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ABSTRACT. This work aimed to optimize the electro-Fenton process applied to the treatment of 

contaminated brines from the cod industry for later use in the pickling stage of the tannery industry. Central 

composite experimental design and response surface methodology were used to evaluate the effects of 

current intensity (1.2 – 2.8 A), electrolysis time (5.0 – 15.0 min), and H2O2 concentration (150 – 250 mM), 

using iron electrodes, on the removal of total organic carbon (TOC) from real saturated cod brine. The 

optimal operating conditions obtained were: 2.83 A current intensity, 3.40 min electrolysis time and 146 

mM  H2O2 concentration, allowing for 41 % removal of TOC. Diluted treated brines ( 7.5 – 8.0 % wt. 

NaCl) were tested in hide pickling trials. The quality of the hides was not affected when pickled with treated 

brine, so the conditions are met to establish a symbiosis between the cod and the tannery industry. 
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1. Introduction 

The intense worldwide industrialization witnessed in the last decades highlights the need to implement more 

sustainable manufacturing practices and to shift from linear to circular economy. The implementation of 

closed-loop manufacturing practices may significantly minimize the negative environmental impacts of 

industries [1]. Nowadays, salted cod is still considered a highly popular product due to high demand and 

simplicity of processing [2]. Traditionally, salted cod is obtained by piling up the fish with alternate layers 

of dry salt (NaCl) crystals and leaving to mature over a certain period of time. The salt crystals in contact 

with the cod surface extracts moisture from the fish muscle producing a contaminated brine (aqueous 

saturated solution of NaCl) [3]. Conventional treatment processes are ineffective in reducing the organic 

load of this brine, given its high salinity [4]. On the other hand, treated cod brines have potential to be used 

in other industrial activities, such as the pickling stage in tanneries, which recquire the use of high amounts 

of water and salt ( 7.5 – 8 % wt. NaCl) [5] to prevent acidic hide swelling [6]. In recent years, 

electrochemical technologies such as electrocoagulation (EC), electrooxidation (EO) and electro-photo-

oxidation have attracted interest in the field of wastewater treatment. These technologies were found to 

successfully remove several pollutants from industrial wastewaters [7]–[9]. In EC process, aluminum or 

iron electrodes were used as anode for the in situ generation of coagulant agents that promote the removal 

of pollutants [8]. The EO process can occur in two ways: (i) direct oxidation, where the pollutants adsorbed 

on the anode surface are decomposed by the electron transfer between anode surface and pollutants without 

involvement of oxidizing agent and/or (ii) indirect oxidation, where the pollutants are decomposed in the 

solution through oxidation reactions with oxidants (produced in situ or externally added) such as 

hypochlorite, chlorine and hydrogen peroxide (H2O2)  [7]. When iron electrodes and H2O2 oxidant are used, 

electro-Fenton process (EF) is actually conducted [10]. This process is usually performed under acidic 

conditions to generate highly reactive and non-selective intermediate species like •OH, which initiate the 

oxidation of organic compounds [11]–[13]. EF process is a combination of EC and Fenton process with the 
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use of electricity enhancing the generation of •OH [14]. The EF process can have four different approaches 

[14]–[16]: (i) Fe is externally added to the solution and indirect generation of H2O2 occurs by oxidation 

reactions with inert electrodes (e.g., Boron doped diamond, PbO2/Ti, graphite, etc.); (ii) H2O2 is externally 

added to the solution and Fe is provided from sacrificial iron anodes; (iii) Fe2+ and H2O2 are electrogenerated 

using a sacrificial anode and an inert cathode and (iv) both Fe2+ and H2O2 are externally added to produce 

•OH in the electrolytic cell and Fe2+ is regenerated at the cathode. This work aimed to optimize the 

application of EF process (with iron electrodes) to treat a real cod brine. The goal was to reduce its total 

organic carbon (TOC) load in order to allow its downstream use in the pickling stage of the tannery industry, 

in a context of industrial symbiosis. 

2. Material and Methods 

2.1. Materials 

Real contaminated and saturated (in salt, NaCl) brine from the Portuguese cod industry was treated by EF 

process. A grab sample of brine was collected and its physical-chemical composition characterized by 

standard methods (see Section 2.4). The mean (three measurements) values of each parameter and the 

respective standard deviations (s) are shown in Table 1. All reagents were analytical grade. In the brine 

treatment experiments, H2O2 solution (Fisher Scientific, 30 % w/v) and hydrochloric acid (HCl; Merck, 37 % 

w/v) were used as received. 

 

Table 1. Characteristic mean parameters of the cod brine used in this work. 

