organic pollutants in fuel cell systems.  

Hydrogen peroxide electric generation in acidic solutions (pH 3) through two-electron oxygen reduction over 
gas-diffusion carbon electrode was realized by the authors 

2 2 2O 2H 2e H O+ −+ + →    0E 0.69 V vs SHE=                         (4) 

“in-cell” and “ex-cell” for on-site water treatment, contaminated with phenol, 4-chlorophenol, aniline and other 
biologically non-degradable organic pollutants, by electro-Fenton reaction [16]-[18]. 

In all systems of fuel cells with hydrogen peroxide cogeneration, given in references, oxygen reduction is rea-
lized in neutral or alkali media in cells, divided by cathion- or anion-exchange membranes, according to the 
reaction [19]-[25]: 

2 2 2O H O 2e HO OH− − −+ + → +    0E 0.065 V vs SHE.= −                     (5) 

Performance of AOPs in these systems with generated Н2О2 is available only at constant correction of ca- 
tholyte in acid media. Application of bipolar membrane in fuel cell enabled us to keep constant рН 2.5 - 3.3 in 
the catholyte. Bipolar membrane consists of cathionite and anionite layers, which are in intimate contact. The 
cathion selective side of the membrane is directed towards the cathode and the anion-selective side is directed 
towards the anode. Water from the anolyte and catholyte is diffused towards the junction of two layers of the 
bipolar membrane, where water at the impact of electric field is dissociated into Н+ and ОН− ions. The obtained Н+ 
ions migrate towards the cathode through the cathion-exchange layer and ОН− ions towards the anode via the 
anion-exchange layer of the membrane. As a result, cations and anions deficit in the catholyte and anolyte is com-
pensated at the expense of corresponding ions, contributing to keeping of initial pH 2.8 - 3.2 in a catholyte [26]. 

We have developed original direct borohydride fuel cell (DBFC) with bipolar membrane that generates hy-
drogen peroxide (Figure 1) for treatment of water contaminated by phenol and pesticides—valsarel, valsaciper 
and BI-58. Reactions at the electrodes: 
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Figure 1. Schematic representation of ion migration in DBFC 
with bipolar membrane generating hydrogen peroxide. 

 
anode: 4 2 2NaBH 8OH NaBO 6H O 8e− −+ → + +    0E 1.24 V vs SHE= − ; 

cathode: 2 2 24O 8H 8e 4H O+ −+ + →    0E 0.69 V vs SHE= ; 

total: 4 2 2 2 2 2NaBH 4O 2H O NaBO 4H O+ + → +    0E 1.93 V vs SHE= . 

Reaction behavior in bipolar membrane at the junction of two oppositely charged layers: 

24H O 4H 4OH+ −→ +    0E 0.83 V vs SHE.=  

Potential, equal to 0.83 V, is necessary for water dissociation in bipolar membranes [26]. DBFC electromotive 
potential equals to E0 = 1.93 - 0.83 = 1.1 V which is quite sufficient for the fuel cell operation.  

2. Materials and Methods 
Solutions were prepared by dissolution of chemical grade reagents, potassium chloride and sodium hydroxide in 
distilled water. Phenol and commercially accessible pesticides: BI-58 (400 g/LC5H12NO3PS2—dymethoate), val- 
saciper (250 g/L cypermethrin-α-cyano-3-phenoxybenzyl2,2-dichlorvinyl-2,2-dimethyl-3-(2,2dichlorvinyl) cy- 
clopropane carboxylate) and valsarel (48% chlorpyrifos, 5% cypermethrin) were used as organic pollutants of 
water. 

Electrode made of carbonaceous fiber covered by non-catalyzed carbon black layer “BlackPearls 2000” 
(ElectroCellAB) was used as cathode. Electrode 40% Pt 0.5 mg/cm2 with XC 72R carbonaceous black on Car-
bon Cloth was used as an anode. Anode and cathode compartments of DBFC were separated with bipolar mem-
brane Fumasep® FBM (Fumatech Inc.). UV irradiation was performed by the use of quartz construction “tube in 
tube”, that was placed in circulation contour of a catholyte. UV lamp with wave length 253 nm (8 W) was 
placed into inner tube, catholyte circulated between tubes. Current, voltage and pH were measured by M2015 
ammeter, M106 high-resistance voltmeter and HI 8424 microcomputer pH-meter, correspondingly. 

