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1. Abstract

This research addresses the treatment of landfill leachates by integrating advanced
oxidation processes (AOPs) and biological treatments to enhance contaminant
removal efficiency and reduce effluent toxicity. For this purpose, catalytic ozonation
with magnetite, its coupling with an up-flow anaerobic sludge blanket (UASB)
reactor, and the integration of microalgae as a post-treatment stage were evaluated.
Experimental studies were conducted using leachates from two landfills with
contrasting characteristics: one located in a municipality with predominantly
agricultural activities (La Madera, Ocafa) and another in a city with industrial activity
(El Guayabal, Cucuta), allowing for a broader application of the results.

The study determined that catalytic ozonation with magnetite optimizes organic
matter degradation and improves leachate biodegradability, achieving chemical
oxygen demand (COD) reductions of 85.3% in El Guayabal and 75.8% in La Madera.
Process optimization established optimal operating conditions with an ozone dose
of 6 g/h, a magnetite concentration of 2.5 g/L, and a pH of 9, maximizing process
efficiency while minimizing ozone consumption. However, a progressive decrease in
catalyst efficiency was observed after successive reuse cycles, highlighting the need
for regeneration strategies to maintain performance.

The coupling of catalytic ozonation with the UASB reactor improved the stability of
the biological system, increasing the BODs/COD ratio from 0.26 to 0.38 in El
Guayabal and from 0.23 to 0.32 in La Madera, facilitating the anaerobic
biodegradation of organic matter. The UASB reactor, operating at a hydraulic
retention time of 24 hours, achieved COD removals between 60% and 75%, with
more excellent stability in leachates with higher concentrations of biodegradable
compounds. However, ammoniacal nitrogen removal was limited, with residual
concentrations reaching up to 546.1 mg/L, indicating the need for additional
treatment to comply with discharge standards.

Microalgae as a post-treatment allowed for the removal of up to 65% of total nitrogen
and 70% of phosphorus, demonstrating its potential as a final stage in landfill
leachate treatment. However, its efficiency in organic matter removal was lower than
that of the UASB reactor, suggesting that its application should focus primarily on
nutrient reduction and improving final effluent quality.

This study's conclusions confirm that combining catalytic ozonation with magnetite,
anaerobic treatment, and microalgae is a viable and efficient alternative for treating
landfill leachates with different characteristics. The treatment configuration plays a
crucial role in overall process efficiency, with catalytic ozonation being more effective
as a pretreatment to facilitate subsequent biological degradation. The need to
integrate additional nitrogen removal and catalyst regeneration strategies is
emphasized, and the economic and energy feasibility of the process for large-scale
implementation is assessed.



From a scientific perspective, this thesis contributes to advancing knowledge in
landfill leachate treatment by developing optimization models for catalytic ozonation,
evaluating catalyst stability during reuse cycles, studying the impact of ozonation on
leachate biodegradability, and demonstrating the synergy between advanced
oxidation processes and biological systems.



Resumen

La presente investigacion aborda el tratamiento de lixiviados de rellenos sanitarios
mediante la integracion de procesos avanzados de oxidacion (PAOs) y tratamientos
bioldgicos, con el fin de mejorar la eficiencia en la remocion de contaminantes y
reducir la toxicidad del efluente. Para ello, se evaluo6 la ozonizacion catalitica con
magnetita, su acople con un reactor anaerobio de flujo ascendente (UASB) y la
integracion de microalgas como etapa de postratamiento. Se llevaron a cabo
estudios experimentales con lixiviados de dos rellenos sanitarios con caracteristicas
contrastantes: uno ubicado en un municipio con predominio de actividades agricolas
(La Madera, Ocafa) y otro en un municipio con actividad industrial (El Guayabal,
Cucuta), lo que permitié ampliar el ambito de aplicacién de los resultados.

El estudio determind que la ozonizacion catalitica con magnetita optimiza la
degradacion de materia organica y mejora la biodegradabilidad del lixiviado,
alcanzando reducciones de demanda quimica de oxigeno (DQO) del 85.3 % en El
Guayabal y 75.8 % en La Madera. La optimizacion del proceso establecid
condiciones operativas 6ptimas con una dosis de ozono de 6 g/h, una concentracion
de magnetita de 2.5 g/L y un pH de 9, lo que permitid maximizar la eficiencia del
proceso con un consumo minimo de ozono. Sin embargo, se observd una
disminucion progresiva en la eficiencia del catalizador tras sucesivos ciclos de
reutilizacion, lo que plantea la necesidad de estrategias de regeneracion para
mantener su desempefo.

El acoplamiento de la ozonizacion catalitica con el reactor UASB permitié mejorar
la estabilidad del sistema biolégico, aumentando la relacion DBOs/DQO de 0.26 a
0.38 en El Guayabal y de 0.23 a 0.32 en La Madera, lo que facilito la biodegradacion
anaerobia de la materia organica. El reactor UASB, operando con un tiempo de
retencion hidraulica de 24 horas, logré remociones de DQO entre el 60 % y el 75 %,
con una mayor estabilidad en los lixiviados con mayor concentracion de compuestos
biodegradables. Sin embargo, la remocion de nitrdgeno amoniacal fue limitada, con
concentraciones residuales de hasta 546.1 mg/L, lo que evidencia la necesidad de
un tratamiento adicional para el cumplimiento de los estandares de descarga.

El uso de microalgas como postratamiento permitié la remocioén de hasta el 65 %
del nitrogeno total y el 70 % del fésforo, evidenciando su potencial como una etapa
final en el tratamiento de lixiviados. No obstante, su eficiencia en la eliminacion de
materia organica fue inferior a la del reactor UASB, por lo que su aplicacién debe
orientarse principalmente a la reduccién de nutrientes y la mejora de la calidad del
efluente final.

Las conclusiones de este estudio confirman que la combinaciéon de ozonizacién
catalitica con magnetita, tratamiento anaerobio y microalgas es una alternativa
viable y eficiente para el tratamiento de lixiviados de rellenos sanitarios con
diferentes caracteristicas. La configuracion de tratamiento influye en la eficiencia



global del proceso, siendo mas efectiva la aplicacién de ozonizacion catalitica como
pretratamiento para facilitar la posterior degradacién biolégica. Se destaca la
necesidad de integrar estrategias adicionales para la remocion de nitrogeno y la
regeneracion del catalizador, asi como la evaluacion de la viabilidad economica y
energética del proceso para su implementacion a gran escala.

Desde el punto de vista cientifico, esta tesis contribuye al avance del conocimiento
en el campo del tratamiento de lixiviados mediante el desarrollo de modelos de
optimizacién para la ozonizacion catalitica, la evaluacion de la estabilidad del
catalizador en ciclos de reutilizacién, el estudio del impacto de la ozonizacion sobre
la biodegradabilidad del lixiviado y la demostracion de la sinergia entre los procesos
avanzados de oxidacion y los sistemas biologicos.



2. Introduction

Landfill leachates are one of the primary sources of environmental pollution due to
their high load of refractory organic matter, nutrients, heavy metals, and toxic
compounds (Lestari et al., 2025). Its composition is not only complex but also highly
variable, which makes its treatment through conventional technologies challenging.
The coexistence of biodegradable and recalcitrant contaminants, along with
suspended solids and persistent substances, can hinder process efficiency and pose
a significant environmental risk if not properly managed (Das & Raj, 2025). The
limited biodegradability of landfill leachates, combined with the presence of
recalcitrant compounds, hinders their treatment through conventional biological
processes. Therefore, it is essential to implement strategies that improve their
physicochemical characteristics, reduce toxicity, and increase the biodegradable
fraction, thereby enabling more efficient management of the effluent in subsequent
treatment stages (Yu et al., 2025).

Biological processes, such as anaerobic digestion, have been widely applied in
leachate treatment due to their low operational cost and ability to stabilize organic
matter. However, the effectiveness of these systems can be limited by the presence
of toxic and non-biodegradable compounds, which impair microbial activity and
reduce treatment efficiency, making it necessary to implement complementary
stages to ensure adequate effluent purification (Clemente et al., 2024). In this
context, the integration of advanced oxidation processes with biological treatments
has been widely explored as an effective strategy to improve leachate treatment.
These processes enable the transformation of recalcitrant contaminants into more
biodegradable compounds, thereby enhancing the overall efficiency of the system
and reducing the toxicity of the treated effluent (Igwegbe et al., 2024). In particular,
catalytic ozonation with magnetite has proven to be an efficient process for the
degradation of organic contaminants, combining the strong oxidizing capacity of
ozone with the catalytic activity of magnetite, which promotes the partial
mineralization of compounds present in the leachate and reduces its toxicity (Yuan
et al., 2022).

The coupling of advanced oxidation processes with biological treatments represents
an innovative strategy to enhance contaminant removal efficiency in landfill
leachates (H. Wang et al.,, 2023). Combining catalytic ozonation with biological
processes, such as upflow anaerobic sludge blanket (UASB) reactors and
microalgae treatment, can lead to a more significant reduction in pollutant load and
better adaptation of biological systems to effluents with adverse characteristics
(Yang et al., 2024). The UASB reactor is widely recognized for its ability to treat
wastewater with high concentrations of organic matter (Tian et al., 2022). At the
same time, using microalgae in leachate treatment has demonstrated its potential
for nutrient removal and improving the quality of the final effluent (Lian et al., 2024).
Integrating these processes into a combined treatment scheme can optimize overall
system efficiency and reduce the environmental impact of landfill leachates.



In this context, the present study aims to evaluate the removal of organic matter,
solids, nutrients, and heavy metals in landfill leachates through the coupling of
advanced oxidation processes (ozone/magnetite) and biological processes (upflow
anaerobic sludge blanket - UASB reactor and microalgae). The research is based
on the premise that combining these processes will enhance leachate
biodegradability, reduce its toxicity, and increase contaminant removal efficiency,
thereby contributing to sustainable strategies for landfill leachate management. The
interaction between these processes will be assessed through an experimental and
analytical approach, optimizing operational conditions and establishing technical
criteria for their implementation in real treatment systems.

2.1. Objectives
2.1.1. General Objective

Evaluate the removal of organic matter, solids, nutrients, and heavy metals in landfill
leachates by coupling advanced oxidation processes (ozone/magnetite) and
biological processes (up-flow anaerobic sludge blanket reactor - UASB and
microalgae).

2.1.2. Specific Objectives

Determine the reduction of organic matter, solids, nutrients, and heavy metals in
landfill leachates through a UASB reactor, an advanced oxidation process
(ozone/magnetite), and a photoreactor with microalgae.

Study the reduction of organic matter, solids, nutrients, and heavy metals in coupled
treatment systems: UASB - ozone/magnetite, UASB - microalgae, ozone/magnetite
- microalgae, and UASB - ozone/magnetite - microalgae.

Estimate the toxicity on aerobic microorganisms, anaerobic microorganisms, and
algae in landfill leachates treated using the evaluated systems.

2.2. Thesis Overview

This document is structured into chapters that reflect the achievement of the
research objectives, comprising five research articles that present results and two
literature review articles. The document is organized as follows:

e Theoretical Framework: A review of the state-of-the-art landfill leachate treatment
through the combination of Advanced Oxidation Processes (AOPs) and
biological processes is presented, providing the context of the problem and the
justification for the chosen methodology (A Review of the Treatment of Landfill
Leachate by Coupling Advanced Oxidation and Biological Processes) (Becerra



Moreno et al., 2023). Additionally, the use of ozone as an oxidizing agent for
removing recalcitrant contaminants and its application to landfill leachates is
analyzed (Advanced Oxidation Processes Based on Ozone as a Treatment
Alternative for Landfill Leachates) (Becerra-Moreno et al., 2021).

The following chapters present the experimental results obtained:

e Chapter 1 (Synergistic Degradation of Organic Contaminants in Landfill
Leachates Using Catalytic Ozonation with Magnetite): Analysis of the
performance of magnetite as a catalyst in the degradation of organic
contaminants through catalytic ozonation and optimization of process conditions
(Becerra-Moreno et al., 2025).

e Chapter 2 (Response Surface and Ridge Regularization in Catalytic Ozonation
of Leachate): Application of statistical models to evaluate the robustness of the
catalytic ozonation process with magnetite, validating its efficiency and stability
(Becerra-Moreno, MachucaMartinez, et al., Manuscript submitted for
publication).

e Chapter 3 (Treatment of Landfill Leachates Using Magnetite-Catalyzed Ozone
Coupled with an Up-flow Anaerobic Sludge Blanket Reactor): Evaluation of the
coupling of catalytic ozonation with an up-flow anaerobic sludge blanket (UASB)
reactor, analyzing its impact on biodegradability and treatment efficiency
(Becerra-Moreno, Machuca-Martinez, et al., Manuscript submitted for
publication).

e Chapter 4 (Heterogeneous Photocatalysis and an Anaerobic Biological Process
for Leachate Treatment): Assessment of the anaerobic biodegradability and
toxicity of leachates, applying heterogeneous photocatalysis with TiO,/UV and
an anaerobic biological process (Becerra Moreno et al., 2022).

e Chapter 5 (Alternative for the Treatment of Leachates Generated in a Landfill of
Norte de Santander—Colombia, using the Coupling of a Photocatalytic and
Biological Aerobic Process): Evaluation of the aerobic biodegradability and
toxicity of landfill leachates through the coupling of heterogeneous photocatalysis
and an aerobic biological process (Becerra et al., 2020).

Finally, the document concludes with:
e Chapter 6: Synthesis: Integration and comprehensive analysis of the results
obtained, highlighting the study's main contributions and providing

recommendations for applying these treatments in landfill leachate remediation.

Figure 1 presents a graphical summary illustrating the relationship between each
product and the fulfillment of the project’s specific objectives.



General Objective. Evaluate the removal of organic matter, solids, nutrients, and heavy metals in landfill
leachates by coupling advanced oxidation processes (ozone/magnetite) and biological processes (up-flow

anaerobic sludge blanket reactor - UASB and microalgae)

[

Specific Objective 1. Determine
the reduction of organic matter,
solids, nutrients, and heavy metals
in landfill leachates through a
UASB reactor, an advanced
oxidation process
(ozone/magnetite), and a
photoreactor with microalgae

Chapter 1
Synergistic Degradation of Organic
Contaminants in Landfill Leachates Using
Catalytic Ozonation with Magnetite

Chapter 3

Response Surface and Ridge Regularization
in Catalytic Ozonation of Leachate

Chapter

Treatment of Landfill Leachates Using
Magnetite-Catalyzed Ozone Coupled with an
Up-flow Anaerobic Sludge Blanket Reactor

|

Specific Objective 2. Study the
reduction of organic matter, solids,
nutrients, and heavy metals in coupled
treatment systems: UASB -
ozone/magnetite, UASB - microalgae,
ozone/magnetite - microalgae, and
UASB - ozone/magnetite — microalgae

Chapter

Synergistic Degradation of Organic
Contaminants in Landfill Leachates Using
Catalytic Ozonation with Magnetite

Chapter

Treatment of Landfill Leachates Using
Magnetite-Catalyzed Ozone Coupled with an
Up-flow Anaerobic Sludge Blanket Reactor

5

\

Specific Objective 3. Estimate the
toxicity of aerobic microorganisms,
anaerobic microorganisms, and
algae in landfill leachates treated
using the evaluated systems.

Chapter

Treatment of Landfill Leachates Using
Magnetite-Catalyzed Ozone Coupled with an
Up-flow Anaerobic Sludge Blanket Reactor

Chapter

Heterogeneous Photocatalysis and an
Anaerobic Biological Process for Leachate
Treatment

Chapter

Alternative for the Treatment of Leachates
Generated in a Landfill of Norte de
Santander—Colombia, by Means of the
Coupling of a Photocatalytic and Biological
Aerobic Process

Figure 1 Graphical Summary of Each Product’s Contribution to the Achievement of
the Research’s Specific Objectives



3. Theoretical Framework

3.1. A review on the treatment of landfill leachate by coupling advanced
oxidation and biological processes
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Resumen

El tratamiento de lixiviados de rellenos sanitarios requiere de procesos que permitan la remocion
eficaz de los diferentes contaminantes presentes en este tipo de residuos liquidos. Para el trata-
miento de este tipo de residuos se han empleado una gran diversidad de procesos bioldgicos,
los cuales aprovechan la capacidad de transformar los diferentes componentes del medio liquido
en biomasa, sin embargo, estos procesos poseen limitaciones debido a las caracteristicas intrin-
secas del lixiviado. En los Ultimos afios se ha impulsado la integracion de los procesos bioldgicos
con los Procesos Avanzados de Oxidacion, lo cual permitiria reducir significativamente las carac-
teristicas toxicas de estos residuos para asi cumplir con las condiciones legales para ser vertidos
al ambiente sin que se produzcan dafos. En la presente revision se investigan los trabajos re-
cientes (2015 a 2021) referentes al tratamiento bioldgico y con procesos Avanzados de Oxida-
cidn (basados en ozono, procesos electroquimicos y fotocatalisis). Estos procesos se analizan en
combinacion, para describir las condiciones éptimas en las que se reducen las cargas contami-
nantes de los lixiviados de rellenos sanitarios. Finalmente es posible identificar que los procesos
de tratamiento en estudio son tecnologias que pueden ser acopladas, registrando mayor eficacia
y menor generacion de subproductos de desecho o lodos.

Keywords: Electroquimico, Fotocatalisis, Lixiviado de rellenos sanitarios, Ozono, PAOs, Tratamien-
to bioldgico.

Abstract

The treatment of landfill leachate requires processes that efficiently remove the different conta-
minants present in this type of liquid waste. To treat this type of waste, a great diversity of bio-
logical processes has been used, which take advantage of the capacity to transform the different
components of the liquid medium into biomass; however, these processes have limitations due
to the intrinsic characteristics of the leachate. In recent years, the integration of biological pro-
cesses with Advanced Oxidation Processes has been promoted, which would significantly reduce
the toxic characteristics of these wastes to comply with the legal conditions to be discharged
into the environment without causing damage. In this work, the authors present a review (2015
to 2021) concerning the biological treatment, and Advanced Oxidation Processes (based on ozo-
ne, electrochemical processes, and photocatalysis). These processes are analyzed in combination
to describe the optimal conditions under which pollutant loads of landfill leachate are reduced.
Finally, it is possible to identify that the treatment processes under study are technologies that
can be coupled, registering higher efficiencies and lower generation of waste by-products or
sludge.

Keywords: Electrochemical, Photocatalysis, landfill Leachate, Ozone, AOPs, Biological treatment.
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Introduccion

Los lixiviados son productos asociados a uno de los métodos de disposicidén de Residuos Sélidos Urbanos
(RSU) utilizados ampliamente, como lo son los rellenos sanitarios o vertederos (1). En especial, los paises
en via de desarrollo y subdesarrollados han implementado este método por su facil operacion y bajos
costos relativos (2-3). Los lixiviados se generan en forma liquida de color obscuro y mal oliente (4-5-6),
con alto contenido de componentes organicos, minerales y toxicos. Estos liquidos complejos poseen
caracteristicas refractarias, altamente contaminantes para el ambiente (7-8).

La composicion de los lixiviados esta determinada de acuerdo con factores como la naturaleza de los
residuos desechados, el clima, la frecuencia de lluvias y la edad del relleno sanitario (9). La generacién de
lixiviados ocurre cuando se infiltra la precipitacion a través de las capas de residuos sélidos, permitiendo
el transporte de los contaminantes solubles a la fase liquida, y donde a su vez, una serie de procesos
quimicos, fisicos y bioldgicos, complejos ocurren simultdneamente (10). En la Figura 1 se presenta un
esquema del proceso general de la generacién de lixiviados en un relleno sanitario.

Los rellenos sanitarios deben estar equipados de un revestimiento que evite el paso de los lixiviados al
suelo, de manera que sean conducidos y recolectados para someterse a un tratamiento adecuado. Las
normas generalmente expedidas por entidades ambientales buscan proteger los recursos naturales,
estableciendo limites permisibles para realizar descargas de los lixiviados tratados (4). La cantidad y
caracteristicas complejas de los lixiviados (contenidos de metales pesados, compuestos xeobidticos,
compuestos biorefractarios, acidos humicos y fulvicos) (11), representan un desafio, frente al cual se deben
buscar alternativas de tratamiento que permitan el cumplimiento de las normativas y, por consiguiente, se
proteja al ambiente y la poblacion (12-13).

Figura 1. Generacion de lixiviados en un relleno sanitario. Fuente: Autor.

Los rellenos sanitarios deben estar equipados de un revestimiento que evite el paso de los lixiviados al
suelo, de manera que sean conducidos y recolectados para someterse a un tratamiento adecuado. Las
normas generalmente expedidas por entidades ambientales buscan proteger los recursos naturales,
estableciendo limites permisibles para realizar descargas de los lixiviados tratados (4). La cantidad y

12



caracteristicas complejas de los lixiviados (contenidos de metales pesados, compuestos xeobidticos,
compuestos biorefractarios, acidos humicos y fulvicos) (11), representan un desafio, frente al cual se deben
buscar alternativas de tratamiento que permitan el cumplimiento de las normativas y, por consiguiente, se
proteja al ambiente y la poblacion (12-13).

Entre los tratamientos principales para lixiviados generados en los rellenos sanitarios se encuentran,
la recirculacion y evaporacién; coagulacion-floculacion; tratamientos bioldgicos aerobios, anaerobios
y facultativos; tecnologias de membrana como microfiltracién, ultrafiltracién y osmosis inversa; y los
Procesos Avanzados de Oxidacion (14). Los rellenos sanitarios han implementado estos tratamientos
de manera individual, o acoplados para conseguir la remocién de los contaminantes y aumentar la
biodegradabilidad (7-15-16).

El tratamiento de lixiviados requiere ser un sistema eficiente, capaz de resistir la toxicidad del liquido

y disminuirla (17). Entre los tratamientos mas usados se encuentran los tratamientos biolégicos (4),

los cuales emplean reacciones asociadas a organismos vivos. Estos organismos crecen aprovechando

los contaminantes del medio liquido como fuente de carbono o de energia (15). A pesar de que los
tratamientos bioldgicos de lixiviados han presentado buenos resultados en cuanto a remocioén de
parametros como la Demanda Quimica de Oxigeno (DQO) y Demanda Bioquimica de Oxigeno (DBO), la
mayoria de las veces no es suficiente para alcanzar los estandares permisibles que dictan las autoridades
ambientales (14-17). Los procesos biolégicos son susceptibles de fallar debido a que los organismos vivos
empleados, pueden verse superados por la alta cantidad de componentes organicos refractarios y de otras
sustancias nocivas (18).

Otro de los métodos de tratamiento de lixiviados que se han venido estudiando sistematicamente en los
Ultimos anos, son los Procesos Avanzados de Oxidacion (PAOs). Los PAOs logran degradar compuestos
recalcitrantes que no son degradados facilmente por otros tratamientos (19). También, estos tratamientos
aumentan la biodegradabilidad de los lixiviados, permitiendo disminuir el potencial téxico (20). Se ha
considerado en numerosos estudios que los PAOs resultan mas ventajosos cuando se usan en acople con
otro tratamiento, comparado con el tratamiento Unico (1-7-13). Es asi como los métodos de tratamiento
PAOs se han estudiado en combinacion con los tratamientos biolégicos, obteniendo resultados
prometedores en términos de remocién de parametros fisicoquimicos (21).

Se han clasificado los PAOs en procesos electroquimicos, basados en ozono, fotoasistidos, y varios
(oxidacién por aire himedo, ultrasonido, oxidacion con persulfato y otros) (22). Los procesos
electroquimicos se caracterizan por que eliminan el color y la DQO del lixiviado, asi como por convertir los
compuestos organicos en otros compuestos como CO, y H,0 (22-23). Los procesos basados en ozono han
sido implementados por su capacidad para reducir la DQO, DBO, metales pesados, compuestos himicos
y fulvicos (24). La mayor parte de los compuestos biodegradables pueden ser eliminados por los procesos
fotoasistidos con tratamientos fotocataliticos homogéneos y heterogéneos (25), los cuales son de especial
interés por la posibilidad del aprovechamiento de la radiacion solar en el tratamiento (22).

En este sentido, este trabajo presenta una revision de los tratamientos de lixiviados producidos en rellenos
sanitarios, particularmente del acople entre los tratamientos bioldgicos y los PAOs (procesos basados en
0zono, proceso electroquimico, y tratamientos fotocataliticos homogéneos y heterogéneos). Esto con

el fin de evidenciar las ventajas, desventajas y condiciones de operacién que se han obtenido mediante
los trabajos de investigacién sobre el tratamiento de lixiviados sometidos a los dos sistemas (PAOs y
biolégicos) como alternativas prometedoras para aumentar la eficacia en la remocion de la concentracién
de los contaminantes. Esta revision es motivada por la necesidad de compilar informacion cientifica
actualizada, que permita tener un panorama mas detallado de la viabilidad de los tratamientos acoplados
entre procesos bioldgicos y PAOs, con respecto a si se implementan de manera individual. También, se
presentan algunas referencias para profundizar en el conocimiento del tema de estudio.

Se revisaron publicaciones entre los afios 2015 y 2021 de revistas cientificas de alto impacto. Una
busqueda en Scopus utilizando las palabras claves del tema de estudio (Biological treatment,
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Electrochemical, Photocatalysis, landfill Leachate, Ozone, POAs, Treatment), arrojé que las revistas
cientificas que mayor cantidad de publicaciones registran, pertenecen al campo de las ciencias
ambientales. Segun esta revision, las revistas con mayor nimero de publicaciones son Waste
Management, Process Safety and Environmental Protection, Desalination and Water Treatment, Water
Research, y Chemosphere.

Tratamiento biol6gico

El tratamiento bioldgico es ampliamente usado en la remocién de contaminantes liquidos como las aguas
residuales y los lixiviados (13-17-26). Este tratamiento se caracteriza por remover altas cantidades de
sustancias organicas. También, es un método conveniente de aplicar por su simplicidad y rentabilidad (14-
27). Son dos los principales procesos que condicionan el tratamiento bioldgico de lixiviados, en términos
de la disponibilidad de oxigeno. Uno es el tratamiento aerobio, en el cual los microrganismos utilizan

los contaminantes organicos como alimento, es decir, degradan la materia organica y la convierten en
didxido de carbono (CO,) y una importante cantidad de lodos (13). El tratamiento anaerobio es otro de
los procesos dentro de los tratamientos biolégicos. Los tratamientos en condiciones anaerobias degradan
compuestos organicos para convertirlos en su mayoria, en sustancias gaseosas como el diéxido de
carbono y el metano (CH,) (14-28).

Los procesos aerobios eliminan contaminantes organicos biodegradables y producen la nitrificacién

del nitrogeno amoniacal (NH,+-N) (29). Por otra parte, en los procesos anaerobios suele presentarse

una desventaja respecto a la baja reduccion o incluso el aumento del NH,+-N. Sin embargo, los
tratamientos en condiciones anaerobias tienen otras caracteristicas que los hacen ventajosos frente a otros
tratamientos, por mencionar algunas, la posibilidad de la captacion y aprovechamiento del biogas CH,, la
reduccién de produccion de lodos en comparacion con los procesos aerobios, entre otros (30).

Los procesos de los tratamientos aerobios y anaerobios son esquematizados en la Figura 2, elaborada a
partir del trabajo de Luo et al., 2020 (siglas de los nombres de los procesos en inglés).

Figura 2. Procesos aerobios y anaerobios de los tratamientos bioldgicos. Fuente: Autor.

Se ha registrado en multiples estudios cientificos que los tratamientos bioldgicos son alternativas donde
se obtienen buenos resultados de remocion de contaminantes en lixiviados jovenes (<5 afios) (3-21-
31). Los lixiviados jovenes contienen altas cantidades de contaminantes organicos biodegradables, con
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baja masa molar y presentan un pH acido (26-32). Mientras, los lixiviados de edad intermedia y maduros
resultan menos favorables de tratar con procesos bioldgicos. Los lixiviados de rellenos sanitarios de
edad intermedia (5-10 afios) y los maduros (>10 afos), se caracterizan por presentar alto contenido de
compuestos humicos y fulvicos, asi como, menor biodegradabilidad en comparacion con los rellenos
sanitarios jovenes (26-33). La descripcion de las caracteristicas de los lixiviados de rellenos sanitarios de
acuerdo a la edad, se pueden consultar en el manuscrito de Peng (2017) (6).

Un tratamiento bioldgico realizado al lixiviado de un relleno sanitario joven mediante el proceso SBR,
alcanzé una remocién de Nitrégeno Total (NT) del 99 %, DQO del 87 % y fosforo del 49 % (34). Otro
estudio registrd un tratamiento de lixiviados utilizando el proceso DMBR, donde se obtuvieron remociones
de NH,*-N 'y NT de 98 y 90 % respectivamente (35). No obstante, en el tratamiento biol6gico de lixiviados
maduros, se ha determinado que a concentraciones de DQO > 2000 mg/L, NH,*-N > 1000 mg/Ly
alcalinidad alta, representan liquidos de alta complejidad para someter a este tratamiento (4). También,

los compuestos refractarios pueden inhibir el desarrollo de los microrganismos que descomponen los
contaminantes (4-18).

En una investigacion realizada para tratar un lixiviado maduro en un biorreactor contindo utilizando
Penicillium spp. se presentaron remociones para los pardmetros fisicoquimicos como DQO (52 %),
Carbono Orgénico Disuelto (COD) (54 %), Carbono Total (CT) (60 %) y Carbono Organico Total (COT) (68
%) (36). Un tratamiento que se ha considerado recomendable para disminuir las concentraciones de NT y
DQO es el Anammox (37-38). Se han alcanzado reducciones del 94 % de NT y del 62 % de DQO mediante
el tratamiento de lixiviados con Anammox (39). Una mayor informacién acerca de los tratamientos
biolégicos y su eficacia segun la edad del lixiviado, puede ser consultada en el trabajo de Kamaruddin

et al. (2015). Ademas, las remociones de los parametros fisicoquimicos obtenidos en diferentes
investigaciones sobre la aplicacion de tratamientos bioldgicos, fueron recopiladas en el trabajo de Torretta
et al. (2017).

Procesos Avanzados de Oxidacion

Los PAOs son tratamientos que se han venido estudiando sistematicamente en los Gltimos afos. Estos

han sido catalogados como tratamientos prometedores debido a sus ventajas en la eliminacién de
contaminantes refractarios y por aumentar la biodegradabilidad (14-40-41). La formacion de radicales
libres u oxidantes como radicales hidroxilos (-OH), es la base del proceso de tratamiento de los PAOs. Otro
proceso dentro del tratamiento es la reaccion quimica de radicales producidos con compuestos organicos
(19). Los oxidantes que se involucran en el tratamiento con los PAOs permiten aumentar el rendimiento
para la remocién de contaminantes (42). Estos oxidantes tienen asociado un potencial de oxidacion E° (V),
los cuales se encuentran listados en trabajo de Kow et al. 2016, donde se observa que, el radical hidroxilo
(-OH) tiene el mayor poder oxidativo (2.8 V).

Los PAOs para el tratamiento de lixiviados se dividen en cinco procesos (42), presentados en la Figura 3.

Figura 3. Procesos Avanzados de Oxidacion para el tratamiento de lixiviados de rellenos sanitarios.Fuente:
Autor.
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La clasificacién de los PAOs se subdivide de acuerdo al tipo de tratamiento. A los procesos basados en
ozono pertenecen la ozonizacion, ozonizacién fotocatalitica, ozono/perdxido de hidrégeno, ozono/
persulfato, fentozono y ozonizacién catalitica. Dentro de los procesos quimicos se encuentran, el fenton,
oxidacion con persulfato y persulfato con calor. Los procesos electroquimicos pueden dividirse en
oxidacién electroquimica, electrocoagulacion y electrofenton. En cuanto a los procesos fotoasistidos
incluyen la fotocatalisis, fenton fotoasistido, persulfato/UV, Peoxono/UV, fotoelectroquimico y ozono/UV.
Algunos métodos que aun se encuentran en desarrollo se clasifican como procesos varios, entre los mas
conocidos de este grupo, la oxidacién con aire himedo, cavitacién hidrodindmica, ultrasonido y procesos
asistidos con catalisis (42). En la Tabla 1 se presentan las ventajas y desventajas de acuerdo a cada PAOs.

Tabla 1. Ventajas y desventajas de los PAOs para el tratamiento de lixiviados.

PAOs

Ventajas

Desventajas

Procesos basados en
ozono

Reducen ampliamente la
DQO vy la DBO.

Elimina color y olor.

No aumenta la
produccion de
contaminantes toxicos.
Baja produccion de
lodos.

Es favorable solo como
tratamiento previo o
posterior.

Implican una
transferencia de masa de
ozono de gas a liquido
que es muy baja.

Se deben tomar medidas
especiales con el manejo
de ozono.

Procesos Fotoasistidos

Los procesos
fotoasistidos mejoran los
demas procesos PAOs en
términos de reduccién
de contaminantes,
aprovechando su funcion
catalitica.

Alto consumo de energia,
lo cual se ha estudiado
para bajar estos costos
con tecnologias mas
limpias.

Procesos
Electroquimicos

Eficiente para la
eliminacion de
contaminantes
(concretamente
organicos).

