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Featured Application: Understanding leachate treatment systems through organic matter monitoring.

Abstract: The presence of refractory compounds in stabilized leachates makes treatment complex.
In leachate treatment systems, the lack of data on the characterization of leachates and effluents
makes it difficult to track and explain the evolution of organic matter. In this study, the fractionation
of chemical oxygen demand (COD) and humic substances, including humic acids (HA) and fulvic
acids (FA), in addition to the application of spectroscopic techniques (Fourier transform infrared
and ultraviolet–visible spectroscopy), were used to solve this data gap. A treatment system was
proposed: electro-coagulation (EC) and electro-oxidation (EO). Optimal conditions (maximum COD
removal) were EC, I: 4.3 A, stirring: 120 revolutions per minute, and pH: 7; EO, added NaCl: 1.0 g L−1,
distance between electrodes: 0.75 cm, I: 2 A, and pH: 7. Under optimal conditions COD, HA, and
FA % removals were achieved: EC: 64, 69, and 63; EO: 83, 40, and 55; respectively. In EC, the % of
biodegradable COD increased from 26 to 39 and in EO it increased from 39 to 58. The biodegradability
index increased from 0.094 to 0.26 with EC and reached 0.46 with EO. The generated data allowed us
to establish the transformations of organic matter in the process, which was useful for understanding
the processes and functioning as a tool for improving treatment systems.

Keywords: stabilized landfill leachate; electrocoagulation; electrooxidation; recalcitrant organic
matter; humic substances; chemical oxygen demand fractions

1. Introduction

The generation of municipal solid waste (MSW) has increased as a result of continuous
improvements in living standards and the expansion of the global economy [1,2]. MSW
management has very different characteristics in developed and developing countries. Eu-
ropean countries have focused their attention on prevention and recycling rather than final
disposal. The European Commission has set a target of recycling 65% of the MSW generated
in 2023, thereby reducing MSW deposited in landfills. In 2014, some countries recycled at
least 50% of their waste, as was the case in the Netherlands, Belgium, Austria, Sweden, and
Switzerland. The percentage of MSW deposited in landfills decreased from 49% in 2004
to 34% in 32 member countries of the European Economic Area [3]. A different situation
occurs in developing countries, where more than 90% of urban solid waste is burned or de-
posited in uncontrolled places [4]. The risks to the environment and health are significantly
increased by inadequate management of MSW. Based on studies by Seibert et al. [5] and
Khalil et al. [6], landfill operations present a risk of contamination in aquifers, seas, soils,
and surface water. Owing to the decomposition of MSW and the filtration of rainwater,
landfills produce highly contaminated wastewater known as leachate landfills [7], which
will be referred to as leachates in this document. Leachate treatment is a fundamental
requirement to prevent possible environmental effects. However, owing to its high degree
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of compositional and quantitative variability, the leachate treatment is complex [8–10].
More specifically, stabilized leachates from landfills over ten years old contain refractory
or recalcitrant compounds, which further problematize treatment [11]. Low chemical oxy-
gen demand (COD) characterizes stabilized leachates (<5.0 g L−1), low biodegradability
index (BI) (ratio between biochemical oxygen demand (BOD5) and COD) <0.1, and high
pH > 7.5 [11–14]. Leachates typically contain heavy metals such as copper (Cu2+), zinc
(Zn2+), cadmium (Cd2+), lead (Pb2+), chromium (Cr3+), and nickel (Ni2+) [15–18]. For stabi-
lized leachates, these levels remain low due to an increase in pH, which is characteristic
of the methane-generating stages of MSW decomposition in landfills, increasing the soil’s
sorption capacity and immobilizing the metals [15,19]. The refractory organic fraction of
stabilized leachates consists mainly of humic materials, such as humic acids (HA) and
fulvic acids (FA), which are highly toxic and complex in composition. Owing to their
aromatic structures, humic substances are known for their high molecular weight and low
biodegradability [11,20]. Due to the presence of refractory organic compounds that affect
the microbial activity of these systems, conventional biological methods are ineffective for
treating the stabilized leachates. Different processing technologies are usually required
owing to the complex nature of stabilized leachates [21].

Electrochemical processes have replaced chemical oxidation as the preferred method
for the treatment of stabilized leachates and have proven to be a viable alternative [22,23].
Electro-oxidation (EO) and electro-coagulation (EC) are electrochemical treatment op-
tions. Economically viable and employing an ecological strategy, EC has a high capacity
for removing pollutants. Adb et al. [24] reported that EC works by producing ions via
electricity-mediated electrolysis. Owing to their accessibility, superior ability to remove
contaminants, and continuous production of active ions, aluminum (Al) and iron (Fe)
are the materials most frequently used as anodes in the EC process [25]. In the case of
treatment with EO, it is essential to emphasize that it is a safe and environmentally friendly
alternative that is good at what it does, does not generate secondary contamination, and
has applications in the treatment of wastewater with recalcitrant organic matter content.
Both direct and indirect oxidation can occur during EO. In direct oxidation, a hydroxyl
radical (•OH) is produced, which causes oxidation of organic matter on the anode sur-
face. Organic matter undergoes indirect oxidation when byproducts of the solution (•OH,
O3, and HClO) are produced [13]. Clematis and Panizza [26] asserted that boron-doped
diamond (BDD) anodes remove organic matter at a high rate. The presence of colloidal
and hydrophobic humic substances (HA and FA), which can affect process efficiency and
increase energy costs, is a challenge in the treatment of stabilized leachates through the EO
process. The development of a separation alternative, such as pretreatment, would increase
the effectiveness of the treatment process by eliminating interference from these colloidal
species [27–29]. The treatment of leachates is difficult and the organic matter involved
is not sufficiently characterized. Abunama et al. [30] examined more than 210 scientific
papers on leachates and their treatments published between 2009 and 2021 and found that
pH (95%) was the most frequently evaluated parameter, followed by COD (85%), BOD5
(78%), chloride (Cl−) (61%), and ammonia nitrogen (NH3-N) (55%).

