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ABSTRACT  
Pork production involves the generation of wastewater containing a high pollutant load. 

Although the biological systems show satisfactory efficiency for the treatment of these 

effluents, they demand an elevated area for installation and high production of biological 

sludge. Alternatively, oxidative processes are an alternative for treating such effluents, 

requiring minor areas and increasing the efficiency of the treatment. We studied the Fenton 

process assisted with ultrasound for the treatment of swine slaughterhouse wastewater. Nails 

used in civil construction were used as the iron source. We evaluated the influence of pH, 

contact time, nail mass, and hydrogen peroxide concentration on color removal, turbidity, 

chemical oxygen demand (COD) and biochemical oxygen demand (BOD5). The removal of 

nutrients and oils and greases was also evaluated. The best results using the ultrasound-assisted 

Fenton process were obtained at pH 3, hydrogen peroxide concentration 90 mg L-1, and a nail 

unit (2.7g). In these conditions, color, turbidity, COD, and BOD5 removal of 98, 98.2, 84.6, and 

98%, respectively, were achieved. The reduction in the other parameters evaluated was above 

70%. Catalytic activity maintained above 90% until the sixth cycle of use. In general, the 

ultrasound-assisted Fenton process using the nail as a catalyst would be an alternative for the 

treatment of swine slaughterhouse wastewater. This alternative is responsible for the higher 

removal of organic load and nutrients in a shorter time when compared with biological systems. 

Keywords: contaminants, Fenton, organic matter, swine wastewater, ultrasound. 

Tratamento de efluentes da suinocultura suínos utilizando o processo 

Fenton com ultrassom e ferro reciclado 

RESUMO 
A produção de suínos envolve a produção de efluentes líquidos com elevada carga de 

poluentes. Embora os sistemas biológicos apresnetem eficiência satisfatória para o tratamento 

destes efluentes eles demandam elevada área para instalação e elevada produção de lodo 

biológico. Neste sentido, processos oxidativos vêm se apresnetando como uma alternativa para 

o tratamento de efluentes desta natureza, requerendo menor área e aumentando a eficiência do 

tratamento. No presente estudo, foi utilizado o processo Fenton assistido com ultrassom no 
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tratamento de efluentes de frigorífico de suínos. Como fonte de ferro, foi empregado prego 

usado em construção civil. Foi estudado a influência do pH, tempo de contato, massa de prego 

e concentração de peróxido de hidrogênio na remoção de cor, turbidez, demanda química de 

oxigênio (DQO) e demanda bioquímica de oxigênio (DBO5). Foram ainda avaliadas as 

remoções de nutrientes e óleos e graxas. Os melhores resultados utilizando o processo Fenton 

assistido por ultrasson foram obtidos em pH 3, concentração de peróxido de hidrogênio 90 mg 

L-1 e uma unidade de prego (2,7g). Nestas condições foram alcançadas remoção de cor, 

turbidez, DQO e DBO5 de 98, 98,2, 84,6 e 98%, respectivamente. A redução nos demais 

parâmetros avaliados foi acima de 70%. Foi ainda avaliada a reutilização do prego, sendo que 

a atividade catalítica foi mantida acima de 90% até o sexto ciclo de utilização. De forma geral, 

o processo Fenton assitido por ultrasson e utilizando prego como catalisador apresenta-se como 

uma alternativa para o tratamento de efluentes de suinocultura. Esta proposta e de tratamento é 

responsável por elevada remoção de carga orgânica e nutrientes em um tempo inferior ao 

observado para sistemas biológicos. 

Palavras-chave: contaminantes, efluente de suinocultura, Fenton, matéria orgânica, ultrassom. 

1. INTRODUCTION 

Agribusiness has been developing rapidly in the Brazilian market and is responsible for 

20% of the Gross Domestic Product (GDP). Pig farming, in particular, has become more 

prominent, making the pork meat industry competitive in the international market (Silva et al., 

2018). Currently, Brazil is the fourth-largest producer and exporter of pork in the world, and a 

growth is observed in this activity (Sebrae, 2019). It is important to emphasize that pig 

production growth increases the generation of waste and water consumption. This potentially 

contaminating activity is responsible for several environmental problems related to solid and 

liquid wastes generated in large volumes (Schlegel et al., 2017; Luo et al., 2018). This 

wastewater is highly contaminated with suspended solids, dissolved organic matter, nitrogen, 

viruses, and fecal coliforms. Therefore, it must be treated appropriately to be disposed of 

without harming the environment (Fongaro et al., 2016; Li et al., 2018; Jaafari et al., 2019). 

