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ARTICLE INFO ABSTRACT

The ancient method of preserving fish by salting is still widely practiced but generates two challenging waste
streams: contaminated salt (solid) and brine (liquid). Conventional treatment methods are ineffective in reducing
the organic content of brine due to its high salt content (= 25-30 % wt. NaCl). Although advanced oxidation
processes are extensively used for treating certain wastewaters, their application to real saline effluents near
saturation, such as food industry brines, remains underexplored. This study optimized the electro-Fenton (EF)
Reactive species process for treating real contaminated brines from the codfish industry, aiming to reuse the treated brines in the
Tannery pickling stage of the tannery industry, thereby diverting waste streams from environment disposal. A central
TOC composite experimental design and response surface methodology were used to evaluate the effects of three EF
Valorisation process operating variables: (i) current density (76-429 A m’z), (ii) electrolysis time (1.0-10.0 min), and (iii)
hydrogen peroxide concentration ([H202], 50-201 mM), using iron electrodes. The primary goal was to maxi-
mize total organic carbon (TOC) removal from codfish brine. Additionally, the specific roles of reactive oxygen
and chlorine species responsible for TOC removal (such as HO®, Cl*, ClO, O3/HO3 and HCIO/OCI") were
investigated using scavengers. The results revealed that O3, HO3 were the main active species. The optimal EF
operating conditions were determined to be a current density of 275 A m~2, electrolysis time of 5.2 min, and
[H202] of 91 mM, resulting in a 70 % removal of TOC. The treated brines, diluted to =~ 7.5-8.0 % wt. NaCl, were
tested in hide pickling trials to assess their impact on the quality of the wet-blue leathers. Results showed that the
treated brines did not affect leather quality; instead, they enhanced shrinkage temperature from 103 °C to
112 °C. This increase of shrinkage temperature broadens the potential applications of the leather, making it
suitable for a wider range of markets and products. Furthermore, the chromium oxide content fixed in the leather
increased from 4.1 % to 5.3 %, reducing chromium in the industrial wastewater generated at the end of the
process. This valorisation of codfish brines presents a promising opportunity for industrial symbiosis between the
codfish and the tannery industries.

Dataset link: Results (Original data)
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Electrooxidation
Organic content

1. Introduction Proper disposal is critical, as large quantities of brine discharged into the

environment can adversely affect wastewater treatment plants and lead

Saline wastewater, aka brine (i.e., an aqueous solution saturated
with NaCl), is produced by several sectors, including desalination plants
(Panagopoulos, 2022), oil and gas (An et al., 2017), coal (Zhong et al.,
2021), textile (Ramos et al., 2021), fish processing (Giwa et al., 2017),
leather (Maharaja et al., 2021), among others. The management of
brines in these sectors has become a major environmental concern.

to the wastage of resources(Mavukkandy et al., 2019; Partal et al.,
2022). Industries like codfish processing, often located near coastlines,
tend to discharge brine directly into the sea, which could cause
long-term negative effects on marine ecosystems (Partal et al., 2022).
The increasing number of inland industries, coupled with water scarcity,
has led to an increase in desalination plants. Although these plants
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produce clean water, the disposal of their brine byproduct remains a
significant environmental burden (Mavukkandy et al., 2019; Pan-
agopoulos, 2022). Therefore, there is a pressing need for innovative
approaches to reduce brine discharge into the environment and to
mitigate its ecological impact when such discharge is unavoidable.

Recent efforts have focused on the potential for water and salt re-
covery, aiming to reduce dependency on natural resources by adopting a
circular economy approach (Chen et al., 2021; Giwa et al., 2017;
Mavukkandy et al., 2019). However, treating brines for reuse in other
industrial processes, particularly within the scope of industrial symbi-
osis to achieve zero liquid discharge, remains unexplored. Conventional
treatment processes are often ineffective at reducing the organic content
of saturated brines, such as those produced by the codfish industry,
where high salt concentrations may hinder or suppress microbial ac-
tivity in both aerobic and anaerobic biological processes (Kokabian
et al., 2013; Maharaja et al., 2021). On the other hand, treated codfish
brines hold potential to be reused in other industrial applications, such
as the pickling stage in tanneries. This process requires significant
quantities of water and salt (= 7.5-8 % wt. NaCl) to prevent acidic hide
swelling (Bes-Pia et al., 2008; Sarinho et al., 2023).

In recent years, electrochemical technologies, including electro-
coagulation (EC) and electrooxidation (EO), based on Advanced
Oxidation Processes (AOPs), have gained attention for wastewater
treatment. These technologies have demonstrated effectiveness in: (i)
removing several pollutants from industrial wastewaters, including
contaminated brines, (ii) offering cost advantages over alternative
technologies, and (iii) providing potentially greater efficiency (Alam
et al., 2022; GilPavas et al., 2017; Kuleyin et al., 2021; Nidheesh and
Gandhimathi, 2012; Suman et al., 2021). In the EC process, aluminium
or iron electrodes are commonly used as anodes to generate coagulant
agents in situ through electrolytic oxidation, promoting pollutant
removal (GilPavas et al., 2017). The ions released (AI°t or Fe2t) are
hydrolysed in the bulk solution (Eq. (2)), forming various monomeric
and polymeric species that ultimately transform into insoluble (oxy)
hydroxide (Tegladza et al., 2021). The dissolution of metal from anode
can be estimated using the Faraday’s law (Eq. (1)).