The concentration of 2HO−  accumulated in the electrolyte was determined by standard titration method with 
KMnO4 [27]. Presence of Fe2+ and Fe3+ in catholyte was controlled by qualitative reaction by the use of potas-
sium ferricyanide and potassium ferrocyanide, correspondingly. Chemical oxygen demand (COD) was deter-
mined by spectrophotometer DR-4000 UV (see suitable instruction). 

Principal scheme of DBFC is offered in the Figure 2, where 1 and 2 are cathode and anode compartments 
made of plexiglass, each of the size (10 × 10) сm; 3—cathodic and anodic spacers, places among rubber gaskets 
4; oxygen (or air) is fed from compressor via gas chamber 5 to gas-diffusion cathode 6 posed on nickel mesh 7; 
anolyte is fed to anode 9 through nickel mesh feeder 10; cathode and anode compartments are separated by bi-
polar membrane 11 [25]. 

The experimental setup is shown in the Figure 3. Anolyte and catolyte were circulated through the anode and 
cathode compartments of the DBFC to the corresponding tanks by means of pumps. Pressure of air fed from the 
air-pump to the gas chamber was controlled by manometer. The external load was changed using a box of resis-
tors (R), and the FC parameters were controlled by an ammeter and a high impedance voltmeter [28]. 
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Figure 2. Principal scheme of DBFC. 

 

 
Figure 3. Experimental plant DBFC for treatment of model solution. 

3. Results and Discussion 
3.1. Effect of Cell Operation Length on Generated Current Density, Hydrogen Peroxide 

Rate and Catholyte pH  
For Fenton reaction catholyte pH should be kept within the limits of 2.5 - 3.2. We used fuel cell divided by bi-
polar membrane to keep pH in these limits. Anode and cathode were 9 cm2 area; catholyte—0.5 M NaCl, while 
anolyte—2 M NaOH + 2 M NaBH4, air pressure in the air chamber—300 Pa, circulation rate of the electrolytes 
was 1000 ml/min. After 60 min operation of DBFC current density equaled to 10 mA/cm2, catholyte pH 2.6 and 
practically was not changed further, by time (Figure 4). 

In DBFC generated hydrogen peroxide current efficiency in time is offered in the Figure 5. In one hour it was 
changed from 100% to 78%, which is probably associated with H2O2 autocatalytic decomposition because of in-
crease of its concentration in gas-diffusion electrode pores.  

3.2. Electro-Fenton Process in Fuel Cell 
Electro-Fenton process was performed in cathode compartment of the DBFC. 500 ml catholyte circulated at the 
support of pump at 1000 ml/min rate. 
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Figure 4. Variation of the DBFC generated current density (1) and catholyte 
pH (2) in time. Catholyte—0.5 M NaCl, anolyte—2 M NaOH + 2 M NaBH4; 
t = 20˚C, circulation rate of electrolytes—1000 ml/min, air pressure 300 Pa. 

 

 
Figure 5. Variation in hydrogen peroxide current efficiency with time. Ca-
tholyte—0.5 M NaCl, anolyte—2 M NaOH + 2 M NaBH4, t = 20˚C, circula-
tion rate of electrolytes—1000 ml/min, air pressure 300 Pa. 

 
Phenol (COD = 500 ppm) was introduced in advance into 0.5 M NaCl containing catholyte were 0.1 - 1.0 mM 

Fe2+ ions (in the form of FeSO4∙7H2O) was added. 2 M NaOH solution circulated in anode compartment (Figure 
6). To determine grade of solution decontamination from phenol, samples were taken from circulation tank and 
chemical oxygen demand (COD) was defined periodically. 