Monitoring the development of organic matter throughout the process is required to
improve the leachate treatment systems. By characterizing organic matter, we can better
understand its evolution in terms of composition, origin, and biodegradability, which
supports the choice of treatment options. Because stabilized leachates could contain humic
substances that the EC process can eliminate [31], this study suggests that the EC process
is the initial stage of treatment, followed by EO. From the suggested treatment system
(EC-EO), the contribution of this research was to create, in addition to the distinctive mea-
surements of COD and dissolved organic carbon (DOC), a complete characterization of
the present organic matter. It was challenging to track and explain the evolution of organic
matter in various fractions because of the scarcity of information on the characterization of
leachates and effluents. This study used analytical and spectroscopic methods to measure
and track various fractions of organic matter in a stabilized leachate treatment system in



Appl. Sci. 2023, 13, 5605 3 of 25

order to close this data gap. The methods of analysis included determination of COD
fractions (soluble COD-CODs, biodegradable COD-CODb, and particulate COD-CODp)
and fractions of humic substances (HA, FA, and hydrophilic fraction -HyL). In addition,
spectroscopic techniques, including ultraviolet–visible (UV-VIS) and Fourier transform
infrared spectroscopy (FTIR), were used. These findings will be useful in determining
how the process transforms recalcitrant organic matter and for understanding and im-
proving stabilized leachate treatment systems. The characterization of organic matter in
wastewater has recently been the subject of numerous investigations using spectroscopic
methods [32,33], including leachate analysis [21,34]. Various studies have monitored humic
substances in leachates [35–37], including COD fractionation [23,38–40]. However, there
are knowledge gaps in the use of these techniques as tools to understand processes and
make decisions to determine the best treatment strategy. As far as we know, this study is
the first to follow the evolution of organic matter in a system with specific characteristics,
as suggested by this project.

The main aims of this study were as follows: (a) to characterize leachates from the
Bordo Poniente landfill in Mexico City, Mexico and classify them according to their parame-
ters (pH, COD, and BOD5); (b) to optimize the operating conditions of EC and EO processes
through a fractional orthogonal experimental design and response surface methodology;
(c) to use fractionation of COD and humic substances as well as UV-VIS and FTIR spec-
troscopic methods to characterize organic matter in leachates and effluents produced by
the proposed treatment system; (d) to interpret and explain the results of organic matter
characterization in terms of composition, origin, and biodegradability.

2. Materials and Methods

The methodology of this project was divided into six phases. The first phase involved
a description of the study area. The second phase represented the sampling of leachates.
The third stage detailed the procedures for the characterization of the samples (leachates
and effluents), including the methods used for the characterization of organic matter
using analytical and spectroscopic techniques. The fourth phase included details of the
experimental procedures for the EC and EO processes. The fifth phase incorporated the
experimental design and statistical analysis of the generated data. The sixth phase involved
the elaboration of graphs to follow the organic matter in the proposed treatment system.

2.1. First Phase: Description of the Study Area

The leachates used in this study were obtained from the Bordo Poniente landfill Stage
III. This landfill is located southwest of the former Lake Texcoco (onto whose dried bed
it was moved) five kilometers from the international airport of the City of Mexico, has an
area of 670 ha, and was operated from 1985 to 2011. The largest landfill in Latin America
is 76 million tons [41]. The average characterization of the MSW contained in this landfill
included 40% recyclable materials (cardboard, paper, plastics, etc.), 40% organic matter
(food waste, wood, etc.), and 20% other materials (cotton, rag, ceramics, etc.) [42]. The
average altitude of the area is approximately 2220 m above average sea level and the average
annual rainfall is 554 mm, with concentrated precipitation between June and September
and a peak in August. The average minimum and maximum temperatures recorded in the
area are approximately 6.4 ◦C and 24.5 ◦C in January and May, respectively. The prevailing
winds are from the northwest and occasionally from the north. The climate of the area is
dry, temperate, or semi-cold [43]. Its geographical coordinates are longitude 99◦00′14.51′′

and 99◦02′36.21′′ west; latitude 19◦26′09.36′′ and 19◦29′09.22′′ north. Currently, this landfill
is closed and is subject to leachate control [44,45]. The soil is of the Solonchak type, which
is distinguished by an excess of salts (influenced by its lacustrine origin) and is present on
the surface of a clay layer that breaks into polygons when dry [46,47]. This landfill has four
stages that represent the different stages of operation. The leachates used in this project
were collected from Stage III, with an area of 104 ha and received 6.9 million tons of MSW
from Mexico City from 1991 to 1994 [45] (Figure 1).
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Figure 1. Study area. Bordo Poniente landfill, Mexico City.

2.2. Second Phase: Leachate Sampling

In the field sampling, leachate samples were collected from the main culvert of Stage
III of the Bordo Poniente landfill, approximately 80 L, in previously cleaned polyethylene
bottles filled without leaving space to avoid contact with air, according to the standard
method ISO 5667-10 [48]. All samples were immediately transferred to the laboratory at
4 ◦C prior to the analysis.

2.3. Third Phase: Characterization of Leachates and Effluents

The American Standard Test Methods (ASTM) were used to determine the DOC and
color. Standardized APHA (American Public Health Association) methods were used for
pH, COD, BOD5, Cl−, electrical conductivity (ELC), oxidation/reduction potential (Eh),
and NH3-N. The methods used to characterize the leachates and effluents are listed in
Table 1.

Table 1. Analytical methods used for characterization of leachates and effluents [49–51].

Parameter Method Description

Chemical oxygen demand 5220D Closed-reflux colorimetric method.
Biochemical oxygen demand 5210 Incubation for five days with oxygen monitoring.
Dissolved organic carbon ASTM D7573 09 Catalytic combustion 950 ◦C.
Ammoniacal nitrogen 4500 C Volumetric method with H2SO4 predistillation.
pH 4500 H Electrometric method for measuring the electromotive force.
Electrical conductivity 2510 Electrometric method using an electric field.
Oxidation/reduction potential 2580 B Potentiometric determination using an indicator electrode.
Chlorides 4500 B Argentometric method with precipitation of AgCl.
Color ASTM 1209-05 19 Percentage transmittance of light.
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The inert or non-biodegradable COD fraction (CODnb) was determined by aerating
a 1.0 L sample, keeping the initial volume constant by adding distilled water. CODb was
determined by the difference in CODt [23,40]. The CODs were determined using ZnSO4 as
a coagulant and passing the sample through a 0.45 µm membrane filter. Particulate COD
(CODp) was obtained by subtracting CODt [23,38]. CODsb was reported as CODb, whereas
non-biodegradable soluble COD (CODsnb) was determined by the difference between
CODs and CODsb [22]. In addition, the percentage of each COD fraction (in relation to
CODt or CODb) was calculated to identify variations in the data during the treatment
process. The humic fractions of organic matter in the leachates and effluents (HA, FA, and
HyL) were determined according to their solubilities in acidic and basic media [35]. HA is
only soluble in alkaline media, whereas FA can solubilize under any pH condition [24]. The
methodology used to determine the fractions of humic substances is presented in detail in
Figure 2.
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Figure 2. Procedure developed for fractionation of humic substances. HA—humic acids; FA—fulvic
acids; HyL—hydrophilic fraction; DAX 8—polymethylmethacrylate resin; DOC—dissolved organic
carbon; COD—chemical oxygen demand. Adapted from Dia et al. [35].