El proceso se lleva a cabo
a temperatura y presion
ambiente y tiene una alta
eficiencia de tratamiento.
Cuando las reacciones
tienen lugar en fase
homogénea, entonces
no hay limitaciones de
transferencia de masa.

Uso intensivo de energia.
Posible formacion de
compuestos organicos
clorados.

Si el lixiviado tiene un
alto contenido de acidos
humicos y fulvicos, existe
la posibilidad de que se
formen trihalometanos
que generen mal olor.

Fuente: Adaptado de (42).

Los tratamientos PAOs han demostrado que son muy eficaces para remover aquellos contaminantes

complejos de tratar con la mayoria de otros tratamientos en forma unica (40). También son tratamientos
avanzados, en tanto no generan cantidades excesivas de lodos (19). No obstante, los PAOs se atribuyen
un alto valor en costos de tipo energético, insumos quimicos, etc., e inconvenientes del control operativo
en su implementacion a gran escala (14). Una estimacién de los costos del tratamiento de lixiviados de
rellenos sanitarios con ozonizacion fue de 7.06 €/m3, el cual es mayor, comparado con el costo estimado
para tratamiento bioldgico oxidativo de 4.0 €/m?3 (43). Ademas, el control operativo de la dosificacién para
el manejo de los altos volimenes de lixiviados generados en rellenos sanitarios, debe permitir ajustarse a
las posibles fluctuaciones de caudales asegurando la mayor eficiencia (14-44).
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Por consiguiente, los investigadores han estado encaminando sus estudios en el aprovechamiento

de los POAs como pretratamiento o postratamiento de lixiviados de rellenos sanitarios (7-16-45). Los
tratamientos combinados han obtenido mayores eficiencias en términos de costos y disminucion de las
caracteristicas contaminantes (46). Los tratamientos biolégicos son los mas comunes para ser acoplados
con los PAOs (15). Los PAOs como pretratamiento mejoran las caracteristicas de biodegradabilidad del
liquido, lo cual favorece el posterior tratamiento con microorganismos, que acaban por eliminar la mayor
parte de estos compuestos organicos (47), esto es favorable especialmente para tratar lixiviados maduros.
Como postratamiento, los PAOs se encargan de pulir el tratamiento con la eliminacién de la fraccién
recalcitrante y toxica restante en el liquido, que no pudo ser removida por el tratamiento biolégico
anterior (7).

Tratamiento de acople con procesos basados en ozono y biolégico

Los procesos basados en ozono generan radicales hidroxilos que le otorgan un alto poder oxidativo (40).
En estos procesos se pueden obtener resultados mejorados de la generacion de radicales -OH por medio
de la adicion de UV (47-48), Perdxido de hidrogeno (H,0,) (21-48), catalizadores (8-49), entre otros. El
acoplamiento entre los procesos basados en ozono y los bioldgicos ha sido estudiado en su mayoria
empleando un proceso basado en ozono como postratamiento, aprovechando las instalaciones comunes
de tratamientos biologicos para lixiviados en los rellenos sanitarios (41-50).

Las vias de reacciéon del ozono (la formacién / consumo de -HO) estan directamente influenciadas por el
pH. El ozono tiene la capacidad de oxidar de manera eficiente la materia organica a un pH ligeramente
alcalino, que es el pH tipico de la mayoria de los lixiviados de vertederos (tratados bioldgicamente) (18).
Operar la ozonizacién a pH alcalino favorece la produccion de HO para acelerar la remocién de materia
organica recalcitrante, segun el proceso basado en ozono. En un tratamiento de lixiviados con procesos
biolégicos con lodos activados y ozonizacion, se obtuvieron remociones de 58 % de DQO y 35 % de
COD en medio acido, y un 30 % de DQO y 8 % de COD en medio alcalino (43). Algunos estudios han
demostrado que en un tratamiento con oxigeno y perdxido de hidrogeno (O,/H,0,) puede degradar
compuestos aromaticos a pH bajos (51). Se ha afirmado que la oxidacién bioldgica funciona eficazmente
como postratamiento para eliminar la fraccion organica biodegradable resultante del O,/ H,0, (52).
También, el tratamiento con Fentozono (O,/H,0,/Fe*?) en conjunto con un pretratamiento con MBR,

ha resultado en remociones de 48.82 y 63.59 % de DQO y absorbentes UV254, respectivamente (53) en
condiciones de operacion de pH acido (3 unidades).

Otros tratamientos como la ozonizacion fotocatalitica (O,/UV) y el Ozono/Persulfato (O,/S,0,%) en acople
con sistemas bioldgicos han demostrado que el pH basico tiene una relacién dptima con los resultados
de remocion. Por ejemplo, para el tratamiento con O,/UV de lixiviados tratados previamente con varios
procesos bioldgicos (lagunas aireadas, lodos activados y un proceso anaerobio), en condiciones de pH
basico (9) se permitié aumentar la biodegradabilidad en hasta un 91 % (54). En otra investigacion se
optimizé el tratamiento de O,/S,0,% cuyo afluente provenia de dos tratamientos bioldgicos previos, a
pH de 9. Es asi, los autores registraron reduccion de la DQO, color y toxicidad, en hasta 85, 87 y 80 %,
respectivamente, ademas de un aumento de 47 % de BOD,/COD (55).

Las sustancias humicas, incluidos el acido humico (HA) y el acido fulvico (FA), se eliminaron eficazmente
junto con la descomposicion de los hidrocarburos aromaticos y la disminucién del grado de humificacion
durante el proceso de ozonizacién (56-57). La materia organica de alto peso molecular (PM) se transformo
en un peso molecular bajo. La mayoria de los compuestos organicos de alto PM pasan como moléculas de
bajo PM de 10 kDa a 1 kDa (56). En la Tabla 2 se presentan los registros de tratamientos combinados entre
biolégicos y los procesos basados en ozono.
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Tabla 2. Tratamiento de lixiviados mediante procesos bioldgicos y basados en ozono.

Tipode Condiciones 6ptimas de S Valor final del .
combinacién de Iy Eficacia p Referencia
tratamiento operacion parémetro
90 £ 5g/m3de 26.8 % de DQOy 80.4 de Aprox. un 300
Bioléai concentracién de O,, 54 NT mg/L de DQO,
(ellci’nc:g:::ién g/h dg suminist(o d3e 03’ 0.01-0.06 de
de nitrégeno 60 rgln de reaccién, 6.0- DBO,/DQO (20)
autétrofo) y 7.0 de pH
Ozono
0.79 g/h. de flujo masico  Remocién con Ozono/ 120 mg/L de
de O,, 4500 mg/L. de Persulfato: DQO, 0.61 de
Proceso S,0,%, 9.0 de pH,, 210 DBO,/DQO
biolégico, min de reaccion 85 % de DQO, 87 % de .
desinfeccién color, aumento del 0.47 % (55)
y Ozono/ de BOD,/COD, disminucién
Persulfato de la toxicidad en 80 %
Efluente 27 g/m? dosis de O, 1 Remocién con ozono
estabilizado g/6 g dosis de Zn, 40 de  catalizado:
Shi H, 180 min de reaccién
anaerébicamente P 90 % de DQO, 99 % de (58)
Zatalizado con color, 5% de NH,-N.
ZnSO,
9 dias de tratamiento 97.76 % de DQO, cerca del 186 mg/L de
bioldgico, planta Typha 88 % de DBO DQO, 115.7
Humedal angustifolia, mg/L DBO, 8.1
artificial y 1.5 g/L de Zeolita, 152 depH 85 N,
Ozonizacién ' € turoiaez, (59)

catalitica con
Zeolita

mg/L de Fe, pH de 8

mg/L de sélidos
totales disueltos,
0.618 de DBO,/
DQO

Fuente: Autor.

Tratamiento de acople con fotocatalisis y biologico

Durante las ultimas décadas, la fotocatalisis de semiconductores ha atraido mucha atencién debido

a su excelente eficiencia para la purificacion ambiental (1). Hasta ahora, se han ensayado mas de 190
semiconductores como fotocatalizadores y uno de los més utilizados ha sido el TiO. Este semiconductor se
destaca, pero a menudo no se considera una alternativa viable por si sola (1-25). Los autores han puesto
su interés en estos procesos, por el uso alternativo de energia solar como fuente de fotones junto con
catalizadores de bajo costo (1-60). En la fotocatélisis es importante el tiempo de irradiacion. El pH acido

y alcalino es favorable para la eliminacién de contaminantes organicos y amoniaco respectivamente. La
presencia de ciertos iones (tanto aniones como cationes) en el lixiviado del vertedero puede limitar la tasa
de fotomineralizacion de contaminantes organicos (19).

Como se muestra en la Tabla 3, el pH 5 ha demostrado ser una condicidén 6ptima de tratamiento, en

su mayoria posterior al tratamiento bioldgico, y se han obtenido valores que llegan a cumplir con la
normatividad correspondiente (1). Adicionalmente, en la Tabla 3 se muestran las condiciones 6ptimas de
tiempo radiacién y energia, para cada caso, asi como las eficiencias de remocion de los parametros que
caracterizan los lixiviados de rellenos sanitarios.
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Tabla 3. Tratamiento de lixiviados mediante procesos bioldgicos y fotoasistidos.

Tipo de combinacién

Condiciones 6ptimas

Valor final del

de tratamiento de operacion Eficacia parametro Referencia
Tg/LdeTiO,; pH Remocién con ARB: 92.176 mg/L de
5, 120 minutos de 72.3 % de DQO, 82.1 DQO
reaccion con UV, y % de NH,~N, 92.4 de
ARB y UV/TiO energia de irradiacion ~ NT
2 de 900 Kj/ kg
Remocién con UV/
TiO,: 82 % de DQO (7
1.5 g/L de persulfato Remocién con ARB: 97.28 mg/L de
a pH 5, y energia de 72.3 % de DQO, 82.1 DQO
irradiacion: 225 Kj/kg % de NH,~N, 92.4 de
ARBy UV/S,02 NT
Remocién con UV/
S,0.27: 81 % de_ DOO
100 mg/L TiO,, a un 68 % de DQO, 76 % de 160 mg/L de
UV/TiO, y proceso pH acido de 3 COD, 54.69 % de SSV DQO, pHde 7.0y (15)
aerobio 7.3, 928 de SSV
Verted 30 min de reaccién, 8  Remocion con UV/ 756 mg/L de DQO
ertedero de pH, 2.0 g H,0,/g H,0,:
biolégicamente DQO 272 272
estabilizado y UV/ ' 6.9 % de DQO, 0.08 ©61)
H,0, relacion DBO/DQO
7 horas de 88.7 % de DQO, 82 % 261 mg/L de
degradacién de COD, 92 % de SST,  DQO, 156 mg/L
SBBGR — Bioldgica, 650 mg la 98.6 % de NT, 99.9 % de COD, 20 mg/L
(Sequencing Batch dosis especifica de de NH,, Y 933 % de de SST, 36.2 mg/L
Bio?ilter Grgnular H,0,y 7 horas por L color de NT,0.5mg N/L  (62)

Reactor) y UV/H,0,

de lixiviado tratado, el
tiempo de trabajo de
la ldmpara UV

de NH,, y 0.025
(abs) de color

Fuente: Autor.

Tratamiento de acople con procesos electroquimicos y biolégico

Se conoce el lixiviado con alta concentracion de sustancias organicas y nitrégeno, que son
extremadamente toxicos para el medio ambiente. Recientemente, la oxidacion electroquimica ha recibido
mucha atencién debido a su bajo costo, viabilidad, respeto al medio ambiente y excelente eliminacion de
contaminantes en las aguas residuales (31). Segun algunos autores, un pH bajo favorece las eficiencias de
eliminacion de sustancias organicas elevadas, pero restringe las eficiencias de eliminacién de amonio bajas
y viceversa (34).

La oxidacion electroquimica, aunque tiene eficacia en el tratamiento de lixiviados de rellenos sanitarios,
tiene la principal desventaja de ser un proceso que consume mucha energia y la formacién de compuestos
organicos clorados. Ademas, se logra una alta eficiencia en la eliminacion de contaminantes con
electrodos metalicos de alto costo, como el diamante dopado con boroy el Ti / IrO,-RuO, lo que genera
altos costos operativos. Esta es la razén por la que se favorece mas como paso final o como unidad
auxiliar en emergencias (42).

El tratamiento con electrocoagulacion ha demostrado tener la capacidad de aumentar el valor del indice
de biodegradabilidad de lixiviados de 0.27 a 0.45 (63). Este proceso se caracteriza por tener un alto costo
relativo de inversion inicial, con la desventaja de generar lodos y corrosion en el &nodo que sirve para
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producir los iones metalicos que forman los codgulos (63). No obstante, la electrocoagulacién tiene

una alta eficacia en la remocién de materia organica, de forma rapida y de facil manejo (64). En una
investigacion se sometieron lixiviados biolégicamente estabilizados a electrocoagulacién, obteniendo
remociones de 45% para el TOC, 57.4% para DQO y 77.1% para el color, concluyendo asi que, éste es un
método de los procesos electroquimicos, que puede ser una buena alternativa como postratamiento (65).

Aunque la tecnologia electroquimica demuestra un excelente desempefo en el tratamiento de los
lixiviados de los rellenos sanitarios, el efluente alin puede presentar una elevada carga contaminante,

en referencia con la permitida por la normatividad legal (42). El acople con tratamientos biolégicos

ha permitido que las caracteristicas del lixiviado alcancen una alta disminucion de la toxicidad de los
lixiviados, convirtiéndolo en un liquido apto para ser vertido (31). Esto se muestra en la Tabla 4, alli se
describen las condiciones 6ptimas de los tratamientos combinados entre bioldgicos y electroquimicos y se
evidencian los valores finales de las caracteristicas de los lixiviados tratados.

Ademas, la tecnologia electroquimica puede reducir la toxicidad del lixiviado de vertedero, por lo que
es necesario estudiar mas a fondo el punto extremo de reduccion de la toxicidad durante la electrdlisis
en investigaciones futuras, lo que puede ahorrar el costo del tratamiento desde la perspectiva de las

propiedades contaminantes (66).

Tabla 4. Tratamiento de lixiviados mediante procesos bioldgicos y electroquimicos

Tipo de combinacién de
tratamiento

Condiciones 6ptimas de
operacion

Eficacia

Valor final del
parametro

Reactor granular de
biofiltro por lotes de
secuenciacioén y un
reactor electrolitico
con celda de tipo
discontinuo

Densidad de corriente
de 200 mA/cm?; tiempo
de reaccion de 8 horas
el biolégico y 240 min el
electroquimico

82% de N- Amoniacal;
93 % de DQO

Aprox. 278 mg/L de
DQO

Sistema de aireacion
extendida de

ciclo intermitente
(ICEAS) y oxidacion
electroquimica
utilizando Ti/BDD y Ti/
RuO, anodos.

83 mA/cm, pH bajoy 8 h

Anodo Ti/BDD: 5.17 %
de DQO, 91.89 % de
COT, 81.18 % de NH, *
-Ny 63.54 % de NT

Anodo Ti/RuO,:

92.57 % de DQO, 78.76
% de COT, 97.85 % de
NH, * -Ny 72.12 % de

32.26 mg/L de DQO
con Ti/BDD y 49.68
mg/Lde DQO con Ti/
RuO,

3M

Proceso anaerobio
y un biorreactor

45 minutos de tiempo de
reaccion

NT
Remocion con MER: 70
- 76 % de COT; 100 %

de Membrana N-Amoniacal (67)
electroquimica reactiva
(MER) . .
Manto de lodos (UASB), ~ Tlempo de retencion 95.4 % de DQO, 97.2 70 mg/L de DQO,
proceso andxico en un hidraulica (TRH) de 2.75 % deNH,-Ny903%  11.3 mg/Lde NH,-N
reactor anaerobio y dias; Temperatura de 20- de NT y 39 mg/L de NT
electroquimico conun 22 °C; tiempo de reaccion ©8)
anodo de SnO, - Sb,0, de 40 a 80 minutos,
a base de Ti. energia de entrada al

proceso electroquimico 10

kWh/m3.
Tratamiento biolégicoy ~ 11€mpo de reaccion 12 82.0 % de DQO; 86.5% 70 mg/L de DQO, 9.4
reactor electroquimico minutos; 2.0 Voltios de NH, -N;y 76.3 % de mg/Lde NH,-N, 25.9 (69)
de lecho fijo NT; 93.4 % de cromo.  mg/L de NT
Pretratamiento Densidad de corriente de  90.9 + 0.3 % de DQO; y
biolégico y proceso 50 mA / cm?; tiempo de 90.2 £ 1,0 % de NT.
electroquimico con reaccion 240 minutos 70

compuesto por un
reactor de anodo de
hierro (IAR) y Ti / RuO,

Fuente: Autor.
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Tratamientos con procesos PAOs y biolégicos en Colombia

En Colombia los rellenos sanitarios son el sistema de disposicion final de residuos sélidos mas utilizado,
sin embargo, alin no se ha establecido completamente la implementacion de tecnologias para el
tratamiento de los lixiviados que aseguren una gestion ambientalmente viable (71). Dentro de los
procesos comunes a nivel nacional para el manejo de los lixiviados en un relleno sanitarios se incluye

la recirculacion, evaporacion y los sistemas con membrana. Asi mismo, se han implementado algunos
sistemas bioldgicos en plantas de tratamiento de lixiviados y escaso desarrollo utilizando los PAOs en la
gestion de estos liquidos (71-72).

En el relleno sanitario Presidente, Valle del Cauca, se establecié un humedal para tratar lixiviados
pretratados de un estanque anaerdbico de alta tasa (BLAAT®) (71). Se utilizaron en el humedal policultivos
de especies tropicales: Gynerium sagittatum, Colocasia esculenta y Heliconia psittacorum. Estas especies
nativas demostraron su capacidad fitorremediadora para los lixiviados pretratados en 60-90 % de
remocién de contaminantes como DQO y metales pesados (73).

Los lixiviados provenientes del Relleno Sanitario Parque Tecnoldgico Ambiental el Guayabal ubicado en

la ciudad de Cucuta, se sometieron a tratamiento de fotocatalisis heterogénea TiO2/UV acoplada a un
reactor de lodos activados. Este sistema obtuvo una eficiencia global del proceso en mas de un 50 % (15).
Otro sistema de PAOs con procesos electroquimicos se utilizé para tratar lixiviados de un relleno sanitario
ubicado en la ciudad de Pasto, con el cual se demostro la eficiencia de desactivacién de microorganismos
en los lixiviados (74).

Conclusiones

La composicidon compleja de los lixiviados de rellenos sanitarios requiere de una alternativa de tratamiento
que alcance las remociones esperadas, de manera que no represente un riesgo para la salud y el ambiente.
Recientemente, se ha avanzado en estudios sobre los PAOs y su acople con los procesos bioldgicos, para
lograr mayores rendimientos de remocién en cuanto a las caracteristicas de los lixiviados. Asi, mismo,
existe la necesidad de desarrollar sistemas de tratamiento que puedan cumplir con los limites permisibles
de descarga segun la normatividad. Adicionalmente deben tenerse en cuenta los costos econémicos,
controles de operacion y facilidades de manejo. Con el avance en la investigacion, algunas alternativas de
tratamiento han resultado eficaces para gestionar los lixiviados, disminuyendo sus caracteristicas nocivas.
El acople de los procesos basados en ozono, los procesos asistidos por UV y los electroquimicos, junto
con los procesos bioldgicos, para el tratamiento de lixiviados de rellenos sanitarios, se perciben como
tecnologias complementarias de mayor eficacia y mas limpias.
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Resumen

Los procesos basados en 0zono hacen parte de los Procesos Avanzados de Oxidacién que se han aplicado sobre los lixiviados de
rellenos sanitarios. Las caracteristicas altamente toxicas de los lixiviados de rellenos sanitarios, pueden reducirse por medio de los
procesos basados en 0zono, los cuales han demostrado alcanzar altas remociones de contaminantes, en especial, de compuestos
orgénicos recalcitrantes. En esta revision se compila informacion reciente (2015 a 2021) referente a los procesos basados en ozono,
donde se ha estudiado la eficacia como tratamiento, se analiza las condiciones ptimas de acuerdo al tipo de lixiviado y al método de
tratamiento a emplear. Se identifica la tendencia de implementacién como pretratamiento y postratamiento acoplado a procesos
convencionales.
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Abstract

Ozone-based processes are part of the Advanced Oxidation Processes that have been applied on leachates from landfills. The highly
toxic characteristics of landfill leachates can be reduced by ozone-based processes, which have been shown to achieve high removals
of pollutants, especially recalcitrant organic compounds. In this review, recent information is compiled (2015 to 2021) regarding
ozone-based processes, where the efficacy as a treatment has been studied, the optimal conditions are analyzed according to the type
of leachate and the treatment method to be used. The implementation trend is identified as pre-treatment and post-treatment coupled
with conventional processes.
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1 Introduccion

La generacién de Residuos Sélidos Urbanos (RSU)
va en aumento y los rellenos sanitarios son el método
generalmente implementado para disponerlos de
manera controlada [1]. Los rellenos sanitarios
han sido considerados como una alternativa de
destino final para los residuos soélidos, por ser
de facil operacion, viables econdmicamente, y
ambientalmente aceptables si son gestionados de
forma adecuada [2, 3, 4].

Un aspecto negativo de la operacién de los
rellenos sanitarios son los lixiviados, los cuales son
liquidos de color obscuro altamente contaminantes
[5]. Estos se producen principalmente a partir de la
degradacion de los residuos, tanto orgdnicos como
inorgdnicos, y la percolacion de agua de lluvia [6,
7, 8]. Youcai (2018) describe la formacion de
lixiviados en un relleno sanitario tipico, lo cual
consiste generalmente en el ingreso de agua lluvia a
la zona de residuos en fase sdlida, transportando los
contaminantes solubles a la fase liquida. Al mismo
tiempo, los residuos orgédnicos se descomponen en
materias orgdnicas solubles (como los dcidos grasos
volatiles). La humedad de los residuos, la accidén
de los microorganismos, entre otras condiciones,
propician la degradacién mediante una serie de
procesos fisicos, quimicos y biolégicos complejos
[8]. En la Figura 1 se presenta un esquema sobre la
produccion de lixiviados a partir de residuos sélidos
de rellenos sanitarios.

4, Salida de
1a 9
s a9y

Precigitacién /

Infiltracsin ‘

Percelacién

gaes

Residues
e
compactados

Almaeemamients de humedad

Produccién de lixiviados en un relleno

Figura 1.
sanitario.

Las caracteristicas contaminantes de los lixiviados
se ven influenciadas particularmente por la edad
del relleno sanitario [9], es decir, los lixiviados de
rellenos sanitarios jovenes (< 5 afios) contienen altas
cantidades de contaminantes orgdnicos y presentan

un pH 4cido [10]. Mientras los lixiviados de rellenos
sanitarios de edad intermedia (5-10 afios) y los
maduros (> 10 afios), se caracterizan por presentar
alto contenido de compuestos himicos y fulvicos,
asf como, menor biodegradabilidad en comparacién
con los rellenos sanitarios jovenes [11]. Ademds,
estos lixiviados presentan contaminantes como
metales pesados, compuestos xenobidticos, altas
concentraciones de amonio, entre otras sustancias
téxicas, perjudiciales tanto para el ambiente como la
salud publica [12].

Debido a las caracteristicas de los lixiviados de
rellenos sanitarios, presentan altas concentraciones
en, Demanda Quimica de Oxigeno (DQO), Demanda
Biolégica de Oxigeno (DBO), Carbono Orgéanico
Disuelto (COD), Carbono Orgénico Total (COT),
compuestos absorbentes de UVjss (UVysg) ¥
nitr6geno amoniacal (NH3-N), asi también, una
baja proporcion de DBO/DQO (relacién de
biodegradabilidad) [13, 14]. En consecuencia, el
tratamiento de los lixiviados es relevante dentro
de los rellenos sanitarios, donde se deben incluir
métodos que reduzcan las concentraciones de
los contaminantes y disminuyan sus cualidades
nocivas. Existen varios métodos de tratamiento
como lo son: fisicos (recirculacién y evaporacion)
[14], bioldgicos (lodos activados, reactores con
biopeliculas sumergidas y fijas, reactores de manto
de lodos de flujo ascendente) [15], tecnologias de
membrana (microfiltracién, ultrafiltracién y osmosis
inversa) y Procesos Avanzados de Oxidacion
(Procesos foto-asistido, procesos electroquimicos,
procesos varios y procesos basados en ozono) [16].

Los Procesos Avanzados de Oxidacion (PAOs)
han sido utilizados como métodos de tratamiento de
lixiviados por su ventaja para degradar compuestos
recalcitrantes, superando a algunos de los demads
tratamientos [17]. Principalmente, los PAOs presen-
tan una alta eficacia de eliminaciéon de compuestos
organicos y aumentan la biodegradabilidad [18, 19].
Uno de los tratamientos PAOs mds comunes son los
procesos basados en ozono, los cuales presentan su
alto valor oxidante para producir radicales hidroxilos
(OH) que degradan los contaminantes orgénicos re-
calcitrantes [18, 2]. Asimismo, los procesos basados
en 0zono son tratamientos ventajosos en cuanto a la
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remocién de color, olor y algunos metales pesados
[20].

El presente trabajo es una revisién centrada en
el desarrollo de los procesos basados en ozono
para el tratamiento de lixiviados producidos en
rellenos sanitarios, como un método de los PAOs
que ha presentado una buena eficacia en la remocién
de la concentracién de los contaminantes. Se
realiza un andlisis descriptivo y comparativo de
las investigaciones cientificas recientes, entre los
afos 2015 y 2021, en el tema de los procesos
basados en ozono para tratar lixiviados. Asi mismo
se citan referencias para profundizar y ampliar la
informacién actualizada.

Las investigaciones consideradas para la presente
revision, se extrajeron de buscadores como Science
Direct, Springer Link, Taylor & Francis, entre
otros. De estas investigaciones, el 68% pertenecen
a categoria Q1, el 29% a categoria Q2 y solo el 3%
a categoria Q3. Las revistas cientificas que mayor
cantidad de publicaciones registran sobre el tema de
estudio, segtin esta revision son: Journal of Cleaner
Production, Waste Management, Process Safety and
Environmental Protection, Desalination and Water
Treatment, Water Research, Chemosphere, Chemical
Engineering Journal, y Environmental Science and
Pollution Research. En cuanto a la distribucién de
las investigaciones segin el aflo de publicacioén, al
2015 pertenece el 12% del total de las referencias
bibliograficas, 2016 el 14%, 2017 el 12%, 2018 el
10%, 2019 el 20%, 2020 el 29%; y al afio 2021
corresponde el 3% de las publicaciones cientificas
revisadas hasta el mes de febrero.

2 PAOs como tratamiento

Los PAOs han sido estudiados en miultiples
investigaciones para demostrar la eficiencia de
su aplicacién como tratamiento en liquidos con
caracteristicas de alta toxicidad (aguas residuales
y los lixiviados). La velocidad del tratamiento,
la mejora de la biodegradabilidad y el alto
porcentaje de remocion de contaminantes orgénicos
recalcitrantes, posicionan a los PAOs como un
método de tratamiento ventajoso frente a otros
(fisicos y bioldgicos entre los mds comunes). Segin
Kow et al. (2016), son dos los procesos que se

desarrollan dentro del tratamiento mediante los
PAOs. Uno es la formacion de radicales libres u
oxidantes como radicales hidroxilos (OH) y otras
especies [21]. Otro proceso es la reaccién quimica
de radicales producidos con compuestos orgénicos,
lo cual se representa como reaccién bdsica en la
ecuacion (1) [3].

Oxidante + Compuesto Orgdnico —
Subproductos de Oxidaciéon — CO, +H,O0 (1)

Los PAOs como tratamiento, se les han atribuido
un alto valor en términos de costo, por lo tanto, se
considera que su implementacién es mds favorable
como pretratamiento o postratamiento, que como
tratamiento unico [15, 22]. Por consiguiente,
generalmente para el tratamiento de lixiviados
de rellenos se opta por crear un sistema usando
a los PAOs como complemento de uno o mads
métodos acoplados estratégicamente hasta alcanzar
las remociones de contaminantes esperadas. Una
de las combinaciones de métodos de tratamiento de
lixiviados mds usadas junto con los PAOs, son los
tratamientos bioldgicos, por sus buenos resultados
de eficacia de remocién en cuanto DQO, entre otros
parametros [7].

Se ha afirmado que el aumento del rendimiento
de los PAOs se logra con la manipulacién de las
variables asociadas al tipo de oxidante (Radical
hidroxilo, OH; radical sulfato, SO, ; ozono, Os;
anién persulfato, S,05%7; peréxido de hidrégeno,
H,0O;; radical hidroperéxido, HO,; y radical
super6xido, O, ") y sus concentraciones, de lo cual,
la informacién del potencial de oxidacion EY (V) y su
funcionamiento dentro del tratamiento es compilada
y presentada por Kow et al. (2016). Ademads, las
pruebas realizadas a diferentes PAOs y otros métodos
como el biolégico, coagulacion-floculacion y demas,
para determinar los rendimientos como tratamiento
de lixiviados de un relleno sanitario, se encuentran
en la investigacion de Bashir et al. (2015).

3 Procesos basados en ozono como tratamiento
de lixiviados

Los procesos basados en ozono se han catalogado
como una de las categorias de los PAOs mads
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prometedoras para eliminar y/o reducir contami-
nantes de los lixiviados a estdndares permisibles
expedidos las autoridades ambientales [3]. Los
procesos basados en ozono se muestran en la Figura
2, elaborada con base en los estudios de Ikehata
& Li (2018) y Kow et al. (2016). Recientemente,
se han documentado excelentes resultados de estos
procesos, especialmente como pretratamiento y
postratamiento.

0Ozonizacion
* Homogénea 03

* Heterogénea

Ozonizacion

al Ozono/UV
catalitica

Q0s/UV

Feroxone
03/H20:

Fentozono
03/H202/Fe+2

0zono/Fersulfato
03/5208

Figura 2. Tratamientos de procesos basados en ozono.

El rendimiento como pretratamiento se le confiere
al favorable aumento de la biodegradabilidad y
reduccidn de la toxicidad de compuestos organicos
[4, 24]. Por ejemplo, un pretratamiento con O3
para tratar lixiviados en membranas de alta presion
(osmosis inversa y nanofiltracién), obtuvo una
reduccién de 55.5% de compuestos absorbentes de
DQO y 54.4% de COD [4]. El proceso de O3
puede exitosamente eliminar y convertir compuestos
de 4cido humico y acido Fulvico en fracciones
hidréfilas que son biodegradables [4].

Como postratamiento, los procesos basados en
ozono cumplen con la funcién de oxidar los
compuestos orgdnicos residuales del tratamiento
anterior a este. Por ejemplo, el proceso con
ozono/persulfato (03/S,03) como postratamiento,
se aplicé a un lixiviado tratado mediante un proceso
bioldgico, obtuvo remociones de 87% de DQO y
85% de color, asi como un aumento de la relacion
de biodegradabilidad de 0.13 a 0.61 [1]. A su
vez, los procesos basados en 0zono son ventajosos
como método de tratamiento limpio, puesto que
regularmente la generacién de lodos es baja o poco

significativa [26, 27], a excepcion de los procesos
asociados a iones metalicos [14].

Las reacciones quimicas involucradas en cada
proceso basado en ozono (ozonizacién, ozonizacién
con radiaciéon UV, peroxono, ozono/persulfato,
fentozono, ozonizacién catalitica) estan disponibles
en el trabajo de Kow et al. (2016) y el libro de
Ikehata & Li (2018).

3.1 Ozonizacion (O3)

La oxidacion es el proceso principal de la
ozonizacion para degradar y mineralizar contami-
nantes orgdnicos de gran tamaiio, de liquidos como
los lixiviados [14], en especial los arométicos [10].
Los compuestos aromaticos se relacionan con los
compuestos absorbentes (UV2s4), a lo que las prue-
bas de tratamiento con O3 han demostrado ser alta-
mente eficaces [10, 25].

La ozonizacién degrada los compuestos organicos
recalcitrantes en el lixiviado de vertederos mediante
reacciones directas o indirectas. La reaccién
directa es el mecanismo en el cual se produce
una reaccion redox, entre las moléculas de
ozono y la materia orgdnica del lixiviado del
vertedero.
la reaccién indirecta, se producen radicales OH
altamente activos durante la oxidacién, que luego
inducen una reaccién en cadena, que implican
reacciones de iniciacién, propagacion y terminacién
[23]. El radical OH de alto potencial redox,
interactia con los contaminantes orgdnicos del
lixiviado, lo que propicia la apertura del anillo
en compuestos orgdnicos téxicos, mejorando asi
la biodegradabilidad.
considera més eficiente en comparacién con la
reaccion directa [3].

En cuanto al mecanismo mediante

La reaccion indirecta es

El O3 como tratamiento de lixiviados remueve los
contaminantes de formas distintas, de acuerdo a las
condiciones de pH [3]. Las reacciones de iniciacién
principales se presentan en la ecuacién(2) para un
pH acido a neutro y las Ecuaciones (3) y (4) para un
pH alcalino [23].