_IxtxM,

- 1
Wo=—"7"F M

Where Wy, is the theorical mass of metal dissolved (g), I is the applied
current intensity (A), t is the electrolysis time (s), M,, is the molecular
weight of the metal, Z is the number of electrons involved in the redox
reactions, and F is the Faraday’s constant (96,500 C mol™1).
Additionally, water is electrolysed, generating oxygen at the anode
and hydrogen gas at the cathode (Egs. (3)-(4)), which enhances the
removal of organic material through flotation (Naje et al., 2016). The EO
process focuses on the electrogeneration of hydroxyl radicals (HO®),
powerful and non-selective oxidant with a potential of +2.80 V, which
attack pollutant molecules present in the wastewater (GilPavas et al.,
2017; Cuerda-Correa et al., 2020). EO process can occur in two main
ways: (i) direct oxidation, where pollutants adsorbed onto the anode
surface decompose through electron transfer, without requiring an
oxidizing agent; and/or (ii) indirect oxidation, where pollutants
decompose via oxidation reactions with in situ or externally added oxi-
dants, such as hypochlorite, chlorine and hydrogen peroxide (H205, E°
=+ 1.76 V) (Guo et al., 2022; Kuleyin et al., 2021; Cuerda-Correa et al.,
2020). A key advantage of the direct EO process is that it does not
require the external addition of reagents for hydroxyl radical’s pro-
duction. However, the process can become costly due to the need for
inert anode electrodes, such as boron-doped diamond (BDD), titanium
(Ti), graphite, or platinum (Pt) (Nidheesh et al., 2018; Sun et al., 2021).
The combination of EC and indirect EO processes (e.g., electro-Fenton)
has proven highly effective in treating industrial wastewaters due to
the generation of strongly oxidizing species through electric current
(Afanga et al., 2020; Barrera-Diaz et al., 2014; Garcia-Espinoza et al.,
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2023; GilPavas et al., 2019). Generally, the electrochemically-assisted
Fenton process, which uses iron as catalyst, can follow four different
approaches depending on the addition or formation mechanism of the
Fenton reagent (Abbasi et al., 2022; Doumbi et al., 2022; Nidheesh et al.,
2018; Ramos et al., 2021; Ribeiro et al., 2020; Ribeiro and Nunes, 2021):
(i) Fe?* is externally added and H,0, is indirectly generated through
oxidation reactions with inert electrodes; (ii) both Fe?* and H,0, are
externally added to produce HO® in the electrolytic cell, with Fe?* being
regenerated at the cathode; (iii) Fe?* and Hy0, are electrogenerated
using a sacrificial anode and an inert cathode; and (iv) HoO is externally
added, and Fe?t provided from sacrificial iron anodes, Eq. (2).
In anode:

Fe —Fe?! +2e” 2
In cathode:

2H,O0 +2e” - Hy; + 20H™ 3

2H" 4 2e"—H, 4

In the latter approach, the Fe?" ions released from the anode react
with Hy0,, generating three main oxidants (Egs. (5)-(8)): HO®, hydro-
peroxyl radical (HO3, E° = +1.44 V) and superoxide anion (03", E° =
+0.93 V) (Andrés et al., 2023; Cuerda-Correa et al., 2020). These species
actively degrade the organic matter in solution.

Fe** + H,0, — Fe’" + OH™ + HO' )]
Fe*" + H,0, — Fe?' + HO, + H* (6)
H,0, +HO - H,0 + HO, )
0, +H" < HO, ®
Fe?" + HO —Fe*' + HO™ )

Some of the limitations of the Fenton process include the rapid
oxidation of iron into less reactive species and the generation of large
amounts of sludge (Ribeiro and Nunes, 2021). Although both Fe?" and
Fe3* can generate HO®, the reaction in Eq. (6) is significantly slower
than that in Eq. (5), leading to excess iron hydroxides and subsequent
sludge formation. To overcome these drawbacks, the electro-Fenton
process has been proposed as an alternative (De Carluccio et al., 2024;
Yénez-Angeles et al., 2025). The EF process is typically conducted under
acidic conditions (pH = 3) to promote the formation of highly reactive,
non-selective intermediate species that initiate the oxidation of organic
compounds (Afanga et al., 2020; Nidheesh and Gandhimathi, 2012;
Ribeiro et al., 2020). Its overall performance and stability are influenced
by wastewater composition, operating conditions, and reactor design
(Guo et al., 2022; Peng et al., 2025). Additionally, increasing solution
conductivity enhances EF efficiency, making it particularly suitable for
treating saline wastewater (Alam et al., 2022; Pasciucco et al., 2025;
Peng et al., 2025). In the presence of high NaCl concentrations, chloride
ions (C17) can react with HO3 and HO® to form reactive chlorine spe-
cies, such as Cl°, Cl3~, ClO®, Cl,, and HCIO (Lai et al., 2021). Several
studies have demonstrated the effectiveness of the EF process in treating
saline wastewater. For instance, Darvishmotevalli et al. (2019) suc-
cessfully removed 91.78 % of COD from a synthetic saline wastewater
(= 3% wt. NaCl) using EF. Similarly, Chai et al. (2021) highlighted the
EF process’s potential as an emerging technology for treating
high-salinity (1 % wt. NaCl) organic wastewater. On the other hand,
elevated Cl~ concentrations in wastewater can significantly impair the
efficiency of organic matter removal by AOPs (Chen et al., 2022; Li et al.,
2024; Yang et al., 2023). Yang et al. (2023) observed that increasing Cl™
concentrations from 0.5 to 2 M reduced total organic carbon (TOC)
removal in the UV/H305 process, with TOC removal of 23.56 % and
13.82 %, respectively, compared to 12.31 % in the absence of Cl". These
findings suggest that scavenging effects by CI~ become particularly more
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pronounced at higher Cl™ concentrations, reducing the removal of
organic matter. While the performance of AOPs for treating saline
wastewater has been widely discussed (Huang et al., 2024; Ye et al.,
2024), their application to real streams remains limited (Carneiro et al.,
2024), particularly for highly saline solutions near saturation (=2 30.0 %
wt. NaCl at 25 °C), where the reactive medium is still not well under-
stood. Moreover, to the best of the authors’ knowledge, no reported
studies have incorporated saline solutions from the food industry, treat
them, and subsequently reuse them in another industrial sector.
Addressing this research gap, the present study evaluated efficiency of
the EF process in the reducing organic content in real codfish industry
brine for its potential reuse in the tanning industry. The specific objec-
tives were to: (i) optimize the EF process for treating contaminated
codfish brine (CcB); (ii) identify the predominant reactive oxygen spe-
cies (ROS) involved in organic matter oxidation; and (iii) assess the
applicability of the treated brines (tB) for hide pickling.