Equipment and Materials

The total COD (CODt) of leachates and samples was determined by a closed-reflux
method using a portable DR1900 Hach spectrophotometer® (Hach®, Loveland, CO, USA).
In this study, mercuric sulfate (HgSO4) was used to reduce Cl− interference when the
concentration exceeded 2000 ppm, as recommended by APHA method 5220D [49]. DOC
was determined using a Shimadzu TOC-NT CSH analyzer® (Shimadzu®, Tokyo, Japan),
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equipped with a self-sampler. The ELC and pH were measured using a Hach Sension+
MM374 pH meter® (Hach®, Loveland, CO, USA) equipped with pH and conductivity
probes. All the chemicals used were of laboratory grade (Merck KGaA®, Darmstadt,
Germany). The DAX 8 (Supelite® DAX-8) resin was purchased from Sigma-Aldrich®(Merck
KGaA®, Darmstadt, Germany). It is a non-functionalized resin with strong hydrophobic
organic matter, endorsed by humic and fulvic acids. MilliQ® (Merck KGaA®, Darmstadt,
Germany) water was used for all dilutions of the reagents and samples. Before use, all glass
articles were cleaned with 1% HCl solution and rinsed with Milli Q water. All analyses
were performed in triplicates.

The characteristics of the organic matter in the samples were studied using two
spectroscopic methods: UV-VIS and FTIR. Absorbance (UV-VIS) was measured with an
AquaMate Plus brand spectrophotometer® (Thermo Fisher Scientific Inc.®, Waltham, MA,
USA) with a 1 cm quartz cell, measuring absorbance at wavelengths of 200 to 600 nm with
a spectral bandwidth of 1 nm in increments of 4 nm. MilliQ® water was used as the white
sample. A deuterium lamp and a tungsten lamp were used to generate UV and visible
light, respectively. The equipment had a spectral accuracy (for equipment validation) of
±0.1 nm for the tungsten lamp and ±0.3 nm for the deuterium lamp.

FTIR spectra were recorded on a Nicolet 6700 device® (Thermo Fisher Scientific Inc.®,
Waltham, MA, USA) in the wavenumber range 400 cm−1–1800 cm−1. The attenuated
total reflection (ATR) technique allows spectra to be measured without having to prepare
samples or use dilutions, and, if it was a method with good resolution of the resulting
spectra regardless of the physical state of the samples, this method was chosen. The
penetration (interaction) of the infrared beam was recorded in an attenuated form in the
sample at a short distance. Light energy passes through a high-refractive-index optical
crystal that does not absorb infrared radiation (i.e., the ATR sensor, zinc selenide (ZnSe)
reinforced with a diamond coating was used). A simple internal reflection ATR accessory
with a press was used. The equipment had a signal-to-noise ratio of 50,000:1 and a spectral
resolution of 0.25 cm−1 and a fast recovery deuterated triglycine sulfate (DTGS) detector
with OMNIC software. The samples were analyzed in the solid state with the aim of
eliminating water interference (broadband around 3500–3200 cm−1, which was due to O-H
bond stretch vibrations), for which the sample was dried by means of moderate heating at
50 ◦C. The spectra were recorded in absorbance mode.

2.4. Fourth Phase: Experimental Procedure

Two different plexiglass parallelepiped-shaped reactors were used for EC and EO
processes. For the EC process, the dimensions of the reactor were 15 cm × 10 cm × 15 cm,
with a useful volume of 1.5 L, and an Fe anode and a stainless-steel cathode with dimensions
of 10 cm × 10 cm × 0.4 cm, with an effective area of 160 cm2 each and a distance between
electrodes of 1 cm. The dimensions of the EO reactor were 12 cm × 10 cm × 12 cm, with
a useful volume of 1.5 L, and a BDD anode and a stainless-steel cathode were used, with
dimensions of 7 cm × 5 cm × 0.1 cm, both with an effective area of 60 cm2. The EO process
used a filter-press arrangement in an upper frame that held the electrodes (with the option
of varying the distance between electrodes at 0.5, 1.0, and 1.5 cm), with a continuous flow
of input and output using a recirculation vessel at a rate of 1.5 L min−1. Both the EC and
EO electrodes were connected in monopolar mode in parallel to a digital DC power supply
Steren PRL258® (Steren®, Mexico City, Mexico) in the batch operation mode (Figure 3).



Appl. Sci. 2023, 13, 5605 7 of 25Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 27 
 

 
Figure 3. Experimental setup for electro-coagulation and electro-oxidation processes. 

In the first stage, the leachate was subjected to EC treatment, in which the independ-
ent variables were the intensity of electrical current (I), stirring (in revolutions per minute 
-RPM-), and pH. Once the optimal values were obtained for maximum COD removal, the 
effluent obtained was subjected to the EO process, in which the independent variables 
were I, electrode separation (D), addition of additional electrolyte (NaCl), and pH, to ob-
tain optimal conditions for maximum COD removal. 

2.5. Fifth Phase: Statistical Analysis and Design of Experiments 
Kolmogorov–Smirnov (KS) tests were performed to check normality (p > 0.05) and 

the Levene analysis (LA) was used to evaluate the equality of variances (p > 0.05) of the 
experimental data. The EC and EO processes were optimized for maximum COD removal 
using a fractional orthogonal design L9 (34) to minimize the number of runs and standard 
error of the model (nine experiments with three replicates) [52] with response surface 
methodology (RSM). 

RSM was used to evaluate the effects of the variables of the processes and thus deter-
mine the conditions of greater removal of COD [53]. The statistical program Minitab 14 
(Minitab LLC.®, State College, PA, USA) was used for the analysis of experimental data, 
including fractional orthogonal design, response surface methodology, and analysis of 
variance (ANOVA). The values of the independent variables in the EC and EO systems 
were established based on data from the literature and preliminary experimental tests. 
The experimental conditions are listed in Table 2. 

Table 2. Experimental conditions of electro-coagulation and electro-oxidation treatments. 