O3 +OH™ — HO, + 0O, 2)

O3 +OH™ — HO,; +0, 3)
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03 +HO, — HO, + 05 (4)

A pH dcidos, la remocién de contaminantes
ocurre de forma directa por medio del proceso de
reaccidon quimica con los compuestos organicos, por
ejemplo, Kattel et al. (2016) obtuvieron remociones
aproximadas del 45% de DBO7 y 18% de toxicidad
en medio 4cido. En contraste, en este tratamiento
se registraron remociones aproximadas del 65% de
DBOy; y 23% de toxicidad en medio alcalino, debido
a la oxidacidn indirecta de los OH.

Huawei et al. (2016) por su parte, al
tratar lixiviados efluentes de los tratamientos con
osmosis inversa y nanofiltracién, en medio alcalino,
encontraron que se producian mayores valores de
NH3-N y NO3-N después de la ozonizacién. Segtin
explican los autores, esto es debido a la degradacion
de los grupos amino en las sustancias himicas o
la degradacién de otros compuestos orgdnicos que
contienen nitrégeno. Por el contrario, un medio
alcalino inicial es favorable en la remocién de
contaminantes como el color y los compuestos
absorbentes UVjs4, por medio de procesos de
generacion de radicales OH u otras especies. Esto

es representado en los estudios de, AlGburi et al.

(2020) quienes alcanzaron una remocién de color
de hasta 90% y, Soubh & Mokhtarani (2016) que
obtuvieron en sus resultados una remocién de 90%
de compuestos absorbentes UVj,s4. La Tabla 1
describe los pardmetros iniciales, las condiciones
Optimas de operacion y la eficacia de los tratamientos

realizados con O3 a lixiviados de rellenos sanitarios.

3.2 Ozono/UV (03/UV)

La ozonizacién en presencia de irradiacion
ultravioleta, con una longitud de onda (A) inferior
a 300 nm, es el principio para degradar los
contaminantes [24]. En este sistema, el O3 se activa
al absorber luz ultravioleta a 254 nm y se somete
a fotolisis, aumentando la produccién de H,O; 'y
éste también se someterdn a fotdlisis para producir
OH [29]. Basicamente, el mecanismo del proceso de
tratamiento O3/UV es similar al de ozonizacién mas
la integracion de fotones [3], como se representan
en las ecuaciones (5) y 6, reacciones de iniciacién
principales [23].

O3 +HyO +hv — HyO» %)

H;0; +hv — 20H ©6)

Los rayos UV actian como catalizadores, oxidando
los contaminantes, rompiendo los enlaces saturados
complejos para degradarlos, aprovechando el alto
potencial de absorcién de luz del ozono [30]. EIl
rendimiento de eliminacién de los contaminantes
con el tratamiento O3/UV, ha demostrado ser mayor
a pH de 9 [29, 30, 31]. El O3/UV aumenta la
biodegradabilidad en hasta un 91% [29], es eficaz en
contaminantes refractarios, asi como en sustancias
himicas y fulvicas, convirtiéndolas en intermedios
alifaticos de bajo peso molecular [31]. Gomes et
al. (2020) afirmaron que el rendimiento de este
tratamiento para lixiviados puede estar relacionado
con el disefio del fotorreactor, el cual debe asegurar
que se permita un tiempo de contacto prolongado
entre las moléculas de O3 y los fotones UV para
obtener mayores remociones. Los estudios asociados
a la aplicacién de procesos de O3/UV, para tratar
lixiviados de rellenos sanitarios, se presentan en la
Tabla 2.

4 Peroxono (0O3/H,0»)

El Peroxono es una combinacién de ozonizacidn
con la adicién de oxidante fuerte, HO;, lo cual
mejora la transformacién de Oz en OH [33, 34]. Se
han realizado varios ensayos con O3/H,0O;, como
postratamiento de lixiviados tratados por procesos
biolégicos y con membrana [24, 35, 36]. Los
resultados demuestran que este tratamiento puede

degradar compuestos aromadticos a pH bajos [30, 35].

El mecanismo del proceso de tratamiento
con O3/H;0, para liquidos como los lixiviados,
se compone de reacciones de iniciacién y de
terminacién. En este, el ozono se descompone muy
répidamente en presencia de H,O, y la mayoria de
contaminantes se degradan por reaccién indirecta
con los radicales OH. A continuacidn, se presentan
las ecuaciones (7) y (8) de las reacciones de
iniciacién y la ecuaciéon (9) de la reacciéon de
terminacion [3].

Hy0, <> HO; +H' (7)
H,0, + H,0 — HO, +H;07 ®)
OH +HO, — H,0+0; ©)
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Tabla 1. Tratamiento de lixiviados con O3

Condiciones épti-

Fase de tratamiento Parametros iniciales mas de Eficacia Referencia
operacion
824.6 £+ 60 mg/L de DQO, 125.62
+ 2 mg/L de NH3-N, 8.538 + 8.5 de pH, 120 min 55.06 de DQO, 90%. de [25]
0.002 de pH, 350-400 de color, de reaccion absorbentes UVjs4
0.08 de BOD5/COD
Efluente de osmosis inversa: 8.5 mg. Os/g DQF), 55.5% de DQO, 55.4%
Postratamiento 2356 mg/L de DQO, 818 mg/L de 110 min de reaccién, de COT. aumento de (4]
COT, 64.5 mg/L de NH3-N, 179.6 7.5 de pH NH3-N ’NO3-N
mg/L de NO3-N, 7.84 de pH y AR
Efluente de ngnpﬁltracmn: eflu- 432% de DQO, 5.6% de
ente de osmosis inversa: 3.4 mg O3/g DQO, COT. aumento de NH3-N
5846 mg/L de DQO, 2082 mg/L de 110 min de reaccion, NO’ N
COT, 42.8 mg/L de NH3-N, 150.8 7.5 de pH YRS
mg/L de NO3-N, 7.27 de pH
2500 mg/L de DQO, 40 mg/L de 3 .
27 g/Nm” de dosis
BODs, 16200 PtCo de color, 8.2 de s, 11 de pH, 120 47% de DQO, 29% de (32]

de pH, 1100 mg/L. de NO3-N,

minutos

Amoniaco, 90% de color

0.016 de BOD5/COD

En la Tabla 2 se presentan los resultados de
optimizacién del tratamiento con peroxono para
remover contaminantes de lixiviados de rellenos
sanitarios. Este tratamiento depende de la dosis de
ozono aplicado para la reaccion [7, 18], puesto que,
en los estudios citados, las condiciones 6ptimas de
operacion se obtuvieron con la mayor dosis de Os.

4.1 Ozono/Persulfato (03/S,0527)

El ozono/persulfato es una combinacién de
ozonizacién con oxidante fuerte, S,0g2~, el cual, en
el proceso de descomposiciéon puede actuar como
iniciador para producir SO4_ [37]. También, se
pueden producir iones HSO4_ y H>0O, debido a
la reaccién conjunta con moléculas de agua. Las
reacciones en el tratamiento con radical sulfato, se
basa mayormente en la transferencia de electrones,
lo cual produce radicales OH que aceleran la
depuracion de la materia organica [22]. El
mecanismo del proceso 03/S,0g> se componen de
reacciones principales de iniciacion y propagacién
como se representa en las ecuaciones (10), (11) y
(12) [37].

$205% +2H,0 — 2HSO; +H,0, (10)

$,042 +OH™ — SO, +S0, +1/20, +H"
(11)

SO,2+OH™ — SO, +OH"~ (12)

El tratamiento con 03/S,0g%~ aplicado a los
lixiviados, permite disminuir la toxicidad, al mismo
tiempo que aumenta la biodegradabilidad, asimismo,
ha sido considerado como una alternativa eficaz
para la remocién simultanea de DQO y color [25].
Se asocia la condiciéon de un pH Inicial basico
para favorecer la reaccion de los radicales sulfatos
[22]. Soubh & Mokhtarani (2016) optimizaron el
tratamiento, a pH de 9, para obtener disminuciones
en los valores de pardmetros como DQO, color y
toxicidad, en hasta 85, 87 y 80%, respectivamente,
ademds de un aumento de 47% de BODs/COD
(Tabla 2).

Adicionalmente, se ha estudiado la imple-
mentacién del tratamiento con 03/S,052~ en con-
junto con un medio de activacién del persulfato,
con el fin de aumentar la oxidacién que produce
el SO4~ [3]. Entre los medios de activacién del
persulfato se destacan, la activacién térmica, acti-
vacion por microondas, activacién UV, entre otros
[38]. Poblete et al. (2019) realizaron experimentos
con esta alternativa para tratar lixiviados por medio
de UV,14/03/S,08°, aprovechando la energia del
sol y el proceso de ozonizacién con persulfato lo-
graron remover un 26.7% de DQO y 69.3% de color
(Tabla 2).
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El tratamiento de liquidos con S,0g~, puede
atribuirse a una la elevada demanda del consumo de
este oxidante [38]. Introducir una alta concentracién
de sulfato en el tratamiento, puede producir una serie
de subproductos intermedios toxicos. Por ejemplo,
los iones sulfato y los cloruros puede dar lugar a la
formacién de compuestos orgdnicos halogenados.
En consecuencia, se inhibe la bioactividad, lo
que conduce ademds a una baja biodegradabilidad
en comparacién con otros tratamientos como la
ozonizacién Unica [38].

5 Fentozono (03;/H,0,/Fe*?)

Fentozono es la combinacion de los procesos de
ozonizacién y Fenton; donde, el OH producido en el
proceso de Fenton reacciona con el O3, acelerando
su descomposicioén. Esto conduce a una produccién
de mayor cantidad de radicales y por lo tanto mejora
el proceso de oxidacion [36], mecanismo en forma
bésica representado en la reaccion de la ecuacién
(13) [3]. El mecanismo de reaccién del proceso de
Fenton se explica en forma detallada en el trabajo de
Wau et al. (2020) [3].

OH-+ 03 — HO; + 0Oy — HOy4 (13)

En el proceso O3/H,0,/Fe*? pueden generarse
lodos a causa de los iones metdlicos producidos
a partir del Fet? [14]. Las investigaciones han
coincidido en que el tratamiento de lixiviados
con O3/H,0,/Fet? es altamente eficaz en la
degradacién de compuestos orgdnicos recalcitrantes,
como las sustancias hiimicas y filvicas. También,
los grupos funcionales se degradan y destruyen
considerablemente en el medio liquido tratado [14,
36]. Las condiciones Optimas de operacién que
se registran en este tratamiento, se encuentran
asociadas a un pH de 2 a 7 [35]. Asaithambi et
al. (2017) obtuvieron remociones de 70.5% de DQO
y 88% de color, en condiciones de pH 7.0, 3.5 g/h
de dosis de O3y 180 min de reaccién. Por otra
parte, en condiciones de pH dcido (3.0), Huang et
al. (2019) obtuvieron los porcentajes de 48.82 y
63.59% en remocién de DQO y absorbentes UVjsy,
respectivamente. Asi mismo, Wang et al. (2021)
obtuvieron remociones en condiciones Optimas de
36.45 y 54.73% de TOC y absorbentes UVjsy,
respectivamente (Tabla 2).

5.1 Ozonizacion catalitica

Para obtener un rendimiento satisfactorio del
tratamiento de ozonizacién de lixiviados en un
menor tiempo, se han desarrollado los catalizadores.
El funcionamiento de los catalizadores consiste en
mejorar el poder oxidante del ozono Segtn el tipo de
catalizador se distinguen dos grupos: homogéneos
y heterogéneos [23]. Por un lado, la ozonizacién
catalitica homogénea utiliza iones de metales de
transicién que descomponen el ozono mediante uno
de los procesos de generacion de radicales libres o
la oxidacion directa [39]. Entre los iones de metales
en transicién comunes se encuentran los nitratos,
sulfatos, entre otros solubles en agua [37, 40]. La
activacion del ozono se da por iones como Fe(Il),
Mn(II), Ni(Il), Co(II), Cd(II) o Cu(II) [12, 14].

Se ha demostrado que un pH &cido es favorable
para el tratamiento de lixiviados por ozonizacion
catalitica homogénea [39]. Ademads, el tiempo de
reaccidn es una condicién importante del tratamiento,
como en el estudio de Wang et al. (2020), quienes
obtuvieron altas remociones de contaminantes
orgénicos y metales pesados, en un tiempo de
reaccién de 25 minutos, a una dosis de 100 mg/min
de O3 y 6 g/L de Fe (III) como catalizador.

En cuanto a, la ozonizacién catalitica heterogénea
se utilizan varios 6xidos metalicos de Mn, Ti, Al, Fe,
Siy Ce [21], asi como el carbén activado [15], la
zeolita natural [32] y otros materiales absorbentes
de los contaminantes. Este tratamiento hace uso de
sistemas gas-liquido-solido donde el catalizador es
un s6lido soportado comtinmente [15, 42].

El pH basico en su mayoria, se ha caracterizado
por ser la condicién 6ptima en la ozonizacién
catalitica heterogénea [43, 44].
dosis de catalizador es una condicién relevante para
este tratamiento, ejemplo que lo demuestra, son los
estudios realizados por He et al. (2018) y Xiang
(2020). Ambas investigaciones trataron
lixiviados aplicando la ozonizacién catalizada con
Al,O3, con similar condicidn inicial de DQO (1100-
1317.5 mg/L) y similares condiciones de operacion
de pH (7.3-7.8), dosis de ozono (18.92-20 mg/min),
en un tiempo de reaccion de 30 minutos. No obstante,
He et al. (2018) aplicaron una dosis de 50 g/L de
Al, O3, con lo cual obtuvieron una remocién de 70%

Asi mismo, la

et al.
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Tabla 2. Tratamiento de lixiviados con 03/UV, O3/H,0,, O3/ S;052~, 03/H,0,/Fe™?

Condiciones éptimas de op-

Fase de tratamiento  Parametros iniciales ., Eficacia Referencia
eracion
05/UV
Postratamiento Efluente de nanofiltracion 90 min de reaccion 23.5% de COT, 43.8% de [24]
absorbentes UVjsy
18 mg/min dosis de Osz; 9.0
N ’ de pH; 3 horas de reaccién; 66.2% de DQO; 58.4% de
Lixiviado maduro exposicién del lixiviados a rayo  COD; 91% de BODs/COD (29]
uvC
4512-9600 mg/L (%e.DQO; 2100- 5 gh.  dosis de Os; 9.0 de
4230 mg/L de soélidos totales; .. i
pH; 60 min tiempo de reaccién; 72% de DQO; 80% de y
3100-3950 Pt Co. De Color; 8,3- L. . [30]
. exposicién bajo 15 W-UVC; A:  NH3-N
8,94 de pH; altos contenidos de
254 nm
cloruro y metales pesados
11.2 mg/min. dosis de Os;
Postratamiento Lixiviado de incineracion 9.0 de pH; 60 min de reaccién; 78% de aumento de (31]
tratado bioldgicamente exposicion a vacio ultravioleta BODs/COD
(VUV)
03/H,0,
Efluente de tanque de regulacién
+ MBR meséfilo-anaerébico + 52.65 mg/min dosis de O3, 6500
. 6smosis inversa: 1501 mg/L de Mm dosis de Fe*?, 18.8 mM  30.84% de DQO y 24.59%
Postratamiento . . [14]
DQO, 0.016 mg/L. de DBOs, dosisde HyO,,3.0de pH,20 min  de absorbentes UVjsy4
0.845 de CN, 13.25 de ab- de reaccién
sorbentes UVjs4, 8.52 de pH
Postratamiento clizslan(ggSIL 7dT ]cl)(:2 I?I:I 9(()) (I)I;g(/ilc:, 10 mg/min. de O3, 4.0 g/l de  44% de DQO, 87% de [18]
BODS/COD. H,0,, 9.0 de pH color, 32% de BOD5/COD
Postratamiento Efluente de nanofiltracion 90 min de reaccién 14.9% de COT, 46.1% [24]
absorbentes UVjsy
4850-5150 de DOQ, 2650-2950 3.5 g/h dosis de O3, 7.0 de pH, 35% de DQO y 47% de (35]
de DBO, 8.6-8.8 de pH 180 min de reaccién color
03/520827
0.2 g/L de S20g%>"; UV solara  26.7% de DQO y 69.3% de
o [22]
40°C color
750 mg/L de DQO, 95 mg/L  0.79 g/h. de flujo mésico de O, fgz’r gsngc?&eﬁﬁ gz
Postratamiento de DBOs, 8.9 de pH, 0.13 de 4500 mg/L de SZng’, 9.0 de ’ L. 0. i [25]
BOD5/COD H., 210 min de reaccién BODs/COD, disminucién
5 L de la toxicidad en 80%
72% de DQO, 96% de
. . color, 76% de amoniaco
210 min de reaccién y aumento hasta 029 de [26]
BOD5/COD
03/H,0,/F et
Efluente de tanque de regulacion
+ MBR meséfilo-anaerébico + 52.65 mg/min dosis de O3, 6500
. dsmosis inversa: 1501 mg/L de  Mm dosis de Fe+2, 18.8 mM  48.82% de DQO y 63.59%
Postratamiento . . [14]
DQO, 0.016 mg/L de DBOs, dosisde Hy0,,3.0de pH,20 min  de absorbentes UVjs4
0.845 de CN, 13.25 de ab- de reaccién
sorbentes UV»s4, 8.52 de pH
4850-5150 de DOQ., 2650-2950 3.5 g/h dosis de O3, 7.0 de pH, 70.5% de DQO y 88% de (35]
de DBO., 8.6-8.8 de pH 180 min de reaccién color
Efluennte de SAARS: 800 + 50
mg/L de DQO; 0.05 £ 0.02 de . .
) ) 18.92 mg/min dosis de O3; 4.4 o )
postratamiento DBO/DQO; 7.36 de pH; 2.526 mg/L dosis de HyOp: 1.0 g/l 54.74% de absorbentes (36]

cm~! de absorbancia UVjsy;
0.218 cm~! de nimero de color
(CN); 332 mg/L de TOC

dosis de Fe¥; 3.0 de pH

UVjs4 y 36.45% de TOC
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en términos de DQO, mientras Xiang et al. (2020),
aplicaron una dosis de 10 g/LL de Al,O3 y obtuvieron
una reducciéon menor de DQO en un 54.3%.

En la Tabla 3 se presenta la descripcion algunos
de los estudios que han puesto a prueba los
procesos de ozonizacién catalitica sobre lixiviados
de rellenos sanitarios, donde se indica los resultados
de remocién de contaminantes de acuerdo a las
condiciones 6ptimas en cada caso.

6 Desafios en la implementacién de los procesos
basados en ozono a escala industrial en paises
en desarrollo

Los paises en desarrollo en su mayoria disponen
los RSU en rellenos sanitarios o en vertederos
[47]. Dentro de la gestion integrada de los rellenos
sanitarios es de gran relevancia la gestiéon de los
lixiviados, sin embargo, la mayoria no cuentan con
la adecuada implementacién de los procesos de
tratamiento, que tengan la capacidad de manejar la

cantidad y caracteristicas del lixiviado generado [20].

Esto representa inminentes consecuencias para el
medio ambiente y por consiguiente para la salud de
la poblacién de los paises en desarrollo, lo cuales, se
han visto afectados en varias ocasiones por el mal
manejo de estos liquidos, que contaminan el suelo y
las aguas subterrdneas [48]. La gestion de lixiviados
es un desafio [47, 49]; es necesario en los paises
en desarrollo, que los procesos de tratamiento sean
altamente rentables, con un bajo requerimiento de
drea, simple de implementar, y mantener e identificar
los factores significativos que los afectan [20, 47].

Los lixiviados estdn compuestos por multiples
contaminantes (altas cargas orgdnicas, amonio
y sales inorgdnicas, asi como, contenidos de
hidrocarburos, pesticidas, entre otros), que lo
caracterizan un liquido complejo [1, 32, 44, 50,
51]. El tratamiento de los lixiviados debe alcanzar
unos estdndares minimos, generalmente expedidos
por la autoridad ambiental para evitar los dafios
ecoldgicos y de la salud poblacional [52]. En
los paises en desarrollo se han implementado los
procesos convencionales fisicos, biolégicos y/o
filtracién con membrana, sin embargo, muchas veces
no es suficiente [53]. Por lo tanto, es requerido
aumentar la reduccién de la carga contaminate por

medio de métodos avanzados, como lo PAOs [20],
entre los cuales, procesos basados en ozono ha sido
considerados unos de los mds prometedores [3].

Como ya se ha mencionado anteriormente, los
procesos basados en ozono como tratamiento, son
muy valorados por sus ventajas de convertir los com-
puestos orgdnicos recalcitrantes en compuestos de
menor peso molecular, aumentar la biodegradabili-
dad, entre otras [23]. Sin embargo, la eficiencia del
tratamiento con estos procesos depende de varios fac-
tores como, los costos de tratamiento relativamente
altos y la aplicacion de sistemas de control [20]. Por
ejemplo, el costo para el tratamiento de lixiviados
por medio de ozonizacion catalizada en un reactor
con microburbujas, se ha estimado que es de 5.36 $/t
para remover hasta un 96.25% de DQO [51]. Otra
estimacion del costo realizada para el tratamiento
de ozonizacion fue de 7.06 €/m?3, el cual es mayor,
frente al costo estimado de 4.0 €/m? del tratamiento
biologico oxidativo [28].

Asi mismo, la aplicacién exitosa de los procesos
basados en ozono y en general los PAOs, estd
restringida por el limitado avance de los sistemas
de control a escala industrial, lo cual es necesario
para realizar la dosificacion eficiente de acuerdo
a los cambios de volumen del lixiviado a tratar,
principalmente ocasionados por los periodos de
Iluvias [20]. Ademas, el sistema de control de
ajuste del pH es relevante para obtener las eficiencias
de remocion esperadas [12]. Cabe mencionar, los
lixiviados generados en los paises en desarrollo
suelen ser de pH neuro, en comparacion con los
paises desarrollados, que generalmente, su pH se
sitdan en el rango de los 4cidos; ésta y otras
caracteristicas comunes de los lixiviados generados
en los paises en desarrollo se encuentran en Rajoo et
al. (2020).

Las limitaciones de los procesos basados en ozono
han provocado que se consideren no favorables como
tratamiento unico [16]. De hecho, varios estudios
han demostrado que un tratamiento combinado es
capaz de mejorar la calidad del lixiviado y minimizar
el residuo generado a un costo de tratamiento menor
que un tratamiento individual [20]. Adicionalmente,
existe una complejidad de las caracteristicas del
lixiviado, puesto que, en ocasiones se disponen
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Tabla 3. Tratamiento de lixiviados mediante ozonizacion catalitica homogénea y heterogénea

Condiciones de

Fase del tratamiento  Catalizador Parametros iniciales L, . Eficacia Referencia
operacion optimas
Homogénea
Efluente estabilizado
anaerdbicamente:
27 g/m? dosis de O3,
_ 4250 mg/l. de DQO, " jodis de Zn,  90% de DQO, 99% de
Postratamiento 7ZnS0O4 348 mg/L de DBOs, 4.0 de pH. 180 min de  color. 5% de NHs-N [9]
1897 mg/L de NH;3-N, re'acc.éf:l ’ 27 3
20300 Pt Co de color, !
8.64 de pH
Efluente  biotratado: 80.23% de DQO vy
273 de DQO., 107.6 . el 74.85% de COT,
100 mg/min de O3, 6
. de TOC, 8.58 de, 0.05 85.01% de absorbentes
Postratamiento Fe (IIT) de BOD5/COD, 3.71 g/L de Fé (II0), 6.596 UVss. . reduccién alta [41]
21 pH, 25 min de reaccién L.
cm~ ' de absorbentes de metales toxicos (Cu,
UVis4 Ni, As, Sr, Cr, Pby Zn)
Heterogénea
Efluente de osmosis
inversa: 1317.5 mg/L . .
de DQO, 20 mg/L (2)2 mf(/)m‘;}; ‘idﬁ'sge 70% de  DQO,
Postratamiento ALOs3 de DBOs, 57 mg/L 733’ & %1 300 C2 33’ 100% color, 0.2 [6]
de solidos suspendidos, n;'n de gea,ccién ’ de DBOs/DQO
73 de pH, 001 de ™
BODs/COD
64.44%, 68.97% vy
. 824.6 + 60 mg/L de 78.43% de DQO
ggggﬁg* TH\I;' DQO, 12562 + 2 para  SSCWM/O3,
/SSCWM/OL (Stainless mg/L de NH3-N, 8.538  8.5de pH, 120 minde Ti-SSCWM/O3, Ti- 25]
3 " 4 0.002 de pH, 350- reaccion. Mn /SSCWM/03
steel corrugated wire .
mesh-SSCWM) 400 de color, 0.08 de respectivamente; hasta
BODs/COD un 90% de absorbentes
UVss4
2500 mg/L de DQO, 27 g/Nm? de dosis de
40 mg/L de BODs, O3, 11y 5depH 6p- 66% de DQO, 63%
Zeolita neutral (faujasita) 16200 PtCo de color, timos para reduccién de Amoniaco, 93% (32]
Jas 8.2 de pH, 1100 mg/L.  de color y amoniaco de color, 0.1 de
de NO3-N, 0.016 de respectivamente, 120 BODs/COD
BODs/COD minutos
Efluente de un semi-
aerobic aged refuse
biofilter: 1100 mg/L  18.92 mg/min de dosis 54.3% de DQO, 82.9%
Postratamiento AlL,O de DQO, 3.0 de ab- de Oz, 10 g/l de de absorbentes UV [45]
) 23 sorbentes UVjs4, 0.4 Al O3, 7.8 &2 de pH, ) ) 254
1 . ., 95.9% de CN
cm de numero de 30 min de reacciéon
color (CN), 0.04 de
BODs/COD
Cu/Mg/Al-chitosan: 40.70 mg/L. de DQO, . 69% de DQO, 48%
Cu (0.89 mmol/L), M 2100 mg/L de BODs, 20 mg/L de catalizador, de COT. 54% de ab-
) " M2 91 de pH, 0.052 de 3.5 mg/min de O3, 50 ’ ? [46]

(4 mmol/L) y Al (2
mmol/L)

BODs/COD, 34.04 de
COT

min de reacciéon

sorbentes UV;sy4, 0.39
de BODs/COD

en conjunto, los residuos urbanos y los residuos
industriales [54]. Por lo cual, se afirma que no existe
un proceso de tratamiento Unico que funcione para

todos los lixiviados [54].

Realizar un tratamiento eficiente de los lixiviados
generados en los rellenos sanitarios de los paises

en desarrollo, se convierte en un proceso relevante
de responsabilidad ambiental y social.
los procesos basados en ozono junto con los
tratamientos convencionales implementados en los
rellenos sanitarios, debe depender de un proceso
investigativo, donde se aporten recursos financieros,

Incluir
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para lograr adaptar un acople de tratamiento
adecuado, que optimice la gestién de los lixiviados
cumpliendo con los estdndares permisibles [54].

7 Conclusiones

La composicién compleja de los lixiviados de
rellenos sanitario requiere de una alternativa de
tratamiento que alcance las remociones esperadas,
de manera que no represente un riesgo para la
salud y el ambiente. Recientemente, se han
avanzado en estudios sobre los procesos basados en
ozono para aprovechar sus ventajas oxidativas que
degradan los compuestos recalcitrantes y mejoran
la biodegradabilidad. Las técnicas de ozonizacion
catalitica y peroxono son las mas documentadas
y desarrolladas como tratamiento.
la ozonizacién catalitica para remover altisimos
porcentajes de DQO, COT, Color y compuestos
absorbentes de UVjsy4, y para disminuir el tiempo de
reaccion del tratamiento (25 a 180 minutos). Cada
técnica presenta condiciones de operacién distintas,
de acuerdo a los tipos de reacciones que permiten
la degradacién de contaminantes. A pesar de los
resultados prometedores de los procesos basados en
ozono, para los paises en desarrollo, contintia siendo
un desafio para su implementacién a escala real en
un relleno sanitario, entre las causas principales, la
limitacién en cuanto a costos y de los sistemas de
control.
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Abstract: This study evaluated the efficiency of catalytic ozonation with magnetite (Fe304)
in degrading recalcitrant organic compounds in leachates from two sanitary landfills in
Colombia. The optimum treatment conditions were also analyzed by means of a response
surface design, resulting in 6 g Os/h, 2.5 g/L Fe30s, and pH 9, which resulted in COD
removal rates of 85.3% in El Guayabal and 75.8% in La Madera. Moreover, the BODs/COD
ratio increased from 0.26 to 0.38 and from 0.23 to 0.32, respectively, suggesting increased
effluent biodegradability. The most efficient ozone consumption (2.7 g O3 per gram of
COD removed) was obtained under alkaline conditions with a high catalyst concentration.
Magnetite demonstrated structural stability, although its catalytic efficiency progressively
decreased after three cycles of use, with COD removal decreasing from 85.3% to 73.6%.
These findings validate catalytic ozonation with magnetite as an efficient alternative for ad-
vanced leachate treatment, with the potential to optimize contaminant removal in industrial
effluents and strengthen environmental remediation strategies.

Keywords: catalytic ozonation; magnetite (Fes04); leachates; contaminant degradation

1. Introduction

A challenging problem in the management of urban solid waste is represented by
leachates generated in sanitary landfills, which have heterogeneous compositions and
high recalcitrant contaminant loads. Their chemical complexity—compounded by heavy
metals, difficultly degrading organic matter, and emerging pollutants—has underscored
the shortcomings of conventional treatment methods. Although such processes are based
on biological or physicochemical strategies, they are limited to certain efficiencies, and
they often do not comply with more stringent environmental regulations [1]. This has,
in turn, put more pressure on the development of feasible solutions that promote the
development of new technologies for optimizing contaminant removal and for making any
process sustainable.

In this context, significant knowledge concerning the degradation of recalcitrant
compounds has been obtained via advanced oxidation processes (AOPs). Among them,
catalytic ozonation has proven to be a promising option, as it synergistically improves the
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oxidizing ability of ozone through contact with selective catalytic materials [2]. This method
aids in the conversion of difficult organic materials to biodegradable intermediates, greatly
increasing the overall treatment efficiency [3]. Moreover, its use has been confirmed in
multiple contexts, enabling deployment within different operating states and guaranteeing
performance in practical systems [4].

One of the most studied and efficient catalysts in this process is magnetite (Fe3z04),
which promotes the decomposition of ozone into hydroxyl radicals—highly reactive species
that play a key role in the oxidation of hard-to-degrade organic contaminants [5]. In
addition to its structural stability, its physicochemical properties make it a valuable tool
for the effective removal of contaminants from leachates. Furthermore, its active surface
serves as an efficient adsorption site, improving reaction kinetics and maximizing process
efficiency [3]. Recent research has shown that magnetite can enhance organic matter
removal efficiency when combined with other catalysts, such as iron nanoparticles and
cerium compounds, expanding the possibilities for process optimization [6]. Moreover,
doping magnetite with transition metals has been found to improve its catalytic activity
and material stability [7]. The combination of these catalysts enhances process efficiency by
increasing reaction rates and reducing the formation of undesirable byproducts.

Catalytic ozonation for leachate treatment is a new advancing topic. Multiple studies
have confirmed that this approach not only facilitates the degradation of stubborn contami-
nants but also increases the biodegradability of the leachate after treatment. The process
proved to be highly efficient for the removal of persistent organic compounds when it was
coupled with electrocoagulation and adsorption, as demonstrated by recent research. [8].
In a related study, hybrid processes such as synergizing catalytic ozonation with membrane
bioreactors (MBRs) have exhibited great potential for the removal of toxic constituents and
also effectively lead to great reductions of chemical oxygen demand (COD) for optimal
remediation levels [9]. Another promising approach has been the use of advanced catalysts,
such as magnetite doped with transition metals, which has improved the efficiency of
converting ozone into hydroxyl radicals while minimizing the formation of undesirable sec-
ondary byproducts. Research has reported that incorporating materials such as manganese
ferrite (MnFe204) and Fe-N4 nano-catalysts within carbon structures yields enhanced long-
term stability and catalytic activity, facilitating their application under more demanding
operational conditions [2]. Likewise, the inclusion of EDTA-Fe-based complexes has en-
hanced ozonation efficiency under neutral pH conditions, a key factor for implementation
in industrial scenarios without requiring additional chemical adjustments [10].

Regarding process optimization, recent studies have explored the implementation of
catalysts supported on activated carbon and porous structures, which has significantly re-
duced metal leaching and improved catalyst reusability over multiple treatment cycles [11].
Such innovations are fundamental to ensuring the economic and environmental viability of
the process on an industrial scale. Moreover, integrating catalytic ozonation with photo
assisted processes (03/UVC and Os/H202/UVC) has been evaluated as a complementary
strategy for degrading high-molecular-weight organic compounds, enhancing the conver-
sion of contaminants into biodegradable products, and reducing the generation of toxic
byproducts [12].