In this context, the biological treatment (anaerobic and aerobic) are convenient alternatives 

due to the biodegradability of the compounds present in the aqueous matrix (Waki et al., 2018). 

Mainly, anaerobic digestion is an alternative that produces biogas and digested substrate, which 

is a potent fertilizer for organic agriculture (Gopalan et al., 2013). The main advantage of this 

process is the dispensing of energy (Jaafari et al., 2014). However, as the main drawback, a 

single system is not able to produce effluents that reach the required environmental standards, 

requiring additional steps for the treatment (Chen et al., 2015; Wang et al., 2019).  

Different coadjuvants (support) for the treatment of liquid effluents generated in swine 

farming are described in the literature. A promising alternative that could be associated with 

biological treatment is advanced oxidative processes (AOP). It is responsible for the 

transformation of organic molecules into carbon dioxide and water, which have attracted the 

interest of the scientific community (Kanakaraju et al., 2018). AOPs are chemical oxidation 

techniques based on hydroxyl radical formation (OH•), a high oxidant able to degrade organic 

matter in liquid effluents (Vilardi et al., 2018; Brito et al., 2019). In these processes, the 

hydroxyl radicals act in a non-selective way and allow the degradation of numerous toxic 

organic contaminants. They are typically transformed into simple molecules, which are readily 

biodegradable. Alternatively, the total mineralization of all the organic matter present in the 

effluent is achieved in a short period (Colades et al., 2018; Miklos et al., 2018).  

The common AOPs are the Fenton (H2O2 and Fe+2 ions) and photo-Fenton process, when 

using ultraviolet (UV) source, ozone (O3), hydrogen peroxide (H2O2) with UV, titanium dioxide 
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(TiO2) with UV or different combinations of the cited processes (Huang et al., 2015; 

Hassanshahi and Karimi-Jashni, 2018; Jiménez et al., 2019). The Fenton process is mostly 

applied for the removal of organic compounds from liquid effluents (Pera-Titus et al., 2004). 

Several studies have been developed to improve the performance of the Fenton process by 

association with electrical energy, light, magnetism, nanoparticle application, 

electrocoagulation, ultrasound, the use of rotating fixed bed reactors and some alternative 

materials to replace Fe+2 ions (Babuponnusamy and Muthukumar, 2014; Azerrad et al., 2019). 

Another production process for hydroxyl radical formation is the use of ultrasound. The 

ultrasound effect on molecules is related to cavitation, nucleation, growth, and implosion of 

microbubbles that trap steam/gas. These microbubbles produce areas of high pressure, which 

lead to water dissociation and formation of OH•, which are responsible for the degradation. The 

ultrasound irradiation induces electrons’ movement number and increasing the HO• 

concentration in the medium. Moreover, radial ultrasound may disperse the aggregated catalyst 

particles, increasing the active surface area (Dobaradaran et al., 2018). 

Although the Fenton process is well-described in the literature, most papers reported the 

use of synthetic wastewater. Nevertheless, industrial effluents are constituted of complex 

matrices, which may contribute to a decrease in process efficiency (Wang et al., 2016). 

Additionally, to the best of our knowledge, there are no studies reporting the application of 

recycled nails as iron sources for the conventional or ultrasound-assisted Fenton. Consequently, 

we aimed to study the treatment of pork slaughterhouse wastewater using the Fenton process 

with ultrasound and recycled nails. 

2. MATERIALS AND METHODS 

2.1. Materials  

The samples of wastewater were obtained from a pork slaughterhouse in southern Brazil. 

The sampling was carried out according to official Brazilian methodologies NBR 9897 and 

NBR 9898 (ABNT, 1987a; 1987b). The nails were collected directly on-site (building) and 

selected according to the more significant number of applications considering the various types 

of fixation. We used galvanized common nails with a wide head and a smooth shank, size 16/21 

(2.27 x 47.67 mm). The reactants were all of the analytical purity, hydrogen peroxide (H2O2, 

30%, Merck), sulfuric acid (H2SO4, Merck), and sodium hydroxide (NaOH, Merck).  