The innovation of the present work lies in its novel approach for
treating and valorising saline waste from the codfish industry within the
framework of industrial symbiosis. By contributing to the development
of a zero-liquid discharge system, this study plays a crucial role in
enhancing the sustainability and circularity of the codfish industry.
Instead of disposing these materials into the environment, they are
reintegrated into the economic cycle, thereby reducing environmental
impact and creating new opportunities for industrial applications.
Furthermore, this research highlights the urgent need to scale these
technologies to an industrial level, thereby promoting sustainable
practices across different industries processes.

2. Materials and methods

To achieve the study’s objectives, CcB was treated at lab scale by EF
process, employing iron electrodes and externally added hydrogen
peroxide as the oxidant. The effects of electrolysis time (¢, min), current
density (J, A-m’z), and H,05 concentration ([H202]) on removal of TOC
from CcB were evaluated. After treatment, each brine from the different
experimental condition was diluted (= 7.5-8.0 % wt. NaCl) and sub-
jected to laboratory hide pickling trials to assess its effect on the quality
of the wet-blue leathers.

Additionally, the contribution of ROS, including HOe, Cle, ClOe,
HCIO/OCl™ and Oe—/HO5e, to TOC removal was investigated using
scavengers.

2.1. Chemicals

Hydrogen peroxide (H202, 30 % wt./v), sulfuric acid (H2SO4, 96 %),
sodium nitrite (NaNOg, >97 %) and sodium sulphite (NaySOs, 98 %)
were purchased from Fisher Chemical. Tert-butyl alcohol (TBA —
C4H190, >99 %), chloroform (CHCl3, 99 %) and ammonium sulphate
((NHZ)2S04, >99 %) were obtained from VWR Chemicals. All chemicals
were used as received, without further purification, and all solutions
were prepared using distilled water.

2.2. Contaminated codfish brines

A real contaminated and NaCl-saturated brine from a Portuguese
codfish industry was treated by EF process. Two grab samples were
collected at different time periods, and their physical-chemical compo-
sition characterized using standard methods (see Section 2.6). The mean
values of each parameter (based on three repetitions) and the corre-
sponding standard deviations (s) are shown in Table 1.

Most of the suspended solids in the brine samples were inorganic (=
89 % wt.). As shown in Table 1, the high conductivity and TDS values
indicate a significant concentration of dissolved salts, corresponding to
approximately 28 % wt. NaCl. The pH was slightly acidic and therefore
required adjustment to 2 — 3 before EF treatment. Regarding TOC
content, the recorded values in both samples were of the same order of
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Table 1
Physico-chemical characterization of the contaminated codfish brines used in
this study.

Parameter Sample 1 (S;) Sample 2 (S3)
Mean =+ s Mean + s

Total Organic Carbon, TOC [mg L 4280.2 +13.4 5852.2 + 57.5
Absorbable Organic Halides, AOX [mg L] - 154 +£1.2
Total Suspended Solids [mg L™!] 9651.0 + 204.9 8171.9 £131.5
Volatile Suspended Solids [mg L 989.4 + 8.3 767.5 + 36.4
Total Dissolved Solids, TDS [g L1 279.1 + 14.4 284.3+7.8
pH 6.1+0.3 6.4+ 0.3
Conductivity [mS cm’l] 322.5+ 0.3 304.8 +£ 0.1

S;- sample used in the assays tB; to tB,7; Sy- sample used in the assays tB;g and
Rs1 to Rgs.

magnitude as those reported by Souli et al. (2023) for fish canning
wastewater.

