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RESUMO: O presente estudo trata da aplicação da eletro-oxidação como uma alternativa de 
remoção da amônia que permanece no efluente da suinocultura pré-tratada por eletroco-
agulação. O efluente utilizado nos testes de eletro-oxidação foi gerado pelo sistema de 
eletrocoagulação em fluxo contínuo, utilizando eletrodos de ferro. O reator de eletro-
oxidação foi em sistema descontínuo utilizando eletrodos DSA® Ti/Ru2. Um planejamento 
fatorial 22 foi utilizado para avaliar os efeitos da densidade de corrente (28-50 mA.cm-2) e a 
concentração de NaCl (0 a 10 g.L-1) no processo de remoção da amônia e a produção de 
nitrato e nitrito. A condição de 39 mA.cm-2 e a concentração de 5 g.L-1 de NaCl removeu 
1,435 mg L-1 (76%) de amônia e gerou 61 mg L-1 de nitrato em um tempo de operação de 6 
horas. O consumo de energia nesta melhor condição foi de 150 kWh.L-1. 
 
Palavras-chave: planejamento fatorial, densidade de corrente, eletroquímica. 

 
ABSTRACT: The present study addresses the application of electro-oxidation as an 
alternative to removal of ammonia that remains in swine effluent pre-treated by 
electrocoagulation. The effluent used in the electro-oxidation tests was generated in a 
continuous flow electrocoagulation system using iron electrodes. The electro-oxidation 
reactor was in a batch system and Ti/Ru2 DSA® electrodes. A 22 factorial design was used to 
evaluate the effects of current density (28-50 mA.cm-2) and concentration of NaCl (0 to 10 
g.L-1) in the process of removal of ammonia and production of nitrate and nitrite. The 
condition of 39 mA.cm-2 and concentration of 5 g.L-1 NaCl removed 1435 mg.L-1 (76%) 
ammonia and generated 61 mg.L-1 nitrate in an operating time of 6 hours. The energy 
consumption in this best condition was 150 kWh.L-1. 
 
Keywords: Factorial design, current density, electrochemical 

 
INTRODUCTION 

Among the biological processes, anaerobic digestion is predominantly applied as an 
alternative to minimize the contamination of soil, water and air by the swine wastewater, for 
being a simple and convenient method of stabilization of organic matter and generation of 
biogas. However, the anaerobic treatment does not provide a solution for the removal of 
ammonia, this system increases the concentration of ammonia dissolved due to degradation 
of organic matter containing nitrogen (both soluble and suspended), which after its digestion 
releases NH3 into wastewater (Lahav et al., 2013). 

Recent studies show that electrocoagulation is an alternative in the removal of turbidity, 
phosphorus, total organic carbon using metals such as Al and Fe as electrode material 
(Mores at el., 2016 a,b). However, these electrode materials are not capable of carrying out 
the oxidation of ammonia, so the use of the electro-oxidation system is an electrochemical 
alternative of oxidation of ammonia (Mahvi et al., 2011).  

During electro-oxidation, two oxidation mechanisms can occur: direct anodic oxidation 
and indirect oxidation (Anglada et al., 2009). Direct anodic oxidation occurs at the anode 
surface and its transformation reactions of ammonia into other forms by direct oxidation of 
nitrogen during the electrochemical process (He et al., 2015).The indirect oxidation occurs 
via a mediator oxidizing agent electrochemically generated to effect oxidation (Anglada et al., 
2009). Free chlorine is a strong oxidizing agent that reacts with many compounds present in 
the wastewater (Zhenhai et al., 2011; Kim et al., 2005). 
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The present study evaluated the process of ammonia electro-oxidation as a 
wastewater ammonia removal alternative of swine effluent, pre-treated by electrocoagulation, 
evaluating the variables current density and concentration of sodium chloride. 

 
MATERIAL AND METHODS 

Swine wastewater: Samples was collected from the output of the upflow anaerobic 
sludge blanket (UASB), the swine manure treatment system was located at Embrapa Swine 
and Poultry, Concordia, Santa Catarina, Brazil and pretreated an electrocoagulation reactor 
in continuous flow (Mores, 2016b).  