Electro-Coagulation 
Experiment I (A) Stirring (RPM) pH 

E1 2.5 0 6.0 
E2 2.5 100 7.0 
E3 2.5 200 8.0 
E4 4.0 0 7.0 
E5 4.0 100 8.0 
E6 4.0 200 6.0 
E7 5.5 0 8.0 
E8 5.5 100 6.0 
E9 5.5 200 7.0 

Electro-Oxidation 
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In the first stage, the leachate was subjected to EC treatment, in which the independent
variables were the intensity of electrical current (I), stirring (in revolutions per minute
-RPM-), and pH. Once the optimal values were obtained for maximum COD removal, the
effluent obtained was subjected to the EO process, in which the independent variables
were I, electrode separation (D), addition of additional electrolyte (NaCl), and pH, to obtain
optimal conditions for maximum COD removal.

2.5. Fifth Phase: Statistical Analysis and Design of Experiments

Kolmogorov–Smirnov (KS) tests were performed to check normality (p > 0.05) and
the Levene analysis (LA) was used to evaluate the equality of variances (p > 0.05) of the
experimental data. The EC and EO processes were optimized for maximum COD removal
using a fractional orthogonal design L9 (34) to minimize the number of runs and standard
error of the model (nine experiments with three replicates) [52] with response surface
methodology (RSM).

RSM was used to evaluate the effects of the variables of the processes and thus
determine the conditions of greater removal of COD [53]. The statistical program Minitab
14 (Minitab LLC.®, State College, PA, USA) was used for the analysis of experimental data,
including fractional orthogonal design, response surface methodology, and analysis of
variance (ANOVA). The values of the independent variables in the EC and EO systems
were established based on data from the literature and preliminary experimental tests. The
experimental conditions are listed in Table 2.

Table 2. Experimental conditions of electro-coagulation and electro-oxidation treatments.

Electro-Coagulation

Experiment I (A) Stirring (RPM) pH

E1 2.5 0 6.0
E2 2.5 100 7.0
E3 2.5 200 8.0
E4 4.0 0 7.0
E5 4.0 100 8.0
E6 4.0 200 6.0
E7 5.5 0 8.0
E8 5.5 100 6.0
E9 5.5 200 7.0
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Table 2. Cont.

Electro-Oxidation

Experiment Added Extra Electrolyte
NaCl (g L−1) D (cm) I (A) pH

E1 0.0 0.50 1.0 6.0
E2 0.0 0.75 2.0 7.0
E3 0.0 1.00 3.0 8.0
E4 1.0 0.50 2.0 8.0
E5 1.0 0.75 3.0 6.0
E6 1.0 1.00 1.0 7.0
E7 2.0 0.50 3.0 7.0
E8 2.0 0.75 1.0 8.0
E9 2.0 1.00 2.0 6.0

I—intensity of electrical current; RPM—revolutions per minute; D—distance between electrodes; E—experiments.

2.6. Monitoring the Evolution of the Evaluated Parameters and Kinetic Analysis

Graphs for COD, DOC, color, NH3-N, and Cl− were constructed to follow the evolu-
tion of the parameters evaluated in the EC and EO processes. To perform this, the standard
values of the parameters (XN) were calculated using Equation (1), where “Xt” represents
the parameter in time “t” and “X0” is the value of the parameter in the influent.

XN =
Xt

X0
(1)

Considering that the reaction rate was a measure of the rapidity with which the
reagents were consumed, or the product was formed, it was possible to express the change
in the evaluated parameters of the effluents over a certain time span using the reaction rate
equation (Equation (2)).

d X
d t

= −k Xα (2)

where “k” is the so-called kinetic constant (which depends on the type of reaction) and
“α” is the order of the reaction with respect to “X”. A pseudo-first-order reaction was
established for the evaluated parameters, as shown in Equation (3) and its integrated and
linearized expressions (Equation (4)).∫ A

Ao

d[X]
[X]

= −k
∫ t

0
dt (3)

Ln [X]t = −k t + Ln[X]O (4)

“X” represents the evaluated parameter. The kinetic constant of reaction (k) was calcu-
lated by evaluating model adjustment using the correlation coefficient of determination
(R2). The coefficient of determination was used as a measure of the regression equation’s
ability to obtain good predictions (in the sense that they were as least erroneous as possible).
The coefficient of determination is the square of the Pearson correlation coefficient and
gives the proportion of variation of the variable “Y”, which is explained by the variable “X”
(predictor or explanatory variable). If it is equal to “0” it means that the predictor variable
has zero predictive capacity. The higher the value, the better the prediction. If it were to be
equal to 1 the predictor variable would explain all the variations of “Y” and the predictions
would not be wrong [54].
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3. Results and Discussion
3.1. Characterization of Raw Leachates

The characterization results of the raw leachates are listed in Table 3. The crude
leachate had a relatively high electrical conductivity of 8.5 ± 0.3 mS cm−1, which was
directly attributed to the high charge of dissolved anions and cations, both as dissolved
organic matter and in the form of inorganic ions [7]. The inorganic ions present included
Cl−. The concentration of Cl− in the crude leachates was 6700 ± 200 mg L−1. It is
important to note that the Cl− content in leachates is usually not mitigated by soil and is
highly mobile [55]. Cl− content can be used as a strong indicator of pollution [56].

Table 3. Results of characterization of raw leachates.

Parameter Value % Parameter Value %

COD 3400 ± 100 - HyL (COD) 880 ± 40 24 ± 1
BOD5 320 ± 20 - HA (DOC) 850 ± 30 59 ± 2

BI 0.094 ± 0.003 - FA(DOC) 330 ± 10 23 ± 1
DOC 1200 ± 50 - HyL (DOC) 260 ± 10 18 ± 1

NH3-N 660 ± 30 - CODnb 2500 ± 100 74 ± 1
Cl− 6700 ± 200 - CODs 1800 ± 100 52 ± 1

Color 3200 ± 100 - CODp 1600 ± 100 48 ± 1
Eh 240 ± 10 - CODsb 900 ± 30 49 ± 1

HA (COD) 1900 ± 100 55 ± 3 CODsnb 900 ± 20 50 ± 1
FA (COD) 800 ± 40 22 ± 1 pH 8.4 ± 0.2

The results were expressed in mg L−1, except for BI, Eh (mV), and pH. COD—chemical oxygen demand;
BOD5—biochemical oxygen demand; BI—biodegradability index; DOC—dissolved organic carbon; NH3-N—
ammoniacal nitrogen; NT-N—total nitrogen; Cl−—chlorides; Eh—oxidation/reduction potential; HA—humic
acids; FA—fulvic acids; HyL—hydrophilic fraction; CODnb—non-biodegradable COD; CODb—biodegradable
COD; CODs—soluble COD; CODp—particulate COD; CODsb—soluble biodegradable COD; CODsnb—soluble
non-biodegradable COD.