2.3. Brine treatment and application

The schematic representation of the experimental procedure for the
treatment assays of CcB is shown in Fig. 1. The batch reactor used in this
study had a working volume of 1 L and was equipped with two iron
plates electrodes, with a total contact area of 79.2 cm?, placed 10 cm
apart. These electrodes were connected to a DC power supply (MLINK,
RYI). The iron released from the sacrificial anode served a dual purpose
in the EF process, acting both a catalyst (see Eq. (2)) and a coagulant,
facilitating electrocoagulation. Before treatment, the pH of CcB was
adjusted to 2.4 using sulfuric acid (H2SO4, 36 N), the same acid used in
hide pickling stage. The oxidant (H205) was then added in a single step
under agitation using an open straight two-bladed polymer impeller.
The DC power supply was switched on with pre-set current intensity and
voltage values, and electrolysis time was recorded. After the pre-
established electrolysis time had elapsed, the power supply was
switched off, and the brine was transferred to a graduated cylinder for a
1 h settling period to allow suspended particles to settle. Supernatant
samples were collected, immediately quenched with a 1.5 M of sodium
sulphite aqueous solution, preserved (with pH adjustment using H2SO4
if needed), and stored at temperature below 4 °C for subsequent TOC
quantification and hide pickling tests. All EF assays were performed at
room temperature (c.a. 20 °C) without addition of supporting electro-
lytes, relying on the raw conductivity of the CcB. To prevent electrode
passivation and ensure even wear, the electrode polarity was reversed
before each assay.

The hide pickling assays were performed using bovine skin flaps
from the neck area, which had been previously delimed and purged. A
reference pickling assay was also conducted using virgin brine prepared
with virgin salt as a control. These trials were carried out at lab-scale to
evaluate various leather properties/contents, namely thickness,
shrinkage temperature, grease content, free fatty acids (FFA) content,
and hexavalent chromium content.

2.4. Statistical data treatment of EF process

The central composite rotatable design (CCRD) and the response
surface methodology (RSM) were used to evaluate the effect of three
operating variables (i.e., independent variables or factors) on TOC
removal (i.e., dependent variable or response), namely: current density,
electrolysis time and Hy02 concentration. This approach allows for the
investigation of both individual effects and the interaction effects be-
tween these variables. For further details on this methodology and ex-
amples of its application, see, for instance, Ribeiro et al. (2020),
Rodrigues and Iemma. (2014) and Vargas et al. (2021).

Table 2 presents the predefined ranges for the experimental design,
where “-17, “0”, “+1” and + “1.68” represent the minimum, central,
maximum, and axial points, respectively. These ranges were determined
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Fig. 1. Schematic diagram of brine treatment by the EF process.

Table 2
Experimental range of the studied independent variables used in the CCRD ex-
periments for optimization of TOC removal efficiency by electro-Fenton process.

Table 3
Scavenging reagents and their respective ratios to the oxidant used in the
electro-Fenton process.

Independent variable —-1.68 -1 0 +1 +1.68
Current density, J [A m2 76 151 252 353 429
Electrolysis time, t [min] 1.0 3.6 6.0 8.4 10.0
[H202] [mM] 50 80 125 170 201

based on preliminary screening experiments (data not shown) and a
literature review. A total of 17 assays were performed, including 3
repetitions at the central point, to assess statistical inferences and pro-
cess repeatability. The assays were carried out in random order to
minimize systematic errors, with the central point repetitions scheduled
at the beginning, middle, and end of the trial sequence.

The regression model fitted to the experimental data was a second
order polynomial function, as described in Eq. (10).

Y=k +ax; + bx? + cxa + dx3 + exs + fx3 + g1X2 + hx1X3 + jxaX3
(10)

where Y represents the fitted response (TOC removal), k, a, b, ..., j are the
regression coefficients. The terms x;, x2 and x5 represent the indepen-
dent variables: current density, electrolysis time and [Hy03], respec-
tively. The last three terms of Eq. (10) correspond to the interactions
between the operating variables. An analysis of variance (ANOVA) of the
regression was performed to evaluate the model’s adequacy. The
determination coefficients (R? and Rgdjusted) and the Lack of Fit test were
used as metrics to assess the model’s goodness-of-fit. Standardized re-
siduals plots were analysed to validate the model’s underlying as-
sumptions. Once the best-fitting regression model was identified and
validated, the optimal operating conditions were determined using
RSM. To further validate the model, three experimental runs were per-
formed under the predicted optimal conditions, allowing for comparison
between the model-predicted and experimental results. The composite
sample of the three treated brines (tB;g) was also used for hide’s pickling
trials. A 95 % confidence level was adopted for statistical analyses.
Statistical analysis was performed using StatSoft Statistica® v. 8.0
software.

2.5. Reactive oxygen species

After determining the optimal EF experimental conditions, an addi-
tional set of EF experiments was conducted to evaluate the contribution
of different ROS on TOC removal (Table 3). Scavenging reagents were
added to the brine after pH adjustment and prior to the addition of the
H»0,, following the procedure described in Section 2.3. Each experi-
ment was performed in triplicate.