Various studies have demonstrated that the application of catalytic ozonation with
magnetite not only facilitates organic matter removal but also significantly reduces leachate
toxicity and improves its biodegradability [13]. This technology has proven particularly
effective in eliminating aromatic compounds, humic substances, and other refractory
contaminants that conventional methods fail to degrade efficiently [14]. Additionally,
recent studies have shown that integrating catalytic ozonation with other processes, such
as electrochemical treatment and biofiltration, can further improve treatment efficiency and
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reduce chemical reagent demand [15]. Moreover, optimizing the ozone concentration and
incorporating hybrid catalysts, such as Fe304 combined with fly ash, have led to enhanced
degradation of persistent compounds and increased leachate biodegradability [2]. Another
critical aspect is the reusability of the catalyst. Magnetite has shown high stability after
multiple reaction cycles, maintaining its catalytic capacity and reducing the operational
costs associated with the process [5]. However, the efficiency of catalytic ozonation depends
on multiple factors, including the medium pH, ozone concentration, and presence of other
substances in the leachate matrix. Therefore, optimizing operating conditions is essential to
maximize process effectiveness and ensure feasibility at an industrial scale [1]. Exploring
different reactor configurations and adjusting ozone and catalyst concentrations could
provide practical solutions to these challenges.

In this context, the present study evaluated the performance of catalytic ozonation
with magnetite for the treatment of leachates from two sanitary landfills in Colombia,
aiming to determine the optimal operating conditions and their impact on the removal
of recalcitrant contaminants. Key variables such as ozone dosage, catalyst concentration,
and pH were analyzed to maximize process efficiency. Additionally, catalyst stability after
multiple usage cycles was assessed, identifying potential modifications in catalyst structure
and composition. Through this analysis, the study seeks to establish technical criteria
for large-scale implementation, contributing to the development of sustainable strategies
for landfill leachate remediation and the optimization of advanced effluent treatment
technologies.

2. Materials and Methods
2.1. Leachate Sampling and Characterization

Two sanitary landfills located in Norte de Santander, Colombia, were sampled for
leachate. The first is Regional La Madera, which has been in function since 2001 in Ocafia
(8°14"N, 73°21° W). Waste collected at the site comes mainly from municipalities, with the
largest share of agricultural activity and no major industrial impact. On the other hand,
the Environmental Technology Park El Guayabal has been operating since 2007; it is in the
city of Cticuta (8°05 N, 72°30° W) and receives waste from municipalities with industrial
activities, which modifies the chemical characteristics of their leachates (CORPONOR,
2000; 2015).

Sampling was conducted following the methodology described by [16], employing a
stratified scheme at three depth levels: surface (0-50 cm), intermediate (50-150 cm), and
deep (>150 cm). This strategy allowed for the evaluation of contaminant distributions at
different depths in the storage ponds, ensuring a representative characterization. To prevent

sample alteration, sterile borosilicate bottles were used, preserved with 0.2% sodium azide,
and stored at 4 °C immediately after collection [17]. Additionally, transportation was
carried out in insulated containers with cold packs, maintaining a temperature between 2
and 4 °C to preserve the physicochemical and microbiological properties of the samples [18].

Table 1 summarizes the physicochemical parameters and heavy metals analyzed and
the analytical methods used for the samples collected for this study. The standards used
for all procedures were based on Standard Methods for the Examination of Water and
Wastewater, 23rd Edition [19].

2.2. Catalyst Characteristics

The selection of the catalyst used in this study followed the criteria described by [20].
Synthetic magnetite (Fe304) was chosen because of its high purity and chemical stability,
making it suitable for advanced oxidation processes. Its interaction with ozone facilitates
the generation of hydroxyl radicals, which are essential for the degradation of organic
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contaminants in leachates, thereby optimizing treatment efficiency. Additionally, its ho-
mogeneous morphology enhances dispersion in aqueous media, ensuring greater surface
contact and improving catalytic activity. The characterization of the commercial magnetite
used, presented in Table 2, details the distribution of its main elements, highlighting its
low impurity content and the presence of oxides such as magnesium oxide (MgO), tita-
nium dioxide (TiOz), and aluminum oxide (Alz03), which may influence its stability and
catalytic performance.

Table 1. Analytical methods for physicochemical characterization of leachates.

Parameter Method
pH SM 4500 H* B
Temperature (°C) SM 2550 B
Conductivity (US/cm) SM2510B
Chemical Oxygen Demand (COD) (mg/L) SM5220D
Biochemical Oxygen Demand (BODs) (mg/L) SM5210B
Total Suspended Solids (mg/L) SM 2540D
Cadmium (mg/L) SM3030E,SM3111B
Chromium (mg/L) SM3030E,SM3111B
Lead (mg/L) SM 3030E,SM 3113 B
Mercury (mg/L) SM3112B

Table 2. Chemical composition of synthetic magnetite.

Component Concentration Units
Fe304 >98
MgO 0.9
Mn 0.3
TiO2 0.25 %
Zn 0.1
Alz203 0.1
Si02 0.05
Pb 5
Cd 2 ppm
As 10
Hg 0.5

Source: (Alpha Chemicals, Karachi, Pakistan, N.D.).

2.3. Ozonation Process

The ozonation process was conducted in a 500 mL glass reactor designed to maximize
ozone mass transfer in the liquid phase. As shown in Figure 1, the reactor features an inter-
nal concentric tube for gas injection, facilitating the uniform dispersion of ozone through
microbubbles generated by an aeration system with 0.45 pm holes. This configuration was
employed to increase the efficiency of contact between ozone and leachate.

During operation, the system temperature was maintained at 20 * 2 °C under con-
trolled conditions. The ozone used in the experiment was generated from pure oxygen via
a model O1 generator (Pacific Ozone, Lenntech, Delfgauw, The Netherlands) with a produc-
tion capacity of 6 g/h and an adjustable flow rate between 3.3 and 4.7 L/min. The ozone
concentration was regulated through a voltage controller, ensuring precise dosing through-
out the experiment. Finally, residual gases were directed into a 30% potassium iodide (KI)
solution to neutralize unreacted ozone and prevent its release into the atmosphere.

To avoid errors associated with the operation of the ozone generator and to ensure
stable dosing, the gaseous ozone was continuously monitored by a BMT 964 BT ozone
analyzer. This equipment employs a double-beam UV photometer (254 nm) and pressure
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and temperature compensations, ensuring high-precision measurements with an error
margin of less than 0.5%. Thanks to this monitoring, it was possible to detect and correct
deviations in the ozone concentration supplied to the reactor, improving the reliability of
the process. Also, to evaluate the efficiency of ozone transfer to the liquid phase, dissolved
ozone was measured using a multi-parameter photometer HI 83300 (Hanna Instruments,
Smithfield, RI, USA), based on the DPD (N,N-diethyl-p-phenylenediamine) reagent method.
This technique makes it possible to quantify ozone in solution by the formation of colored
complexes whose absorbance is measured spectrophotometrically. In this way, it was
possible to determine precisely the amount of ozone dissolved in the medium and to
evaluate its availability for the catalytic reaction with magnetite.

e

Figure 1. Schematic of glass reactor used in ozonation process.

2.4. Optimization of Catalytic Ozonation with Magnetite
Evaluation of Factors via Box-Behnken Design

Ozonation process optimization was performed according to the Box-Behnken design
with three factors (15 experiments) through Design Expert software (v22. 02, StatEase,
Minneapolis, MN, USA). The study used untreated samples from two landfills (La Madera
and El Guayabal). For case (a) and case (b), the ozone dosage (g/h—flow rate of 3.3 L/min)
was provided as a variable in accordance with the ranges that were investigated by [21-25];
the magnetite concentration (g/L) was obtained from [5,25-27]; and the pH values were
obtained on the basis of the results of [21,23,28-30] (Table 3). The response variable was
the percentage removal of chemical oxygen demand (COD) compared with the initial
value. COD removal was measured at time intervals of 0, 20, 40, 60, and 120 min for each
experiment. In addition, three control runs were incorporated into the experimental design:
(i) ozone (6 g/h), magnetite (0 g/L), and pH (9), (ii) ozone (0 g/h), magnetite (2.5 g/L),
and pH (9), and (iii) ozone (0 g/h), magnetite (0 g/L), and pH (9). The data collected after
120 min were analyzed via variance analysis (ANOVA) based on the software settings to
determine which of the independent variables and their interactions had a significant effect
on COD elimination.

Once the variables with the most significant impact on COD removal were identified,
a central composite design (CCD) was applied via Design Expert software (v22.02, StatEase,
Minneapolis, MN, USA). This approach allowed for the determination of an optimal region
for maximizing the selected response variables.

2.5. Assessment of Recoverability of the Catalyst

After ozonation treatment, the magnetite was recovered via magnetic separation with
aneodymium N35 magnet (10 mm X 2 mm). After that, it was rinsed with distilled water
to wash away leachate residues and putin an oven to dry at 105 °C for 24 h, in accordance
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with [5,31]. The structural and morphological properties of the catalyst were evaluated after
each cycle via Fourier transform infrared spectroscopy (FTIR, FTIR-Jasco 4100 spectrometer,
KBr pellet, Thermo Fisher Scientific, Waltham, MA, USA) to detect probable changes in
the functional groups. Furthermore, to characterize the morphology and structure of the
retrieved particles, scanning electron microscopy (SEM) was carried out with a Phenom
Pro X microscope (Thermo Fisher Scientific, Waltham, MA, USA). In the United States with
a backscattered electron detector. Finally, the catalytic capacity of the recovered magnetite
was analyzed for COD removal in three consecutive ozonation cycles, as was the mass
recovery of the material after each cycle.

Table 3. Resolved Box-Behnken experimental design.

Factor A Factor B Factor C

Run O:2 FesO4 pH

g/h g/L pH
1 4 0.5 9
2 6 1.5 9
3 6 0.5 6
4 2 2.5 6
5 2 1.5 3
6 2 1.5 9
7 4 2.5 9
8 4 2.5 3
9 4 1.5 6
10 6 2.5 6
11 6 1.5 3
12 4 0.5 3
13 4 1.5 6
14 2 0.5 6
15 4 1.5 6

2.6. Evaluation of the Efficiency of Ozone Dosing and Transfer in Organic Matter Removal

The ozone utilization efficiency (EOs3, expressed in mg COD/mg O3) was evaluated
based on the amount of chemical oxygen demand (COD) removed relative to the transferred
ozone dose (TOD, in mg). This calculation determines the effectiveness of ozone in de-

grading the organic matter present in leachates, according to the methodology established
by [32,33]. The relationship is expressed by the following Equation (1):

COD removal

E =
4 TOD

(D

To determine the transferred ozone dose, a mass balance of ozone in the gas and

liquid phases was employed. This method quantifies the amount of ozone dissolved in the

system and distinguishes it from losses due to volatilization. The balance is described by

the following Equation (2) [33]:
[

[
t
TOD = 0 [O3]gas l’anasdt -

t
0 [O3]gas othgasdf (2)

where [Oz]ss in is the ozone concentration in the gas phase (mg/L), [O3]ges out is the ozone
concentration in the aqueous phase at a specific moment during the reaction (mg/L), and
QQgas corresponds to the gas flow rate (L/min). The ozone concentration in the aqueous

phase was measured via a multiparameter photometer (model HI 83300, Hanna Instru-
ments, Smithfield, RI, USA) via the DPD (N,N-diethyl-p-phenylenediamine) method, which
uses the HI 93757-0 reagent, where DPD reacts with ozone to produce colored complexes,
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the measurement of which was conducted photometrically. To avoid errors associated with
the operation, the gas phase ozone concentration was continuously monitored by a BMT
964 BT ozone analyzer. This equipment employs a double-beam UV photometer (254 nm)
and pressure and temperature compensations, ensuring high-precision measurements with
an error margin of less than 0.5%.

3. Results
3.1. Chemical Caracterization of Landfill Leachates

The physicochemical characteristics of the analyzed leachates are shown in Table 4, as
reflected by the variability of the measured parameters. In El Guayabal, the highest values
for conductivity, pH, and temperature were recorded, along with an elevated concentration
of chromium. In contrast, La Madera presented the highest organic load, as evidenced
by its elevated chemical oxygen demand (COD) and biochemical oxygen demand (BODs)
values, coupled with lower conductivity and mercury detection. Chromium was detected
in El Guayabal, whereas mercury was detected in La Madera, indicating differences in
waste sources and leaching dynamics at each site. Moreover, the BODs/COD ratio was low
in both cases, suggesting limited biodegradability.

Table 4. Characteristics of evaluated leachates.

Parameter El Guayabal La Madera Units

pH 85 7.57 pH units
Temperature (°C) 30.1 29.4 -C

Conductivity (US/cm) 18.740 1.128 US/cm
Chemical Oxygen Demand (COD) (mg/L) 6.295 8.421 mg 0z2/L
Biochemical Oxygen Demand (BODs) (mg/L) 1.664 1.933 mg 0z2/L

Total Suspended Solids (mg/L) 8.309 5.151 mg/L

Cadmium (mg/L) <0.050 <0.014 mg/L

Chromium (mg/L) 0.294 n/a mg/L

Lead (mg/L) <0.10 <0.10 mg/L

Mercury (mg/L) <0.001 0.28 mg/L

3.2. Ozonation Process

The results revealed variations in chemical oxygen demand (COD) removal efficiency
between the leachates from the two sanitary landfills (Figure 2). In El Guayabal, a maximum
removal of 85.3% was achieved, whereas in La Madera, the highest recorded removal was
75.8%. However, the removal rates within the first 20 min were similar for both leachates,
with removal values ranging between 30% and 40%, indicating that the initial stage of the
process is critical to the degradation kinetics. After 60 min, the removal curve begins to
stabilize, showing a trend toward a decrease in process efficiency over time.

Analysis of the extreme values indicated that, in both leachates, the highest removal
rate occurred within the first 40 min, with a significant increase in the COD removal
level. In contrast, in the control experiments conducted without the catalyst, COD removal
remained below 42%, underscoring the contribution of magnetite to the generation of active
oxidizing species. Additionally, variations in efficiency among the catalytic tests can be
attributed to the influence of the initial composition and physicochemical conditions of
the leachates.

3.3. Results of Design of Experiments Proposed

The effects of light 02 (A), Fe304 (B), and pH (C) on COD removal were statistically
assessed via an ANOVA model (Table 5) for samples from El Guayabal and La Madera.
Metrics such as the coefficient of determination (R?), adjusted R?, forecast R?, and Adeq
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Precision, which gauges the signal-to-noise ratio in the data, were used to evaluate the
model’s validity. In the case of the samples from El Guayabal, the findings show that the
Model F value of 21.93 implies that the model is significant, with only a 0.01% chance that
an F value that this large could occur due to noise. In this case, A, B, C, AC, and C? are
significant model terms with p-values lower than 0.05. Finally, the lack of fit F value of
3.03 implies that the lack of fit is not significant relative to the pure error. There is a 27.07%
chance that a lack of fit F value for this large value could occur due to noise. The predicted
R? of 0.7344 is in reasonable agreement with the adjusted R? of 0.8820. Additionally, an
Adeq Precision of 14.633 indicates an adequate signal.
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Figure 2. COD removal by catalytic ozonation (Fes04): (A) El Guayabal sanitary landfill, (B) La
Madera sanitary landfill.

In the case of the samples from La Madera, the Model F value of 54.01 implies that the
model is significant. There is only a 0.02% chance that an F value that is this large could
occur due to noise. In this case, A, B, C, AC, BC, and C? are significant model terms. The
lack of fit F value of 1.88 implies that the lack of fit is not significant relative to the pure
error. There is a 36.56% chance that a lack of fit F value for this large value could occur due
to noise. Finally, the predicted R? of 0.8737 is in reasonable agreement with the adjusted R?
0f 0.9715. An adequate precision of 28.047 indicates an adequate signal.

The response surface analysis highlights the influence of operational variables on the
removal of chemical oxygen demand (COD) from the leachates of the El Guayabal and La
Madera sanitary landfills. In El Guayabal (Figure 3A), pH and magnetite concentration were
the factors with the greatest impact on process efficiency. The highest removal was achieved
under alkaline conditions (pH 9), where the interaction between ozone and magnetite
promoted the generation of hydroxyl radicals. The response surface exhibited significant
curvature, suggesting that the combination of magnetite and pH had a synergistic effect
on advanced oxidation. As the pH decreases, the removal efficiency decreases markedly,
confirming the reduced production of oxidizing species under acidic conditions.

In La Madera (Figure 3B), the response patterns differ, with a greater dependence on
the ozone dose. The linear trend of the surface suggests that increasing the ozone concentra-
tion progressively enhances COD removal, with no evident saturation within the evaluated
ranges. Although magnetite contributes to this process, its impact is less pronounced than
that of El Guayabal. This behavior indicates that the recalcitrant compounds present in this
leachate respond more favorably to direct ozone oxidation than to the catalytic action of
magnetite. The optimal combination of ozone and magnetite achieved a removal efficiency
of approximately 76%, although at very high ozone concentrations, the trend began to
stabilize, possibly because of excessive oxidant self-decomposition. For both leachates,
the process demonstrates optimal performance under alkaline conditions; however, the
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specific composition of the leachate determines the relevance of each variable. While in
El Guayabal, magnetite plays a key role in degradation, in La Madera, the predominant
effect is that of direct ozone oxidation. This underscores the need to adjust the treatment
conditions according to the nature of the leachate to optimize process efficiency.

Table 5. ANOVA of experimental data from El Guayabal and La Madera.

Sample Sum of Squares Df Mean Square F Value  p-Value
Model 1509.16 5 301.83 21.93 <0.0001*
A-O2 143.65 1 143.65 10.43 0.0103 *
B-Fe304 356.44 1 356.44 25.89 0.0007 *
C-pH 404.70 1 404.70 29.40 0.0004 *
AC 257.60 1 257.60 18.71 0.0019 *
El Guayabal (?2 346.76 1 346.76 25.19 0.0007 *
Residual 123.90 9 13.77
Lack of Fit 113.21 7 16.17 3.03 0.2707 **
Pure Error 10.69 2 5.34
Total Cor 1633.06 14
R? Adj R? PredR> AcqPr Std. Dev.  Mean CV%
0.9241 0.8820 0.7344 14.6328 3.71 63.64 5.83
Model 1924.28 9 213.81 54.01 0.0002 *
A-0O2 228.98 1 228.98 57.85 0.0006 *
B-Fe304 267.96 1 267.96 67.69 0.0004 *
C-pH 401.86 1 401.86 101.52 0.0002 *
AB 20.25 1 20.25 5.12 0.0732 **
AC 182.25 1 182.25 46.04 0.0011 *
BC 49.70 1 49.70 12.56 0.0165 *
A? 12.13 1 12.13 3.06 0.1404 **
La Madera B2 9.31 1 931 235  0.1858 **
c? 719.82 1 719.82 181.84 <0.0001*
Residual 19.79 5 3.96
Lack of Fit 14.61 3 4.87 1.88 0.3656 **
Pure Error 5.18 2 2.59
Total Cor 1944.07 14
R? AdjR*>  PredR*> AcqPr Std.Dev.  Mean CV%
0.9898 0.9715 0.8737 28.0471 1.99 52.43 3.79

* Significant. ** Not significant.

3.3.1. Evaluation of Organic Matter Removal

The ozone consumption per unit of chemical oxygen demand (COD) removed exhib-
ited significant variability depending on the evaluated operational conditions, reflecting the
impact of ozone dosage, magnetite concentration, and pH on process efficiency (Figure 4).
In this context, optimizing the system is essential to minimize reagent usage and maximize
organic matter degradation. Among all the tested conditions, treatment with 4 g Os/h,
2.5 g/L Fe30s, and pH 9 was the most efficient, with a minimum consumption of 2.7 g
Os per gram of COD removed. This behavior can be attributed to the formation of highly
reactive hydroxyl radicals in an alkaline medium, where the catalyst facilitates the con-
version of ozone into more effective oxidizing species. Moreover, the high concentration
of Fes04 enhances the generation of these radicals, thereby promoting the degradation of
recalcitrant organic compounds.

Conversely, the least favorable conditions were observed under acidic pH and low
magnetite concentrations, where higher ozone consumption values were recorded. A clear
example is the treatment with 6 g O3/h, 0.5 g/L Fe304, and pH 6, in which ozone con-
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sumption increased to 4.8 g O3 per gram of COD removed. In this case, the reduced
availability of catalyst limits hydroxyl radical production, implying that oxidation occurs
primarily through direct ozone attack, a mechanism that is less efficient in terms of energy
consumption and contaminant degradation.
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Figure 3. Surface response for COD removal using landfill leachate from El Guayabal (A) and La
Madera (B).

Furthermore, experiments conducted without magnetite demonstrated markedly
lower process efficiency, with an extreme ozone consumption of 7.7 g O3 per gram of
COD removed under conditions of 6 g Os3/h and pH 9. These values underscore the
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importance of the catalyst in optimizing the ozonation process, as its absence prevents
the effective conversion of ozone into hydroxyl radicals, thereby significantly reducing
treatment efficiency.
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Figure 4. Ozone consumption efficiency in organic matter degradation. Different letters mean
statistical significance.

3.3.2. CCD Optimization

Based on the results of the Box-Behnken experimental design, the variables with the
greatest influence on COD removal were identified. Consequently, a central composite
design (CCD) was implemented to optimize the process and determine the parameter
combination that maximizes treatment efficiency for the leachates from La Madera and
El Guayabal. The CCD considers the ozone dosage (0:) and magnetite concentration
(Fe304) as the main variables while maintaining the pH at 9 because of its role in hydroxyl
radical generation. A total of 13 experimental runs were conducted with expanded variable
combinations to assess the system response and develop a predictive optimization model.
The resolved experimental design is presented in Table 6.

Table 6. Central composite design (CCD) experimental runs.

Factor A Factor B
Run O: FesOs
gh gL
1 6 5.33
2 2 0.5
3 11.66 2.5
4 6 —-0.33
5 6 2.5
6 10 0.5
7 2 45
8 10 45
9 0.34 2.5
10 6 2.5
11 6 2.5
12 6 2.5
13 6 2.5

The data obtained after 120 min of treatment were analyzed via ANOVA in Design
Expert v22.02 (StatEase, Minneapolis, MN, USA) to evaluate the significance of each
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variable and interaction, enabling the determination of optimal conditions for future
applications in leachate treatment.

The effects of light Oz (A) and Fe304 (B) on COD removal were assessed statistically
via an ANOVA model (Table 7). Metrics such as the coefficient of determination (Rz),
adjusted Rg, predicted Rz, and Adeq Precision (which gauges the signal-to-noise ratio in
the data) were used to evaluate the model’s validity. The findings show that the Model
F value of 1690.10 implies that the model is significant. There is only a 0.01% chance
that an F value that is this large could occur due to noise. In this case, A, B, AB, A% and
B? are significant model terms. The lack of fit F value of 2.40 implies that the lack of fit
is not significant relative to the pure error. There is a 20.81% chance that a lack of fit F
value for this large value could occur due to noise. Finally, the predicted R? of 0.9958 is
in reasonable agreement with the adjusted R? of 0.9986. An Adeq Precision of 100.462
indicates an adequate signal.

Table 7. ANOVA anlysis for optimization data from El Guayabal and La Madera.

Sample Source Sum of Squares Df Mean Square F Value  p-Value
Model 8.826 x 10° 5 1.765 x 10° 1690.10  <0.0001 *
A-02 1.052 % 10° 1 1.052 x 10° 1007.71  <0.0001 *
B-Fes04 2.062 x 10° 1 2.062 x 10° 1974.04  <0.0001*
AB 1616.25 1 1616.25 15.47 0.0056 *
A2 2.570 x 10° 1 2.570 x 10° 246037  <0.0001*
El Guayabal B2 3.849 x 10° 1 3.849 x 10° 3685.68  <0.0001*
Residual 731.10 7 104.44
Lack of Fit 470.23 3 156.74 2.40 0.2081 **
Pure Error 260.87 4 65.22
Total Cor 8.833 x 10° 12
R? AdjR?  PredR?>  AcqPr  Std. Dev. = Mean CV%
0.9992 0.9986 0.9958 100.4622 10.22 462.77 2.21
Model 5774.09 5 1154.82 93758  <0.0001*
A-02 462.32 1 462.32 375.35 <0.0001 *
B-Fe304 669.77 1 669.77 543.78  <0.0001*
AB 9.00 1 9.00 7.31 0.0305 *
A? 3326.14 1 3326.14 270046  <0.0001*
B2 1880.45 1 1880.45 1526.72  <0.0001 *
La Madera Residual 8.62 7 1.23
Lack of Fit 451 3 1.50 1.47 0.3505 **
Pure Error 411 4 1.03
Total Cor 5782.71 12
R? Adj R? Pred R? Acq Pr Std. Dev.  Mean CV%
0.9985 0.9974 0.9933 72.2616 1.11 53.55 2.07

* Significant. ** Not significant.

In the case of the La Madera samples, the Model F value of 937.58 implies that the

model is significant. There is only a 0.01% chance that an F value that is this large could
occur due to noise. In this case, A, B, AB, A%, and B? are significant model terms. The
lack of fit F value of 1.47 implies that the lack of fit is not significant relative to the pure
error. There is a 35.05% chance that a lack of fit F value for this large value could occur due
to noise. The nonsignificant lack of fit is good; we want the model to fit. The predicted
R? 0f 0.9933 is in reasonable agreement with the adjusted R? of 0.9974. Finally, the Adeq
Precision of 72.262 indicates an adequate signal.

Response surface analysis provides a visual representation of the interaction between
the operational variables and their impact on chemical oxygen demand (COD) removal.
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Figure 5 shows that the process efficiency is maximized at medium to high concentrations
of magnetite (Fe304), ranging from 2.5 to 3.5 g/L, combined with a high ozone dosage (6 to
7 g/h). This pattern is consistent in the leachates from both sanitary landfills, El Guayabal
(Figure 5A) and La Madera (Figure 5B), suggesting that the interaction between these two
factors plays a key role in process optimization. In the response surface for El Guayabal
(Figure 2A), a pronounced curvature is evident, indicating a parabolic relationship between
the Fes04 concentration and COD removal. At low magnetite concentrations, removal is
limited, whereas at optimal levels, the efficiency reaches values close to 90%. However, at
excessively high concentrations, the trend begins to stabilize, suggesting possible catalyst
saturation and a reduction in process efficiency due to particle agglomeration.

Removal (COD) (%)

B: Fe304 (giL)

A: 02 (g/h)

Removal (COD) (%)

B: Fe304 (g/L) E A: 02 (g/h)

(B)

Figure 5. Surface response for COD removal using landfill leachate from El Guayabal (A) and La
Madera (B).
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In contrast, the response surface for La Madera (Figure 5B) shows a similar trend,
albeit with a less pronounced slope, indicating greater process stability with respect to
variations in magnetite concentration. The optimal response was also observed within the
2.5-3.5 g/L range of Fe3z04, with an ozone dosage of at least 6 g/h. However, in this case,
the maximum efficiency does not reach the values observed in El Guayabal, suggesting
differences in leachate composition and reactivity to advanced oxidation mechanisms.

The optimization of the experimental parameters via the Design Expert module en-
abled the identification of operating conditions that maximize chemical oxygen demand
(COD) removal in the evaluated leachates. As reported in Table 8, the optimal conditions
for El Guayabal included an ozone dosage of 7 g/h, a magnetite (Fe304) concentration of
3.47 g/L, and a pH of 9, achieving an estimated removal efficiency of 89%. For La Madera,
the optimal conditions consisted of an ozone dosage of 6 g/h, a magnetite concentration
of 2.94 g/L, and a pH of 9, with an expected removal efficiency of 78% (GraphPad Prism
version 10.4.1 for Mac, GraphPad Software, Boston, MA, USA).

Table 8. Optimized conditions for maximum COD removal.

Sample Code Variable Unit Value
A 02 g/h 7

Guayabal b Fes304 g/L 3.47
C pH - 9
71 COD Removal % 89
A 02 g/h 6

La Madera - Fe304 g/L 2.94
C pH - 9
7 COD Removal % 78

To validate the model’s predictions, additional tests were conducted with five repli-
cates, and the experimental results were compared with the estimated values via a paired
t-test in GraphPad Prism (version 10.2.3). As shown in Figure 6, no statistically significant
differences were observed between the expected and actual values, confirming the robust-
ness of the predictive model and the suitability of the established conditions for optimizing
treatment efficiency.
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Figure 6. Results of one-sample t-test between expected and observed COD removal for leachates
from El Guayabal (A) and La Madera (B).

The leachates were characterized after treatment to evaluate the effects of this process
on their physicochemical properties. The final concentrations of COD in El Guayabal and La
Madera were 925.8 mg/L and 2038 mg/L, respectively; the corresponding removal efficien-
cies were 85.3% and 75.8%, respectively (Table 9). The observed decrease in biodegradable
organic load indicates successful elimination of recalcitrant compounds through treatment.
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Table 9. Characteristics of treated leachates.
Parameter El Guayabal La Madera Units
pH 9.4 9.1 pH units
Temperature ('C 20.2 21.3 °C
Conductivity (US/cm) 21.636 1663.28 pS/cm
Chemical Oxygen Demand (COD) (mg/L) 925.8 2038 mg Oz2/L
Biochemical Oxygen Demand (BODs) (mg/L) 351.8 652.2 mg Oz2/L
Total Suspended Solids (mg/L) <4.0 <4.0 mg/L

The conductivity increased in both leachates, reaching 21,636.55 yS/cm in El Guayabal
and 1663.28 pS/cm in La Madera. This behavior has been linked to the initial formation
of ionic species such as sulfates, carbonates, and nitrates (known byproducts of advanced
oxidation processes). This increase was more pronounced in El Guayabal, which indicates
greater mineralization of preexisting inorganic compounds in this leachate.

The final pH slightly increased, stabilizing at 9.4 in El Guayabal and 9.1 in La Madera.
This shift suggests the formation of bicarbonates and carbonates, contributing to the
chemical stability of the medium. Finally, total suspended solids (TSS) were reduced to
nearly undetectable levels (<4 mg/L), demonstrating the effective removal of suspended
particles and an improvement in the clarity of the treated effluent.

Figure 7 illustrates the evolution of the leachate color during different phases of the
treatment process. A significant reduction in color intensity was observed as catalytic
ozonation progressed, confirming the degradation of organic compounds responsible for
coloration. In comparison, treatment with ozone alone resulted in a lower color reduction
under the same operating conditions.

e
'1.6-

(A)

B)

Figure 7. Evolution of leachate color during treatment: (A) ozone alone and (B) ozone + magnetite.
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3.4. Catalyst Recoverability

Figure 8 presents scanning electron microscopy (SEM) images used to assess the
structure and composition of magnetite at different stages of use. Image (A) depicts unused
synthetic magnetite, which is characterized by a homogeneous surface and a composition
consisting entirely of Fe304 (100%). Image (B) corresponds to magnetite after one treatment
cycle of leachate under optimal conditions (6 g Os/h, 2.5 g/L Fes04, and pH 9), showing
a reduction in the Fe304 concentration to 74.80%, along with the appearance of elements
such as silicon (Si, 21.53%), suggesting possible adsorption of contaminants. Finally, image
(C) of magnetite after two cycles of use shows an additional decrease in the concentration
of Fe304 (65.12%) and new compounds, including TiOz (11.04%) and Ca (1.45%), indicating
the progressive degradation of the material, as well as a possible interaction with the
species present in the leachate. Images were taken at 22,500 %, 22,000 X, and 25,000 X with
a 15 kV acceleration voltage, and backscattered electron detectors for surface alterations
corresponded to the catalytic use in ozonation.

3.5. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The structure and chemical properties of magnetite before and after catalytic ozonation
were studied via Fourier transform infrared (FTIR) spectroscopy. The absorption spectra
of the magnetite samples in three states are shown in Figure 9: (A) unused, (B) after the
first treatment cycle, and (C) after the second treatment cycle. In the FTIR spectrum of
unused magnetite (Figure 9A), characteristic absorption bands of Fe304 are observed, with

a prominent peak at approximately 570 cm™!

, corresponding to Fe-O stretching vibrations.
This finding confirms the high initial purity of the material and its unaltered crystalline
structure. Furthermore, the absence of bands associated with foreign functional groups
suggests that the material was free of surface contaminants prior to treatment.

After one cycle of use (Figure 9B), a reduction in the intensity of the primary Fe304
peak is observed, indicating structural modifications in the magnetite. Additionally, sec-
ondary bands emerge in the 1200-1600 cm ™! region, suggesting the presence of adsorbed
compounds, possibly carbonates or organic residues from the leachate. This observation
aligns with previous scanning electron microscopy (SEM) images, which revealed changes
in the surface texture of magnetite after its first cycle of use. Following two treatment cycles
(Figure 9C), a further decrease in the Fes04 peak intensity is evident, along with an increase
in the number of bands associated with secondary compounds. These changes indicate
the accumulation of adsorbed residues on the catalyst surface, potentially limiting the
availability of active sites for future interactions. Additionally, the progressive alteration in
the intensity and position of the bands confirms that magnetite undergoes structural modi-
fications with continued use, impacting its catalytic efficiency in subsequent treatments.