The high amount of Cl− in the leachate can be attributed to the particular mixture of
MSWs in the landfill site [57]. These MSWs contain significant amounts of soluble salts
from anthropogenic sources, such as food waste from hotels, restaurants, and homes [30].
Although we must not forget that the Bordo Poniente landfill is located in a highly saline
area, it also contributed to the high value of Cl− present in the leachates analyzed. This high
conductivity prevented the addition of any additional electrolytes during the EC treatment.
The total COD value was 3400 ± 100 mg L−1. Significant differences were found when
comparing the results obtained with other stabilized leachates. Aftab et al. [58] obtained
a COD of 536 mg L−1. Poblete and Pérez [59] found a COD of 12,300 mg L−1. Even in
a previous investigation carried out by the same working group at the same sampling
site, a COD of 2100 ± 100 mg L−1 was obtained [60]. These distinct differences between
leachates are caused by the variability in their composition and production [61,62]. Owing
to the MSW composition, landfill practices, ambient temperature, and age of the MSW,
leachate composition varies considerably [7].

The DOC value of the crude leachates was 1200 ± 50 mg L−1. The determination of
organic carbon in samples is considered a more environmentally friendly parameter with
respect to the use of chemicals and is more accurate in the case of wastewater. It should be
noted that DOC determination may underestimate the levels of organic carbon in municipal
and industrial wastewater [63]. Although leachates came from a landfill closed in 1994, the
DOC content could mainly include high-molecular-weight humic compounds [24]. Humic
compounds included HA and FA, which were two main classes. HA was soluble only in
alkaline media, whereas FA was soluble under all pH conditions [64]. The pH obtained was
8.4 ± 0.2, which was consistent with other investigations of stabilized leachates. Poblete
and Pérez [59] and Martínez-Cruz et al. [60] found a pH of 8.9 in stabilized leachates. The
alkaline pH values for stabilized leachates are justified by the acetogenic and methanogenic
stages of MSW in a sanitary landfill, as discussed in the literature [65]. At the general level,
stabilized leachates have a pH value greater than 7.0 because of the microbiological reduc-
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tion of volatile fatty acids and the depletion of the leaching force during the methanogenic
phase [66,67].

The BI value obtained for raw leachates was 0.094 ± 0.003. BI values are commonly
used to provide information on the biodegradability of leachates. Young leachates have
a BI of 0.4–0.6 or even more [68] and stabilized leachates have low BI values between
0.05–0.2 [69]. It was confirmed that the sampled leachate belonged to the stabilized type.
This was to be expected, given that Stage III of the Bordo Poniente landfill has been
closed since 1994, with an age well above 10 years. A BI below 0.1 is a sign of a high
content of stabilized and recalcitrant organic matter [30]. This was confirmed by the
obtained value of 74% CODnb. Generally, it is recommended that young leachates undergo
biological treatment [70]. The low biodegradability of stabilized leachates indicates that
physicochemical options are recommended for biological processes [30,71]. Therefore, the
choice of the electrochemical treatment for this project was successful.

The raw leachate had a color value of 3200 ± 100 Pt-Co U. The color of leachates can
be associated with the presence of stabilized organic substances, such as humic substances,
mainly HA and FA [60,72,73]. Darker leachates are associated with a higher content of
humic substances; therefore, the organic matter content can be determined according to the
color of the leachate [74]. A decrease in color in the treated leachates implies a reduction
in the humic substance content (see Section 3.4.1). Hydrogen sulfide (H2S) and NH3-N
give raw leachates a mild unpleasant smell [75,76]. A total of 660 ± 30 mg L−1 of NH3-N
was detected. The biological breakdown of amino acids and other nitrogenous organic
materials in MSW results in the presence of NH3-N in leachates [30]. Because NH3-N is the
longest-lasting component of leachate and has a high degree of stability under anaerobic
conditions, it is used to assess the contamination risk in landfills [77]. Eutrophication, which
is caused by high NH3-N values, causes a decrease in dissolved oxygen. The treatment of
biological leachates may be halted owing to the toxicity of NH3-N [31,56]. It was possible to
verify that the electrochemical treatment options chosen in this study were appropriate. The
% of CODp was 48, indicating that the colloidal materials were amenable to EC. CODsnb
accounted for 50 percent of the total soluble material.

3.2. Characterization of Effluents Generated in Electro-Coagulation and
Electro-Oxidation Experiments

The evolution results of the parameters evaluated with respect to time in the CE
and EO processes are shown in Figures 4 and 5, respectively. Raw leachate was used as
an influent in the EC experiments. The leachate treated under the maximum DOC removal
conditions was used as an influent for the EO tests.

After the experiments, the percentage of COD removal from the effluents generated
for the EC and EO experiments was calculated. Table 4 records the data generated, the
values that served as the basis for statistical analysis, and the calculation of the operating
conditions for maximum DOC removal.
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Table 4. Chemical oxygen demand removal results in electro-coagulation and electro-oxidation
experiments.

% R COD

Experiment Electro-Coagulation Electro-Oxidation

E1 36 ± 1 32 ± 1
E2 45± 2 43 ± 2
E3 38 ± 1 33 ± 1
E4 42 ± 1 36 ± 1
E5 62 ± 2 52 ± 2
E6 57 ± 2 49 ± 2
E7 42 ± 2 38 ± 1
E8 52 ± 1 46 ± 2
E9 46 ± 2 44 ± 2

R COD—remotion COD; COD—chemical oxygen demand; E—experiments.

3.2.1. Monitoring of Chemical Oxygen Demand

Reaction time is of significant importance in the EC and EO processes. Figures 4a and 5a
show the evolution of COD values, shown as the standard COD in the EC and EO, respec-
tively. The longer the treatment time, the lower the COD values. In the case of the EC
process, this was attributable to the higher amount of hydroxide formed [78]. In the EO
process, the longer the time, the greater the electron transfer, which promoted the direct
oxidation of organic matter [79]. In the EC process, the greatest removal was achieved
in experiment 5 (62 ± 2) in 120 min. Other leachate studies have yielded different COD
removal results using Fe anodes. Sun et al. [31] obtained 53% in 60 min, Yazici et al. [23]
removed 57% in 90 min, whereas Bouhezila et al. [80] achieved 68% in 60 min. The ex-
planation for COD removal above 50% is that the Fe anode is very efficient through the
generation of “in situ” ions that favor the removal of polluting organic compounds [81]. In
the EO process, the highest COD removal was achieved in experiment 5 (52 ± 2%). Other
EO investigations using BDD anodes in leachates have generated different chemical oxygen
demand (COD) removal results. Fernandes et al. [82] achieved an 80% removal within
90 min. Anglada et al. [83] removed 51% of COD after 8 h of treatment. The efficacy of
BDD anodes for the degradation of recalcitrant organic compounds during EO is known.
The anode BDD favors the formation of •OH, which can participate in the non-selective
combination of all organic materials [84].