2.2. General procedure for Fenton reactions 

The classical Fenton process was conducted under the batch-mode condition using 200 mL 

of effluent. The reactions were carried out under different conditions of hydrogen peroxide 

concentration (30 to 150 mg L-1) and pH (2 to 6). The mass of the recycled nail (2.7 g) was 

fixed. It is equivalent to one nail. The reactor was covered to minimize the effect of 

photochemical reactions. The temperature of the solution was kept constant at 25°C by using a 

Dubnoff type thermostatic bath, provided by shaking at 20 rpm. The hydrogen peroxide was 

slowly added to minimize the formation of the hydroperoxide radical. A few drops of a 1.0 mol 

L-1 NaOH solution were added to stop the reaction, increasing the pH to approximately 12, and 

consequently precipitating Fe (III). The samples were then filtered to remove the precipitate. 

The tests using the ultrasound-assisted methodology were performed in an ultrasound bath 

(NOVA INSTRUMENTS), under the same conditions aforementioned. The Fenton and 

ultrasound-assisted Fenton performance was initially assessed by measuring color and turbidity, 

using a PHARO spectrophotometer (Merck®, Germany). Consequently, the optimal condition 

was analyzed in terms of pH, color, turbidity, total solids, suspended, dissolved and 

sedimentable, phosphorus, nitrogen, chemical oxygen demand (COD), biochemical oxygen 

demand measured in five days (BOD5), and oils and greases. The analyses were performed 

according to the procedures of the Standard Methods for Examination of Water and Wastewater 
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(APHA et al., 2012), and the specific methods are reported in Table 1. The BOD5 were 

measured in an Oxitop (WTW®, Alemanha), incubated at 20°C for five days. The pH was 

measured using a HANNA portable pH meter. All determinations were performed in triplicate. 

2.3. Kinetics of color and turbidity removal 

The kinetic evaluation for color removal and turbidity was performed in an Erlenmeyer 

flask using 200 mL of the crude effluent, hydrogen peroxide (90 mg L-1), and one recycled nail 

(2.7 g). The pH was adjusted to 3.0 using sulfuric acid, and the reaction took place in an 

ultrasonic bath. Aliquots were removed at 10-minute intervals for 60 minutes. The color and 

turbidity of the samples were analyzed after precipitation of iron at pH 12 and filtering of 

samples. The pseudo-first-order model was used to fit the experimental data according to 

Equation 1 (Azizi et al., 2017): 

𝑙𝑛 (
𝐶

𝐶0
) = −𝑘. 𝑡              (1) 

Where C is the value of color (Hz) or turbidity (NTU) at time t, C0 is the initial color or 

turbidity, and k is the pseudo-first-order rate constant (min–1). 

3. RESULTS AND DISCUSSION 

The raw effluent was sampled in a pig slaughterhouse and characterized by 

physicochemical analyses (Table 1). All the parameters showed high values, demonstrating that 

this effluent contains a significant load of pollutants. This sample of wastewater was used to 

carry out all the experiments described in this paper.  

3.1. Effect of pH on color removal and turbidity 

pH is an essential parameter for the evaluation of color, turbidity, and organic matter 

removal by advanced oxidation processes (POAs), especially the Fenton process (Zhang and 

Zhou, 2019). The influence of pH in the color and turbidity removal is shown in Figure 1. The 

removal efficiency decreases as the pH increases. This observation may be related to iron 

hydroxide precipitation, which causes the reduction of hydroxyl radicals (OH•) due to the lack 

of free iron ions, which accelerates the decomposition of hydrogen peroxide in oxygen, 

reducing its oxidative capacity (Szpyrkowicz et al., 2001). Moreover, the efficiency of color 

and turbidity removal also decreases at pH less than 3 as stable or non-reactive species such as 

oxon ion (H3O2
+) and iron complexes [Fe (H2O)6]

+2 are formed, (Huang et al., 2017). Also, 

other reactions may be occurring at lower pHs during the reaction. In these reactions, the 

hydroxyl radical (OH•) generated can oxidize ferrous ions (Equation 2), and react with 

hydrogen peroxide (Equation 3). In these cases, ferrous ion and hydrogen peroxide are acting 

as sequestering agents of hydroxyl radicals in the medium, which may decrease process 

efficiency at low pH. 