To evaluate the catalyst’s stability after use, additional tests were performed to measure
the amount of material recovered after each cycle and its performance in chemical oxygen
demand (COD) removal. In the first test, when 2.5 g of initial magnetite was used, a COD
removal efficiency of 85.3% was achieved. In the second cycle, with 2.275 g of recovered
magnetite, the removal efficiency decreased to 79.4%. Finally, in the third cycle, with
2.0175 g of remaining material, the efficiency decreased to 73.6%. This trend suggests
that, in addition to material loss, the decrease in catalytic activity may be associated with
contaminant adsorption and saturation of the active sites.
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Figure 8. Scanning electron microscopy (SEM) images. (A) Unused synthetic magnetite, (B) synthetic
magnetite after one cycle of use, and (C) magnetite after two cycles of use.
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Figure 9. FTIR spectra of magnetite: (A) unused synthetic magnetite, (B) magnetite after one cycle of
use, and (C) magnetite after two cycles of use.
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4, Discussion

The observed variations in the evaluated leachates are directly related to the com-
position of the waste disposed of in each sanitary landfill (Table 5). First, the high con-
ductivity in El Guayabal (18,740 pS/cm) indicates a greater concentration of dissolved
salts, a characteristic of leachates generated at sites with a high presence of industrial and
urban waste [34-36]. In contrast, La Madera exhibited considerably lower conductivity
(1128.56 puS/cm), suggesting a lower load of ionic compounds and a predominance of
biodegradable waste.

In addition, the organic load also differed between the landfills. La Madera had
the greatest increase in chemical oxygen demand (COD) of 8421.4 mg/L, indicating the
concentration of recalcitrant organic matter, whereas El Guayabal presented 6295.6 mg/L
COD, indicating a lower concentration of undecomposed compounds. Many studies have
shown that when the COD concentration is very high (generally above 5000 mg/L), the
leachate contains a high quantity of refractory substances, thus limiting the feasibility
of biologically based treatment [4,22,37]. Hence, the utilization of technologies such as
advanced oxidation processes, adsorption, and electrocoagulation has been suggested as
a potential solution to eliminate these compounds [38]. Additionally, the pH behavior
of both leachates reflects the influence of microbial activity on the chemical stabilization
of the leachate. El Guayabal recorded a relatively high pH (8.5), whereas La Madera
presented a pH of 7.57. This phenomenon has been documented in previous studies,
where methanogenic activity produces carbonates and bicarbonates that stabilize the pH in
sanitary landfills during prolonged operational periods [39-41]. For leachates with these
characteristics, techniques such as membrane filtration and adsorption using advanced
materials have improved the contaminant removal efficiency.

The presence of heavy metals in the leachates highlights differences in the composition
of the waste disposed of in each landfill. The detection of chromium in El Guayabal
(0.294 mg/L) can be attributed to the disposal of industrial waste containing heavy metals,
whereas the presence of mercury in La Madera (0.28 mg/L) suggests the disposal of
electronic waste or batteries. Research has demonstrated that strategies such as adsorption
on activated carbon and chemical precipitation can be highly effective for removing these
metals [42]. In this regard, the development of emerging techniques such as bioadsorption
and photocatalysis may represent promising alternatives to optimize the removal of heavy
metals and other persistent contaminants in leachates from similar sanitary landfills.

Recent studies were found to determine the combination of advanced processes,
besides traditional adsorption and chemical precipitation, for the effective removal of
heavy metals from landfill leachates. Catalytic ozonation in the presence of functionalized
adsorbents, e.g., metallic-nanoparticles-modified activated carbon, has been reported to
offer improved retention of metallic cations, which reduces their mobility within the
aqueous phase [11]. Similarly, investigations on the use of magnetite supported on a porous
structure have shown its ability for the adsorption and oxidation of metals, including
lead, chromium, and mercury, largely diminishing their toxicity in aqueous media [10].
Emerging technologies will provide new alternatives for removing heavy metals from
leachates and improving the quality of the treated effluent.

The results obtained for the removal of chemical oxygen demand (COD) from the
leachates of El Guayabal and La Madera reveal differences in treatment efficiency when
ozone catalyzed by magnetite is used (Figure 2). The greater removal observed in El Guaya-
bal (85%) than in La Madera (76%) underscores the influence of the leachate composition
on the oxidation kinetics. The nature of the compounds present, as well as their degree of
recalcitrance, can affect both the rate and extent of organic matter degradation. Previous
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studies have reported that the presence of humic substances and fulvic acids in mature
leachates limits ozone effectiveness and reduces overall process efficiency [3,4,43].

The process behavior suggests that catalytic ozonation is governed by a combination
of direct and indirect oxidation. While molecular ozone preferentially attacks compounds
containing double bonds and specific functional groups, the hydroxyl radicals generated
on the surface of magnetite exhibit broader and nonselective reactivity [5]. This difference
in reaction mechanism is crucial for explaining the variability in process efficiency between
the two leachates. Recent studies have demonstrated that the capacity to generate hydroxyl
radicals depends on the structural stability of the catalyst and its interaction with the
leachate matrix [8]. Moreover, the temporal evolution of COD removal indicates that
the most significant degradation occurs within the first 60 min, followed by gradual
deceleration. This behavior is partly due to the decreasing concentration of available ozone
and the possible adsorption of intermediates onto the catalyst surface. Competition among
compounds in the medium may reduce the availability of active sites on magnetite, thereby
affecting the generation of hydroxyl radicals during the later stages of treatment [15].

Another key aspect influencing process efficiency is the effect of pH. The conversion of
ozone into hydroxyl radicals is relatively efficient in alkaline media because of the increased
stability of these species in high-pH solutions [44]. However, extremely high pH values
can promote the premature decomposition of ozone before it interacts with target com-
pounds, thereby reducing treatment efficiency. In the present study, the leachates presented
slightly alkaline pH values, which may have contributed to the improved degradation of
recalcitrant compounds without adversely affecting oxidant stability [33]. Control tests
confirmed that the synergy between ozone and magnetite is fundamental for achieving high
contaminant removal efficiency. COD removal in tests using ozone alone was considerably
lower, indicating that Fe30s not only facilitates the decomposition of ozone into reactive
species but also stabilizes the process by maintaining the constant generation of hydroxyl
radicals. In summary, these results reinforce the applicability of catalytic ozonation in the
treatment of leachates with high organic loads and refractory compounds. Nevertheless, the
optimization of key variables—such as ozone dosage and catalyst concentration—remains
an area of interest.

In this context, various studies have demonstrated that the efficiency of catalytic
ozonation can be enhanced through the incorporation of advanced catalysts and process
optimization strategies. The use of magnetite modified with transition metal ions has
shown an increase in the conversion of ozone into reactive oxygen species, thereby facil-
itating the degradation of recalcitrant compounds with reduced formation of secondary
byproducts [12]. Additionally, the implementation of Fe-N4-based catalysts supported on
carbon structures has improved the selectivity of oxidation reactions without requiring
drastic modifications to the pH of the medium [2]. These enhancements have been vali-
dated through advanced spectroscopic techniques, confirming the structural stability of the
catalysts and their efficacy over multiple operational cycles.

For the first phase of optimization, statistical analysis via analysis of variance (ANOVA)
(Table 6) confirmed the robustness of the predictive model, demonstrating that the evalu-
ated variables have a significant effect on the removal of chemical oxygen demand (COD).
The results indicate that the model has a coefficient of determination (R?) of 0.9241 for El
Guayabal and 0.9898 for La Madera, indicating that the model adequately explains the
observed variability. Furthermore, the F values obtained for each factor were high, with p-
values less than 0.05, reinforcing the statistical significance of the independent variables on
the system response. This is supported by the significance values obtained in the analysis,
where the model presented an F value of 21.93 for El Guayabal and 54.01 for La Madera,
indicating that the evaluated variables account for a large portion of the variability in the
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results. Additionally, the R? values of 0.9241 and 0.9898, respectively, demonstrate a high
explanatory capacity of the model, whereas Adeq Precision values greater than 14 ensure
a strong signal in the data, allowing for proper interpretation [21]. These findings are
consistent with previous studies where the optimization of ozonation processes has shown
similar levels of fit and precision in advanced leachate treatments [4].

pH was established as the most influential factor in COD removal, exerting a sig-
nificant effect on both leachate matrices (Figure 3). The relationship between pH and
hydroxyl radical generation has been extensively documented in the literature [4], and
these results underscore the importance of operating under alkaline conditions to maximize
oxidation efficiency. However, in El Guayabal, magnetite had a more pronounced influence,
suggesting that the catalytic interaction with ozone was decisive in generating reactive
oxygen species. In contrast, in La Madera, ozone plays a predominant role, implying that
the organic fraction of the leachate is more susceptible to direct oxidation [15]. These results
agree with the findings of [28], who reported that an alkaline pH favors the formation of
highly reactive radicals, thereby increasing the degradation of recalcitrant organic contam-
inants. Response surface analysis demonstrated that the interactions among pH, ozone
dose, and magnetite concentration play a key role in process efficiency. In El Guayabal, the
impact of magnetite is more significant, likely because of the presence of a higher fraction
of organic compounds resistant to direct oxidation, necessitating a catalytic process for
effective degradation. In La Madera, the response surface indicates a greater influence of
ozone, suggesting that the compounds present are more amenable to oxidation by ozone
alone, without the need for additional catalytic assistance [25].

From a mechanistic perspective, COD removal in both leachates results from a mixed
process involving direct and indirect oxidation. In El Guayabal, the presence of magnetite
promoted the generation of hydroxyl radicals, which non-selectively attack recalcitrant
compounds, whereas in La Madera, ozone primarily acted through direct oxidation mech-
anisms targeting specific chemical bonds [5]. The nature of these mechanisms has been
widely explored in recent studies, which have demonstrated that combining ozone with
iron-based catalysts significantly enhances process efficiency [8].

The continuous development of new catalysts facilitated the process efficiency by
improving the interaction between ozone molecules and the organic materials which are
included in leachates. Doping of magnetite has been shown to enhance the generation of
reactive oxygen species and facilitate the degradation of recalcitrant compounds through
radical and non-radical oxidation mechanisms [8]. Likewise, recent work had been focused
on the combination of ozonation and electrochemical processes, leading to an effective
removal of aromatic compounds and phenolic derivatives which minimizes the effect of
humic substances in treatment performance [7]. The results suggest that differences in the
chemical composition of the leachates directly influence treatment effectiveness, reinforcing
the need to optimize operating conditions based on the type of leachate treated. Recent
research has shown that leachates with higher metal contents may exhibit distinct removal
kinetics due to the possible interference of cations in the generation of reactive oxygen
species [28]. These differences could also explain why magnetite played a more relevant
role in El Guayabal, whereas ozone demonstrated greater efficiency in La Madera.

Statistical analysis via analysis of variance (ANOVA) was conducted to evaluate the in-
fluence of independent variables on chemical oxygen demand (COD) removal in leachates
from El Guayabal and La Madera (Table 7). The high statistical significance of the model
in both cases (F = 1690.10 for El Guayabal and F = 937.58 for La Madera) confirms that
oxygen (0z) and magnetite (Fes04), along with their interactions and quadratic terms,
have a significant effect on process efficiency. These findings align with previous studies
demonstrating the relevance of operational parameters in optimizing advanced oxidation
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processes through statistical design [5]. Additionally, the adjusted coefficients of deter-
mination (adjusted R? = 0.9986 for El Guayabal and 0.9974 for La Madera) and adequate
precision values (Adeq Precisions of 100.462 and 72.262, respectively) indicate that the
model accurately describes data variability and is suitable for predicting system behavior,
which is consistent with recent studies on wastewater treatment optimization [45].

In terms of interactions, both the ozone dosage and the magnetite concentration have a
substantial effect on the removal efficiency, but their effects vary depending on the leachate
composition (Figure 4). In El Guayabal, magnetite has a more pronounced influence,
suggesting a greater dependence on hydroxyl radical (¢OH) generation for organic matter
degradation. This observation is consistent with previous studies indicating that leachates
with a higher content of recalcitrant compounds respond more effectively to catalytic
processes [5]. Conversely, in La Madera, COD removal is more strongly controlled by ozone
dosage, implying that direct oxidation is the dominant mechanism in this leachate [4].
Response surface analysis reinforced these observations. In El Guayabal, the removal
efficiency is maximized at medium to high magnetite concentrations (2.5-3.5 g/L), whereas
in La Madera, there is a greater dependence on ozone dosage. The pronounced curvature
of the response surface in El Guayabal indicates the existence of an optimal magnetite
concentration, beyond which no significant improvements in efficiency are observed. This
phenomenon has been reported in studies where catalyst saturation reduces the availability
of free ozone for reactions [46] and has been validated in heterogeneous advanced oxidation
systems [47].

From a mechanistic perspective, the interaction between ozone and magnetite under
alkaline pH conditions promotes high production of hydroxyl radicals (¢OH), which are
primarily responsible for the advanced degradation of persistent organic compounds [4].
Ozone adsorption on the active sites of magnetite, followed by its catalytic decomposition,
facilitates the generation of highly reactive oxidizing species. The combination of these
mechanisms explains the high efficiency observed in this study and has been documented
in other advanced oxidation systems [8]. Additionally, recent studies have highlighted the
influence of catalyst surface structure on ozone adsorption and decomposition. Active sites,
such as oxygen vacancies and hydrated hydroxyl groups, increase process efficiency by facil-
itating the formation of atomic oxygen and hydroxyl radicals. This effect is amplified under
alkaline conditions, where the increased availability of hydroxide ions (OH ™) enhances the
generation of oxidizing species, improving the removal of recalcitrant contaminants [46].
This combination of mechanisms not only enables the mineralization of complex organic
compounds but also broadens the applicability of the system to heterogeneous aqueous
matrices, further establishing catalytic ozonation with magnetite as a viable and highly
efficient alternative for leachate treatment [5].

The validation of the optimal parameters via the t-test confirmed the reliability of the
predictive model, demonstrating that the selected conditions can be accurately replicated
to maximize chemical oxygen demand (COD) removal (Table 8). This result aligns with
previous studies in which statistical modeling of advanced oxidation processes has proven
essential for predicting and optimizing wastewater treatment efficiency [8]. Moreover, the
co-application of magnetite with ozone effectively removed TSS to levels very close to the
detection limits, demonstrating that ozone actively causes chemical oxidation as well as
coagulation and flocculation and aids in effluent clarification (Figure 5). This phenomenon
has been reported in recent studies on advanced leachate treatments and the presence of
metal catalysts to increase the removal efficiency for particulate matter [27].

Moreover, the increase in conductivity indicates enhanced mineralization of organic
matter, which is consistent with the formation of inorganic ions such as sulfates, carbonates,
and nitrates, common byproducts of oxidative degradation [4]. Likewise, the stabilization
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of pH at alkaline levels after treatment agrees with findings from studies in which ozonation
facilitates the formation of carbonates and bicarbonates, buffering pH fluctuations and
enhancing the chemical stability of the treated medium [48].

The optimization of operational parameters has been supported by studies that have
identified specific conditions to maximize the efficiency of the catalytic ozonation process.
Applications of the Box-Behnken design have demonstrated high coefficients of determina-
tion (R% > 0.98) for predictive models of organic contaminant removal, confirming the direct
relationship between operational variables and treatment efficiency [13]. Similarly, response
surface analysis has allowed for the evaluation of the interaction among pH, ozone concen-
tration, and catalyst dosage, establishing optimal conditions for the generation of hydroxyl
radicals in the aqueous phase [12]. The characterization of intermediate products through
chromatographic techniques has evidenced the transformation of refractory compounds
into biodegradable species, thereby reinforcing the effectiveness of the process in removing
persistent contaminants. The observed color change in the leachates (Figure 6) further
confirms the degradation of chromophoric compounds, with a more pronounced reduction
in trials involving ozone and magnetite, underscoring the catalytic effect in breaking down
conjugated structures responsible for coloration. This effect has been widely documented
in studies demonstrating that hydroxyl radical formation enhances the removal of aromatic
and polyphenolic compounds [5].

Additionally, the reduction of total suspended solids (TSS) to nearly undetectable
levels suggests that the combination of ozone and magnetite not only promotes chemical ox-
idation but also induces coagulation and flocculation, facilitating effluent clarification. This
phenomenon has been described in recent research on advanced leachate treatments, where
the presence of metal catalysts improved the particulate matter removal efficiency [27].
Overall, these findings reinforce the potential of catalytic ozonation with magnetite as
an effective strategy for reducing the organic load and improving the quality of treated
leachate, supporting its viability for integration into wastewater treatment systems with
high chemical complexity.

The changes in magnetite composition following its use in the catalytic ozonation
process reflect both physical and chemical modifications in the catalyst structure (Figure 7).
The reduction in the Fes04 concentration after multiple treatment cycles suggests possible
partial dissolution of the material or surface transformation induced by prolonged exposure
to ozone and reactive oxygen species. Previous studies have reported that continuous
exposure to oxidative conditions can lead to iron ion (Fe) leaching and the formation of
secondary compounds on the catalyst surface [8]. The presence of elements such as silicon
(Si) and titanium dioxide (TiOz) in the samples used suggests an adsorption process involv-
ing components from the leachates, which may alter the catalyst’s reactivity in subsequent
applications (Figure 8). This phenomenon has been documented in prior studies, where the
accumulation of contaminants on catalytic surfaces affects the distribution of active sites
and the capacity to generate reactive oxygen species [48]. However, the catalyst’s crystalline
structure remains stable after multiple cycles, allowing for its reuse with relatively high
performance in the degradation of organic compounds. This structural stability is crucial
for ensuring the feasibility of the process for long-term industrial applications [45].

Given the progressive deterioration observed in magnetite composition, regeneration
strategies to extend its lifespan and maintain catalytic efficiency are essential. Some studies
suggest that washing with mildly acidic solutions or thermal treatments can partially
restore the material’s activity by removing surface impurities and regenerating active
sites [49]. In this context, the recoverability of magnetite over multiple cycles will depend
on the implementation of appropriate maintenance strategies to minimize catalytic activity
loss and optimize performance in the treatment of complex leachates.
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According to Nistico et al. [46], magnetite (Fe304) may require treatment to maintain
its catalytic activity over multiple use cycles. It explores strategies such as calcination in
an oxidizing atmosphere and washing with mild acid solutions, as well as methods that
restore the material’s crystalline structure and magnetic properties. It points out that the
conversion of magnetite to hematite (x-Fez03), which occurs at temperatures above 600 °C,
can be reversed by reduction treatments, enabling the recovery of the catalyst. This was
corroborated by Bona et al. [47], who describe a method based on a two-step process that
allows the complete recovery of the catalyst while maintaining its efficiency. Initially, the
spent magnetite is subjected to calcination in an oxidizing atmosphere at 800 °C for 4 h,
which allows the removal of residual organic compounds and the conversion of partially
reduced magnetite (Fe304) into hematite (X-Fe203). Subsequently, this calcined material
is digested with 6 M HCl at 60 °C for 4 h, dissolving the Fe (III) in aqueous solution,
which is neutralized with 6 M NaOH for subsequent re-synthesis of the catalyst by co-
precipitation. The regenerated magnetite nanoparticles showed structural, physicochemical,
and magnetic properties comparable to those of the fresh catalyst, which was reflected
in their performance in the photo-Fenton degradation of paracetamol in water, reaching
a removal of 96-98% after 120 min of UV irradiation, results superimposable to those
obtained with magnetite without previous use. Similarly, Gautam and Tiwari [50] evaluated
the regeneration and reuse of magnetite nanoparticles functionalized with humic acid
(FesO4/HA) used as nanosorbents in the remediation of water contaminated with malachite
green dye. For the regeneration of the material, different solvents were explored for the
desorption of the adsorbed pollutant, finding that the treatment with 0.1 M HCI was the
most effective, achieving a recovery of 95.8% of the adsorption capacity. The regeneration
process consisted of immersion of the saturated material in the acid solution, followed
by washing with distilled water to remove dye and acid residues before reuse. Recycling
tests confirmed that the Fe30s+/HA nano sorbents could be reused for up to five cycles,
maintaining a decolorization efficiency of over 85% for the first four uses. These results
indicate that chemical regeneration with HCl can extend the catalyst’s lifetime, reducing
operational costs and contributing to the sustainability of the adsorption process for the
treatment of contaminated water.

The results obtained demonstrate the key role of magnetite in optimizing ozone con-
sumption and maximizing organic matter degradation (Table 9). The highest efficiency
observed under alkaline conditions with elevated Fe30s concentrations aligns with previ-
ous studies that have shown that a high pH promotes the production of hydroxyl radicals,
thereby increasing the rate of contaminant degradation without requiring an increased
ozone dosage [32]. This effect has been widely reported in advanced wastewater treatments,
where the alkalinity of the medium enhances the conversion of ozone into reactive species
and improves the efficiency of oxidation processes [32].

Conversely, treatments conducted under acidic conditions and with low catalyst con-
centrations exhibit lower efficiency and higher ozone consumption, as also reported in
previous leachate treatment studies. Under these conditions, the generation of hydroxyl
radicals is more limited, resulting in a greater reliance on direct ozone oxidation, a less
selective and less efficient mechanism for degrading recalcitrant compounds [45]. Com-
parisons with prior research indicate that optimal ozone consumption for organic matter
removal falls within the range of 2.8-4.5 g O3 per gram of COD removed, values that are
consistent with those obtained in this study under optimal conditions [32].

The increased ozone consumption and lower removal efficiency due to the absence of
a catalyst indicate the crucial role of the synergistic effect of ozonation with magnetite in
enhancing the performance of the treatment process. Ozone utilization leads to a significant
increase in hydroxyl radicals through the combination of ozone and iron-based catalysts,
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thus increasing the degradation rate of contaminants and shortening the effective treatment
time [8]. The coupling between the catalyst and ozone is essential for making the process
technologically feasible at an industrial scale, as it leads to a decrease in costs linked with
the consumption of reagents and increased efficiency in the elimination of organic matter.

The increase in conductivity observed during the ozonization process is an expected
and technically justifiable result. This increase is due to the oxidation of organic and
inorganic compounds in the leachate, leading to more oxidized species, such as soluble
ions and salts. During ozonation, complex molecules can be degraded into smaller, highly
ionized fragments, which increases the concentration of conductive species in the solution.
Oxidizing nitrogenous and sulfurous compounds can generate nitrates, sulfates, and other
anions, increasing electrical conductivity. This behavior is, therefore, consistent with the
process’s chemistry and confirms the contaminants’ transformation during treatment. This
behavior was observed by Maharaja et al. [51] in ozone treatment applied to reverse osmosis
reject stream derived from tannery effluents, where an increase in the conductivity of the
treated water occurred. This effect is due to the fragmentation of organic compounds
and the generation of ionized byproducts, such as sulfates, chlorides, and nitrates, which
increase the concentration of conductive species in solution. Electrochemical impedance
spectroscopy (EIS) analysis confirmed that the decrease in charge transfer resistance after
the ozonation process is correlated with an increased electrical conductivity of the system.
In the Nyquist plots, a reduction in the semicircle diameter and an increase in the linearity
of the curve were observed after ozone application, indicating an increased availability of
ionic species in solution.

Furthermore, the combined treatment of ozonation with hydrogen peroxide (H202)
showed an even more pronounced effect on the increase in conductivity due to increased
mineralization of the compounds present. This is corroborated by Wang et al. [52], who
evaluated the treatment of saline wastewater from a reverse osmosis (RO) concentrate of
a coal-fired chemical plant in Hebei, China. Two technologies were compared: electron
beam (EB) radiation and ozonation for organic pollutant degradation and organic load
reduction. The results indicated that ozone treatment impacted the conductivity of the
treated water, increasing its value compared to the original wastewater. This increase is
attributed to the oxidation of organic compounds into more oxidized products, such as
ions and inorganic salts, which contribute to the conductivity. A comparable result was
obtained by Santos et al. [53] for ozone treatment applied to dairy effluent, which showed
variations in electrical conductivity depending on the presence of an activated carbon
filter. During the experiments without the filter, a decrease in electrical conductivity was
observed at 60 min of ozonation, remaining stable until 120 min. However, in the tests
with the charcoal filter, the electrical conductivity remained constant for the first 60 min,
increasing at the 90 min interval and decreasing again at 120 min. This suggests that
depending on its configuration and the filter material used, ozonation can induce changes
in electrical conductivity, probably associated with the release or retention of salts and ions
in the treated medium.

5. Conclusions

The catalytic ozonation process with magnetite (Fes04) demonstrated high efficiency
in degrading organic matter, achieving chemical oxygen demand (COD) removal rates
of 85.3% in El Guayabal and 75.8% in La Madera. These differences in efficiency reflect
the influence of the leachates’ chemical composition, where the presence of recalcitrant
compounds affects the oxidation kinetics. In both cases, the highest removal rate was
observed during the first 60 min of treatment, which was attributable to the generation of
hydroxyl radicals promoted by the interaction between ozone and magnetite. However,
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in later stages, degradation slowed, suggesting a reduced availability of easily oxidizable
compounds and possible saturation of the catalyst’s active sites.

Optimal condition analysis revealed that the combination of 6 g O3 /h, 2.5 g/L Fe304,
and pH 9 maximized the process efficiency, with pH being the most influential variable. The
alkalinity of the medium favored the production of hydroxyl radicals, thereby enhancing the
removal of recalcitrant organic compounds. In contrast, tests conducted without magnetite
revealed an increase in ozone consumption without a significant improvement in COD
removal, confirming the catalyst’s critical role in optimizing the treatment. Furthermore,
the process response varied according to the specific composition of the leachate, indicating
that while the catalytic effect of magnetite was decisive in El Guayabal, the predominant
mechanism in La Madera was direct oxidation by ozone.

Regarding catalyst recoverability, structural and morphological analyses revealed
progressive modifications on the magnetite surface after each cycle of use. A decrease in
the Fes04 concentration and the adsorption of contaminants were observed, suggesting
a partial loss of active sites and a potential deterioration in catalytic performance. Never-
theless, the material’s structural stability allowed for its reuse over multiple cycles, albeit
with a gradual decline in COD removal efficiency. The loss of material and surface changes
could affect long-term performance, underscoring the need to implement regeneration
strategies to prolong its service life.

Finally, the evaluation of ozone consumption confirmed that the optimal conditions
minimized oxidant use, reaching a consumption of 2.7 g O3 per gram of COD removed. In
contrast, less favorable conditions, such as low magnetite concentrations or the absence of
a catalyst, resulted in higher ozone demand and lower removal efficiency. These results
highlight the synergy between ozone and magnetite as a key factor in optimizing the process
and reducing operating costs. Based on these findings, it is recommended to explore catalyst
regeneration strategies and assess their performance in continuous systems at pilot and
industrial scales to ensure their viability and sustainability in managing leachates from
sanitary landfills.
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Resumen

El tratamiento de lixiviados de rellenos sanitarios es
un desafio ambiental debido a su alta carga organica
y compuestos recalcitrantes. Este estudio evalud la
eficiencia de la ozonizacion catalitica (OC) con
magnetita (FesO4) para la remocion de Demanda
Quimica de Oxigeno (DQO), utilizando un modelo
de Superficie de Respuesta (RSM) con
regularizacion Ridge. Se realizaron experimentos
factoriales para analizar la influencia de la dosis de
ozono, la concentracion de catalizador, el pH y el
tiempo de tratamiento en dos tipos de lixiviado.

Los resultados indicaron que la maxima remocion de
DQO se logré con pH 9, alta dosis de catalizador
(2.5 g.L'Y) y tiempo prolongado (120 min), en la

dosis maxima de ozono (6 g.h'). Se identificé una
relacion no lineal entre la dosis de ozono y la
eficiencia del proceso, con un punto de saturacion
donde incrementos adicionales no mejoraban la
remocion. El andlisis de Permutacion de
Importancia de Variables confirmé que el efecto
cuadratico del ozono y el tiempo de contacto fueron
los factores mas influyentes. Ademas, el modelo
predictivo mostrd estabilidad ante variaciones
experimentales del +5%, validando su aplicabilidad
en escenarios reales

Palabras clave: demanda quimica de oxigeno,
lixiviados de relleno sanitario, modelado y
optimizacion, ozonizacion catalitica, validacion
cruzada Leave-One-Out (LOO-CV).

Abstract

The treatment of landfill leachates is an
environmental challenge due to their high organic
load and recalcitrant compounds. This study
evaluated the efficiency of catalytic ozonation (OC)
with magnetite (Fe;O4) for Chemical Oxygen
Demand (COD) removal using a Response Surface
Methodology (RSM) model with  Ridge
regularization.  Factorial  experiments  were
conducted to analyze the influence of ozone dosage,
catalyst concentration, pH, and treatment time on
two types of leachate.

The results indicated that the highest COD removal
was achieved at pH 9, high catalyst dosage (2.5 g.L°
1, and prolonged contact time (120 min), without
requiring the maximum ozone dose (6 gh?),
optimizing energy consumption. A nonlinear
relationship was identified between ozone dosage
and process efficiency, with a saturation point where
further increases did not improve removal. The
Permutation = Importance  Variable  analysis
confirmed that the quadratic effect of ozone and
contact time were the most influential factors.
Additionally, the predictive model demonstrated
stability against +5% experimental variations,
validating its applicability in real-world scenarios.

Keywords: catalytic ozonation, chemical oxygen
demand, Leave-One-Out cross-validation (LOO-
CV), landfill leachate, modeling and optimization.

1. Introduccion

Los lixiviados de rellenos sanitarios son uno de los
residuos liquidos mas complejos que se generan por
la actividad humana [1]. Estos efluentes contienen
una amplia gama de compuestos organicos e
inorgénicos, incluyendo sustancias recalcitrantes
que dificultan su tratamiento [2]. Entre los
parametros mas relevantes para evaluar la calidad de
un lixiviado se encuentra la Demanda Quimica de
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Oxigeno (DQO) [3], un indicador de la carga
orgénica presente y donde su reduccion eficiente es
esencial para minimizar el impacto ambiental y
cumplir con las normativas vigentes.

En los altimos afios, el uso de Procesos de Oxidacion
Avanzada (POA), como la Ozonizaciéon Catalitica
(0C), han surgido como tecnologias emergentes
muy eficientes para degradar compuestos organicos
persistentes [4]. En particular, la OC con magnetita
(Fes0,) ha demostrado ser una alternativa
prometedora, ya que combina la oxidacion directa
del ozono con la generacion de radicales hidroxilos
altamente reactivos [5]. Sin embargo, la eficiencia
de este proceso depende de diversas variables, como
la dosis de ozono, la concentracion del catalizador,
el pH del medio y el tiempo de tratamiento [6], de
alli la importancia de optimizar estas variables con
el proposito de maximizar la remocion de DQO y
que la aplicacion del tratamiento sea viable en la
descontaminacion de lixiviados de relleno sanitario.

Los modelos de Superficie de Respuesta (RSM) han
sido ampliamente utilizados para estudiar y
optimizar procesos quimicos y ambientales [7].
Estos modelos permiten analizar las interacciones
entre variables independientes y predecir el
comportamiento de sistemas complejos. Sin
embargo, los enfoques convencionales de la RSM
suelen basarse en suposiciones lineales o cuadraticas
simples, que pueden limitar su capacidad para
establecer relaciones no lineales y comportamientos
mas complejos en los datos [8]. Ademas de la
presencia de sesgos en la distribucion de los datos o
la multicolinealidad entre variables, lo que puede
afectar la exactitud y confianza de los modelos [9].
De acuerdo con lo anterior, el presente estudio
propone un enfoque innovador que combina
transformaciones estadisticas avanzadas, expansion
del espacio de -caracteristicas y técnicas de
regularizacion; esto con el fin de mejorar la
capacidad predictiva de un modelo de RSM, como
se ha propuesto en diversas investigaciones por otros
métodos y técnicas [10], [11], [12]. En primer lugar,
se aplican transformaciones logaritmicas y Box-Cox
para normalizar la distribucion de los datos y reducir
sesgos [13]. Posteriormente, se expande el espacio
de caracteristicas mediante la generacion de
términos cuadraticos e interacciones, lo que permite
capturar relaciones no lineales entre las variables
independientes y la eficiencia de remocion de DQO
. Finalmente, se incorpora la regularizacion Ridge
con validacion cruzada Leave-One-Out (LOO-CV)
para evitar el sobreajuste y mejorar la generalizacion
del modelo [14].

La integracion de técnicas estadisticas avanzadas y
métodos de regularizacion en el marco de un modelo
de RSM, es la novedad de este enfoque, permitiendo
obtener predicciones mas precisas y robustas. Este
estudio proporciona informacioén valiosa sobre el

efecto de variables clave en la eficiencia de
remocion de DQO, asi como condiciones Optimas
para el proceso de ozonizacion catalizada con
magnetita. Los resultados obtenidos contribuyen al
avance del conocimiento en el tratamiento de
lixiviados, y ofrecen una metodologia para el
modelado y optimizacion de procesos ambientales.

2. Metodologia

2.1. Caracterizacion fisicoquimica de los
lixiviados.

Los lixiviados analizados en este estudio provienen
de dos rellenos sanitarios en Colombia con
condiciones operativas y caracteristicas de
generacion diferenciadas, ya que la composicion de
los residuos gestionados influye su variabilidad
fisicoquimica, lo que afecta su tratabilidad y la
eficiencia del proceso de tratamiento con la OC. Las
determinaciones analiticas incluyeron Demanda
Quimica de Oxigeno, Demanda Bioquimica de
Oxigeno (DBOs), Soélidos Suspendidos Totales
(SST), pH, conductividad y temperatura; todas
teniendo en cuenta los Métodos Estandar para el
Andlisis de Agua y Aguas Residuales (APHA,
AWWA, WEF) 24th edicion (2024) [15].