In the electro-Fenton process Fe2+ regeneration proceeds according to the reactions 2 and 3, rates of these re-
actions are rather low [29], therefore Fe3+ formed as a result of Fenton reaction fails to manage complete reduc-
tion and it is accumulated in the solution, contributing to decrease of purification grade from organic substances. 
In addition, at two-electron oxygen reduction gas-diffusion electrode pores and surface are alkalized and elec-
trode surface is covered by thin layer of Fe3+ hydroxide, which exerts negative effect on the treatment process. 
That is, at the operation of gas-diffusion cathode, selection of Fe2+ optimal concentration in catholyte is most 
important. 

Figure 7 shows that at the terms of 1 mM Fe2+ ion concentration in catholyte, current that is generated in ex-
ternal circuit of fuel cell decreases that is caused by settling of Fe3+ hydroxides on gas-diffusion cathode surface. 
Such conditions electro-Fenton process is hindered and thorough mineralization of organic substances does not 
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Figure 6. Variation of COD in time at treatment of phenol containing ca-
tholyte by Fenton method at various Fe2+ concentrations. Catholyte—0.5 M 
NaCl + X mM Fe2+, pH 2.6, anolyte—2 M NaOH + 2 M NaBH4, t = 20˚C, 
circulation rate of electrolytes—1000 ml/min, air pressure 300 Pa. 

 

 
Figure 7. Variation of the DBFC generated current in time at various Fe2+ 
concentration in catholyte. Catholyte—0.5 M NaCl + X mM Fe2+, pH 2.6, 
anolyte—2 M NaOH + 2 M NaBH4, t = 20˚C, circulation rate of electro-
lytes—1000 ml/min, air pressure 300 Pa. 

 
take place. At a decrease of Fe2+ concentration in catholyte to 0.5 mM, gas-diffusion electrode surface is less 
covered by Fe3+ hydroxides and the process of mineralization of organic substances suffers significant improve- 
ment. But the better result is obtained at 0.1 mM Fe2+ in catholyte. At this moment the greater part of gas-diffu- 
sion electrode surface is not covered by hydroxides and current generation in the initial three hours decreases 
from 150 mA to 130 mA and then remains stable for the following two hours.  

Thus, proceeding from the received results, optimum concentration of Fe2+ for removal of phenol from water 
makes 0.1 mM that corresponds to data of other references [29]. 

In Figure 8 change in a catholyte of DBFC of COD of pesticides—valsaciper, valsaren and BI-58 in the 
course of mineralization by the application of electro-Fenton methodis shown. 

To improve efficiency of treatment of water contaminated by organic pollutants was used UV irradiation, 
which enables to regenerate Fe2+ ions (reactions 2 and 3), and provide with an additional source of hydroxyl 
radicals: 

2 2H O 2OH .hν ∗→                                      (6) 
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Figure 8. Variation of COD at mineralization of pesticides in time, by the 
application of electro-Fenton method. Catholyte—0.5 M NaCl + 0.1 mM 
Fe2+ pH 2.6, anolyte—2 M NaOH + 2 M NaBH4, t = 20˚C, circulation rate of 
electrolytes—1000 ml/min, air pressure 300 Pa. 