Fe+2    +   O𝐻• →   Fe+3   +   OH−                          (2)    

H2O2  +  O𝐻• →  H2O  +   HO2
  •            (3) 

The best results were obtained at pH 3, regardless of the hydrogen peroxide concentration 

used. This result corroborates with other authors who found that the best performance of the 

Fenton process was achieved in the pH range of 3 and 4 (Kavitha and Palanivelu, 2004; Lee 

and Shoda, 2008; Pouran et al., 2015). Besides, at pH 3, a higher rate of nail oxidation is 

observed (residual nail content 15 mg L-1), which contributes to the homogeneous Fenton 

process. In this process, ferrous ion (Fe+2) may be contributing to the decomposition of H2O2, 
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resulting in the generation of more hydroxyl radicals, which act by oxidizing organic pollutants, 

contributing to better efficiency of the process. At pH 2, 3, 4, 5, and 6, the values obtained for 

color removal using the Fenton process were 88, 96.8, 91.5, 74, and 65%, respectively. The 

turbidity was highly removed when compared to the color of the wastewater. The values 

obtained for turbidity removal at pH 2 were 88.8%, pH 3 (99%), pH 4 (92%), pH 5 (88%) and 

pH 6 (87%) (Figure 1). These results may be related to particulate material present in the raw 

effluent (turbidity 1560 FAU), which contributes to the coagulation and flocculation process, 

as a function of pH elevation (pH 12) associated with the iron precipitation. The values of color 

and turbidity removal were above 95% using the Fenton process and 98% for the ultrasound-

assisted process. The best results obtained with Fenton processes were obtained at pH 3 and 90 

minutes of reaction, regardless of the hydrogen peroxide concentration. It was also observed 

that better results were obtained with the hydrogen peroxide concentration of 90 mg L-1. 

 
Figure 1. The effect of pH and hydrogen peroxide removal on color (left) and turbidity (right) using 

the Fenton process. Time of reaction of 90 minutes. 

Similar results were obtained for the ultrasound-assisted Fenton process in 60 minutes of 

reaction. In this case, the removal was 97% for color and 99.5% for turbidity. This result means 

that the ultrasound reduces the time required to obtain the same results by 30 minutes when 

compared to the traditional Fenton process. After obtaining the optimal condition of pH, time, 

and concentration of hydrogen peroxide, kinetic experiments were carried out to evaluate color 

removal and turbidity over time. The data are shown in Figure 2. 

 
Figure 2. Kinetic evaluation for color and turbidity removal using the Fenton process with 

ultrasound at pH 3 and hydrogen peroxide concentration of 90 mg L-1. 
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The pseudo-first-order model fit well to the experimental data, and the R2 was 0.9905 and 

0.9950 for color and turbidity, respectively. The pseudo-first-order rate constants were 0.0604 

and 0.0773 min-1, for color and turbidity, respectively. It can be observed that color (89%) and 

turbidity removal (95%) is obtained in 30 minutes. This fact is due to the higher consumption 

of hydrogen peroxide and the superficial mass of iron of the nail at the beginning of the reaction. 

Small changes occurred due to the variation of the organic contaminants in the different raw 

effluent samples between 30 and 40 minutes. After this step, the ultrasonic-assisted Fenton 

reaction continued, and the reaction equilibrium was reached at 50 minutes. At this moment, 

the effluent was clarified entirely, achieving 95.5% and 98.9% for color and turbidity removal, 

respectively (Figure 2). However, similar removal percentages were obtained using the 

traditional Fenton process in 90 minutes. We obtained removals of 96.8% for color and 99% 

for turbidity. Thus, the Fenton process assisted with ultrasound proved to be an efficient 

alternative, reducing the treatment time. These data corroborate other studies in the literature 

that reported that the Fenton process with ultrasound and or aeration might decrease the 

treatment time (Cetinkaya et al., 2018). 

The removal of the organic matter present in the effluent was also evaluated. The presence 

of this type of contaminant is a critical parameter to measure effluent quality. The efficiency of 

the Fenton process with ultrasound for organic matter removal was evaluated through the COD, 

and BOD5 analyzes, considering different pH conditions and hydrogen peroxide concentration 

of 90 mg L-1 and 60 minutes. All determinations were performed in triplicate, and the average 

removal results are shown in Figure 3. In general, the values obtained for COD removal varied 

according to the pH. The highest removal was observed at pH 3 (84.6%). At pH 2, 4, 5, and 6, 

the removals were 68.4, 63, 55.8, and 50.5%, respectively. Similar results were observed for 

BOD5. The mean removal of BOD5 was 98% at pH 3. Increasing the pH, the values for BOD5 

removal decreased to 91% at pH 4, 72% at pH 5, and 63% at pH 6. 