2.2. Proceso  experimental Ozonizaciéon
Catalitica (OC).

El ozono fue generado in situ a partir de una fuente
de oxigeno utilizando un generador de ozono Pacific
Ozone de Lenntech, con una capacidad maxima de
produccion de 6 g/h. La concentracion de ozono
gaseoso se reguld mediante un sistema de control de
voltaje integrado en el equipo, permitiendo un ajuste
preciso de la dosificacion. El ozono residual que no
reacciond durante el proceso fue dirigido a una
solucion de yoduro de potasio, donde
cuantitativamente es absorbido mediante su
reduccion a yodo molecular [16].

La OC se llevo a cabo en un reactor de vidrio de 500
mL, equipado con una entrada de gas en la parte
inferior, conectado a un tubo concéntrico de
difusion, y una salida lateral para la evacuacion del
gas residual. La disolucion del ozono en la fase
liquida se optimiz6 mediante un sistema de aireacion
con microburbujas de 0.45 pm, asegurando una
transferencia de masa eficiente. Como catalizador se
empled oxido de hierro negro sintético, CAS No.
1317-61-9, de Alpha Chemicals, con una pureza de
Fe30, superior al 98%.

El disefio experimental evalud las variables de dosis
de ozono (2 — 6 gh™'), dosis de catalizador (0.5 — 2.5
gL y nivel de pH (3 — 9 unidades), teniendo como
variable de respuesta el porcentaje de remocion de
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DQO. Las muestras se tomaron en los tiempos de 20,
40, 80 y 120 minutos, con el fin de estudiar la
evolucion del porcentaje de remocion. El desarrollo
de las combinaciones de las variables
independientes, y la aleatorizacion de las corridas
experimentales, se formuld teniendo en cuenta un
disefio factorial completamente aleatorizado de 3
niveles 32,

2.3. Analisis estadistico y validacion

Se desarroll6 un modelo basado en Superficie de
Respuesta (RSM) con regularizacion Ridge para
predecir la eficiencia de remociéon de DQO (%
Remocion DQO) en funcion de variables operativas
clave en un sistema de tratamiento de aguas
residuales. La novedad de nuestro enfoque radica en:

=  Aplicacion de transformaciones
estadisticas avanzadas (logaritmo y Box-
Cox) para mejorar la distribucion de los
datos y reducir sesgos.

= Expansion del espacio de caracteristicas
mediante la generacion de términos
cuadraticos e interacciones para capturar
relaciones no lineales.

=  Uso de regularization Ridge con validation
Leave-One-Out Cross-Validation (LOO-
CV) para mejorar la robustez del modelo y
evitar sobreajuste.

= FEl modelo se desarrolld en lenguaje de
programacion de Python, utilizando la
libreria scikit-learn (sklearn). Sklearn es un
proyecto de licencia libre con herramientas
para ciencia de datos incluyendo machine
learning y modelacion estadistica.

2.3.1.  Definicion del problema

Sea X € R™P la matriz de variables predictoras con
n observaciones y p caracteristicas, y seay € R" el
vector de respuestas (% remocion DQO). El modelo
de regresion lineal estandar se expresa como la Ec.

(1).
y=XB+e €Y

donde f es el vector de coeficientes del modelo y €
es el error aleatorio.

2.3.2. Transformaciones de Datos

Dado que algunas variables presentan distribuciones
sesgadas, se aplico:

*  Transformacion Logaritmica para estabilizar la
varianza en las variables de entrada: X' =
log (1+ X)[17].

] Transformacién Box-Cox en la variable
objetivo para mejorar su normalidad: y' =

y -1

, con X\ optimo determinado por maxima
verosimilitud [18].

2.3.3.  Expansion del espacio de caracteristicas

Para capturar relaciones no lineales, se generaron
términos cuadraticos e interacciones entre variables,
formando un modelo de Superficie de Respuesta
(RSM), como se muestra en la Ec. (2).

P
y= B+ Bi X;

i=1
p p

i=1j=1

+€ 2

donde B;; representa los coeficientes de los efectos
cuadraticos y de interaccion.

2.3.4. Regularizacion con Ridge Regression

Para evitar problemas de sobreajuste, se aplicd
regresion Ridge, que introduce un término de
penalizacion « || B || 2, controlando la magnitud de
los coeficientes, de acuerdo con la Ec. (3) [19].

min 5 5

8 My—=XB %+ all BlII?)  (3)
donde a se selecciona mediante validacion cruzada
en un rango logaritmico [107¢, 10°].

2.3.5. Validacion Leave-One-Out  Cross-
Validation (LOO-CV)

Se evalud la precision del modelo utilizando LOO-
CV, donde para cada observacion i, se entrena el
modelo con los datos restantes y se predice la
observacion excluida (Ec. (4)) [20].

n

1 N2
LOO — MSE = — Z(Yi -J0)” @
i=1
Donde 9;) es la prediccion de y; cuando el modelo
se entrena sin la observacion i.
2.3.6. Optimizacion de Parametros
Experimentales

Para encontrar la mejor combinacion de variables
operativas que maximicen la remocion de DQO, se
implement6 una busqueda sistematica dentro de los
valores experimentales observados. Se definid la
funcion objetivo que se muestra en la Ec. (5).

ma

50 5
T ©)
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Donde y(X) es la prediccion de 1a remocion de DQO
dada una combinacion de dosis de ozono,
catalizador, pH y tiempo. La optimizacion se llevo a
cabo utilizando el método L-BFGS-B, restringiendo
las soluciones dentro del rango experimental [21].

2.3.7. Evaluacion con Métodos de
Interpretabilidad

Para mejorar la interpretabilidad del modelo, se
aplico el método de Permutacion de Importancia de
Variables que mide la reduccion en el desempeifio del
modelo cuando se reordena aleatoriamente una
variable, indicando su impacto en la prediccion. Este
método permite identificar que variables tienen un
mayor impacto en la remocion del DQO y validar la
consistencia del modelo con el conocimiento fisico
del proceso [22].

2.3.8. Robustez ante
experimental

variabilidad

Para evaluar la estabilidad del modelo, se realizaron
100 simulaciones en las que se introdujeron
perturbaciones aleatorias de +5% en las variables de
entrada. Se analizo la variacion en las predicciones
para determinar la sensibilidad del modelo a
fluctuaciones en los parametros operativos [23].

3. Resultados y discusiéon

3.1. Caracterizacion fisicoquimica de los
lixiviados.

La Tabla 1, muestra la caracterizacion fisicoquimica
de las muestras de lixiviado, en el cual se evidencian
diferencias significativas en su composicion. El
lixiviado No. 2 presenta una mayor carga organica.
La relacion DBOs/DQO superior a 0.2 en ambas
muestras indica que los lixiviados aiin contienen una
fraccion biodegradable importante, lo que podria
corresponder a lixiviados jovenes o intermedios
[24]. Sin embargo, la elevada conductividad del
lixiviado No. 1, sugiere una mayor acumulacion de
sales disueltas, caracteristica mas comun en
lixiviados intermedios a viejos [25]. Referente al
pH, es un parametro importante porque los
ambientes alcalinos indican que los lixiviados estan
en una etapa de estabilizacion, como el caso del
lixiviado No. 1, mientras que el lixiviado No. 2, se
encuentra mas cercano a la neutralidad [26].

Tabla 1. Caracterizacion lixiviados.

Lixiviado Lixiviado

Parametro No. 1 No. 2

DQO (mg.L'") 6,295 8,421
DBOs (mg.L") 1,664 1,933
DBOs/DQO 0.26 0.23
SST (mg.L") 157 96

pH 8.5 7.57
(Crgrsli‘;fﬁ;’idad 18 1.1

Temperatura (°C) 30.1 29.4

De acuerdo con el analisis anterior, se puede
clasificar el lixiviado No. 2 como joven a
intermedio, debido a su alta carga orgénica, mientras
que el lixiviado No. 1 muestra caracteristicas de un
lixiviado intermedio a viejo, con una menor
biodegradabilidad y un mayor contenido de sales
disueltas [27].

3.2. Proceso  experimental  Ozonizacion
Catalitica (OC)

La Tabla 2 presenta las corridas experimentales
disefiadas para evaluar el proceso OC, considerando
tres niveles para cada una de las variables
independientes estudiadas. Estas condiciones se
establecieron siguiendo el disefio de experimentos
descrito en la seccion 2.2 de la metodologia. Cada
experimento se diseld como un ensayo
independiente, asociado a un tiempo de muestreo
especifico y a los dos tipos de lixiviado analizados,
con el porcentaje de remocion en términos de la
DQO.

Adicionalmente, se incluyeron experimentos de
control para establecer comparaciones y validar los
resultados obtenidos. Estos consistieron en: (1) un
ensayo utilizando unicamente ozono en la dosis
méaxima (6 g.h'), (2) un ensayo empleando solo
magnetita en una dosis intermedia (2.5 g.L '), y (3)
un ensayo sin la adicién de ozono ni magnetita.
Todos los experimentos de control se llevaron a cabo
a un pH de 9, manteniendo las mismas condiciones
operativas que los ensayos principales, con el fin de
evaluar las contribuciones individuales del ozono y
del catalizador, permitiendo la comparacion entre
ozonizacion simple y los procesos catalizados para
identificar la sinergia entre el catalizador y los
radicales hidroxilos generados [28], [29] en la
remocion de DQO.
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Tabla 2. Combinaciones experimentales y

resultados.
Exp. Dosis Ofono Dosis Cat:ﬂizador pH Tielflpo % I.{e-m.oci()n DQO % I.{e-m.oci()n DQO
(g.h™) (g.L") (min) (Lixiviado No. 1) (Lixiviado No. 2)
1 4 2.5 9 20 38.17 32.50
2 4 2.5 9 40 68.52 54.50
3 4 25 9 80 83.75 71.50
4 4 2.5 9 120 85.29 75.80
5 2 1.5 9 20 40.58 33.60
6 2 1.5 9 40 60.17 48.80
7 2 1.5 9 80 68.68 62.60
8 2 1.5 9 120 74.92 65.30
9 4 25 3 20 31.54 25.60
10 4 2.5 3 40 43.40 38.55
11 4 2.5 3 80 58.80 49.00
12 4 2.5 3 120 66.31 53.50
13 2 1.5 3 20 35.40 30.80
14 2 1.5 3 40 58.73 49.30
15 2 1.5 3 80 71.09 62.50
16 2 1.5 3 120 74.71 65.70
17 4 1.5 6 20 33.38 30.49
18 4 1.5 6 40 46.72 39.51
19 4 1.5 6 80 55.64 43.25
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20 1.5 120 58.01 45.30
21 0.5 20 33.46 27.90
22 0.5 40 48.80 41.90
23 0.5 80 59.37 54.64
24 0.5 120 63.20 57.80
25 1.5 20 21.74 18.90
26 1.5 40 27.18 26.45
27 1.5 80 41.29 34.80
28 1.5 120 45.33 39.10
29 2.5 20 37.12 30.40
30 2.5 40 54.51 45.30
31 2.5 80 55.70 50.50
32 2.5 120 57.11 51.40
33 1.5 20 37.32 33.60
34 1.5 40 48.23 42.40
35 1.5 80 53.20 S51.11
36 1.5 120 57.76 52.60
37 0.5 20 46.02 30.28
38 0.5 40 48.33 37.84
39 0.5 80 49.48 41.96
40 0.5 120 54.50 43.70
41 0.5 20 33.35 28.90
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42 0.5 40 40.24 40.41
43 0.5 80 55.51 47.72
44 0.5 120 57.76 49.60
45 0.5 20 17.67 20.44
46 0.5 40 30.37 29.64
47 0.5 80 37.23 37.22
48 0.5 120 50.16 38.90
49 1.5 20 40.19 33.04
50 1.5 40 49.80 44.38
51 1.5 80 58.25 46.80
52 1.5 120 61.88 48.50
53 1.5 20 34.16 40.77
54 1.5 40 61.90 53.84
55 1.5 80 70.94 62.90
56 1.5 120 77.56 65.70
57 2.5 20 32.90 28.60
58 2.5 40 38.66 41.60
59 2.5 80 55.28 46.73
60 2.5 120 62.26 47.60
61 0 20 21.23 18.37
62 0 40 28.20 27.31
63 0 80 31.60 42.53
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64 6 0 120 34.88 41.90
65 0 25 20 0.41 0.00
66 0 25 40 1.35 0.00
67 0 25 9 80 0.59 0.00
68 0 25 9 120 1.00 2.00
69 0 0 9 20 0.41 0.00
70 0 0 9 40 0.00 1.00
71 0 0 9 80 0.00 0.00
72 0 0 9 120 0.00 0.00
3.3. Analisis estadistico y validaciéon * X, : Dosis de ozono en g.h!.

3.3.1. Desempeiio del modelo

La Tabla 3, muestra las métricas de los modelos
optimizados que se ejecutaron para los dos tipos de
lixiviado. Asi mismo, se muestran las ecuaciones
que modelan el proceso de OC, teniendo en cuenta
la influencia de las variables evaluadas en funcion
del porcentaje de remocion.

Tabla 3. Métricas de los modelos optimizados.

Métrica
Muestra
MSE R?
Lixiviado No. 1 38.3335 0.9257
Lixiviado No. 2 40.4431 0.9153

Estos resultados confirman que la combinacion de
expansion de caracteristicas, regularizacion y
validacion Leave-One-Out Cross-Validation mejora
la precision del modelo.

Las ecuaciones para cada uno de los modelos
RidgeCV, se muestran a continuacion. La Ec. (6)
modela el proceso de OC para el lixiviado No. 1; la
Ec. (7) modela el proceso de OC para el lixiviado
No. 2. En ambos casos, se deben tener en cuenta las
siguientes convenciones:

= Y :9% Remocion en términos de DQO.

* X, : Dosis de catalizador en g.L.
* X5 : Unidades de pH.
* X, :Tiempo (min).

Y =57.2811 —3.9739 x X, + 4.7102 x X,
+ 5.6563 % X; + 9.5535 * X,
—9.0518 * X2
+ 3.6838 * X, X,
+ 7.0935 * X, X,
+ 34129 * XX, — 2.1349
* X2 + 3.0796 * X, X,
+ 2.1630 * X,X, + 4.6534
* X2 + 0.0252 * X,X,
—1.7544 * X2 (6)

Y = 52.0825 — 2.0335 * X, + 4.0156 * X,
+ 63304 * X, + 9.4967 * X,
—7.5582 * X2
+ 3.1217 * X, X,
+ 8.1764 * X, X,
+ 2.6591 * X, X, — 1.5170
* X2 + 2.8618 * X, X5
+ 1.1577 * X,X, + 55163
* X2 + 03943 * X,X,
—2.3396 * X2 (7

3.3.2. Optimizacién de Parametros
Experimentales

La optimizacion identificé la combinacion Optima
de variables para maximizar la remocion de DQO,
para cada tipo de lixiviado (Tabla 4).
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Tabla 4. Parametros experimentales 6ptimos

Valor éptimo

Variable

Lixiviado Lixiviado
No. 1 No. 2

Dosis Ozono (g.h
y (g 5.42 5.56
Dosis Catalizador

- 2.50 2.50
(gL
pH 9.0 9.0
Tiempo (min) 120 117.15
% Remocion DQO R6.47 73 60
predicho ' ’

De acuerdo con los resultados obtenidos, se observo
que la maxima eficiencia de remocion de DQO para
ambos tipos de lixiviados se alcanzo en condiciones
de alta dosificacion de catalizador (magnetita) y pH
alcalino, ya que la ozonizacién en condiciones
alcalinas favorece la generacion de radicales
hidroxilos, aumentando la eficiencia en Ila
degradacion de los compuestos de interés [30].

Sin embargo, en el caso del Lixiviado No. 2,
caracterizado por una mayor carga organica y un
menor indice de biodegradabilidad, se requirié una
dosis de ozono ligeramente superior en comparacion
con el Lixiviado No. 1. Este comportamiento puede
atribuirse a la presencia de compuestos organicos
recalcitrantes en el Lixiviado No. 2, los cuales
demandan una mayor cantidad de oxidante para su
degradacion efectiva, los cuales demandan una
mayor cantidad de oxidante para su degradacion
efectiva [31].

Cabe destacar que no fue necesario emplear la dosis
maxima de ozono (6 g.h™") para alcanzar la maxima
eficiencia de remocion de DQO en ninguno de los
dos lixiviados. Este hallazgo es de particular
relevancia, ya que una reduccion en la dosificacion
de ozono, aunque sea marginal, podria traducirse en
una disminucion significativa de los costos
operativos y del consumo energético asociado al
proceso. Esta consideracion es especialmente
importante en procesos de ozonizacion, dado el
elevado costo energético inherente a la generacion
de ozono y el consumo de oxigeno puro como
materia prima, lo que determina que una
dosificacion optima de ozono permite lograr altas
eficiencias de remocion sin necesidad de
sobredosificar el sistema, optimizando la relacion
costo-beneficio [32].

Respecto al tiempo de contacto, los resultados
confirman que un mayor tiempo de exposicion entre
el lixiviado y el ozono favorece significativamente

la degradacion de los compuestos de interés, ya que
la extension del tiempo de ozonizacion mejora la
eficiencia de remocion de DQO y aumenta la
biodegradabilidad del lixiviado [33]. Por ello, el
modelo predictivo establece que el tiempo 6ptimo de
tratamiento para ambos lixiviados se aproxima al
valor maximo evaluado (120 minutos), lo que
sugiere que la extension del tiempo de contacto es
un factor importante para maximizar la eficiencia
del proceso.

3.3.3.  Anailisis de importancia de variables

El analisis de Permutacion de Importancia de
Variables permitié identificar y cuantificar la
influencia relativa de cada factor en la prediccion de
la eficiencia de remocion de DQO. De acuerdo con
la Figura 1, y teniendo en cuenta ambas matrices del
lixiviado, los resultados mostraron que los factores
mas significativos fueron:

= Efecto cuadratico del ozonmo. Este factor
demostrd ser el de mayor influencia en el
modelo, lo que indica que la relacion entre la
dosis de ozono y la eficiencia de remocion de
DQO no es lineal. En particular, se observd que
un incremento en la dosis de ozono tiene un
impacto positivo en la eficiencia del tratamiento,
pero con una tasa de mejora decreciente a
medida que se alcanzan dosis mas altas. Este
comportamiento sugiere la existencia de un
punto de saturacion, donde aumentos adicionales
en la dosis de ozono no generan mejoras
proporcionales en la remocion de DQO,
posiblemente debido a limitaciones en Ila
transferencia de masa o a la formacion de
subproductos que compiten por el o0zono
disponible [34].

* Tiempo de contacto. El tiempo de tratamiento
se identifico como el segundo factor mas
influyente, aunque su impacto fue menor en
comparacion con el ozono. Un mayor tiempo de
contacto entre el lixiviado y el ozono favorece la
degradacion de los compuestos organicos, ya que
permite una mayor transferencia de masa y una
oxidacion mas completa. Sin embargo, su
influencia relativa menor sugiere que, después de
un cierto tiempo, los beneficios marginales de
extender el tratamiento disminuyen, lo que
podria estar relacionado con la cinética de
reaccion y la disponibilidad de compuestos
facilmente oxidables [35].

= Interacciones entre variables. Las
interacciones entre el ozono, el pH y la dosis de
catalizador también mostraron una influencia
significativa en el modelo. Estas interacciones
validan la necesidad de utilizar un enfoque de
RSM para capturar las relaciones no lineales y
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sinérgicas entre las variables. En particular, se
observo que el pH y la dosis de catalizador
modulan la eficiencia del ozono, ya que un pH
alcalino favorece la generacion de radicales
hidroxilos, mientras que la magnetita actiia como
un catalizador heterogéneo que promueve la
descomposicion del ozono en especies oxidantes
mas reactivas [36].

Ozono”2

Tiempo

Ozono pH
Catalizador
Ozono Catalizador
Catalizador~2

pH

Variables

Tiempo”™2
Catalizador pH
Ozono Tiempo

pH"2

Catalizador Tiempo
0Ozono

pH Tiempo

Tiempo

Ozono”"2

0Ozono pH

pH

Catalizador
Tiempo~2

Ozono Catalizador

Variables

Catalizador”~2 4
pH~2 4
Catalizador pH
0Ozono -
0zono Tiempo -

Catalizador Tiempo -

pH Tiempo

Estos hallazgos resaltan la importancia de considerar
no solo los efectos individuales de cada variable,
sino también sus interacciones, para optimizar el
proceso de ozonizacion catalitica. Ademas,
confirman que el modelo evaluado fue una
herramienta adecuada para predecir y optimizar la
eficiencia de remocion de DQO en el tratamiento de
lixiviados.

0.0 0.1 0.2

0.3 0.4

Reduccién en Score tras Permutacién

Figura. 1.Importancia de las variables evaluadas. A. Lixiviado No. 1; B. Lixiviado No. 2.

3.3.4. Robustez ante Variabilidad Experimental

Con el objetivo de evaluar la estabilidad y robustez
del modelo predictivo frente a variaciones
experimentales, se realizaron 100 simulaciones en
las cuales las wvariables de entrada fueron
modificadas aleatoriamente en un rango de +5%.
Este andlisis permitio cuantificar la sensibilidad del
modelo a pequeifias fluctuaciones en las condiciones
operativas, lo cual es fundamental para garantizar su
aplicabilidad en escenarios reales. Destacando estos
analisis de sensibilidad como una herramienta clave
en la optimizacion de procesos de ozonizacion,
permitiendo evaluar el impacto de los parametros
operativos en la eficiencia de remocion de los
contaminantes de interés [37].

Como caso ilustrativo, para el experimento No. 4
(Tabla 2), se obtuvo un valor experimental de
remocion de DQO del 85.2%. Bajo las condiciones
simuladas, el modelo predijo una remocion media

del 81%, con una desviacion estandar de 1.63. Estos
resultados indican un buen ajuste entre los valores
experimentales y las predicciones del modelo,
respaldando su precision y confiabilidad. Ademas, la
baja desviacion estandar sugiere que el modelo es
estable ante pequefias variaciones en las variables de
entrada, lo cual es consistente con los resultados
mostrados en la Figura 2, donde se observa que las
predicciones del modelo se mantienen consistentes a
lo largo de las simulaciones, sin presentar
fluctuaciones significativas, lo cual es cogerente con
otros modelos predictivos recientes que han logrado
errores minimos en la estimacion de la remocion de
DQO, utilizando técnicas avanzadas de simulacion y
aprendizaje automatico, demostrando la capacidad
de estos enfoques para garantizar estabilidad en
escenarios experimentales variables [36].
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Figura 2. Importancia de las variables evaluadas. A. Lixiviado No. 1; B. Lixiviado No. 2.

Este comportamiento confirma que el modelo es
robusto frente a perturbaciones experimentales y que
pequeiias variaciones en las condiciones de
operacion como: la dosis de ozono, el pH, la
concentracion de catalizador o el tiempo de
tratamiento, no generan cambios drasticos en las
predicciones de remociéon de la DQO. Esta
caracteristica es particularmente relevante para la
aplicacion del modelo en el tratamiento de lixiviados
de rellenos sanitarios mediante OC, ya que garantiza
su confiabilidad en entornos donde las condiciones
operativas pueden presentar ligeras variaciones,
destacando la importancia de la validacion de los
modelos en condiciones reales, enfatizando que una
prediccion precisa permite optimizar la eficiencia
del tratamiento sin necesidad de sobredosificar
reactivos, oxidantes y tiempo de experimentacion
[38].

Conclusiones

= El modelo de Superficie de Respuesta (RSM)
con regularizacion Ridge demostr6 ser una
herramienta precisa y robusta para predecir la
eficiencia de remocion de DQO en lixiviados de
rellenos sanitarios mediante ozonizacion
catalitica con magnetita. Las transformaciones
estadisticas avanzadas y la expansion del espacio
de caracteristicas permitieron capturar relaciones
no lineales y mejorar la generalizacion del
modelo.

= Las condiciones Optimas para maximizar la
remocion de DQO incluyen altas dosis de
catalizador (2.5 g.L™"), pH alcalino (9.0) y
tiempos de tratamiento cercanos a 120 minutos.

= FEl andlisis de Permutaciéon de Importancia de
Variables identificd que el efecto cuadratico del
ozono es el factor mas influyente, seguido del
tiempo de contacto y las interacciones entre
ozono, pH y -catalizador. Esto resalta la
importancia de considerar no solo los efectos
individuales de las variables, sino también sus
interacciones para optimizar el proceso.

= Las simulaciones con perturbaciones aleatorias
de £5% confirmaron que el modelo es estable
frente a variaciones experimentales, lo que
garantiza su aplicabilidad en escenarios reales
donde las condiciones operativas pueden
fluctuar.

= Este enfoque permite optimizar el tratamiento de
lixiviados mediante ozonizacidon catalitica,
reduciendo costos operativos y mejorando la
eficiencia del proceso, lo que es crucial para la
gestion sostenible de residuos liquidos en
rellenos sanitarios.
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Abstract:

Sanitary landfill leachate treatment was evaluated using magnetite-catalyzed ozone, an upflow anaerobic sludge
blanket (UASB) reactor, and microalgae, both individually and in combination, to improve biodegradability
and remove organic matter, solids, metals, and nutrients. Leachates were characterized before and after each
treatment, and their impacts on methanogenic activity, aerobic toxicity, and the BODs/COD ratio were assessed.
Magnetite-catalyzed ozone pretreatment enhanced biodegradability, enabling an optimal coupling point with
the UASB at 40 minutes when the specific methanogenic activity reached 0.22 g CH+-COD/(gVSS-d). The
UASB achieved COD removal rates of up to 75%, but high concentrations were maintained in the effluent with
low ammoniacal nitrogen and phosphorus removal rates. Microalgae promoted nutrient removal, reducing total
nitrogen and phosphorus by up to 65% and 70%, respectively, although with lower efficiency in terms of organic
matter removal. Process coupling demonstrated that ozonation followed by UASB application improved
anaerobic degradation, whereas the use of microalgae after biological treatment optimized the final effluent
quality. Despite the improvements achieved, the final values for some parameters still exceed the discharge

limits, indicating the need for operational adjustments or additional treatments to ensure effective purification.

Keywords: Leachates, catalytic ozonation, magnetite, UASB, anaerobic treatment.
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1. Introduction

Waste leachates produced from sanitary landfills are an important environmental issue
because of their high organic load, complex composition, and possible toxicity, which
requires treatment. Landfill leachate can contain organic compounds, inorganic salts, toxic
gases, halogenated hydrocarbons, and heavy metals, which can be hazardous to public health
and the environment (Babaei et al., 2021). Several standard methods for treating these
effluents, such as anaerobic processes, have been employed because of their efficient removal
of organic matter; however, these methods have limitations in the degradation of recalcitrant
compounds and nutrients, which poses a challenge for discharge compliance (H. Li et al.,
2009).

Researchers have investigated advanced oxidation processes (AOPs) to decompose
recalcitrant organic matter and enhance the biodegradability of leachates (Gautam et al.,
2019) in response to these challenges. Coagulation, sedimentation, and adsorption are some
of the methods traditionally used to treat leachate, but they have limited effectiveness in
achieving complete treatment with low costs (Mohamad et al., 2023), and recently, the
combined use of AOPs with biologics has been a promising alternative process (Ahn et al.,
2002). Moreover, the use of MBRs to treat leachate was found to increase leachate treatment
efficiency beyond biodegradable contaminants, as MBR alone had an excellent capability to
remove biodegradable organic matter, and when combined with RO, it achieved the removal
of nonbiodegradable organic matter as well (Fang et al., 2005).

While several technologies have been developed for leachate treatment, none of them alone
have limitations. Biological methods, including upflow anaerobic sludge blanket (UASB)
reactors, are very effective for the removal of organic matter and biogas generation but
struggle with the reduction of recalcitrant pollutants and nutrients (Ismail et al., 2020).
Alternatively, catalytic ozonation has been proposed to degrade refractory organics and
increase leachate biodegradability, leading to better biological treatment (Braga et al., 2020).
However, these processes alone cannot achieve efficient nutrient removal, making
microalgae integration an appealing alternative for nitrogen and phosphorus accumulation

while improving the quality of the overall effluent (Khen et al., 2022).
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Since mixing treatment processes can produce synergies that enhance the performance of
the entire system (Liu et al., 2020), recent studies have corroborated this. For example, the
combination of anaerobic treatment and ozonation has been shown to increase organic
contaminant removal and leachate biodegradability (Yenis Septiariva et al., 2019). Another
way of doing this is to add them to biological processes; thus, greater nitrogen and
phosphorus removal results in a more sustainable treatment scheme (Khen et al., 2022).
Conversely, the integration of catalyzed ozonation with magnetite along with UASB reactors
and microalgae treatment in this study represents a novel strategy to increase the removal of
organic matter, heavy metals, and nutrients, thus ensuring increased efficiency of sanitary
landfill leachate treatment to comply with stricter environmental requirements. This need
for the integration of such processes is further prominent with recent evidence that the
integration of advanced technologies, such as membranes and oxidation processes, can help
reach removal efficiencies close to 99% for specific compounds (Jamrah et al., 2024).
Therefore, the use of multistage treatment configurations with a combination of
physicochemical and biological methods becomes crucial for both optimal performance and
environmental compliance.

The Fenton oxidation process has been extensively investigated owing to its potential to
mineralize organic contaminants in landfill leachate. The Fenton process results in 70%
chemical oxygen demand (COD) removal from raw leachate and more than 50% removal
from biologically treated leachate (Kanmani & Dileepan, 2023). Waste activated sludge has
a relatively high COD, which leads to a reduction in treatment cost. In addition, the coupling
of Fenton oxidation with biological aeration filters (BAFs) has been confirmed to improve
the decomposition efficiency of COD, ammonium and total phosphorus (Wang et al., 2009).
Research has shown that the highest removal efficiency for COD (99%) was achieved with
combined treatment processes, such as the coupling of physicochemical and biological
methods, e.g., membrane bioreactors (MBRs) with nanofiltration (NF), as well as oxidation
with Fenton processes and adsorption (Jamrah et al., 2024). These results emphasize the
necessity of integrated approaches involving advanced oxidation, biological treatment, and
adsorption methods for effective leachate management.

Finally, recent research has also highlighted the role of ozone-based AOPs in improving the

breakdown of organic contaminants. Ozone followed by combinations of denitrification,
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coagulation and biological activated carbon effectively removes total nitrogen, COD and
heavy metals from treated effluents that have passed stringent environmental discharge
standards (Feng et al., 2021). Moreover, COD, BOD, and ammonia nitrogen can be
significantly reduced after combined physicochemical treatment with ultrafiltration and
nanofiltration methods. (Aziz et al., 2012).

In light of these findings, the aim of the present work was to assess the performance of
magnetite-catalyzed ozonation, UASB reactors, and microalgae treatment individually and
together for the removal of organic, solid, metal, and nitrogenous compounds. The results
will help optimize process parameters and assist in the combined/combined treatment of

pollutants to achieve better-quality final effluent.

2. Methods

Leachate samples were collected via polyethylene containers, pretreated with nitric acid, and
rinsed with distilled water at the discharge points of the respective sanitary landfills via
previously established methodological approaches (Chen et al., 2024). To avoid any changes
in the composition of the studied compounds, the samples were transported in insulated
containers at 4°C and, at most, 24 hours after they were taken, analyzed as specified in the
23rd edition of the Standard Methods for the Examination of Water and Wastewater and

recognized sampling methods in recent studies (Becerra Moreno et al., 2022) (see Table 1).

Table 1. Analytical methods implemented for leachate characterization

Parameter Analytical Method
Heavy Metals
- Cadmium SM 3030 E, SM 3111 B
- Chromium SM 3030 E, SM 3111 B
- Mercury SM3112B
- Lead SM 3030 E, SM 3113 B

Physicochemical Properties
-pH SM 4500 H* B
- Electrical Conductivity SM 2510 B
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- Temperature SM 2550 B
- Total Suspended Solids (TSS) SM 2540 D

- Volatile Suspended Solids (VSS) SM 2540 E

Organic Matter
- Biochemical Oxygen Demand  SM 5210 B Modified, ASTM D 888-

(BOD:s) 18
- Chemical Oxygen Demand
SM 5220 D
(COD)
Nutrients
- Nitrates SM 4500 NOs™ B
- Nitrites SM 4500 NO-" B
- Total Nitrogen SM 4500-Norg C
- Phosphates SM 4500-P E

Aerobic biodegradability was also determined using the Zahn-Wellens/EMPA test (EMPA
OECD 302B) (Becerra et al., 2020); aerobic toxicity trends were determined via the
respiration inhibition test (EMPA OECD 209) (Becerra et al., 2020); and anaerobic
biodegradability and toxicity were determined via the specific methanogenic activity test

(AME) test (Becerra Moreno et al., 2022).