In electrochemical processes, ELC is a crucial factor. The higher the ELC, the greater
the efficiency of the process, the shorter the time required for treatment, and, consequently,
the lower the energy consumption [78]. A comparison of the ELC values in the EC effluents
showed a decrease in values in all experiments performed. Effluents with values of 2.2
to 2.9 mS cm−1 were obtained. Under optimal conditions for greater COD removal, an
effluent with 2.2 mS cm−1 was obtained. This decrease could be explained by the decrease in
dissolved organic matter, which indicated that, in addition to the EC process that decreased
suspended organic matter (colloids), an indirect EO process occurred. During EC, EO
could occur simultaneously [78]. The decrease in the ELC values of the effluents of the
EC process could be a problem for the second stage of treatment, EO. A lower ELC value
could decrease process efficiency. To remedy this situation, the addition of an additional
electrolyte (NaCl) increased ELC. The electrolyte addition was an independent variable in
the experimental design of the EO process.

3.2.2. Eh-pH Diagram for the Electro-Coagulation Experiments

To monitor the EC process, an Eh-pH diagram was developed from t = 0 min to
t = 120 min (Figure 6). According to the trajectories, Eh-pH can establish the presence of
stable forms of Fe during the process [85]. Ferrous ions (Fe2+) are highly soluble and poorly
coagulant and do not adsorb contaminants [23]. The efficiency of the process is enhanced
when ferrous ions are oxidized to ferric ions (Fe3+), which occurs when the pH is higher
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than 5 (that, in fact, was what happened in the experiments), although this oxidation was
conducted completely at a pH of 8 to 9 [23,86]. Fe (OH)+ was observed in all experiments.
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In the EC process, positive values of Eh (200 mV < Eh < 50 mV) were accompanied
by lower pH values (6 < pH < 9), whereas low values of Eh (0 mV < Eh < −280 mV)
were associated with higher pH values (9 < pH < 11). A statistically significant negative
correlation between Eh and pH was found for all data grouped in the seven experiments
(R = −0.85, p < 0.05, n = 63) and for the individual experiments (R = −0.98, experiment
9 to R: −0.86, experiment 2; p < 0.05, n = 7). Eh is the physicochemical property of the
solutes that can exchange electrons with inert electrodes. If Eh is negative, there is a
reduction, that is, the reducing power is stronger than that of the oxidant. If Eh is positive,
it means that there has been oxidation, that is, that the oxidizing agent is stronger than the
reducer [87]. A possible explanation for this negative correlation between Eh and pH is that
the positive values of Eh are indicative of the presence of hydronium ions, which explains
the relationship between the high values of Eh and lower pH values in the experiments
(more acidic and less alkaline). As the EC process develops, the values of Eh decrease,
unequivocal signal generation of hydroxyl ions (which is the beginning of the EC process)
occurs, the Fe anode is oxidized (loses electrons), and electrons that are captured in the
cathode favor the reduction process and increase the pH.

3.2.3. Kinetic Analysis

Using the generated data, the chemical kinetics of the decreases in COD, DOC, NH3-N,
color, and Cl− were analyzed for the EC and EO processes and it was found that, under
conditions of maximum COD removal, the evaluated parameters followed pseudo-first-
order kinetics. The results are listed in Table 5, with determination coefficients greater than
0.9, indicating good adjustment of the experimental data to the proposed kinetic model.
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Table 5. Estimation of pseudo-first reaction kinetic constant for optimal conditions of electro-
coagulation and electro-oxidation systems.

Parameter
Electro-Coagulation Electro-Oxidation

R2 k (min−1) R2 k (min−1)

COD 0.98 0.1610 0.98 0.1844
DOC 0.98 0.2062 0.98 0.1390
Color 0.99 0.3699 0.98 0.5466

NH3-N 0.98 0.1095 0.97 0.2475
Cl− 0.97 0.1048 0.98 0.1715

R2—coefficient of determination; k—kinetic constant; COD—chemical oxygen demand—DOC: dissolved organic
carbon; NH3-N—ammoniacal nitrogen; Cl−—chlorides.

The parameter for which the highest value of the kinetic constant was obtained was
color, which was attributable to the removal of 95% and 98% for the EC and EO processes,
respectively. In the case of kinetic constants for NH3-N, the EO process obtained a value of
more than double the EC process (0.2475 min−1 compared with 0.1095 min−1), a situation
attributable to the EO process having a greater ability to degrade NH3-N; in the case of the
EC process, the decrease in the concentration of NH3-N was due to aeration generated by
the agitation in the process and in addition to the indirect EO mediated by Cl−. The higher
kinetic constant value for Cl− in the EO process compared with that in the EC process
(0.1715 min−1 versus 0.1048 min−1) was explained by the fact that the indirect EO in the
EC process (which consumed Cl−) was lower than that in the EO process.

3.3. Determination of Optimal Conditions

Verification of the normal distribution of the data using the KS test was positive
(p > 0.05), as was the verification of the equality of variances using the LA test (p > 0.05) for
the experimental data. ANOVA was performed using the design of a fractional orthogonal
experiment to determine the statistically significant variables (p < 0.05). For the EC process,
the significant variables were current intensity (I) and agitation; however, pH was not
statistically significant. The explanation for this result was that, when conducting the
preliminary experimental tests, we chose to use pH values (6.0, 7.0, and 8.0) that favored
the removal of COD. The significant variables for the EO process were the addition of an
additional electrolyte (NaCl), distance between electrodes (D), and pH. Surface graphs of
the EC and EO processes were generated (Figures 7 and 8, respectively). Recall that the
EO process was conducted in the second stage of treatment, with the effluent generated
under the maximum COD removal conditions in the EC. The experimental conditions
for the maximum COD removal in the EC process were I: 4.3 A, agitation: 120 RPM, and
pH: 7.0, with a COD removal of 63%. In the case of the EO process, the maximum COD
removal conditions were NaCl: 1.0 g L−1; distance between electrodes: 0.75 cm; I: 2 A, pH:
7; removal of 82% COD. The models indicated in Equations (5) and (6) were generated
to obtain the percentage of COD removal (%R COD) by means of RSM. It was possible
to explain 97% and 98% of the variability in the data for EC and EO, respectively, which
guaranteed the statistical value of the proposed models.