Assay Scavenging ROS Scavenging References
reference reagents scavenged reagent:H0,
(mol:mol)
Rs, TBA HO?®, CI°, 1:1 Lal and Garg
clo* (2017)
Rso NaNO, HO* 1:1 Ren et al.
(2022)
Rss CHCl3 05/HO3 2:1 Lal and Garg
(2017)
Rss (NHZ)2S04 HClO/0Cl™ 31 Ren et al.
(2022)
Rss (NH;)2S0,4 HCIO/ 3:1and 1:1 Lal and Garg
and TBA OCl HO®, (2017) Ren
Cl*, clo* et al. (2022)
Table 4
ANOVA results of the response surface quadratic model with interactions.
Variable Sum of Degrees of Mean F- p-
squares freedom square value value
X1 312.8 1 312.8 202.6 0.005
X3 2.724 1 2.724 1.765 0.315
X2 894.5 1 894.5 579.6 0.002
x2 316.5 1 316.5 205.1 0.005
X3 3.931 1 3.931 2.547 0.252
x§ 4.734 1 4.734 3.068 0.222
X1X2 396.2 1 396.2 255.7 0.004
X1X2 20.80 1 20.80 13.48 0.067
X2X3 39.16 1 39.16 25.37 0.037
Lack of 142.7 5 28.53 18.48 0.052
fit
Pure 3.087 2 1.543
error
Total 2031.5 16
R*=~ 0929 Ri;=~ 0.836

2.6. Analytical methods

TOC concentration was quantified according to standard method
5310 B (American Public Health Association APHA et al., 1999) using a
Sievers InnovOx lab TOC analyser. Solids quantification was performed
following standard methods 2540 C (Total Dissolved Solids), 2540 D
(Total Suspended Solids), and 2540 E (Volatile Suspended Solids)
(American Public Health Association APHA et al., 1999). pH and elec-
trical conductivity were measured with a Consort Instrument®
multi-parameter meter. The properties of the leather after the pickling
tests were assessed using procedures outlined in ISO 5433 (2013). AOX
was quantified by coulometric titration, following EN 16166:2012, ISO
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9562:2004, and EPA Method 1650C, using a Thermo TOC 1200 AOX/-
Total Carbon Analyser.

3. Results
3.1. Optimization of electro-Fenton process

Table 5 presents the TOC concentrations of the treated brines (assay
tB1 to tB17) under each experimental condition tested. TOC removals
were calculated using these values and the initial TOC concentration of
brine sample S; (shown in Table 1). The best-fitting model for TOC
removal is given in Eq. (11), with an R? =~ 0.93 and Rgdjusted >~ (.84,
indicating that 93 % of the variability in the data was explained by the
model. Additionally, Figure. S1 (d) confirms the model’s adequacy, as
the predicted values closely align with the observed ones along a 45°
diagonal line. According to Darvishmotevalli et al. (2019), an R? above
0.80 is typically considered acceptable for good agreement between
predicted and experimental values. Moreover, the model’s Lack of Fit
was statistically non-significant (p-value = 0.052), suggesting that the
regression model adequately predicts the effects of the three indepen-
dent variables studied on the response variable.

Y=64.91 +9.417x; + 0.9351x% — 15.83x, — 8.726x2 — 1.073x3
+ 1.328x3 + 14.07x;x3 + 3.225x;x3 — 4.425x2X3 an

The assumptions of the regression model were validated by the
analysis of residuals plots (Fig. S1) and no outlier was identified.

Each term in the model was tested for significance and the results are
presented in Table 4.

The results presented in Table 4 indicate that both the linear and
quadratic terms of the electrolysis time (x2 and x3) had statistically
significant effects on TOC removal (p-value <0.05), as well as the linear
term of current density (x;). Two significant interaction terms were
identified: one between current intensity and electrolysis time (positive
sign) and another between electrolysis time and [H203] (negative sign).
The positive interaction refers to synergistic effects; in other words,
when electrolysis time is higher, the effect of [Hy02] on TOC removal
increases and vice versa. The order of significance of the three factors
influencing TOC removal is electrolysis time > current density >
[H202].

Similar findings were reported by Karabacakoglu and Karaduman

Table 5
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(2024), who investigated the effects of voltage, [H2O3], pH, electrode
spacing, and electrolysis time on the removal of reactive yellow 145 azo
dye using EF process (anode: iron; cathode: carbon fibre). They found
that [H202] was the only variable that did not significantly affect
removal efficiency, with the order of impact being voltage > electrode
spacing > electrolysis time > pH > [H202]. The authors also identified a
relationship between [H0,] and removal efficiency. While it might
have seemed intuitive that increasing the [H205] would enhance the
generation of HO® radicals, this relationship was not linear. The authors
highlighted that increasing the [H2O3] can promote secondary re-
actions, such as those described in Eq. (6), which generate HO3 radicals
with a lower oxidation potential compared to HO® radicals. Further-
more, when both H,05 and Fe?* ions are present in excess, additional
reactions, like those detailed in Eq. (7) and Eq. (9), may occur, further
inhibiting removal efficiency. Meng et al. (2022) also explored the EF
process to treat cooking wastewater using an iron cathode and titanium
anode. They found that voltage and electrode spacing were the most
significant variables affecting COD removal, likely because current
density decreases as the electrode spacing increases. Conversely, Ghjair
et al. (2023) reported that for COD removal from hospital wastewater
using iron and stainless-steel electrodes, the linear terms of [H203],
current density, and electrolysis time were statistically significant
([H203] > current density > electrolysis time), but the interaction ef-
fects were not. Guvenc et al. (2017), investigating the EF process for
removing COD, phenol, and Ca?* from paper mill wastewater, ranked
the significance of variables as pH > current density > [HO2] > elec-
trolysis time. The differences in results across studies may stem from
variations in wastewater sources and electrode materials, underscoring
the importance of customizing EF optimization to the specific effluent
and its post-treatment use.