3.3. Treatment of Model Water Polluted by Organic Substances in DBFC by the Use of UV 
Radiation 

As is known, at the impact of UV radiation on hydrogen peroxide strong oxidants—hydroxyl radicals (•OH) are 
obtained and by their application treatment of waters containing various organic substances was performed. To 
prove the possibility of efficient treatment of waters contaminated by organic pollutants, by means of UV radia-
tion in fuel cell, we used DBFC with bipolar membrane, and studied degradation process of phenol, BI-58, val-
sarel and valsaciper in model waters. The external circulating contour of a catholyte (500 ml 0.5 M NaCl) 
represented a “tube in tube” construction. In the inner tube UV radiation lamp was placed. Hydrogen peroxide- 
containing catholyte circulated in the space between tubes at 1000 ml/min rate. 2 M NaOH + 2 M NaBH4 solu-
tion served as anolyte. Current that was generated during 4 hr operation of the fuel cell decreased from 150 mA 
to 135 mA. To check the process of decomposition of organic substances in catholyte the chemical oxygen de-
mand (COD) was measured in periodically taken samples. Results are given in Figure 9, which shows that at 
the impact of hydroxyl radicals obtained at the interaction of UV radiation and hydrogen peroxide, the process 
of degradation of organic pollutants was achieved in the initial 15 - 20 min, but then the process practically 
stopped. Thus, degradation of organic pollutants by interaction only of hydrogen peroxide with UV radiation 
was inefficient.  

3.4. Treatment of Model Waters Polluted by Organic Substances in DBFC by  
Photo-Electro-Fenton Method 

A 0.1 mM Fe2+ were added to catholyte (500 ml 0.5 M NaCl) that was polluted by phenol, BI-58, valsarel and 
valsaciper in different tests, and then was treated by photo-electro-Fenton method. Initial COD of catholyte was 
500 ppm for each compound. All other terms of tests were analogous to previous ones. 

As is seen from Figure 10 application of photo-electro-Fenton process in fuel cell appeared successful: prac-
tically complete mineralization of the selected organic substances, less phenol (the mineralization of phenol 
made 20 ppm), was achieved at 180 min. Fe2+ ions regeneration process slow down, due to decreasing ultra vio-
let rays permeability in dark intermediate products formed at phenol oxidation process, which finally was re-
flected on the treatment process. In the case of other organic substances the process of Fe2+ generation at the 
impact of UV rays is permanent and settling of Fe3+ hydroxides at gas-diffusion electrode is not observed, since 
current that is generated in fuel cell is stable and the process of organic substances degradation progresses more 
efficiently than at using of electro-Fenton process.  

Phenol turned out most stable among organic substances selected by us. Therefore, phenol was given prefer-
ence in the study of effect of temperature on its process of degradation by photo-electro-Fenton method  
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Figure 9. Variation of COD in time at UV radiation of catholyte polluted by 
organic substances in DBFC. Catholyte—0.5 M NaCl, pH 2.6, anolyte—2 M 
NaOH + 2 M NaBH4, t = 20˚C, circulation rate of electrolytes—1000 ml/min, 
air pressure 300 Pa. 

 

 
Figure 10. Variation of COD in time at the treatment of catholyte polluted by 
organic substances by photo-electro-Fenton method. Catholyte—0.5 M NaCl 
+ 0.1 mM Fe2+, pH 2.6, anolyte—2 M NaOH + 2 M NaBH4, t = 20˚C, circu-
lation rate of electrolytes—1000 ml /min, air pressure 300 Pa. 

 
(Figure 11). The results show that at the increase of temperature degradation of phenol sharply increases: at 
20˚C after 120 min COD decreases from 500 ppm to 117 ppm, at 40˚C to 15 ppm and at 60˚C to 10 ppm; after 
180 min at 40˚C and 60˚C COD suffers practically similar change and falls to 5 ppm. Intensification of phenol 
degradation at the increase of temperature is conditioned by increase of generated current intensity. Thus, at 
20˚C instead of 50 mA a fuel cell generated 200 mA at 40˚C and at 60˚C - 240 mA. 

We studied effect of phenol concentration on its degradation process. Therefore phenol containing three con-
centration model water (500 ml, 0.5 M NaCl) samples were taken with starting COD 500, 300 and 120 ppm 
(Figure 12). Other terms of experiment were the same. Figure 12 shows that decrease of initial phenol concen-
tration is positively reflected on the process rate. In the case of 500 ppm (start concentration) in 90 min minera-
lization reached 150 ppm; in the case of 300 ppm in the same time—10 ppm; in the case of 120 ppm—3 ppm. 