2.1.Characterization of the Inoculum Sludge

The test inoculum sludge in the UASB reactor was sourced from the second anaerobic
lagoon of a palm oil extraction plant (corozo) in Tibu, Colombia. Before use,
physicochemical characterization was carried out to assess its adequacy for anaerobic
processes. This characterization was performed under the same conditions described in
section 2.1 for the leachates concerning pH, temperature, total suspended solids (TSS),
volatile suspended solids (VSS), chemical oxygen demand (COD), and the sludge volume
index (SVI). In anaerobic reactor studies (Becerra Moreno et al., 2022) (K. Li et al., 2019),
minimizing microbial degradation in transported sludge samples by collecting and storing

them in polyethylene containers sealed in an airtight manner at 15°C before analysis is

95



133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163

recommended. They were then moved in a container to the laboratory, where analyses were
performed within 24 hours of collection, ensuring the representativeness of the sample and

the stability of its components.

2.2. Design and operation of the UASB reactor

The UASB (upflow anaerobic sludge blanket) reactor used in this study was a continuous
flow design made with acrylic and had an 11.7 L working volume, 15 cm inner diameter, and
66 cm height. For operational stability, an electronic heater was installed in the intermediate
section of the reactor; this heater operated to maintain a constant temperature between 35
and 40 °C throughout the experiment. Moreover, the influent pH was buffered in the range
of 6.5--7.5 to prevent conditions that could be detrimental to microbial activity and promote
the stability of the methanogenesis process. A peristaltic pump was used to feed the reactor
to ensure continuous and controlled flow. During the startup phase, low organic loading rates
were applied and gradually increased as the system stabilized. This stability was evaluated
by monitoring the efficiency of organic matter removal. In contrast, the organic load was
adjusted by regulating the feed flow rate and the influence of the COD concentration, which
was modulated by diluting the leachate with distilled water. This controlled transition allows
the microbial consortium to adapt without causing significant disturbances to the system.

Once the reactor could process the undiluted leachate and reach a hydraulic retention time
(HRT) of 24 hours—a condition recommended for leachate treatment—the operational phase
commenced (Y.-Z. Yang et al., 2024). During this stage, the system's performance was
evaluated in terms of organic matter removal efficiency and microbiological stability (table
2). The controlled regulation of the organic load allowed for a progressive adaptation of the
anaerobic system, minimizing the risk of inhibition and ensuring efficient organic matter
conversion into biogas, favoring long-term process stability. In addition, the generated gases
were collected through a port at the top of the reactor, allowing their monitoring and

quantification to assess system performance.

Table 2. Operating conditions for the UASB reactor at the El Guayabal and La Madera
landfills
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L. Guayabal L. Madera
) Hydraulic Flow Volumetric Volumetric
Time Influent Influent
Stage Retention  Rate Organic Organic
(days) : COD COD
Time (h) (L/h) Load (kg Load (kg
(mg/L) (mg/L)
COD/m?-d) COD/m?-d)
48 48 0.244 500 0.3 500 0.3
27 42 0.279 1,950 1.1 2,480 1.4
Startup
30 36 0.325 3,400 23 4,460 3
30 30 0.39 4,850 3.9 6,440 5.2
Operation 27 24 0.487 6,296 6.3 8,421 8.4

2.3. Catalytic Ozonation with Magnetite

The ozonation process was carried out in a 500 mL glass reactor with a bottom gas inlet and
a lateral outlet for residual gases, ensuring efficient and controlled ozone flow. Ozone was
generated from pure oxygen via an Ol model unit (Pacific Ozone, Lenntech), with a
maximum production of 6 g Os/h and a flow rate of 3.3 L/min. Ozone was introduced into
the reactor to ensure proper dispersion via microbubbles generated by a diffuser with 0.45
um orifices, resulting in a homogeneous distribution of the gas in the solution. The reaction
was conducted at ambient temperature (20 + 2 °C), optimizing system stability. Synthetic
magnetite (FesO4) was used as the catalyst with a purity > 98%, an average particle size of
0.30 um , and a surface area of 7.0 m%*g (VENATOR, 2017). Moreover, magnetite is
characterized by traces of MgO (0.9%), Mn (0.3%), TiO2 (0.25%), Zn (0.1%), Al-Os (0.1%),
and SiO2 (0.05%), in addition to many heavy metals such as Pb, Cd, As, and Hg (Alpha
Chemicals, N.D.), indicating that relatively minor quantities are released into the
environment and allowing its use for advanced oxidation processes. The optimal process
conditions, established in previous studies, were set at a flow rate of 6 g Os/h, a flow rate of

3.3 L/h, an FesO4 concentration of 2.5 g/L, and a pH of 9—parameters that ensure maximum
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efficiency in oxidizing the contaminants present in the leachates. Finally, the residual gases
generated were directed to a 30% potassium iodide (KI) solution to neutralize unreacted
ozone, thereby preventing its release into the environment and ensuring the safe operation of

the system (Duan et al., 2024).

2.4. Process Integration

The efficiency of two treatment configurations was assessed via experimental tests: catalytic
ozonation with magnetite in series with an upflow anaerobic sludge blanket (UASB) reactor
and a UASB reactor in series with catalytic ozonation with magnetite. All systems were run
under controlled conditions previously optimized in the study concerning the main
parameters: hydraulic and organic retention times, hydraulic load, catalyst concentration,
ozone dose, pH, reaction time, and temperature. The removal percentages of turbidity,
chemical oxygen demand (COD), biochemical oxygen demand (BODs), total organic carbon
(TOC), total suspended solids (TSS), nitrogen, and phosphorus were measured to assess the
efficacy of each setup. The aerobic and anaerobic biodegradability, toxicity, and influence
of the treated effluent on microalgae were also evaluated. Accordingly, these analyses were
conducted following the leachate characterization methods detailed in the preceding sections

to ensure the robustness and comparability of the results across methodologies.

2.5. Microalgal Strain

Halochlorella sp., was obtained from the INNOValgae -collection (INNOValgae,
Universidad Francisco de Paula Santander, Clicuta, Colombia). Cultures were grown in 500
mL airlift reactors, with a working volume of 60%, maintaining Bold Basal as a nutrient
source. The cultivation conditions included a photoperiod of 12 hours light/12 hours dark, a
light intensity of 110 umol/m™ s, and a supply of filtered air enriched with 1% (v/v) CO:
(0.6 vvim used for the flow rate, which is defined as the volume of air for each volume of
culture per minute) at 25 &+ 2°C for temperature control. This process was continued every
15 days to maintain the strain under active conditions before the leachate coupling

experiments.
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2.6.Experimental Coupling of Microalgal Biomass

Halochlorella sp. was exposed to various leachate treatment units to assess the coupling of
microalgal biomass to leachate treatment processes. To treat and untreated leachates through
photobioreactor systems with a 2 L working volume operating under the following
conditions: a 12/12-hour photoperiod (light/dark), airflow rate of 6 vvm, pH of 7 + 0.2,
temperature of 28 + 2°C and light intensity of 110 umolm™s™'. One hundred percent treated
leachates and untreated leachates at a concentration of 5% were the evaluated treatments to
verify the differential influence of the compounds found under each treatment on biomass
production. The biomass was quantified according to the protocol described by (Moheimani
etal., 2013). After 15 days of cultivation, 10 to 20 mL aliquots of the microalgal culture were
collected. The samples were filtered with precombusted Whatman GF/C glass microfiber
filters, dried at 60 °C in an oven for 24 h, and stored in a desiccator at 60 °C until a stable
weight was reached for two h. After the filtration and drying processes were finished, the
biomass concentration was calculated on the basis of the equation, which uses the weight of

the filter with the biomass.

3. Results

3.1.Characteristics of the Inoculum Sludge

Characterization of the UASB (upflow anaerobic sludge blanket) inoculum sludge used in
the reactor was performed to assess its intrinsic feature as a biological medium for leachate
treatment. The investigation of selected parameters (COD, SVI, pH, TSS, and VSS) met
essential needs by reflecting the sludge stability, biological activity, and degradation
potential (the main characteristics are shown in Table 3). The inoculum had a high organic
loading with a COD of 20,920 mg O./L. This parameter is essential, as sludge rich in
fermentative organic matter can stimulate volatile fatty acid production and methanogenesis
in the system (Cardefia et al., 2025). The SVI was also estimated to be 61.4 mL/g, which
indicates good settling ability and, therefore, high biomass retention in the reactor (Lima et

al., 2023). This type of SVI indicates a stable floc structure that promotes process efficiency
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by reducing active biomass loss and enhancing cell retention time (Jiraprasertwong et al.,
2020).

The sludge pH was 7.41, an appropriate range for anaerobic microorganism growth. This
value is paramount, as anaerobic processes must balance volatile fatty acid production and
consumption to avoid inhibiting methanogenic activity (Lopez-Gutiérrez et al., 2021). The
total solid composition was 21,990 mg/L of TSS and 14,733 mg/L of VSS, with VSS/TSS
= 0.67. This ratio can indicate the organic part of the sludge, which has a high share of active
biomass compared with inert solids. The minimum value of 0.60 is suitable for anaerobic
reactors because most solids are active microorganisms critical for the biodegradation of

organic matter and biogas generation (Y. Li et al., 2021).

Table 3. Characteristics of the Inoculum Sludge in the UASB Reactor

Parameter Result

Chemical Oxygen Demand (COD) (mg O-/L) 20,920
Sludge Volume Index (SVI) (mL/g) 61.4
pH (pH Units) 7.41

Total Suspended Solids (TSS) (mg/L) 21,990

Volatile Suspended Solids (VSS) (mg/L) 14,733
VSS/TSS 0.67

3.2.Performance of the UASB Reactor

The performance of the UASB reactor was evaluated in terms of organic matter removal
efficiency, as measured by COD reduction. The system exhibited progressive performance
improvement during operation, reflecting microbial adaptation and process stabilization (see
Figure 1). In the early days of operation, the removal efficiency was limited, reaching only
20-30%. However, as the biomass acclimated to the applied organic load, COD removal
steadily increased, reaching 65% in El Guayabal and 72% in La Madera by day 21. This
behavior suggests proper acclimation of the microbial consortium to the reactor conditions,
thereby optimizing the degradation of organic compounds in the leachates (Y.-Z. Yang et al.,
2024). As the process continued, the system efficiency improved, achieving maximum

removal values of 79% in El Guayabal and 81% in La Madera around day 39. Nevertheless,
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after this point, fluctuations in COD removal were observed, possibly due to variations in
leachate composition and the accumulation of metabolic byproducts that temporarily affected
microbial activity (Fulazzaky et al., 2024). Ultimately, at the end of the experimental period,
the removal efficiency stabilized at approximately 70% for both leachates. These findings
indicate that the reactor achieved a dynamic equilibrium in terms of organic matter

degradation, even under various operating conditions.
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Figure 1. Evolution of COD and BODs Removal in the UASB Reactor

3.3. Performance evaluation of individual treatment processes

Given the observed variation in the chemical characteristics of leachates from the La Madera
and El Guayabal sanitary landfills, these differences are likely influenced by several factors,
such as the age of the landfill, composition of the waste, and environmental conditions
(Clemente et al., 2024). High concentrations of organic matter, nitrogenous compounds, and
suspended solids, as illustrated in Table 4, validate specialized treatments for cost-effective
purification. For the organic load, the initial COD obtained was 8,421.4 mg O»/L in La
Madera and 6,295.6 mg O-/L in El Guayabal. Following ozone and magnetite treatment,
these values were reduced to 3,832 mg O./L and 1,982 mg O-/L, respectively, with removal
efficiencies of 54.5% (La Madera) and 68.5% (El Guayabal). This observation suggests

greater effectiveness in removing organic matter in El Guayabal, potentially due to the
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particular composition of its leachate and the nature of the organic compounds present
(Asaithambi et al., 2020). The total organic carbon (TOC) content also significantly
decreased from 3,447 mg/L to 1,303 mg/L (62.2% removal) in La Madera and from 2,403
mg/L to 594 mg/L (75.3% removal) in El Guayabal. In contrast, ammonium nitrogen (NH4")
had high concentrations (751 mg/L in La Madera and 422 mg/L in El Guayabal) throughout
all the raw leachates studied. Although the values decreased because of treatment with ozone
and magnetite at 600.1 mg/L and 341.6 mg/L, respectively, ammoniacal nitrogen was the
compound that presented the lowest removal percentage compared with the other
compounds, with efficiencies of 20.1% in La Madera and 19.1% in El Guayabal. This is
consistent with previous work that demonstrated that other processes, such as nitrification—
denitrification, are needed to achieve better ammonium removal (Ricky et al., 2022) (Y.
Yuan, Liu, Gao, & Sillanpii, 2022) (Gu et al., 2025).

The total TSS concentration also significantly decreased from 5,151 mg/L to 2,508 mg/L in
La Madera (51.3% removal) and from 8,309 mg/L to 3,663 mg/L in El Guayabal (55.9%
removal). TSS reduction enhances treated effluent quality and reduces water turbidity to
ensure possible reuse or disposal. In addition to organic matter and solids, heavy metals were
another critical parameter in the analyzed leachates. In El Guayabal, the initial chromium
level of 0.294 mg/L was almost eliminated after treatment (<0.050 mg/L), highlighting the
effectiveness of the process in removing this metal. Conversely, mercury, detected in La
Madera at an initial concentration of 0.28 mg/L, was reduced to undetectable levels (<0.001
mg/L), suggesting that the applied treatments effectively captured and precipitated these
contaminants. Another noteworthy aspect is the electrical conductivity, which reflects the
concentration of dissolved salts in the leachates. In El Guayabal, the initial conductivity of
18,740 uS/cm decreased after treatment but did not reach optimal levels, indicating that the
applied processes did not eliminate the salt load. In La Madera, the initial conductivity was
much lower (1,128.6 uS/cm), suggesting a lower initial salt content.

Similarly, aerobic biodegradability is a key factor in evaluating treatment efficiency. The
biodegradability of the raw leachates was 35% in La Madera and 38% in El Guayabal. After
ozone and magnetite were applied, these values increased to 53% and 58%, respectively,
representing improvements of 51.4% in La Madera and 52.6% in El Guayabal. This increase

suggests that the applied processes transformed a considerable fraction of the recalcitrant
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organic compounds into more biodegradable forms, facilitating their subsequent removal

through biological treatments (Becerra et al., 2020). Furthermore, aerobic toxicity, measured

via the inhibition of microbial respiration, was significantly reduced after the ozone

treatment. In La Madera, the initial toxicity was 63%, which decreased to 45% following the

application of ozone. In El Guayabal, toxicity decreased from 57% to 38% after ozonation.

These results indicate that the toxic compounds present in the leachates, possibly derived

from heavy metals and refractory organic substances, were either removed or transformed

into less harmful forms due to the applied treatments (Becerra Moreno et al., 2022).

Table 4. Physicochemical composition of the analyzed leachates

Leachate UASB Ozone + Magnetite
Parameter El La El La La
El Guayabal
Guayabal Madera Guayabal Madera Madera
Cadmium
<0.050 <0.014 <0.050 <0.050 <0.050 <0.050
(mg/L)
Total Organic
Carbon (TOC) 2,403 3,447 978 1,251 594 1,303
(mg/L)
Conductivity
18,740.00 1,128.60 6,411.80 9,085.60 3,535.50 1,181.10
(uS/cm)
Chromium
0.294 - <0.050 <0.050 <0.050 <0.050
(mg/L)
Biochemical
Oxygen Demand
1,664 1,933 666 751 714 1,098
—BODs (mg
02/L)
Chemical
Oxygen Demand
6,295.60 8,421.40 2,162 3,016 1,982 3,832
— COD (mg
02/L)
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Phosphates
(mg/L)
Mercury (mg/L)  <0.001
Nitrates (mg/L) 70.9

32.1

Nitrites (mg/L) 0.7
Ammoniacal
422
Nitrogen (mg/L)
Total Nitrogen
528.5
(mg/L)
pH (pH Units) 8.5
Lead (mg/L) <0.10
Total Suspended
Solids — TSS 8,309
(mg/L)
Volatile
Suspended
5,717
Solids — VSS
(mg/L)
Temperature
30.1
°0)

Turbidity (NTU) 298
Aerobic
Biodegradability 38
(%)
Aerobic
Toxicity —
Microbial 57
Respiration
Inhibition (%)
Specific

. 0.14
Methanogenic

36.7

0,28
116.1
1.2

751

890.6

7.57
<0.10

5,151

3,096

29.4

196

35

63

0.11

24.6

<0.001
42.5
0.3

379.8

459.2

7.3
<0.10

3,305

2,812

39.8

185

51

31

30.3

<0.001
60.9
0.7

688.9

751.6

6.9
<0.10

1,906

1,158

37.1

96

54

34

36.3

<0.001
87.3
0.9

341.6

433.5

8.8
<0.10

3,663

1,023

21.3

102

58

38

0.2

38.8

<0.001
150.9
1.3

600.1

753.9

8.6
<0.10

2,508

914

18.7

87

53

45

0.19
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3.4.Performance of the Coupled Treatments

A comparative analysis of leachates treated by combining catalytic ozonation with magnetite
and a UASB (upflow anaerobic sludge blanket) reactor revealed significant differences in the
removal efficiency of organic matter, suspended solids, nutrients, and toxicity. This
underscores the influence of the treatment sequence on optimizing the final effluent. A
comparison of the initial values of the raw leachates with those obtained after individual and
combined treatments confirmed that integrating both processes enhances contaminant
elimination and improves effluent stability.

In terms of organic load, the "ozone (magnetite) + UASB" configuration resulted in a more
significant reduction in COD, with final values of 495.5 mg O./L in El Guayabal and 1034.6
mg O2/L in La Madera, whereas the "UASB + ozone (magnetite)" scheme resulted in final
values of 561.4 mg O2/L and 1366.0 mg O-/L, respectively. This difference suggests that
preozonation before anaerobic treatment facilitates the degradation of refractory compounds,
increases the BODs/COD ratio, and enhances the biodegradability of the effluent (Y.-Z. Yang
et al., 2024) (Y. Yuan, Liu, Gao, & Sillanpdi, 2022). The organic matter removal efficiency
in the coupled schemes exceeded that of the individual treatments, with COD reductions of
92% in the "ozone (magnetite) + UASB" scheme and 89% in the "UASB + ozone
(magnetite)" scheme, confirming the synergy between the two processes (table 5).

With respect to nitrogenous compound removal, different treatments yielded different
results depending upon the order of application. Partial removal of total and ammoniacal
nitrogen (361.5 mg/L and 331.4 mg/L in El Guayabal and 596.1 mg/L and 546.1 mg/L in La
Madera, respectively) was reported for pre-ozonation before the anaerobic reactor, whereas
the "UASB + ozone (magnetite)" configuration resulted in greater conversion of ammonium
into nitrate, attaining total nitrogen levels of 430.6 mg/L in El Guayabal and 751.3 mg/L in
La Madera. With respect to solids reduction, both the TSS and VSS were reduced
significantly after the combined treatment. The TSS and VSS values for the "ozone

(magnetite) + UASB" arrangement in La Madera were 602 mg/L and 283 mg/L, respectively,
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whereas for the "UASB + ozone (magnetite)" configuration, the concentrations were 512
mg/L and 229 mg/L, respectively. These results indicate that applying ozonation as the final
stage contributes to greater effluent clarification, reducing turbidity to 22 NTU in La Madera,
as opposed to 52 NTU when ozonation was used before the UASB. The electrical
conductivity also differed notably between the two treatment schemes, with lower values
observed in the "ozone (magnetite) + UASB" configuration (3,158.3 uS/cm in El Guayabal
and 1,055.1 uS/cm in La Madera) than in the "UASB + ozone (magnetite)" scheme (3,564.8
puS/cm and 1,211.4 uS/cm, respectively), suggesting that preozonation before the anaerobic
process favors the removal of salts and soluble inorganic compounds.

The toxicity results indicate a reduction in the inhibition of aerobic respiration, reflecting a
lower presence of toxic compounds in the treated leachates. Respiration inhibition was lower
in the "ozone (magnetite) + UASB" configuration, with values of 28% in El Guayabal and
25% in La Madera. In contrast, the reverse configuration resulted in slightly more significant
inhibition (32% and 30%, respectively). Finally, the specific methanogenic activity (SMA)
was enhanced in the "UASB + ozone (magnetite)" configuration, reaching 0.17 g CHa-
COD/(g VSS-d) in El Guayabal and 0.19 g CHs-COD/(g VSS-d) in La Madera, which
suggests improved methane production efficiency from residual organic matter. These results
demonstrate that combining both processes optimizes contaminant removal. However, the
effectiveness varies depending on the treatment sequence, underscoring the need to adjust

the operating conditions according to the specific treatment objectives.

Table 5. Physicochemical Composition of Leachates Treated with Ozone (Magnetite) +
UASB or UASB + Ozone (Magnetite)

Ozone (Magnetite) + UASB + Ozone
UASB (Magnetite)
Parameter
El La El La
Guayabal Madera  Guayabal Madera
Cadmium (mg/L) <0.050 <0.050 <0.050 <0.050
Total Organic Carbon (TOC) (mg/L) 141.70 317.30 133.10 335.80
Conductivity (uS/cm) 3,158.30 1,055.10 3,564.80 1,211.40
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Chromium (mg/L)
Biochemical Oxygen Demand — BODs
(mg O2/L)

Chemical Oxygen Demand — COD (mg
O2/L)

Phosphates (mg/L)

Mercury (mg/L)

Nitrates (mg/L)

Nitrites (mg/L)
Ammoniacal Nitrogen (mg/L)
Total Nitrogen (mg/L)
pH (pH Units)

Lead (mg/L)

Total Suspended Solids — TSS (mg/L)
Volatile Suspended Solids — VSS (mg/L)
Temperature (°C)

Turbidity (NTU)

Aerobic Biodegradability (%)
Aerobic Toxicity — Microbial
Respiration Inhibition (%)
Specific Methanogenic Activity (g CHa-
COD/(g VSS-d))

3.5.Experimental Coupling of Microalgal Biomass

<0.050

169.90

495.5

254
<0.001
23.9
2.5
3314
361.5
7.4
<0.10
989
358
39.2
65
61

28

0.14

<0.050

284.50

1034.6

23.6
<0.001
37.5
7.5
546.1
596.1
7.1
<0.10
602
283
38.3
52
66

25

0.16

<0.050

183

561.4

31.4.4
<0.001
95.5

3314
430.6
8.9
<0.10
836
211
20.2
35
66

32

0.17

<0.050

357

1366

334
<0.001
168.3
1.3
580.1
751.3
8.7
<0.10
512
229
19.8
22
68

30

0.19

Statistical results of the treatments performed to compare the biomass concentrations

produced in the leachates of the Guayabal and Madera landfills are presented, and the results

are calculated in terms of average and standard deviation. The raw leachate had a low

biomass concentration of 0.213 + 0.012 g/L in Guayabal and 0.188 = 0.001 g/L in Madera.
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Afterward, the UASB treatment was applied, and the concentration ranged between 0.383 +
0.051 g/L for Guayabal and 0.305 = 0.009 g/L. for Madera. The magnetite-assisted ozonation
treatment resulted in biomass concentrations of 0.554 + 0.018 g/L (Guayabal) and 0.431 +
0.013 g/L. (Madera). For the combined treatments, Os - UASB values of 0.724 = 0.011 g/L
were obtained in Guayabal, and 0.632 + 0.026 g/L. were obtained in Madera. Finally, the
highest concentrations of biomass for the UASB-Os treatment were 0.895 + 0.056 g/L and
0.809 £ 0.019 g/L, respectively, in Guayabal and Madera (Figure 2).

Il L. Guayabal
Bl L.Madera

0, - UASB

O, - Magnetite

Treatment

UASB

Raw leachate (5%)

1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

dry weight (g/L)

Figure 2. Microalgal biomass production (Halochlorella sp.) as a function of leachate

treatment from Guayabal and Madera.

4. DISCUSSION

4.1. Characteristics of the Inoculum Sludge

The characteristics of the inoculum sludge provide a picture of its ability to be used as a
leachate treatment in UASB reactors. The high chemical oxygen demand (COD) suggests
that the active biomass can degrade complex organic compounds. Higher values of COD in
sludge can be correlated with increased biogas production as long as the biodegradable

fraction prevails (Xiao et al., 2024). However, when the recalcitrant organic fraction is
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significant, methane conversion may be compromised, thereby reducing process efficiency
(X. Wang et al., 2024). On the other hand, an SVI (sludge volume index) of 61.4 mL/g is an
optimal value that promotes sludge settling and stability in the reactor. Reported SVI values
between 50 and 80 mL/g support a high concentration of active microorganisms without
significant washout. In contrast, excessively low values may indicate sedimentation issues
and reduced reactor efficiency, and excessively high values may reflect a less compact sludge

structure, negatively affecting anaerobic system performance (Kayan et al., 2021).

A pH of 7.41 suggests optimal conditions for methanogenic activity and overall anaerobic
stability. pH values outside the range of 6.5—8.2 can impair microbial activity and reduce the
efficiency of converting organic matter to methane (He et al., 2023). The stable pH of the
sludge indicates an adequate buffering capacity, preventing fluctuations that might
compromise reactor performance. Additionally, a VSS/TSS ratio (volatile suspended solids
to total suspended solids) of 0.67 confirms that the inoculum sludge contains a high
concentration of active biomass relative to inert solids. Research has established that ratios
between 0.6 and 0.8 reflect an optimal balance between viable microorganisms and inert
solids in anaerobic reactors (L. Li et al., 2020). A lower ratio could indicate excessive
accumulation of inert material, reducing system efficiency, whereas higher values may

indicate that the biomass is in a state of active growth (Yan et al., 2022).

4.2. Performance of the UASB Reactor

The performance of the UASB reactor throughout the experiment reflects the interplay
between microbial adaptation, the applied organic load, and the operational conditions. The
increasing trend in COD removal during the startup phase aligns with previous research that
emphasized the need for a stabilization period for anaerobic biomass to adapt to the complex
composition of leachates (Zou et al., 2022). This phenomenon occurs because the microbial
community requires time to develop specific enzymes capable of efficiently degrading the
organic compounds present (L. Yuan et al., 2020). A notable pattern in the results is the
higher removal efficiency observed in La Madera than in El Guayabal, which may be

attributed to the volumetric organic load—=8.4 kg COD/m?-d in La Madera versus 6.3 kg
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COD/m?*-d in El Guayabal. Higher organic loads favor the proliferation of methanogenic
microorganisms specialized in degrading complex compounds (Pinpatthanapong et al.,
2023). However, excessively high loads can cause inhibition due to the accumulation of
volatile fatty acids or ammonium, possibly explaining the slight decline in efficiency
observed after day 42 in both leachates (Fulazzaky et al., 2024).

Another important aspect is the stabilization of COD removal at approximately 70% by the
end of the experiment. This result suggests that the reactor reached a dynamic equilibrium
between producing and consuming metabolic intermediates, thereby avoiding severe
inhibition. Studies have shown that the accumulation of intermediates such as propionate and
butyrate can slow methanogenesis and reduce system efficiency (Xiao et al., 2024).
Furthermore, regulating the hydraulic retention time (HRT) and organic load has been
identified as a key strategy to avoid such imbalances and improve treatment efficiency (Y .-
Z. Yang et al., 2024). While this study established an HRT of 24 hours during the operational
phase, previous research has demonstrated that reducing the HRT to lower values can
compromise the COD removal efficiency because of the reduced interaction between the
biomass and the organic substrate (Trisakti et al., 2024) (Xiao et al., 2024). Additionally,
implementing posttreatment systems, such as those combining aerobic reactors, has proven

effective in enhancing treated effluent quality (Tian et al., 2022) (Y. Han et al., 2025).

4.3.Process Analysis of Uncoupled Treatments

The analysis of the treatments applied to the leachates from the La Madera and El Guayabal
landfills demonstrated how the initial composition influences the efficiency of the processes
employed. In addition to contaminant reduction, the results reveal key patterns that help
elucidate the interactions among waste, environmental conditions, and treatment responses.
The age and composition of leachate significantly affect treatment efficiency, explaining the
variability observed in the results (Xiao et al., 2024). This variability underscores the need
for combined strategies tailored to the specific nature of each leachate (Babu Ponnusami et
al., 2023) (Tian et al., 2022).

The most important insights related to the differing gradients of organic matter degradability

were analyzed regarding COD, BOD, and TOC. The reductions in these parameters were
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most pronounced in El Guayabal, indicating that the organic matter in that leachate is more
susceptible to oxidation and that complex recalcitrant fractions remain in La Madera. The
BOD/COD ratios show that a large part of the organic matter is poorly biodegradable, which
characterizes the need for an additional treatability step (Kayan et al., 2021) despite the
results already reached with the treatments applied. (Zhe et al., 2025) recently demonstrated
that advanced oxidation could render refractory organic compounds easier to degrade, as it
increased the biodegradable fraction of the leachate. In addition, ozonation has shown
reductions of 90% for COD and 85% for BOD in leachates with high organic loads (Bao et
al., 2024).

The behavior of ammonium nitrogen highlights its resistance to the applied treatments.
Although moderate reductions were observed, the persistence of high concentrations
indicates that the processes are not entirely effective in its removal. Previous studies have
noted that high ammonium concentrations can inhibit biological processes, affecting the
efficiency of both anaerobic and aerobic reactors (Lin et al., 2024) (Wu et al., 2024) (S. Liu
et al., 2024). The low elimination rate of ammoniacal nitrogen suggests that these treatments
must be complemented with strategies such as nitrification-denitrification or adsorption using
specific materials (Xiong et al., 2024) (Y. Li et al., 2023). In this context, research has
demonstrated that ozone combined with a partial denitrification-anammox process can
reduce the nitrogen concentration by up to 96%, significantly improving effluent quality
(Zhao et al., 2023). Leachate treatment also reduced the phosphate concentration, indicating
that the processes effectively precipitated and removed these compounds. Previous studies
have shown that microbial activation and catalytic ozonation can increase the phosphate
removal efficiency by up to 79% (Y. Yuan, Liu, Gao, & Sillanpai, 2022). This reduction is
crucial, as the presence of phosphates in water bodies can contribute to eutrophication.
Another critical parameter is conductivity, which did not decrease significantly after
treatment, indicating that the concentration of dissolved salts remains high. The high
conductivity suggests the presence of inorganic ions that the applied processes did not
efficiently remove. Research has demonstrated that membrane filtration and electrodialysis
can effectively reduce conductivity and improve final effluent quality (H.-R. Yang et al.,
2023). Similarly, reducing aerobic toxicity is a key indicator of treatment effectiveness,

reflecting the elimination of compounds that inhibit microbial activity. In raw leachates, high
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toxicity suggests the presence of heavy metals and refractory organic compounds that
interfere with enzymatic activity (Jolaosho, 2024) (Z. Liu et al., 2024). Following treatment,
the reduction in toxicity indicates that these compounds have been transformed into less toxic
forms or removed, creating an environment more conducive to subsequent biological
processes (De Sousa et al., 2023) (Amancio Frutuoso et al., 2025) (Kalc¢ikova et al., 2016).
This behavior suggests that advanced oxidation not only decomposes persistent organic
contaminants but also improves the stability of the treated effluent. However, the persistence
of moderate residual toxicity indicates that some compounds were not thoroughly degraded
or that intermediate byproducts were formed, with effects on biological activity not yet fully
characterized (De Sousa et al., 2023) (Kanmani & Dileepan, 2023) (Feng et al., 2021). In this
context, combining physicochemical processes with specific biological treatments, such as
the use of activated sludge, may be key to mitigating residual toxicity effects (Mishra et al.,
2023) (Castillo-Suarez et al., 2019).

Concerning aerobic biodegradability, the increase observed after treatment suggests that the
applied processes converted a significant fraction of the recalcitrant organic matter into forms
more accessible for microbial degradation. Recent studies have indicated that advanced
oxidation can increase the proportion of readily biodegradable organic matter by up to 50%,
facilitating its removal in subsequent biological stages (Y. Yuan, Liu, Gao, & Sillanpéaa,
2022). However, the degree of improvement depends on the nature of the leachate
compounds and the treatment operating conditions (Castillo-Suarez et al., 2019). The specific
methanogenic activity (SMA) is another crucial parameter when determining the potential
anaerobic biodegradability of treated leachate. (reduced methanogenic activity >40%), and
hence, a negative impact on anaerobic reactor efficiency (Kal¢ikova et al., 2016) has also
been reported under such high concentrations of ammonium and toxic compounds. The
findings of this study indicate that although toxicity was considerably lower, certain
inhibitory compounds were found to remain, which may hinder biogas production and the
overall efficiency of anaerobic treatment. Therefore, the integration of specific
pretreatments—such as ammonium adsorption via zeolite or pH adjustment—could optimize
the conversion of organic matter into methane in anaerobic systems (Lima et al., 2023)

(Mishra et al., 2023).
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4.4 Performance of the Coupled Treatments

On the basis of the combined treatments of catalytic ozonation together with magnetite and
a UASB (Upflow Anaerobic Sludge Blanket) reactor, their evaluation revealed that the
coupling of physicochemical and biological processes could lead to increased removal of
persistent contaminants as well as to process stability of the final effluent (Y.-Z. Yang et al.,
2024). The degradation of organic matter is one of the most significant factors in treating
leachate, and the results obtained with UASB reactors have been widely published in the
literature (Tian et al., 2022) (Lakshmi & Raj, 2022). The chemical oxygen demand (COD)
reflects the organic load of water and is an essential parameter for monitoring performance.
Its reduction is of paramount importance for treatment efficiency. It has been reported that
the application of catalytic ozonation as a pretreatment could promote the oxidization of
some refractory compounds and thus enhance their subsequent biodegradation in UASB
reactors (Duan et al., 2024) (Babu Ponnusami et al., 2023) (Bai et al., 2023). Similar
observations have been made previously (S. Han et al., 2024), where chemical preoxidation
broke complex molecules into smaller fragments, which increased the bioavailability of such
biodegradable substrates for microorganisms.