The response surface plots showing the TOC removal registered in
this work are depicted in Fig. 2. TOC removals achieved after brine
treatment by EF ranged from 35 to 70 %.

For a given [Hy05] within the tested ranges, TOC removal can be
achieved by either using a lower current density with a shorter elec-
trolysis time or, alternatively, a higher current density with a longer
electrolysis time (Fig. 2 (a)). From an economic perspective, the latter
approach is preferable, as reducing electrolysis time could help lower
costs while maximizing treatment efficiency. When electrolysis times
exceed 6 min and current density falls below 300 A m~2, TOC removal
remained low (20-40 %), suggesting that HyO3 rapidly oxidized organic

Effect of electro-Fenton treated brines on the quality parameters of chrome tanned leathers.

Assay EF experimental condition Wet-blue’ leathers quality parameters
J[Am 2] t [min] [H20,] [mM] [Fe]” TOC" [mg L] Thickness [mm] Shrinkage Grease [%] FFA [%] Cry03 [%]
[mM] T [°C]

Virgin brine 3.91 103.0 0.5 <0.10 4.1
tBy 76 6.0 125 1.12 1617 3.92 109.0 1.2 <0.10 4.1
By 429 6.0 125 6.34 1317 3.63 108.5 1.1 <0.10 4.8
tBs 252 1.0 125 0.62 1517 4.23 109.5 1.0 <0.10 4.4
tBy 252 10.0 125 6.22 2770 3.31 110.5 1.1 0.20 5.1
tBs 252 6.0 50 3.73 1513 3.67 110.5 1.3 0.10 4.5
tBe 252 6.0 201 3.73 1373 3.36 109.5 0.9 0.10 4.8
tB; 151 3.6 80 1.34 1327 3.29 109.5 1.0 0.10 5.0
tBg 353 3.6 80 3.13 1427 3.36 107.5 0.7 <0.10 4.8
tBy 151 8.4 80 3.13 2227 3.36 109.5 1.1 <0.10 4.5
tB1o 151 3.6 170 1.34 1347 3.45 108.5 1.2 <0.10 5.4
tB11 353 8.4 80 7.31 1253 3.80 110.5 1.4 <0.10 4.6
tB12 353 3.6 170 3.13 1300 3.96 108.5 0.1 <0.10 4.2
tBy3 151 8.4 170 3.13 2757 3.63 112.0 1.7 0.20 4.4
tB14 353 8.4 170 7.31 1373 3.32 108.5 1.3 0.10 5.1
tBys 252 6.0 125 3.73 1547 3.37 107.0 1.2 0.10 5.2
tB1e 252 6.0 125 3.73 1457 3.72 102.5 0.9 0.10 4.1
tBy7 252 6.0 125 3.73 1453 3.79 104.0 1.6 <0.10 4.3
tB1g 278 5.2 91 3.07 1767 3.92 109.5 0.7 <0.10 4.8

@ predicted by Eq. (1).
b after EF treatment.
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Fig. 2. Response surface plots of TOC removal as a function of: (a) electrolysis time and current density for [H,05] = 125 mM, (b) electrolysis time and [H,0,] for
current density = 252 A m~2, (c¢) [Hz0;] and current density for electrolysis time = 3.6 min. The gradient colour legend, which represents TOC removal [%], is

common to all three plots.

pollutants in the CcB within a short time frame.

Nidheesh and Gandhimathi (2012) noted in their review that EF
efficiency decreases at higher current density. Similarly, Pasciucco et al.
(2025) investigated the optimal operating conditions for treating sec-
ondary tannery effluents at neutral pH using EF process. Among the
variables studied - current density, [HoO5], and electrolysis time -cur-
rent density was identified as the most significant variable influencing
COD removal. The authors observed that increasing current density
accelerates the electrochemical reactions by promoting Fe?" ion release.
However, employing high current densities may lead to several unde-
sirable effects, such as corrosion of the anode surface and increased iron
sludge production. Furthermore, increased current results in excess of
iron and H; gas in solution, causing competitive reactions between hy-
droxyl radicals and excess ferrous ions, as described in Egs. (6)-(9)
(Doumbi et al., 2022).

Fig. 2 (b) shows that for an electrolysis time of 6 min, increasing
[H205] leads to a slow decrease in TOC removal. This decline in effi-
ciency for longer electrolysis times can be attributed to three potential
factors (Doumbi et al., 2022; Yavuz et al., 2014): (i) insufficient Fe?t to
catalyse the generation of HO® from HyOy; (ii) formation of hydrogen
gas at the cathode, which may inhibit HO® production; and (iii) the
formation of more persistent low molecular weight compounds that are
harder to degrade. To evaluate the first factor, the iron released from the
anode was estimated using Eq. (1) for all experimental conditions, with
the corresponding the values presented in Table 5. A comparison be-
tween tB13 and tB14, both with the same treatment time (8.4 min) and
[H202] (170 mM) but different iron concentrations, highlights the
impact of Fe?t availability. tB14, with an iron concentration estimate of
7.31 mM, achieved 68 % TOC removal, whereas tB; 3, with only 3.13 mM
of iron, achieved 36 %.