 
Figure 3. Removal of COD (left) and BOD5 (right) at different pHs and concentrations of hydrogen 

peroxide of 90 mg L-1.  

These results allowed us to define the optimal condition for the reaction (pH 3, time of 60 

minutes, 90 mg L-1 of H2O2, and one nail). Following this, many analyses were carried out for 

the effluent treated using the ultrasound-assisted Fenton process and compared to the raw one. 

These analyses are shown in Table 1.  

The results demonstrated significant reductions for all parameters analyzed. It also 

confirms that Fenton ultrasound-assisted treatment is efficient for such wastewater. In general, 

the average efficiency was above 95%, and the best results were observed in the removal of 

color (98%), turbidity (98.2%), and BOD5 (98%). However, the values for COD, phosphorus, 

and oils and fats were below 90%. These values may be associated with the total dissolved 
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solids present in the treated effluent, which leads to the formation of the residual organic matter 

iron complex, inorganic ions, and some water-soluble organic by-products formed during the 

chemical degradation process (Queiroz et al., 2011). Figure 4 presents the raw and treated 

wastewater with ultrasound-assisted Fenton after filtration. 

Table 1. Results obtained for the characterization of the raw and treated effluent using the 

ultrasound-assisted Fenton at the optimal condition. 

Parameters Raw Treated Removal (%) Method 

Color (Hz) 1904 ± 114 38 ± 5 98 SM 2120 C 

Turbidity (NTU) 1560 ± 94 29 ± 3 98,2 SM 2130 B 

COD (mg L-1) 4830 ± 326 743 ± 55 84,6 SM 5220 D 

BOD5 (mg L-1) 3018 ± 232 60,3 ± 20 98 SM 5210 B 

Oils and Greases (mg L-1) 100 ± 5,6 30,1 ± 4,2 70 SM 5520 D 

Suspended Solids (mg L-1) 385 ± 56 24 ±3,5 93,7 SM 2540 D 

Sedimentable Solids (mg L-1) 30 ± 6,8 ND 100 SM 2540F 

Total Solids (mg L-1) 1000 ± 94 58,5 ± 5,5 94,2 SM 2540B 

Total dissolved solids (mg L-1) 530 ± 46 29,8 ± 3,2 94,4 SM 2540 C 

Phosphorus (mg L-1) 18,4 ± 3,2 2,06 ± 0,3 88,8 SM 4500-P E 

Total Nitrogen (mg L-1) 152 ± 24 6,6 ± 1,5 95,6 EPA 1687 

 
Figure 4. Raw (left) and treated (right) effluent after filtration. 
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Additionally, the nail reuse capacity was studied. The results showed the possibility of 

reuse of the nail in 6 treatment cycles for color removal. The sixth cycle retained over 90% of 

the initial catalytic capacity (Figure 5).  

 
Figure 5. Remaining catalytic activity of nails after many reuse 

cycles in terms of color removal. 

Overall, in the literature, several methods, such as electrolysis, precipitation, coagulation, 

and ion exchange, are applied for the removal of organic contaminants from liquid effluents 

(Casado et al., 2019; Güneş et al., 2019). However, many of these methods generate new 

problems, such as more waste and, in some cases, more hazardous waste (Güneş et al., 2019). 

The Fenton process is one of the most effective for removing organic matter from liquid 

effluents, as hydroxyl radicals act in a non-selective manner, which enables the total 

degradation of organic contaminants, thus generating a smaller volume of solid waste. 

(Babuponnusamy and Muthukumar, 2014). Further, the Fenton process promotes the 

destruction of the contaminant in the aqueous phase and not only the phase transfer of 

pollutants, as occurs in the adsorption, coagulation, and flocculation processes. Desirable 

products for the Fenton process are carbon dioxide, water, inorganic ions, and less toxic 

byproducts (Queiroz et al., 2011). 

4. CONCLUSION 

This study showed that the use of the ultrasonic-assisted Fenton process was an efficient 

alternative for the removal of organic contaminants present in the effluents from a pork 

slaughterhouse. The method was able to remove both suspended and dissolved constituents. 

Nutrients such as phosphorus and nitrogen were also removed. We also demonstrated that 

recycled nails could be used as an iron source for Fenton, and this material can be used in many 

reaction cycles. Further studies should be done to evaluate the toxicological effects of this 

treatment, and also to assess the removal of contaminants of emerging concern.  
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