Decomposition of phenol followed first-order kinetics as described by the following equation: 

0COD 1ln
COD

k
τ

 = × 
 

, h−1                                  (7) 
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Figure 11. Influence of temperature on phenol degradation. Catholyte—0.5 
M NaCl + 0.1 mM Fe2+, pH 2.6, anolyte—2 M NaOH + 2 M NaBH4, t = 
20˚C, circulation rate of electrolytes—1000 ml/min, air pressure 300 Pa. 

 

 
Figure 12. Influence of concentration of phenol on СОD of water in time. 
Catholyte—0.5 M NaCl + 0.1 mM Fe2+, pH 2.6, anolyte—2 M NaOH + 2 M 
NaBH4, t = 20˚C, circulation rate of electrolytes—1000 ml/min, air pressure 
300 Pa. 

 
where k is the degradation rate constant of phenol; k was determined experimentally by plotting—           
ln (COD/COD0) versus the reaction time (Figure 13). The reaction rate was determined for the first 30 min of 
phenol degradation. The value of the pseudo-first order kinetic constant for concentaration 120 ppm of phenol 
COD is 6.35 h−1 [30] [31].  

4. Conclusion 
Filter-press type DBFC divided with bipolar membrane (Fumasep® FBM Fumatech Inc., Germany) was con-
strued. Geometrical area of the gas-diffusion cathode and of the anode was 9 cm2 each. It was established that 
application of bipolar membrane enabled to keep constant pH in catholyte within 2.5 - 3.2 limits, which allowed 
us to carry out treatment of water polluted by organic compounds in fuel cell catholyte by electro-Fenton and 
photo-electro-Fenton methods. Optimal concentration of Fe2+ ions in the applied methods was determined which 
equaled to 0.1 mM; mineralization of model waters polluted by phenol, valsaren, valsaciper and BI-58 was car-
ried out. With the view of efficiency, photo-electro-Fenton method of treatment was the most efficient, which 
enabled to decrease COD of catholytes containing (in each case) phenol, valsaren, BI-58 and valsaciper from  
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Figure 13. Comparison of the decrease of the phenol COD concentration 
and Neperian logarithm of the relative COD vs time. 

 
500 ppm to 30, 11, 9 and 3 ppm, respectively after 180 min treatment. At the increase of catholyte temperature 
from 20˚C to 40˚C in the same period, phenol COD fell to 5 ppm. 

Acknowledgements 
The designate project has been fulfilled by the support of Shota Rustaveli National Science Foundation. Any 
idea in this publication is possessed by the authors and may not represent the opinion of Shota Rustaveli Nation-
al Science Foundation. 

References 
[1] Zepp, R., Faust, B. and Hoign, J. (1992) Hydroxyl Radical Formation in Aqueous Reactions (pH 3 - 8) of Iron(II) with 

Hydrogen Peroxide: The Photo-Fenton Reaction. Environmental Science Technology, 26, 313-319.  
http://dx.doi.org/10.1021/es00026a011 

[2] Brillas, E., Mur, E. and Casado, J. (1996) Iron(II) Catalysis of the Mineralization of Aniline Using a Carbon-PTFE 
 O2-Fed Cathode. Journal of the Electrochemical Society, 143, 49-53. http://dx.doi.org/10.1149/1.1836528 

[3] Brillas, E., Calpe, J. and Casado, J. (2000) Mineralization of 2,4-D by Advanced Oxidation Processes. Water Research, 
34, 2253-2262. http://dx.doi.org/10.1016/S0043-1354(99)00396-6 

[4] Irmak, S., Yavuz, H. and Erbatur, O. (2004) Degradation of 4-Chloro-2-Methylphenol in Aqueous Solution by UV Ir-
radiation in the Presence of Titanium Dioxide. Applied Catalysis B: Environmental, 54, 85-91. 
http://dx.doi.org/10.1016/j.apcatb.2004.06.003 