Within the tested ranges, a combination of lower current density and
lower [H20;] provided better TOC removal for a given electrolysis time
(Fig. 2 (c)). James and Garg (2024) reported similar findings in their
study on the EF process (with HyOy externally added and Fe from
sacrificial anodes) for removing high concentrations of sulphides and
phenols from synthetic sulphidic spent caustic wastewater. Phenol
removal increased from 65 % to 85.5 % as [H,O-] rose from 260 mM to
790 mM, but further increases in [HpO3] showed only marginal im-
provements (=2 90 % at [H,O2] = 1000 mM), with an electrolysis time of
2 h. They also observed that increasing current density from 10 to 20 A
m 2 reduced phenol removal from 98 % to 95 %, under the same elec-
trolysis time. Similarly, Doumbi et al. (2022) observed low degradation
of organic matter for current intensities up to 0.3 A when applying EF
process to treat tannery wastewater using graphite electrodes (with iron

externally added). Likewise, Yu et al. (2023) reported the same trend
when applying EF for the removal of pesticides from wastewater, with
iron added externally and titanium plate with ruthenium-iridium
coating serving as the anode. They recommended using a low current
density (<200 A m_z) and an electrolysis time within 1 h. When
applying a direct EO process (with BDD electrodes) for removing
pharmaceutical compounds from real wurban wastewater,
Jiménez-Bambague et al. (2023) found that high current values can
accelerate the production of Hp0y and Fe2+, contributing to TOC
removal up to a maximum point, beyond which removal efficiency de-
clines. These studies consistently highlight the importance of optimizing
current density and [Hz02] to balance reactive species generation and
minimize side reactions that could hinder pollutant degradation. In line
with these findings, the model from Eq. (11) predicts the following
optimal operating conditions: current density of 275 A m~2, electrolysis
time of 5.2 min and [H205] of 91 mM, resulting in a predicted TOC
removal of = 70 %. The three experimental runs carried out under these
optimal conditions achieved a TOC removal of 69.8 % + 0.6 %, thereby
validating the model. In addition, the power consumption under these
optimal conditions was 0.61 kWh m™> of treated brine, which falls
within the range reported in previous studies on electrochemical pro-
cesses applied to real wastewater (Rodriguez-Pena et al., 2024; Sarinho
et al., 2023).

3.2. Contribution of reactive oxygen species to TOC removal

To identify the predominant ROS involved in the oxidation of
organic matter during the EF process, experiments were performed
using radical scavengers. The results from these experiments were
compared with the treatment of codfish brine under optimal operating
conditions, without scavengers (tB18), as presented in Fig. 3.

Adding scavengers, such as TBA and (NHZ4),SO4, to the reaction
medium decreased TOC removal from 70 % (tB;g) to 48-49 % (Rs7 and
Rsy, respectively). Notably, CHCl3 exhibited the strongest inhibitory
effect (Rs3 = 28 %), indicating that O3 /HO3 radicals, rather than HO®,
played a central role in the EF process when applied to the wastewater
matrix of this study. This is consistent with the findings of Lai et al.
(2023), who investigated polycyclic aromatic hydrocarbons (PAHs)
removal in a Fenton/Cl™ system using simulated sludge solid phase. In
that study, p-benzoquinone, which targets O3 /HO3, notably inhibited
PAHs removal, and an increased Cl~ content (>1000 mg LY corre-
sponded to an increased contribution of O3 /HO3 radicals in the process.
Chen et al. (2022) also observed that in a FeSiB/H30, system with
specific C1~ concentrations, TBA did not exhibit the strongest inhibitory
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Fig. 3. Effect of radical scavengers on TOC removal during electro-Fenton
process compared to treated brine (tB18) in the absence of scavengers.

effect. Using scavengers like methanol for HO® and SO57), TBA (for
HO®), and furfuryl alcohol (for 105) at 10 mM, they found that the
removal of azo dye OII decreased, after 60 min, from 83.43 % to 67.39
%, 70.45 % and 32.93 % with methanol, TBA and furfuryl alcohol,
respectively.

Given the high salt content in codfish brine, Cl™ ions could react with
H305 and HO® to form ROS that promote the process’s efficiency, which
may explain the lower TOC removal observed in Rs3 (see Eq. (6)). Yang
et al. (2023) investigated Cl™ effects on TOC removal in an UV/H04
system, reporting that TOC removal increased with Cl™ concentration
from O M to 2 M. They suggested that HO® not only attacks pollutants but
also interacts with HoO2 or HO3, generating HO3. Other studies also
report enhanced organic compound removal when AOPs are applied to
wastewater containing Cl . For instance, Khatri et al. (2018) observed
maximum TOC removal from synthetic wastewater by EF when NaCl
was used as a supporting electrolyte, compared to Nap,SO4 and KCl.
Rahmani et al. (2015) similarly found that COD removal efficiency
increased from 47 % to 72 % with NacCl, attributed to indirect double
oxidation (by HO® and active Cl~). However, Titchou et al. (2022) re-
ported varied TOC removal efficiencies when applying EF process to
textile wastewater containing dye pollutants using a BDD/carbon felt
cell with different supporting electrolyte. Specifically, with 100 mM
NaCl, TOC removal reached 68 %, whereas with 50 mM NaySOy, the
TOC removal improved to 90 %. Chen et al. (2022) highlighted a critical
issue with high salinity wastewaters: the formation of chlorinated
organic byproducts, especially absorbable organic halides (AOX). Their
study found that AOX concentration increased by approximately 91 % in
the presence of 30 g L™! NaCl during AOP. These findings are similar to
those of the present study, where AOX concentrations in codfish brine
increased by approximately 48 % after treatment under optimal condi-
tions (tB;g). While AOX formation is a concern in AOPs applications due
to potential toxicity (Xu et al., 2020), in this study, the treated brine was
not intended for discharge but for reuse in the pickling stage of leather
tanning. The next section discusses the application of this treated brine
in hide pickling, where the presence of AOX did not compromise the
quality of the hides.