Parameter Mean ± s 

Total Organic Carbon [g/L] 13.4 ± 305.5 

Total Suspended Solids [mg/L] 7118.0  ± 516.7 

Volatile Suspended Solids [mg/L] 760 ± 5.7 

Total Dissolved Solids [g/L] 368.9 ± 20.2 

pH 6.0 ± 0.3 

Conductivity [mS/cm] 347 ± 97.3 

Most of the suspended solids from the brine were inorganic ( 89%). The pH should be adjusted before 

applying the EF process, as its value is slightly alkaline. 
 

2.2. EF Experiments 

The central composite experimental design (CCED) was used in the optimization of EF process applied in 

the cod brine treatment. The target was to maximise TOC removal (response variable), according to 

Equation (1). 

 TOC removal (%) = 
𝑇𝑂𝐶𝑖−𝑇𝑂𝐶𝑓

𝑇𝑂𝐶𝑖
× 100 (1) 

where TOC𝑖  and TOC𝑓  are the TOC concentrations (mg/L) of the brine before and after EF process, 

respectively. 

The effect of three operating variables (i.e., independent variables or factors) on TOC removal was study, 

namely: current intensity, electrolysis time and H2O2 concentration ([H2O2]). Table 2 presents the 

experimental ranges, where “-1”, “0”, “+1” and ±“1.68” are the minimum, median, maximum and axial 

points of the experimental design, respectively. The pH of the raw contaminated brine was adjusted to 2.5 

± 0.3 with HCl and the assays were conducted at room temperature (c.a. 20 °C). A total of 17 assays were 

carried, including 3 repetitions at the central point to allow statistical inference. To prevent systemic errors, 
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the assays were performed randomly. 

 

Table 2. Experimental range of the studied variables used in the CCED experiments for optimization of 

TOC removal efficiency by electro-Fenton process. 

Independent variable −1.68 −1 0 + 1 + 1.68 

Current intensity [A] 0.6 1.2 2.0 2.8 3.4 

Electrolysis time [min] 1.6 5.0 10.0 15.0 18.5 

[H2O2] [mM] 116 150 200 250 284 

 

The batch reactor (1 L working volume) used in this work was equipped with two iron plates electrodes 

with 79.2 cm2 of total contact area, placed 10 cm apart, and connected to a D.C. power supply (MLINK, 

RYI). After the adjustement of the brine’s pH, the oxidant (H2O2) was added in a single step to the reaction 

mixture and recording of electrolysis time began. After the pre-established electrolysis time, the power 

supply was turned off and the brine was transferred to a graduated cylinder for a settling period of 1 hour. 

At that point, samples of the supernatant were taken, preserved (pH < 3) with HNO3 (Panreac, 65 % w/v) 

and stored below 4 °C until analysis of TOC concentration.  

2.3. Statiscal data analysis 

Response surface methodology (RSM) was used to analyse the experimental results. The regression model 

fitted to the experimental results was a second order polynomial function, according to Equation (2). 

 𝑍 = 𝑘 + 𝑎𝑥1 + 𝑏𝑥1
2 + 𝑐𝑥2 + 𝑑𝑥2

2 + 𝑒𝑥3 + 𝑓𝑥3
2 + 𝑔𝑥1𝑥2 + ℎ𝑥1𝑥3 + 𝑗𝑥2𝑥3 (2) 

where Z is the fitted response (TOC removal), 𝑘, 𝑎, 𝑏, (… ) to 𝑗 are the regression coefficients, and 𝑥1, 𝑥2 

and 𝑥3 are the independent variables, namely: current intensity, electrolysis time and [H2O2], respectively. 

The last three terms of the equation correspond to the interaction between the operating variables studied. 

Analysis of variance (ANOVA) of the regression was performed and the determination coefficient (R2) and 

Lack of Fit parameters were used to check the model adequacy. The (standardized) residuals plots analysis 

were carried out to check normality and randomness of residuals, i.e., to validate the model assumptions. 

The confidence level adopted in this study was 95 %. StatSoft Statistica® v. 8.0 software was used in the 

described statistical analyses. 

2.4. Analytical methods  

TOC concentration was quantified according to the standard method 5310 B [17] using a Sievers InnovOx 

lab TOC analyzer. The quantification of solids was performed following standard methods 2540 C (TDS), 

2540 D (TSS), and 2540 E (VSS) [17]. The pH and electrical conductivity were measured with a Consort 

Instrument® multi-parameter meter. 

3. Results and Discussion 

The regression model of Equation (3) showed a good fit to the experimental results: R2  0.83, meaning that 

that 83 % of the variability in the data was predicted by the model. Darvishmotevalli et al. [18] indicated 

that for a good agreement between the model predicted and the experimental values, an R2 above 0.80 is 

usually acceptable. Moreover, the Lack of Fit of the model was statistically non-significant (p-value = 0.090), 

which means that the regression model satisfactorily predicts the effect of the three studied factors on the 

response variable. 