[5] Brillas, E., Baños, M. and Garrido, J. (2003) Mineralization of Herbicide 3,6-Dichloro-2-Methoxybenzoic Acid in 
Aqueous Medium by Anodic Oxidation, Electro-Fenton and Photoelectro-Fenton. Electrochimica Acta, 48, 1697-1705. 
http://dx.doi.org/10.1016/S0013-4686(03)00142-7 

[6] Sirés, I., Arias, C., Cabot, P., Centellas, F., Rodríguez, R., Garrido, J. and Brillas, E. (2004) Paracetamol Mineraliza-
tion by Advanced Electrochemical Oxidation Processes for Wastewater Treatment. Environmental Chemistry, 1, 26-28. 
http://dx.doi.org/10.1071/EN04018 

[7] Sirés, I., Centellas, F., Garrido, J., Rodríguez, R., Arias, C., Cabot, P. and Brillas, E. (2007) Mineralization of Clofibric 
Acid by Electrochemical Advanced Oxidation Processes Using a Boron-Doped Diamond Anode and Fe2+ and UVA 
Light as Catalysts. Applied Catalysis B: Environmental, 72, 373-381. http://dx.doi.org/10.1016/j.apcatb.2006.12.002 

[8] Sirés, I., Arias, C., Cabot, P., Centellas, F., Garrido, J., Rodríguez, R. and Brillas, E. (2007) Degradation of Clofibric 
Acid in Acidic Aqueous Medium by Electro-Fenton and Photoelectro-Fenton. Chemosphere, 66, 1660-1669. 
http://dx.doi.org/10.1016/j.chemosphere.2006.07.039 

[9] Brillas, E., Baños, M., Skoumal, M., Cabot, P., Garrido, J. and Rodríguez, R. (2007) Degradation of the Herbicide 
2,4-DP by Anodic Oxidation, Electro-Fenton and Photoelectro-Fenton Using Platinum and Boron-Doped Diamond 
Anodes. Chemosphere, 68, 199-209. http://dx.doi.org/10.1016/j.chemosphere.2007.01.038 

[10] Flox, C., Garrido, J., Rodríguez, R., Cabot, P., Centellas, F., Arias, C. and Brillas, E. (2007) Mineralization of Herbi-
cide Mecoprop by Photoelectro-Fenton with UVA and Solar Light. Catalysis Today, 129, 29-36. 

http://dx.doi.org/10.1021/es00026a011
http://dx.doi.org/10.1149/1.1836528
http://dx.doi.org/10.1016/S0043-1354(99)00396-6
http://dx.doi.org/10.1016/j.apcatb.2004.06.003
http://dx.doi.org/10.1016/S0013-4686(03)00142-7
http://dx.doi.org/10.1071/EN04018
http://dx.doi.org/10.1016/j.apcatb.2006.12.002
http://dx.doi.org/10.1016/j.chemosphere.2006.07.039
http://dx.doi.org/10.1016/j.chemosphere.2007.01.038


P. Nikoleishvili et al. 
 

 
32 

http://dx.doi.org/10.1016/j.cattod.2007.06.049 
[11] Guinea, E., Arias, C., Cabot, P., Garrido, J., Rodríguez, R., Centellas, F. and Brillas, E. (2008) Mineralization of Sali-

cylic Acid in Acidic Aqueous Medium by Electrochemical Advanced Oxidation Processes Using Platinum and Boron- 
Doped Diamond as Anode and Cathodically Generated Hydrogen Peroxide. Water Research, 42, 499-511.  
http://dx.doi.org/10.1016/j.watres.2007.07.046 

[12] Skoumal, M., Arias, C., Cabot, P., Centellas, F., Garrido, J., Rodríguez, R. and Brillas, E. (2008) Mineralization of the 
Biocide Chloroxylenol by Electrochemical Advanced Oxidation Processes. Chemosphere, 71, 1718-1729.  
http://dx.doi.org/10.1016/j.chemosphere.2007.12.029 

[13] Oller, I., Malato, S., Sánchez-Pérez, J., Gernjak, W., Maldonado, M., Pérez-Estrada, L. and Pulgarin, C. (2007) A 
Combined Solar Photocatalytic-Biological Field System for the Mineralization of an Industrial Pollutant at Pilot Scale. 
Catalysis Today, 122, 150-159. http://dx.doi.org/10.1016/j.cattod.2007.01.041 