3.3. Application of the treated brines in hide’s pickling

After EF treatment, the brines remained saturated with salt (&2 27 %
wt. NaCl) and, as reported by Sarinho et al. (2023), required dilution to
=~ 7.5-8 % wt. NaCl for laboratory hide pickling trials. Table 5 presents
the results of quality tests, based on ISO 5433 (2013) conducted on
chrome-tanned leathers using EF-treated brine in pickling stage. The
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application of EF-treated brine yielded promising results compared to
virgin brine. Notably, wet-blue leathers treated with EF-processed brine
exhibited higher shrinkage temperatures, indicating improved thermal
stability. Shrinkage temperature increased from 103 °C (virgin brine) to
113 °C (tB13). Similar findings were reported by Sarinho et al. (2023),
where a salt-derived brine, generated from the curing of hides and
treated by electrocoagulation, also enhanced the shrinkage temperature
of the hides (103.5 °C-110.5 °C). Furthermore, the chromium oxide
content consistently exceeded 3.5 %, meeting the ISO 5433 (2013)
specification (Cro03 > 3.5 %).

Regarding FFA, all tested conditions - except for assays tB4 and tB13 -
produced treated brines that maintained the required quality parame-
ters for wet-blue leathers. Specifically, shrinkage temperature remained
above 100 °C, Crp03 content exceeded 3.5 %, and FFA stayed within the
acceptable limit of <0.10 % (ISO 5433, 2013). However, brines from tBy4
and tB; 3 exhibited excessive FFA levels, which may compromise leather
quality in future applications.

Overall, the results indicate that TOC removal above 35 % is suffi-
cient to ensure satisfactory leather quality, as long as FFA remains below
the required threshold. These findings reinforce the viability of EF-
treated brine for reuse in the pickling stage while maintaining compli-
ance with ISO 5433 (2013) standards.

4. Challenges and future perspectives

The EF process, like the traditional Fenton process, has already been
implemented at an industrial scale; however, its widespread adoption
remains limited due to several challenges. Despite its proven effective-
ness, key barriers such as energy consumption, efficiency, and operating
costs still hinder broader application. Ribeiro et al. (2024) reported that,
in the Fenton process, the continuous loss of iron ions and the formation
of solid sludge require additional management strategies. Another crit-
ical limitation is the high cost of chemical reagents, particularly the
hydrogen peroxide, which significantly impacts process economics.
Additionally, Feijoo et al. (2023) highlighted that the acid conditions
required for the Fenton-based processes, including EF, further increase
operating costs. In the case of EF, these costs are compounded by elec-
trode maintenance and energy consumption (Rodriguez-Pena et al.,
2024). In this study, the EF process demonstrated advantages that could
help mitigate some of these challenges. When applied to saline waste-
waters, which naturally have high conductivity, EF can operate at lower
current densities, reducing overall energy consumption. Regarding the
electrode materials, using scrap iron electrodes presents a cost-effective
alternative by lowering reagents expenses while also facilitating easier
replacement. Although Hy0, remains a key oxidant in Fenton-based
processes (Ribeiro et al., 2024), identifying alternative oxidants could
further reduce costs and potentially lessen the overall environmental
impact. Therefore, future research should explore alternative oxidants,
assess EF performance in real, complex wastewater matrices, and
conduct Life Cycle Assessment studies to enhance the economic and
environmental viability of EF technologies.

5. Conclusions

The electro-Fenton process was investigated for treating saturated
brines from the codfish industry focusing on maximizing the organic
matter removal. Among the three operating variables studied, current
density and electrolysis time had the most significant impact on TOC
removal. The optimal conditions - current density of 275 A m~2, elec-
trolysis time of 5.2 min and [Hy05] of 91 mM - achieved a TOC removal
of 70 %. Most treated brines did not compromise wet-blue leather
quality, demonstrating their potential for reuse in the pickling stage of
the tanning industry. Additionally, an increase in shrinkage temperature
was observed in almost all experimental conditions tested, suggesting
that leather processed with the treated brines could meet more
demanding quality requirements for broader applications.
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Additionally, the specific roles of reactive oxygen and chlorine spe-
cies responsible for TOC removal was tested, and the addition of chlo-
roform as a scavenger underscored the role of superoxide radicals over
hydroxyl radicals in TOC removal. This insight enhances understanding
of the reactive species’ contributions in the electro-Fenton process
applied to high-salinity wastewater. The synergistic effects between
chlorine and HO® remain unclear, and further investigation is recom-
mended to clarify the underlying mechanisms. During the electro-
Fenton process, iron dissolution could increase operating costs, using
scrap iron as sacrificial electrodes presents a cost-effective alternative.
Future research should focus on scaling up the process, assessing eco-
nomic viability, and optimizing in situ HoO2 generation or alternative
oxidants to improve efficiency. Overall, this study demonstrates the
potential of treated brines for reuse in the tanning industry, promoting
industrial symbiosis and contributing to a circular economy and
enhancing resource efficiency.
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