Experimental procedure 
Reactor electro-oxidation: The experiments were performed in a cylindrical shape 

batch reactor with working volume of 1L. The system was equipped with a magnetic stirrer, in 
order to maintain the system homogeneous. The current density applied in the reactor was 
controlled by DC power supply FA-3005 Instrutherm. The Ti/Ru2 DSA® anode and the 
cathode (130 mm x 70 mm) were provided by De Nora Brazil. Electrodes were installed 
vertically with 2 cm distance between electrodes. Samples were collected at 0, 2, 4 and 6 
hours, to analysis the ammonia, nitrate, nitrite and pH. 

Analytical techniques: The concentrations of ammonia, nitrite and nitrate were 
analyzed by flow injection analysis system (FIA lab 2500 Bellevue, WA, USA) equipped with 
an auto sampler following the equipment manufacturer recommendations and according to 
the official methods APHA 4500-NH3 H nitrogen (ammonia), 4500-Nitrite nitrogen (Nitrite) 
and APHA 4500-Nitrate nitrogen (Nitrate) described by the American Public Health 
Association (APHA, 2012). The pH was directly determined using a glass combined 
electrode connected to a pH meter, Marconi PA200. The conductivity was determined by 
direct measurement of conductivity Hanna HI 255. 

 
RESULTS AND DISCUSSION 

The EC presented removal efficiencies only 1% of ammonia. Thus, additional techniques 
are needed to improve the quality of the wastewater, and therefore electro-oxidation is the 
alternative proposed in this work. Table 1 shows the matrix of the 22 factorial design where 
the independent variables were current density (CD) and the concentration of NaCl and the 
results of the dependent variables (responses) final ammonium concentration, nitrate and 
nitrite and energy consumption values are presented. 

The relative significance of the main effects and their interactions are shown on the 
Pareto diagram (Figure 1). The values that exceed a reference line, that is, those that 
correspond to 95% confidence interval, are significant values. According to Figure 1, the 
current density (CD) variable exerted effect on the ammonia removal process and in nitrate 
generation process, while the variable NaCl concentration and the interaction between the 
CD x NaCl represent a significant effect on the ammonia removal only. 

The condition of 39 mA.cm-2 and concentration of 5 g.L-1 NaCl (Table 1) showed the 
best removal of ammonia with about 76% and also increased production of nitrate, with 
approximately 61 mg.L-1. In relation to nitrite production the amounts were insignificant. 
Figure 2 shows the evolution of the removal of ammonia and nitrate production for different 
current densities (28 to 39 mA.cm-2) and different doses of sodium chloride (0 to 10 g.L-1) as 
a function of operating time. Regarding the power consumption, this increased with the 
increase in CD from 28 to 39 mA.cm-2. The power consumption values ranged from 116 to 
155 kWh.L-1. 

The ammonia removal occurred steadily for assays with 5 and 10 g.L-1 NaCl, whereas 
for the assays without NaCl, ammonia removal did not occur. The concentration of nitrate 
increased from 0 to 63 mg.L-1 with the operating time, and the largest increase was the assay 
with the CD of 39 mA.cm-2 and NaCl concentration of 5g.L-1. The ammonia present in the 
solution is converted to different forms of nitrogen, as represented in Equations 1-6, which 
shows the set of reactions that occur in the electrochemical process of ammonia removal 
(Kim et al., 2006). 

  2eCl2Cl 2                                 (1) 
  ClHHClOOHCl 22                        (2) 
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 HClOHClO -
                                  (3) 

  3Cl5HOHN3HClO2NH 224                   (4) 
  4Cl6HOHNO4HClONH 2

-

34                 (5) 

                                                    Overall reaction: 
  3Cl5HOH3N3HClO2NH 224                (6) 

In the assay without NaCl, ammonia removal did not occur, this indicates that the 
Ti/Ru2 DSA® electrodes are not suited for direct electrochemical oxidation, due to the 
dependence of the oxidation rate of ammonia on the catalytic activity of the anode (Chen et 
al., 2011). The assays with a concentration of 5 g.L-1 and 10 g.L-1 resulted in the removal of 
76% and 67%, respectively. 