%R DQO = 219.7 + 19.72 I + 0.3012 RPM 62.91 pH - 4.728 I2 - 0.001217 RPM2 + 3.628 pH2 + 2.907 I*pH (5)

%R DQO = -149.7 + 16.04 NaCl + 206.5 D - 0.599 I + 34.01 pH - 6.271 NaCl2 - 128.76 D2 - 2.579 pH2 (6)
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3.4. Effluent Characterization at Optimal Conditions

Under optimal conditions (EC I: 4.0 A; RPM: 100; pH: 7; EO NaCl: 1.0 g L−1; D: 0.75 cm.
I: 2 A; pH 7), the generated effluent was characterized and the results are shown in Figure 9.
The COD, DOC, color, and NH3-N removals for the EC process were 63%, 69%, 94%, and
50%, respectively, and the EO system generated 82%, 86%, 99%, and 81%, respectively. The
application of the EO process as an additional treatment to the EC system allowed leaching
with a higher level of treatment, achieving increases in COD, DOC, color, and NH3-N
removal of 19%, 17%, 5%, and 31%, respectively. An increase was achieved for IB. An IB of
0.26 (BOD5: 300 ± 10 mg L−1) was obtained for EC. An IB of 0.48 (BOD5: 280 ± 10 mg L−1)
was obtained for the EO process.
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In the EC process, the removal of COD (63%) and DOC (69%) could be explained
by the destabilization of the colloidal material caused by the formation of Fe hydroxides.
The removal of COD (82%) and DOC (86%) in the EO process could explained by the
complete oxidation of organic material to CO2 owing to the action of •OH radicals formed
in the DDB anode and indirect EO mediated by the presence of Cl−. The EO process
removed 94% of the color; in contrast, the EO process only generated an additional 5%
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removal (from 94% to 99%). EC had a good removal effect on humic substances responsible
for color (HA and FA) [88]; however, EO further decreased the color from 200 to 20 Pt
Co U, indicating that EO removed humic substances that were unaffected by the EC
process. The removal of 50% of NH3-N in the EC process could be explained by two
different processes. During the first stay, agitation favored the elimination of NH3-N in
a gaseous form, in addition to an increase in pH and temperature, which decreased the
solubility of NH3-N. The second process was indirect EO in the EC reactor, which was
favored by the presence of Cl− in the raw leachates (6700 ± 200 mg L−1), which were
transformed electrochemically to hypochlorous acid (EC process removed 46% of Cl−, from
6700 ± 300 mg L−1 to 3600 ± 100 mg L−1). The 31% additional removal of NH3-N in the
EO process (from 50% to 81%) could be explained as follows: Cl− was oxidized at the
anode in the presence of an electrical current (electrons) and chlorine gas was formed (Cl2).
Water and Cl2 reacted immediately to produce HClO and hypochlorite (ClO−), which
were responsible for the oxidation of NH3-N to N2 (EO process removed 59% of Cl−, from
4600 ± 100 mg L−1 to 1900 ± 100 mg L−1) [89].

3.4.1. Fractionation of Humic Substances

Under optimal COD removal conditions, the EC process removed fractions of humic
substances, measured as COD and DOC, in the same order, from highest to lowest: HA,
FA, and HyL. Measured as COD, 69% HA (from 1900 ± 100 mg L−1 to 600 ± 20 mg L−1),
63% FA (from 770 ± 30 mg L−1 to 290 ± 10 mg L−1), and 61% HyL (from 870 ± 30 mg L−1

to 340 ± 10 mg L−1). Measured as DOC, 75% of HA was removed from the EC process
(850 ± 40 mg L−1 to 270± 10 mg L−1), 67% of FA (330± 10 mg L−1 to 100± 5 mg L−1), and
46% of HyL (260 ± 10 mg L−1 to 82 ± 5 mg L−1). These differences in removal were related
to the different molecular weights and surface loads of the three organic fractions [36].
The surfaces of humic substances were negatively charged because of the abundance of
carboxyl and hydroxyl functional groups [90]. In the EC process, HA was preferentially
eliminated by the adsorption mechanism, which implied an electrostatic attraction between
humic substances and metal hydroxides, which were positively charged [36].

The greater removal of HA could be explained by its greater degree of polymeriza-
tion, which had a greater ability to interact with metal hydroxides than the other two
fractions evaluated (FA and HyL) [20,91]. These results were consistent with those of
several studies that have characterized dissolved organic leachate materials [36,92,93]. In
the crude leachate, the sum of HA and FA represented 76% and 82% of the COD and
DOC, respectively, confirming the high degree of stabilization of the sampled leachates [88].
Día et al. [36] characterized biologically pretreated leachates in an anaerobic peat and wood
biofilter and obtained removal values of HA and FA of 92%, which were higher than those
obtained in this study, although the leachates used were not of the stabilized type. In the
EO process, the removal of different fractions of humic substances occurred in an inverse
order to that of the EO, from lower to higher: HA, FA, and HyL. Measured as COD, 40%
of HA was removed (620 ± 30 mg L−1 to 370 ± 10 mg L−1), 55% of FA was removed
(290 ± 10 mg L−1 to 130 ± 6 mg L−1), and 68% of HyL was removed (320 ± 10 mg L−1 to
100± 40 mg L−1). Measured as DOC, the EO process removed 60% HA (210 ± 10 mg L−1 to
80± 4 mg L−1), 65% FA (111± 5 mg L−1 to 39± 1 mg L−1), and 76% HyL (141 ± 7 mg L−1

to 34 ± 1 mg L−1). This could be explained by the fact that, in this case, elimination was
generated by the action of • OH radicals, which more easily degraded the less complex
molecules, in order of structural complexity from lower to higher, HyL, FA, and HA [94,95].