[14] Pignatello, J. (1992) Dark and Photoassisted Iron(3+)-Catalyzed Degradation of Chlorophenoxy Herbicides by Hydro-
gen Peroxide. Environmental Science & Technology, 26, 944-951. http://dx.doi.org/10.1021/es00029a012 

[15] Zuo, Y. and Hoigné, J. (1992) Formation of Hydrogen Peroxide and Depletion of Oxalic Acid in Atmospheric Water 
by Photolysis of Iron(III)-Oxalato Complexes. Environmental Science & Technology, 26, 1014-1022.  
http://dx.doi.org/10.1021/es00029a022 

[16] Agladze, G., Tsurtsumia, G., Jung, B.I., Kim, J.S. and Gorelishvili, G. (2007) Comparative Study of Hydrogen Perox-
ide Electro-Generation on Gas-Diffusion Electrodes in Undivided and Membrane Cells. Journal of Applied Electro-
chemistry, 37, 375-383. http://dx.doi.org/10.1007/s10800-006-9269-x 

[17] Agladze, G., Tsurtsumia, G., Jung, B.I., Kim, J.S. and Gorelishvili, G. (2007) The “In-Cell” and “Ex-Cell” Fenton 
Treatment of Phenol, 4-Chlorophenol and Aniline. Journal of Applied Electrochemistry, 37, 385-393.  
http://dx.doi.org/10.1007/s10800-006-9268-y 

[18] Agladze, G., Tsurtsumia, G., Jung, B.I., Kim, J.S. and Gorelishvili, G. (2007) Comparative Study of Chemical and 
Electrochemical Fenton Treatment of Organic Pollutants in Wastewater. Journal of Applied Electrochemistry, 37, 985- 
990. http://dx.doi.org/10.1007/s10800-007-9325-1 

[19] Agladze, G., Nikoleishvili, P., Tsurtsumia, G., Kveselava, V., Gorelishvili, G. and Latsusbaia, R. (2010) Electrosyn-
thesis of Sodium Perborate. ECS Transactions, 25, 345-363.  

[20] Agladze, G., Nikoleishvili, P., Tsurtsumia, G., Kveselava, V., Gorelishvili, G. and Latsusbaia, R. (2010) DMFC with 
Hydrogen Peroxide Cogeneration. Journal of the Electrochemical Society, 157, E140-E147.  
http://dx.doi.org/10.1149/1.3461161 

[21] Taylor, R. and Humffray, A. (1975) Electrochemical Studies on Glassy Carbon Electrodes: II. Oxygen Reduction in 
Solutions of High pH (pH > 10). Journal of Electroanalytical Chemistry and Interfacial Electrochemistry, 64, 63-84.  
http://dx.doi.org/10.1016/S0022-0728(75)80278-6 

[22] Yang, H.H. and McCreery, R. (2000) Elucidation of the Mechanism of Dioxygen Reduction on Metal-Free Carbon 
Electrodes. Journal of the Electrochemical Society, 147, 3420-3428. http://dx.doi.org/10.1149/1.1393915 

[23] Alcaide, F., Brillas, E., Cabot, P. and Casado, J. (1998) Electrogeneration of Hydroperoxide Ion Using an Alkaline 
Fuel Cell. Journal of the Electrochemical Society, 145, 3444-3449. http://dx.doi.org/10.1149/1.1838825 

[24] Brillas, E., Alcaide, F. and Cabot, P. (2002) A Small-Scale Flow Alkaline Fuel Cell for On-Site Production of Hydro-
gen Peroxide. Electrochimica Acta, 48, 331-340. http://dx.doi.org/10.1016/S0013-4686(02)00665-5 