𝑍 = 44.30 + 9.863𝑥1 − 3.550𝑥1
2 + 1.253𝑥2 − 0.015𝑥2

2 − 0.266𝑥3 + 1.7 × 10−4𝑥3
2 − 0.372𝑥1𝑥2 +
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0.077𝑥1𝑥3 − 7.6 × 10−4𝑥2𝑥3 (3) 

The assumptions of the regression model were validated by the analyses of the residuals plots (data not 

shown) and no outlier was identified. Each term in the model was tested for significance and the results are 

shown in Table 3. The results reveal that both linear and quadratic terms of the current intensity (𝑥1 and 𝑥1
2) 

had statistically significant effects on TOC removal (p-value < 0.05), as well as the linear term of [H2O2]. 

The electrolysis time did not influence significantly the response variable. The only significant coupling 

term was between current intensity and [H2O2], indicating a positive interaction between those two factors. 

 

Table 3. Regression coefficients of the fitted model and respective significance. 

Model 

variables 

Estimate 

coefficient 
F - value p - value 

Intercept 44.30   

𝑥1 39.86 162.843 0.006 

𝑥1
2 −3.550 22.024 0.042 

𝑥2 1.253 0.370 0.605 

𝑥2
2 −1.5 × 10−2 0.538 0.540 

𝑥3 −2.66 × 10−1 30.454 0.031 

𝑥3
2 1.7 × 10−4 0.652 0.504 

𝑥1𝑥2 −3.72 × 10−1 6.137 0.132 

𝑥1𝑥3 7.7 × 10−2 25.286 0.037 

𝑥2𝑥3 −7.6 × 10−4 0.1 0.782 

 

The response surface plots showing the TOC removal registered in this work are depicted in Figure 1. The 

TOC removals observed in the brine treatment by EF ranged between 17 – 42 %.  

 

  

 

 

 

 

 

Figure 1. Response surface plots of TOC removal as a function of: (a) Electrolysis time and current intensity 

for [H2O2] = 200 mM, (b) Electrolysis time and [H2O2] for current intensity = 2 A , (c) [H2O2] and current 

intensity for electrolysis time = 10 min. 

For a given [H2O2] and electrolysis time, higher current intensity increased the TOC removal (Figure 1a). 

Doumbi et al.[14]  also observed a positive effect of the current intensity on the removal of organic matter 

from a tanery wastewater using graphite electrodes. Moreover, in the tested ranges, the lowest [H2O2] 

favoured the efficiency of the EF process regardless of the electrolysis time. Although, as shown in Figure 

1b, the negative effect of  [H2O2] on removal efficiency is more evident for electrolysis times lower than 10 

(a) (b) (c) 
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min. Similar results were obtained by Yavuz et al. [11]. Three possible reasons could explain the observed 

decrease in TOC removal for higher [H2O2] [11], [14]: (i)  •OH scavenging due to excess H2O2, (ii) 

insufficient amount of Fe2+ to catalyse the generation of •OH  from H2O2, and (iii) formation of hydrogen 

gas (at the cathode) in  quantities that can inhibit the formation of •OH. Figure 1c shows that high removals 

can be achieved with a low [H2O2] and a current intensity between 1 and 3 A, or else with both the highest 

oxidant concentrations and current intensities tested in this work. Naturally, the first option is preferred as 

it will have lower operating costs. In fact, the fitted model predicted the following optimal operating 

conditions: current intensity of 2.83 A, electrolysis time of 3.40 min and [H2O2] of 146 mM, allowing for 

41 % TOC removal from the cod brine. 

After EF treatment, the brines remained saturated in salt, and were diluted ( 7.5 – 8% wt. NaCl) for 

subsequent laboratory hide pickling trials. Preliminary results indicated that the quality of the hides were 

not compromised in relation to the trials performed with virgin brine (data not shown).  

4. Conclusions 

From the three operating variables studied, the [H2O2] and the current intensity significantly affected the 

TOC removal from brines coming from the cod industry. The optimal treatment conditions found were: 

current intensity of 2.83 A, electrolysis time of 3.40 min and [H2O2] of 146 mM, achieving TOC removal 

of 41%. This removal, together with the dilution of the brines to values of  7.5 – 8 % wt. NaCl, allowed 

their use in the pickling stage without comprising the quality of the hides. Therefore, this work hinted that 

the electro-Fenton process is suitable to treat of cod brines for their later use in the hide’s pickling, 

contributing to establish an industrial symbiosis. 
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