These results indicate that removal of ammonia by electro-oxidation process takes 
place through the indirect oxidation mechanism and the NaCl concentration plays a vital role 
during the electrochemical oxidation of ammonia using the Ti/Ru2 DSA® electrodes. In the 
indirect oxidation mechanism, the generated molecular chlorine is hydrolyzed to form 
hypochlorous acid (HOCl) as shown in Equation 4 which is sequentially changed to the 
hypochlorous ion (OCl-), this reaction is pH dependent. The hypochlorous acid and 
hypochlorous ion can decompose ammonia to nitrogen gas (Equations 3-7) due to its high 
oxidative potential (Gendel et al., 2012; Zhenhai et al., 2011; Kim et al., 2005). 

The pH decreases to approximately 3.85 after 6 hours treatment, only for the assays 
with NaCl concentrations 5 and 10 g.L-1 independent of the current density. The change of 
basic pH to acidic pH states that the ammonia removal reaction is the indirect oxidation (Eq. 
6 and 7). The low pH allows to control the production of nitrate during the process of electro-
oxidation of ammonia (Yao et al., 2016), this control can be seen by comparing the assay of 
CD 28 mA.cm-2 and NaCl concentration of 0 gL-1 where the final pH was 7.7 and during the 
oxidation of ammonia under this condition, nitrate production was 32 mg.L-1 compared to CD 
28 mA.cm-2 and NaCl 10ºg.L-1, where the final pH was 3.91, producing 26 mg.L-1 nitrate. 

The current density (CD) determines the ammonia removal rate in the electro-oxidation 
process by speeding up the oxidation reaction (Diaz et al., 2011). The ammonia removal and 
nitrate production was influenced by the CD increase from 28 mA.cm-2 to 39 mA.cm-2, due to 
increased electrochemical generation of chlorine, there was an increase in the production of 
hypochlorite acid (Eq. 1-9) which is responsible for the oxidation and ammonia removal 
(Deng & Englehardt, 2007). 

However, when increasing the CD to 50 mA.cm-2, heating of the system occurred 
(51°C) in only 1 h 33 min. The same happened to the two assays performed in this CD, 
regardless of the NaCl concentration (Conductivity test 2 - 19.21mS and Conductivity test 4 – 
25.02mS). This heating occurred due to high conductivity (11.5 mS), characteristic of 
wastewater swine. In this context, in the present study, CD increase negatively affected the 
process of electro-oxidation. 

 
CONCLUSION 

The present study proposed electro-oxidation as the ammonia oxidation alternative from the 
electrocoagulation effluent of wastewater from swine farming and the system obtained a 
removal of 76% during an operating time of 6 hours. The factorial design showed that the 
extreme conditions of current density and NaCl concentration do not favor the process of 
electro-oxidation and that with these variables, the current density ranges should be 28-39 
mA.cm-2 and NaCl concentration next to 5 gL-1. The process of electro-oxidation proved to be 
a good alternative to the removal of ammonia from swine wastewater pre-treated by 
electrocoagulation. 
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Table 1. 2

2
 factorial design matrix with coded values (real) and the responses of the final ammonia concentration, 

nitrate and nitrite and energy consumption values. 

    Responses 

Test CD (mA.cm
-2

) NaCl (g) 
 Final concentration (mgN.L

-1
) 

Energy consumption 
kWh.L

-1
  Ammonia  Nitrate  Nitrite  

1 -1 (28) -1 (0)  1857  32  2  116 
*2 +1 (50) -1 (0)  1991  0  0  0 
3 -1 (28) 1 (10)  641  26  1  84 
*4 +1 (50) 1 (10)  1944  0  0  0 
5 0 (39) 0 (5)  437  60  1  155 
6 0 (39) 0 (5)  425  63  0  145 
7 0 (39) 0 (5)  458  59  0  151 

* The system was shut down after 1 h and 33 min due to temperature increase (51 °c) and the emergence of the boiling process of the residual 
water present in the system was observed. 
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Figure 1. Pareto diagrams for the effects of CD and NaCl concentration for the removal of ammonia (A) and 

nitrate generation (B). 
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Figure 2. Evolution of ammonia concentration (a) and nitrate concentration (b) in the solution during electro-

oxidation; where (◊) 28 mA.cm
-2

 + 0 g.L
-1

 NaCl, (▲) 28 mA.cm
-2

 + 10 g.L
-1

 NaCl and (⁕, ●, −) 39 mA.cm
-2

 + 5 g.L
-

1
 NaCl. 