[25] Agladze, G., Nikoleishvili, P., Kveselava, V., Tsurtsumia, G., Gorelishvili, G., Gogoli, D. and Kakhniashvili, I. (2012) 
A Novel Aluminium-Air Semi-Fuel Cell Operating with Hydrogen Peroxide Co-Generation. Journal of Power Sources, 
218, 46-51. http://dx.doi.org/10.1016/j.jpowsour.2012.06.086 

[26] Wilhelm, F. (2001) Bipolar Membrane Electrodialysis. Twente University Press, Enschede, 221.  
[27] APHA (1985) Standard Methods for the Examination of Water and Wastewater. 16th Edition, American Public Health 

Association, Washington DC.  
[28] (2000) Experiment Instruction for Нydro-Genius TM Professional. Вerlin, 16.  
[29] Brillas, E., Sirés, I. and Oturan, M. (2009) Electro-Fenton Process and Related Electrochemical Technologies Based on 

Fenton’s Reaction Chemistry. Chemical Reviews, 109, 6570-6631. http://dx.doi.org/10.1021/cr900136g 
[30] Esplugas, S., Gimenez, J., Contreras, S., Pascual, E. and Rodrıguez, M. (2002) Comparison of Different Advanced 

Oxidation Processes for Phenol Degradation. Water Research, 36, 1034-1042.  
http://dx.doi.org/10.1016/S0043-1354(01)00301-3 

[31] Bach, A., Shemer, H. and Semiat, R. (2010) Kinetics of Phenol Mineralization by Fenton-Like Oxidation. Desalination, 
264, 188-192. http://dx.doi.org/10.1016/j.desal.2010.04.011 

http://dx.doi.org/10.1016/j.cattod.2007.06.049
http://dx.doi.org/10.1016/j.watres.2007.07.046
http://dx.doi.org/10.1016/j.chemosphere.2007.12.029
http://dx.doi.org/10.1016/j.cattod.2007.01.041
http://dx.doi.org/10.1021/es00029a012
http://dx.doi.org/10.1021/es00029a022
http://dx.doi.org/10.1007/s10800-006-9269-x
http://dx.doi.org/10.1007/s10800-006-9268-y
http://dx.doi.org/10.1007/s10800-007-9325-1
http://dx.doi.org/10.1149/1.3461161
http://dx.doi.org/10.1016/S0022-0728(75)80278-6
http://dx.doi.org/10.1149/1.1393915
http://dx.doi.org/10.1149/1.1838825
http://dx.doi.org/10.1016/S0013-4686(02)00665-5
http://dx.doi.org/10.1016/j.jpowsour.2012.06.086
http://dx.doi.org/10.1021/cr900136g
http://dx.doi.org/10.1016/S0043-1354(01)00301-3
http://dx.doi.org/10.1016/j.desal.2010.04.011


http://www.scirp.org/
mailto:submit@scirp.org
http://papersubmission.scirp.org/paper/showAddPaper?journalID=478&utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ABB/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJAC/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJPS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AM/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AS/
http://www.scirp.org/journal/CE/
http://www.scirp.org/journal/ENG/
http://www.scirp.org/journal/FNS/
http://www.scirp.org/journal/Health/
http://www.scirp.org/journal/JCC/
http://www.scirp.org/journal/JCT/
http://www.scirp.org/journal/JEP/
http://www.scirp.org/journal/JMP/
http://www.scirp.org/journal/ME/
http://www.scirp.org/journal/NS/
http://www.scirp.org/journal/PSYCH/

	Waste Water Treatment in Direct Borohydride Fuel Cell with Bipolar Membrane
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	3. Results and Discussion
	3.1. Effect of Cell Operation Length on Generated Current Density, Hydrogen Peroxide Rate and Catholyte pH 
	3.2. Electro-Fenton Process in Fuel Cell
	3.3. Treatment of Model Water Polluted by Organic Substances in DBFC by the Use of UV Radiation
	3.4. Treatment of Model Waters Polluted by Organic Substances in DBFC by Photo-Electro-Fenton Method

	4. Conclusion
	Acknowledgements
	References