3.4.2. Chemical Oxygen Demand Fractionation

Under optimal conditions, in the EC process, the variations in the COD fractions
and their representative percentages between the crude leachate and effluent were as
follows: CODb, from 870 ± 40 mg L−1 (26%) to 490 ± 20 mg L−1 (39%); CODp, from
1600 ± 50 mg L−1 (48%) to 290 ± 10 mg L−1 (23%); CODsb, from 870 ± 40 mg L−1 (49%)
to 490 ± 20 mg L−1 (51%). The CODb fraction increased from 26% to 39%, which was
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attributed to the elimination of HA (hydrophobic substances) during the EC process, which
was precisely what was sought with this treatment [35]. A similar behavior has been
reported in other investigations using the EC process with Fe anodes in stabilized leachates.
Yazici et al. [22] increased the CODb content from 6% to 17%. The CODp decreased from
48% to 23% owing to the removal of colloids [78]. CODsb decreased from 51% to 49%,
which could be explained by the fact that the EC process had a marginal effect on the
soluble fraction because the destabilization process preferentially affected the particulate
fraction [96]. Under optimal conditions, the EO process increased CODb from 39% to
58%, which was expected because of the oxidation of non-biodegradable organic matter by
indirect electro-oxidation mediated by • OH radicals. The CODs fraction decreased from
77% to 67%, owing to oxidation of the hydrophilic fraction during the process. The CODsb
fraction increased significantly from 51% to 87%, owing to the action of •OH radicals that
oxidized recalcitrant organic matter (HA and AF). Radical •OH could react with aromatic
and aliphatic components, breaking the C-H bond and resulting in a decrease in high-
strength non-soluble organic compounds [62,97]. The results revealed that EO efficiently
decreased the non-soluble COD, which could not be removed during the initial stage of EC.

3.4.3. Evolution of Organic Matter Using UV-VIS and FTIR Spectra

Using UV-VIS spectroscopy, it was possible to monitor the aromatic structures of
the generated effluents. The absorbance at 254 nm (ABS254) was considered an indirect
measure of the degree of aromaticity [20]. The EC process reduced ABS254 by 35% (4.9 AU
to 3.6 AU) and the EO process reduced the value by 43% (4.9 AU to 3.1 AU). It could be
established that, in both processes, there was a reduction in aromaticity, as confirmed by
the decreases in COD and DOC values, as well as the decrease in humic fractions indicated
in Section 3.4.1. A decrease in the ABS254 value in treated leachates has been confirmed in
other studies [98–100]. The decrease in ABS254 also led to a decrease in color, owing to the
high coloring power of HA. The UV-VIS spectra of the analyzed samples are included in
the Supplementary Materials section (Figure S1).

The FTIR spectra allowed the identification of functional groups in the organic matter
present in the evaluated sample, providing information on its evolution in the treatment
system. In the FTIR spectra shown in Figure 10, a change in the functional groups associated
with the removal of organic matter generated by the treatment processes was observed. The
peak at 1650 cm−1 could be related to the presence of the C=C bond by an isolated torsion
vibration, indicating the presence of aromatic compounds [101], since the matrix under
study was leached. This peak was directly related to the presence of humic substances.
When evaluating the samples, it was observed that this peak was eliminated by the treat-
ment system, indicating the effectiveness of electrochemical treatments in the degradation
of recalcitrant compounds. This could be confirmed by the increase in biodegradable
COD in the effluents, as well as the increase in BI. The peaks at 1440 cm−1 and 1380 cm−1

could be associated with the presence of -CH2 and -CH3 bonds caused by deformation
vibration [101], indicating the presence of aliphatic compounds in simple bonds. The
samples showed an increase in these peaks with the proposed treatment system from zero
presence in the raw leachates to very pronounced peaks in the effluents of EC and EO. The
effectiveness of the proposed system in the degradation of recalcitrant organic matter was
confirmed. The peak at 1110 cm−1 was due to the presence of the C-0 bond caused by the
stress vibration of single-chain aliphatic compounds [102,103]. In the effluents evaluated,
an increase in this peak was observed from a very small peak in the raw leachate to a very
pronounced peak in the EO effluent. The increase in this peak indicated the degradation
of recalcitrant organic matter. The peak at 880 cm−1 could be related to the C-H bond of
flexion in aliphatic compounds. It was observed that the treatment generated an increase
in this peak, starting from a zero peak in the raw leachate to a pronounced peak in the EO
effluent. This confirmed the degradation of recalcitrant compounds to compounds with
simpler structures [104]. Finally, the peak at 610 cm−1 could have had two distinct origins.
The first was the vibration of O-H with an out-of-plane flex [102] or a vibration that was
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twice degenerated by the presence of CO2. CO2 is a linear molecule that does not rotate
around the molecular axis, generating two equivalent normal vibrations, which would be
stretching vibrations that would have the same frequency of vibration, precisely causing
double degenerate vibration. A possible source of this CO2 in the samples was the presence
of air in the samples and, at the time of measurements, there were several people in the
laboratory. Although the background spectrum was measured to eliminate residual peaks,
this situation occurred.
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4. Conclusions

The leachate sampled at the Bordo Poniente landfill was of the stabilized type, with BI
values of 0.094, COD, DOC, color, and NH3-N of 3400 ± 100 mg L−1, 1200 ± 50 mg L−1,
3200 ± 100 Pt Co U, and 660 ± 30 mg L−1, respectively.

The optimal operating conditions for the EC and EO processes were established to
maximize COD removal. DOC, COD, color, and NH3-N removal efficiencies of 69%, 63%,
94%, and 50%, respectively, were achieved in the EC process under optimal conditions
(I: 4.3 A, agitation: 120 RPM, and pH: 7). For the EO process the removal efficiencies of
86%, 82%, 99%, and 81% for DOC, COD, color, and NH3-N, respectively, were achieved
under the best conditions (NaCl: 1.0 g L−1, distance between electrodes: 0.75 cm, I: 2 A,
and pH: 7).

The proposed treatment improved the biodegradability of the effluent. CODb in-
creased from 26% to 39% in the EC process, resulting in 58% CODb in the effluent from the
EO process. As anticipated, the EC process eliminated more HA than FA (69% and 63%,
respectively). A total of 40 and 55 percent of HA and FA, respectively, were eliminated
during the EO process.

The EC process eliminated the interference of colloidal species in the leachates; it
proved to be a suitable alternative to the first stage of treatment. Recalcitrant organic matter
could be effectively converted into biodegradable materials and CO2 using EO.

Owing to the low reactivity of recalcitrant compounds, the rate at which organic
matter is degraded to CO2 is limited by reaction kinetics.
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Recalcitrant organic matter undergoes EC and EO processes that alter its chemical
structure, changing the absorption characteristics of the electromagnetic spectrum at vari-
ous wavelengths, including ultraviolet, visible, and infrared.

Using coupled EC-EO processes as part of the treatment process, this study helped to
better understand the variability in the evolution of organic matter.

The optimal conditions proposed in this investigation were applicable to sampled
leachates. If leachates of other origins are to be treated, further experimental tests would
need to be carried out because of the variability in leachate composition due to the particular
conditions of each landfill.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13095605/s1, Figure S1: the UV-VIS spectrum of raw leachates and
effluents was included as supplementary material under optimal conditions of EC and EO processes.
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