On the other hand, biochemical oxygen demand (BODs) is a parameter that indicates the
biodegradable fraction of organic matter, and the relationship between COD and BODs can
be used to elucidate the proportion of refractory compounds in the effluent. The higher
BOD.,/COD ratios obtained with the combination treatments indicate that preozonation
before the UASB reactor increased the bioavailability and organic matter removal efficiency
of readily degradable substrates. This shift in metabolic direction has also been reported in
comparable treatment systems, in which coupling physicochemical and biological processes
improves final effluent stability and diminishes the occurrence of toxic metabolites.
Moreover, total organic carbon (TOC) is another important parameter for estimating organic
matter elimination. Research has shown that the TOC concentration is reduced after
ozonation, and furthermore, the chemical structure of TOC is also transformed, leading to
easier degradation in anaerobic reactors. This finding is in line with prior studies that showed
that advanced oxidation (POD or Sm) can convert macromolecules into more minor, more

biodegradable compounds (Zhu et al., 2024) (H. Wang et al., 2023) (Zhe et al., 2025).
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With respect to nitrogenous compounds, reducing ammonium nitrogen is a challenge in
leachate treatment because of its toxicity to anaerobic microorganisms and its persistence in
the system. Preozonation has been shown to favor the conversion of ammonium to nitrates
and nitrites, reducing its impact on methanogenic biomass (An et al., 2025) (Goli et al., 2023)
(Y. Yuan, Liu, Gao, Sillanpai, et al., 2022). However, ozonation applied after anaerobic
treatment may contribute to additional oxidation of these compounds, thereby improving the
final effluent quality (Goli et al., 2023). Reducing the nitrogen load is critical to prevent
eutrophication in receiving water bodies and to comply with environmental regulations
(Guerrero-Brotons et al., 2024). Similarly, phosphorus is another crucial nutrient in leachate
characterization, and its removal is essential for preventing the excessive growth of
undesirable microorganisms in water bodies. Ozonation has proven effective in precipitating
phosphates and facilitating their removal in combined treatment systems (H. Wang et al.,
2023). In this study, the higher phosphorus removal efficiency observed in the UASB + ozone
(magnetite) configuration suggests that prior biological degradation favors subsequent
precipitation and removal, which is consistent with studies demonstrating that the
combination of biological and oxidative processes achieves better nutrient elimination
stability (Y.-Z. Yang et al., 2024).

Toxicity and biodegradability analyses confirmed the advantages of the combined schemes
in reducing inhibitory compounds and enhancing microbial activity. Aerobic respiration
inhibition decreased significantly, in agreement with studies showing that the elimination of
refractory compounds through oxidative pretreatment supports the recovery of biological
activity (H. Wang et al,, 2023) (Babu Ponnusami et al., 2023). Moreover, aerobic
biodegradability improved considerably in the combined schemes, indicating that the organic
compounds were transformed into fractions more accessible to degradation by aerobic
microorganisms. This increase suggests that ozonation is key in breaking complex chemical
bonds, generating byproducts that are more easily assimilated by biological systems (Mu et
al., 2022) (Tian et al., 2022). Furthermore, the enhanced biodegradability implies a lower
content of toxic substances in the final effluent, reinforcing the viability of these combined
treatments for improving water quality (Y. Yuan, Liu, Gao, Sillanpai, et al., 2022) (Gu et al.,
2025).
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Concerning specific methanogenic activity (SMA), the UASB + ozone (magnetite)
configuration demonstrated higher biogas production efficiency, suggesting that prior
biological stabilization favors the conversion of organic matter into methane. This is
consistent with previous studies indicating that an initial anaerobic phase allows for greater
adaptation of the microbial consortium to reactor conditions, thereby optimizing biogas
production (Y.-Z. Yang et al., 2024). Additionally, the lower accumulation of inhibitory
compounds in this configuration suggests that the subsequent oxidation step contributes to
removing toxic metabolites that could impair the activity of methanogenic archaea, thus

improving the overall system efficiency.

4.5.Experimental Coupling of Microalgal Biomass

The findings demonstrate the influence of biological and physicochemical treatments on
leachate biomass outputs, providing a rationale for implementing hybrid technologies in
industrial effluent remediation. The use of an anaerobic sludge blanket (UASB) reactor in
conjunction with ozonation, an enhanced oxidation process, can improve the deftness of
compounds in leachate and promote the conversion of recalcitrant compounds into
intermediaries, which could be used in subsequent metabolic processes for microbes
(Moussavi et al., 2012). This finding corroborates recent studies that integrated advanced
oxidation systems with microbial biotechnologies to recover resources from industrial liquid
wastes (Urbina-Suarez et al., 2025).

Although the raw leachate was diluted to 5%, the biomass values obtained under these
conditions were the lowest in the present study, indicating the persistence of toxic or
recalcitrant compounds that may inhibit microbial activity. It has been previously reported
that leachates with lower BODs values and ratios of BODs to COD are less efficient in
biological processes because they are predominantly composed of organic matter with lower
biodegradability (Asaithambi et al., 2020). In contrast, the increase in biomass in the UASB
reactor indicates that this system allowed anaerobic degradation of more accessible organic
compounds, which promoted the growth of the microorganisms responsible for biogas
generation. Research has demonstrated that UASB systems, in addition to reducing the

organic load, can generate intermediate products, such as organic acids and alcohols, which
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are utilized in subsequent oxidative processes (Y.-Z. Yang et al., 2024). When magnetite-
assisted ozonation was incorporated into the treatment, an additional increase in biomass was
observed compared with that with the UASB alone, suggesting that ozone decomposed
complex compounds into smaller, more assimilable molecules. Ozonation has been widely
employed in the treatment of industrial effluents because of its ability to reduce the toxicity
of persistent organic contaminants, increase the biodegradability of wastewater, and generate
intermediate products such as nitrates and phosphates, which are essential for microbial
metabolism (Song et al., 2025).

The most significant increase in biomass was observed with the UASB—Os treatment,
suggesting that the preceding anaerobic degradation may have generated metabolic
precursors that, upon exposure to ozone, were transformed into compounds even more
accessible to microorganisms (Song et al., 2025). A recent study on integrating oxidation
with microbial bioprocesses in industrial effluents demonstrated that prior oxidative
processes can create a more favorable environment for microbial activity, particularly when
the ratio between organic carbon and essential nutrients is optimized (Sari et al., 2023). This
pattern was also observed in the study by (Urbina-Suarez et al., 2025), in which an advanced
oxidation system was integrated with microalgae cultivation to treat industrial wastewater.
The authors reported that the application of hydrogen peroxide activated with bicarbonate
not only improved the biodegradability of the effluent but also promoted increased biomass
synthesis in cultures of Chlorella sp., reinforcing the notion that the intermediate products
generated during oxidation can act as key substrates for microbial proliferation.
Furthermore, the difference in biomass generated between the leachates from Guayabal and
Madera suggests that the initial composition of the leachate influences treatment efficiency.
Research has reported that leachates with a higher content of readily biodegradable organic
carbon favor greater microbial activity and, consequently, increased biomass production (Z.
Wang et al., 2022) (Lian et al., 2024). This may explain why, in all the evaluated treatments,
the biomass values from Guayabal were greater than those from Madera, suggesting that the
leachates from the latter location may contain a more significant proportion of recalcitrant

compounds that adversely affect the efficiency of biological processes.
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5. Conclusions

Pretreatment with magnetite-catalyzed ozone improved leachate biodegradability by
increasing the BODs/COD ratio and partially reducing aerobic toxicity. An optimal ozonation
time of 40 min was determined, during which the specific methanogenic activity reached
0.22 g CH4+-COD/(gVSS-d), indicating improved conditions for anaerobic treatment.
However, the process did not achieve efficient nutrient removal, maintaining high
concentrations of total and ammonium nitrogen, which suggests the need for an additional
treatment step to eliminate these compounds.

The UASB reactor achieved COD removals of 60-75%, with better stability observed in the
leachate from El Guayabal. Nevertheless, the removal of suspended solids was limited, with
reductions of up to 65%, and ammonium nitrogen remained high, with concentrations of
341.6 mg/L and 600.1 mg/L in the treated effluents. Although the UASB process partially
reduced the organic load, the final values did not meet the discharge requirements,
highlighting the need for further treatment.

Compared with UASB and magnetite-catalyzed ozone, microalgae treatment enhanced
nutrient removal, significantly reducing total and ammonium nitrogen. Removal rates of up
to 65% for total nitrogen and 70% for phosphorus were attained, confirming its potential to
complement anaerobic processes. However, its efficiency in organic matter removal was
lower than that of the UASB reactor, suggesting that its application should focus on the final
polishing of the effluent.

The integration of treatment processes demonstrated that the combination of magnetite-
catalyzed ozone and the UASB achieved the highest organic matter removal. In contrast, the
reverse sequence (UASB followed by magnetite-catalyzed ozone) led to a more significant
reduction in toxicity affecting anaerobic digestion. The use of microalgae after anaerobic
treatment led to a more efficient reduction in nutrients, confirming the necessity of integrated

strategies to optimize the final effluent quality.
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Heterogeneous Photocatalysis and an Anaerobic Biological Process
for Leachate Treatment

Fotocatalisis heterogénea y un proceso bioldgico anaerobio para el tratamiento de
lixiviados

Dorance Becerra!, Neldy Caicedo?, Claudia Veldsquez®, Fiderman Machuca-Martinez* and Joseph
Soto-Verjel’®

Abstract

The research evaluates the treatment of landfill leachate by coupling TiO,-UV,,, photocatalysis and an anaerobic biological
process (SMA test). The photocatalysis is developed in a Composite Parabolic Collector with an area of 0.83 m?, 20L treatment tank
and initial leachate concentration of 400 mg—L‘1 COD; H,0; (fixed dose 300 mg.L‘l) as oxidation assistant and the combination
of different TiO; levels (100, 350, 600 mg.L’l) and pH (3, 6, 9). In the biological test, for a maximum load of 4,500 mg.L’1 of
COD of leachate, 2.0 g.L~! of VSS of inoculum and a HRT of 23 days, there were no significant percentages of COD removal,
evidencing the recalcitrant character of these leachates. During the photocatalytic treatment there was a 57% DOC mineralization
(100 mg.L~! TiO?%; pH = 3; Accumulated energy = 60kJ.L~"), which evidences the capacity of the process to support the pollutant
load of the leachate. The combined process (AOP-Biological) allows an additional mineralization in the biological process in terms
of DOC of 21%, for a total contribution of the coupling of 78%, which demonstrates the capacity of the AOP to convert a toxic
wastewater into one with characteristics more suitable for further degradation in anaerobic biological reactors.

Keywords: Anaerobic biodegradability, Coupling of treatments, Heterogeneous photocatalysis, Leachate, Titanium dioxide TiO,.

Resumen

La investigacion evalia el tratamiento de lixiviados de vertederos mediante el acoplamiento de fotocatélisis solar TiO2-UV y un
proceso biolégico anaerébico (prueba SMA). La fotocatilisis se desarrolla en un Colector Parabélico Compuesto de 0.83 m? de
4rea, tanque de tratamiento de 20 L y concentracién inicial de lixiviados de 400 mg-L~! DQO; H202 (dosis fija 300 mg.L~!)
como auxiliar de oxidacién y la combinacién de diferentes niveles de TiO2 (100, 350, 600 mg.L~") y pH (3, 6, 9). En el ensayo
biolégico, para una carga méxima de 4500 mg.L~! de DQO de lixiviado, 2,0 g.L-1 de SVS de inéculo y un TRH de 23 dias, no hubo
porcentajes significativos de remocién de DQO, evidenciando el cardcter recalcitrante de estos lixiviados. Durante el tratamiento
fotocatalitico se presenté una mineralizacién de 57 % COD (100 mg.L~! TiO2; pH = 3; Energfa acumulada = 60 kJ.L™!), lo
que evidencia la capacidad del proceso para soportar la carga contaminante del lixiviado. El proceso combinado (AOP-Biolégico)
permite una mineralizacién adicional en el proceso bioldgico en términos de DOC del 21 %, para un aporte total del acoplamiento
del 78 %, lo que demuestra la capacidad del AOP para convertir un efluente téxico en uno con caracteristicas mds adecuadas para su
posterior degradacion en reactores bioldgicos anaerobios.

Palabras clave: Biodegradabilidad Anaerébica, Acoplamiento de tratamientos, Fotocatdlisis heterogénea, Lixiviados, Didxido de
Titanio TiO,.
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1 Introduction

The current population growth and economic devel-
opment are increasing, which is strongly related to
the generation of urban solid waste, and this pro-
vides a challenge towards environmentally sustain-
able development [1, 2]. In this context, solid waste
management in Latin America has been a challenge
because of its continuous increase in quantity and
diversity, and Colombia is a particular case since
approximately 97% of the waste generated is dis-
posed of in landfills [3], being this the most common
approach but causing a problem because of the pro-
duction of highly contaminated leachates [4]. Like-
wise, the landfill technique is one of the most used
alternatives not only in the country but also in the
department of Norte de Santander.

As a consequence of the compacting of solid
waste in landfills, there are a series of physical
and chemical changes that lead to the generation
of leachates [5]. Similarly, the decomposition of
these wastes and the percolation of rainwater over
the cells where they are disposed to contribute
to their production volume [6]. These leachates
can be transported and contaminate surface and
groundwater, which supports the need for adequate
treatment before disposal [7-9]. The location of
sanitary landfills in Norte de Santander supports the
previous problem since they are built near streams
or river crossings, which eventually flow into larger
water sources that serve as the water supply for the
population, which also highlights the impact on the
communities surrounding these sites.

These leachates are characterized by a dark brown
or black color with a very high concentration of
chemical oxygen demand (COD), ammonia nitrogen,
heavy metals, and other organic and inorganic
contaminants [10], in addition, many types of
contaminants of emerging concern (CECs) have
been found in concentrations that may pose a risk to
nearby water sources and surface water ecosystems
[11], highlighting its high potential to contaminate
soil and groundwater nearby, if not collected and
treated. Therefore, leachate management is an
important aspect [12], hence in the context where
this research is developed, the technologies for the
treatment and control of this residual liquid are

direct recirculation to waste cells and evaporation
by solar or artificial action [13, 14] but have
represented little success because of technical and
financial sustainability as treatment systems [15] and
particularly under these alternatives is not providing
areal solution to the problem, but the impact is being
transported to other scenarios.

Knowing the high pollutant loads and recalcitrant
characteristics of leachates, it is necessary to
propose alternatives for their treatment capable of
withstanding their toxic conditions, that is where
the Advanced Oxidation Processes (AOP) based on
the in situ generations of highly reactive oxygen
species, are efficient in the decomposition and
satisfactory mineralization of toxic and recalcitrant
pollutants [16, 17], but the intensive use of reagents
and energy that they require, makes the operating
costs become a limitation of the system [18,
19], therefore, they can be implemented as a
pretreatment to obtain wastewater with conditions
suitable for subsequent biological treatment because
the recalcitrant characteristics are reduced and
the biodegradability is enhanced [20, 21]. This
technique is known as AOP-Biological couplings
and makes the proposed system an alternative of
low energy cost, efficient removal of pollutants, and
generation of non-toxic by-products [22], which
provides promptly and more promising results.

investigations validate the AOP-
Biological couplings as viable for the decontam-
ination of leachates, as is the case of [23] who
in the biological process obtained removals of
38% and 24% for COD and DOC, and after the
process coupled to photocatalysis, the elimination of
pollutants was favored up to 68% and 76% for COD
and DOC. Similarly, [24] evaluated the efficiency of
photocatalysis coupled to an anaerobic biological
process mediated by SMA, for the removal of
pesticides, resembling the low biodegradability and
recalcitrant conditions shared with leachates, where

Several

they obtained an improvement in COD removal
from 46.4% in the biological process to 72.2% after
coupling. Research has also been reported, in which
the coupling to the biological process achieves
enhanced removal of contaminant load in leachates,
as in the case of [25] who in photocatalysis obtained
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a reduction of COD of 50% and after coupling to
bioreactors the elimination of COD amounted to
87%.

Based on the described information, it is proposed
to apply the described technique to the decontamina-
tion of leachates generated in a sanitary landfill in
the department of Norte de Santander, with an ambi-
ent temperature of 33 °C and a warm climate, opting
for adequate conditions to use the sun’s energy as
a source of UV radiation. First, the capacity of the
SMA to treat the leachate is studied, then the study
conditions in the AOP are optimized to determine the
maximum mineralization in the operational aspects
analyzed; finally, the coupling between the two pro-
cesses comprises the biological process receiving the
effluent coming from the AOP and thus learning how
the chemical oxidation improves the conditions of
the leachate for its subsequent biological degradation
and enhance the degradation.

For this research, the process of heterogeneous
photocatalysis catalyzed by Titanium Dioxide (TiO»)
Degussa P25 and photoassisted by UV solar radia-
tion is proposed, knowing that the use of a semicon-
ductor photocatalyst subjected to specific radiation,
allows oxidation-reduction processes that make pos-
sible the removal of contaminants in leachates [26,
27] and also the use of Hydrogen Peroxide (H,0O»)
that works as a coadjuvant in the oxidation [28].
Such AOP is coupled to an anaerobic biological pro-
cess, assisted by the SMA test following the volu-
metric method [29].

This study developed the heterogeneous photo-
catalysis process in a Response Surface method
(RSM) with a factorial design in the variables of
pH and catalyst concentration, as well as fixed cu-
mulative energy ranges where the DOC response
variable will be measured. Regarding the SMA bio-
logical process, the technique consists of the quan-
tification of methane production through the use of a
displacer substance. All this to apply a technological
and economically viable option for the degradation
of leachate, promoting the protection of natural re-
sources and public health.

1. Leachate characterization.

2. Anaerobic biodegradability of the leachate.
(a) Characterization of inoculum (sludge).
(b) Specific Methanogenic Activity Test (SMA).

3. Determination of optimal leachate treatment
conditions by means of heterogeneous
photocatalysis.

4. Evaluation of leachate treatability in the
coupling of the photocatalytic process and the
anaerobic biological process.

Figure 1. Phases of the research process.

2 Materials and methods

Figure 1 illustrates the 4-phase methodological
process that was carried out to meet the objectives of
the research: in Phase 1, the leachate sample is taken
from the landfill and characterized in the laboratory
for the physicochemical parameters of interest that
will be detailed further on; this summarizes the
conditions of the wastewater to be treated and the
starting point for the other processes. Subsequently,
in phase 2, the biological part of the research is
developed, which is related to the characterization
of the sludge inoculum and the application of
the Specific Methanogenic Activity Test, which
results in the leachate’s treatability under anaerobic
conditions. Phase 3 comprises the development of
the heterogeneous photocatalysis process, which will
provide the optimum treatment conditions in terms
of pH and catalyst dosage. Phase 4 comprises the
coupling between the optimal processes developed
in phases 2 and 3, and thus to know the contribution
of the proposed system to the elimination of the
pollutant load in the leachate.

All the analyses previously described were de-
veloped in the Environmental Quality Laborato-
ries of Francisco de Paula Santander University, at
Eliseos Campus, and under all the biosafety proto-
cols required to apply the techniques, they were also
based on all the guidelines proposed in the Standard
Methods for the Analysis of Water and Wastewater
(AWWA - APHA - WPCEF) in the cases in which
they were applied. The methodological phases are
detailed below.
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2.1 Leachate characterization

The characterization of the leachate was developed
according to the Standard Methods for the Analysis
of Water and Wastewater and the parameters ana-
lyzed: Dissolved Organic Carbon (DOC) following
the protocol established in section 5310 B and using
the Teledyne Tekmar TOC Torch equipment. Chem-
ical Oxygen Demand (COD) by the closed reflux
method established in section 5220 C.

The Total Suspended Solids (TSS) and the Volatile
Suspended Solids (VSS) were analyzed by the
Gravimetric method at 103-105 °C established in
section 2540 B using an analytical balance, a
desiccator for porcelain capsules and crucibles, a
digital oven, and an electric muffle.

The pH and temperature parameters were taken
with a multiparameter (Waterproof PCTestr 35) at
the landfill on the day of leachate sample collection.

2.2 Leachate Anaerobic biodegradability
2.2.1 Characterization of inoculum (sludge)

The activated sludge inoculum used during the
research was extracted from the second anaerobic
lagoon of the wastewater treatment of the primary
production process of wine palm (corozo) oil from
the oil extraction plant of the Pal Norte Company,
which is located in the farm La Natalia Kilometer 15
on the township of Campo Dos in the municipality
of Tibd. This sludge was characterized in the
physicochemical parameters of pH, temperature,
TSS, VSS, and COD, to determine its effectiveness
in the use of inoculation of anaerobic biological
reactors. The sludge volume index (SVI) test was
applied to this sludge inoculum to determine its
sedimentation properties. The measurement of
the physicochemical parameters listed above was
developed following the standard methods for water
and wastewater analysis, edition 20/AWWA-APHA-
WEE

Anaerobic sludge is favored by high values in
TSS and SSV parameters because their presence
indicates a higher organic loading rate and more
biogas generation [30]. Temperature and pH are
important and controlling factors in the use of
anaerobic sludge because they significantly affect the

process [31]. Finally, the characterization of these
parameters allows determining that the collected
sludge has optimal characteristics for the growth
of microorganisms and that it is suitable for use as
inoculum in biodegradability tests [24].

2.2.2  Specific Methanogenic Activity (SMA) test

This test allows quantifying the maximum methane
production capacity by the group of microorganisms
present in anaerobic sludge [32]. To evaluate the
biodegradability of the substrate, NaOH (3%) was
used as a displacing substance; it is important to
maintain a pH higher than 12, to facilitate the
reaction of the substrate with the CO, generated.

The theoretical methane production was calcu-
lated under the conditions of temperature and at-
mospheric pressure of SMA development and was
corrected according to the expression described in
equation 1 [33]:

PxK

k() = R+ (273%T)

6]

Where:

* K(t) is the correction factor (gCOD.L™1).
* P the atmosphere pressure (atm).

* R the constant of gases (0.08206 atm.L. (mol.
oC)fl)‘

* K is the digested organic load corresponding to
one mole of CH4 (64 gCOD.mol ™ !).

* T the operational temperature of the assembly
0.

To conduct the test, a concentration of 2.0
gVSS.L~! of inoculum sludge was used because it
was a test without agitation. The volume of sludge to
be added was calculated considering that the mixture
of inoculum and substrate should not exceed 90% of
the useful volume of the biological reactor (900 ml);
it was calculated as follows [29] according equation

2).

Vinixture * Cf ixed
Viiudge = —(————— 2)
Cinitialsludge
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This type of test can be performed with DOC
concentrations ranging from 3,500 - 4,500 mg.L~!
for the substrate [29] since this test does not
involve agitation. In addition, the addition of a
certain amount of nutrients is required to make the

degradation kinetics in the reactor approach a zero-

order reaction, depending only on the concentration
of microorganisms present in the inoculum.

The location of Reactor 1 (R;) should be at a
higher level than Reactor 2 (R;), which prevents
R from being affected in case of sodium hydroxide
(NaOH) suction due to negative pressures. In
addition, the hose inside R; is placed in a “U” shape
to act as a barrier and hinder the passage of NaOH
to R;. Figure 2 details the process earlier described.

Plastic Plug
Hypodarmic
Nezdle

[ * ]
Reactor 1 Reactor2
900 ml @ 900 ml
L -
NaOH
30,
Hose — N
Flexible Hos=
in "U"

\:aitic Plug
ypodarmic

Neadle

Test tube

et bedo badndde] o

Figure 2. SMA assembly. Adapted from [29].

Considering the methane production, the specific
methanogenic activity (SMA) is calculated from the
expression described in equation 3.

gCOD
gVSS«d

_ mx*24
- VewaxM

SMA < 3)

Where:

* m is the maximum slope of the methane
production curve (Vol. accumulated CHy vs
time).

* M the sludge mass (Volumeo fsludgeadded
Initialsludgeconcentration) (g).

* Vcn, the theoretical volume of methane pro-
duced (L).

For the calculation of the slope (m) a curve of
“Accumulated CH4 volume” vs “Test time” must be
constructed, the latter may be suspended once the
curve becomes asymptotic [29].

The theoretical volume of methane is calculated
with the expression described in equation 4:

CODcpy4

o @)

Vena =
Where:

* Vcn, is the theoretical volume of methane
produced (L).

* CODcy, is the COD load removed in R; and
converted to methane (gCOD).

2.3 Optimal conditions for leachate treatment
using heterogeneous photocatalysis

The photocatalytic decomposition of the leachate
was performed by heterogeneous photocatalysis,
using a laboratory-scale solar Cylindrical Parabolic
Collector (CPC), with an approximate reaction
volume of 20 L, area of 0.83 m?, composed of
two aluminum parabolic structures which refract
the light, equipped with borosilicate glass tubes
through which the fluid circulates, secured in a
concrete structure. This CPC configuration of the
photocatalytic reactor is the most widely used in
water treatment because it combines an efficient
radiant field and suitable hydrodynamic conditions
in the removal of various pollutants, as well as in
other engineering applications [34-36].

TiO, (Degussa P-25) was used as catalyst [34, 37,
38]. H,O; was used as the oxidizing agent, which
is highly efficient when used in the development
of wastewater decontamination treatments, mainly
because of the generation of OH radicals, which
enhance the removal of pollutants [39, 40], as
showed by some investigations where the addition
of HyO; to the system led to an improvement in
the average removal of pollutants than the TiO,-UV
system alone [41].
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UV radiation favors the generation of hydroxyl
radicals since they irradiate the TiO2 nanoparticles
to produce photogenerating holes where oxidation
reactions take place for the removal of the studied
pollutants [42]. Similarly, various investigations
on photocatalytic processes have determined that
they achieved high pollutant mineralizations at
cumulative energies greater than 100 kJ.L~! [43,
44] and considering that the aim of this phase is to
eliminate only a percentage of the pollutant load to
be subsequently subjected to the anaerobic biological
process (coupling), a range of accumulated working
energy from 220 kJ.L~! a 60 kJ.L~!. is established.

The problem sample was prepared in the CPC
tank, equipped with a 0.5 HP Humboldt pump and
Omax of 32 L.min~!. The UV radiation measurement
was conducted with an adaptation of a pyranometer
functioning as a solar radiation sensor, connected to
a multimeter. A general scheme of the photocatalytic
reactor is shown in Figure 3.

Tubes =4
Modules =2

Superficial Area = 0.83 m?

Recirculation Tank | yoiume 201

)
Water Pump
Q=32Limin P=0.37 kW

Figure 3. Scheme of the photocatalytic process.

Response Surface Method (RSM) is a statistical
tool based on fitting a polynomial equation to exper-
imental data and has been applied to heterogeneous
photocatalysis processes having TiO, dose and pH
level as independent variables in response to pollu-
tant removal [45, 46]. Therefore, in this research, the
statistical program Statgraphics Centurion XV was
used to combine randomly the various experiments
associated with the catalyst dose of 100, 350 y 600
mg.L_1 of TiO, and the pH levels 3, 6, and 9, under
a factorial design 3%. The 9 randomized experiments
with their TiO,-pH combinations are represented in
Table 1.

The selection of TiO, and pH levels allows estab-
lishing a wide working range to know the behavior
of the elimination of the pollutant load present in the
leachates under the described operating conditions
and thus, through the optimization of the results,
to choose the most adequate operating condition in
terms of economic and treatment efficiency.

Table 1. Photocatalysis optimization experiments.

Experiment ~ TiO, Concentration (mg.L.™!)  pH
1 100
350
600
600
600
100
100
350

350

O 00 N AN W B~ W
W O O W AN O W A ©

The number of experiments described in Table 1
was carried out considering the established amounts
of catalyst and pH units, constant concentrations
of leachate (in terms of COD according to the
characterization results), and H,O,. The duration
or hydraulic retention time (HRT) of each test was
a function of the solar radiation and therefore of
the maximum accumulated energy reached, which
depended on the climatic conditions of the area
where the project was developed.

It is important to highlight that, during each
test, the accumulated energy readings were taken
in 10-minute intervals that define the time lapses.
Subsequently, the mathematical conversion that 1
mV represents S W.m~2 must be applied because the
results obtained directly are from the Multimeter
reading, which gives the values in units of mV.
Finally, equation 5 is applied to calculate the energy
in the units of interest.

On=0n 1+ Aty xLxApxVy ! ®)

Where:
Q,: total accumulated energy kJ.L~!.
Q,_1: previous accumulated energy kJ.L~!.
Aty irradiation time (600 seg).

I,: average irradation (W.m~2 UV).
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Ay: irradiated reactor surface (0,83 m?).
Vr: volume discussed (20 L).

Similarly, samples of the treated solution were
collected at the beginning 0 kJ.L~!, at the interme-
diates of 20 kJ.L™' y 40 kJ.L~! and at the end of
the process of 60 kJ.L.~!. The stored samples were
monitored by COD and DOC to determine the de-
gree of mineralization of contaminants present in the
leachate.

2.4 Leachate treatability in the coupling of the
photocatalytic process and the anaerobic
biological process

This stage evaluates heterogeneous photocatalysis
as a pretreatment before the anaerobic biological
process to assess whether chemical oxidation can
improve conditions in biological oxidation. This
coupling allows the fact that the structures of the
pollutants are modified to convert them into less
toxic and more biodegradable by-products [20, 22],
being able to be disposed of without causing drastic
alterations in the environment.

The methodological design used in this part of the
research consisted of running the two treatments
in sequence: first, the leachate is treated by
heterogeneous photocatalysis, and then the effluent
from this process is the input for the specific
methanogenic activity test (anaerobic biological
process). In this case, the advanced oxidation
process is evaluated with the optimal experiment
found during the experimental development in
section 2.3., in terms of catalyst dose, pH level, and
accumulated energy; the effluent leaving the AOP is
the input for the SMA test, where the whole process
described in section 2.2.2 is developed again.

Finally, the treatment ends when the specific
methanogenic activity test is completed, where the
VSS, TSS, and DOC parameters were monitored
during its development, finally reporting the contri-
bution that the coupled process has towards the elim-
ination of pollutants and concluding if the previous
chemical oxidation process (TiO,-UV ., heteroge-
neous photocatalysis) improves or not the conditions
of the toxic effluent for its subsequent degradation
in anaerobic biological reactors and if the use of the

coupled processes is much better than developing
each process separately, enhancing the efficiency of
the treatment.

3 Results and analysis
3.1 Characterization of the leachate

Samples of the problem leachate were taken from
the main leachate collection point, coming from the
solid waste compaction cells. Each of the samples
taken was characterized to get an approximate range
of the contaminant load for subsequent treatment
and were analyzed by COD, DOC, TSS, VSS,
pH, and temperature parameters, the latter two
being measured at the collection point with a multi-
parameter, extracting a sample of the leachate in a
beaker. The results of this first phase of the research
are detailed in Table 2.

Table 2. Leachate characterization results.

Parameter Units Value
COD mg Oy.L~! 7,920 — 8,334.36
DOC mgL~!C 2,756 - 2,777.59
TSS mg.L~! 18,860 — 19,965.33
VSS mg.L~! 8,192 - 8,821.33
pH - 729-178
Temperature °C 32.6-332

The results obtained in Table 2 allow inferring
that the leachate presents high concentrations of
DOC, which classifies it as young since mature
leachates usually have a lower concentration of
this physicochemical parameter [47] since the
contaminants are more stabilized. This result is
consistent because the target sample was taken from
the key point of generation, i.e., the leachate comes
directly from the disposal cells.

Similarly, [48] determined that those landfills in
which only ordinary waste is treated stand out for
high concentrations of organic matter in terms of
TOC and BOD, which supports the DOC value
reported in Table 2 and knowing that the leachate
comes from ordinary solid waste disposal cells.

Leachates have recalcitrant characteristics that
make them poorly biodegradable, this condition is
calculated based on the BODs/COD ratio and is
normally less than 0.3 for these cases [49], however
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[50] validated the calculation of biodegradability as
the DOC/COD ratio for leachates, having for our
case a value of 0.34, which can corroborate the low
biodegradability of this waste liquid [27].

The TSS and VSS contents reinforce the high
content of organic matter present in the leachate. The
pH condition classifies it in a value close to neutrality,
while the temperature recorded is consistent with the
landfill location area (min 24 °C — max 34 °C).

It is important to clarify that the physicochemical
properties of the leachates are highly variable,
attributing the reason to various factors such as the
composition and depth of the waste, the availability
of moisture and oxygen, the design and operation of
the landfill, the age of the waste, the precipitation
rate, among others [51].

3.2 Anaerobic biodegradability of leachate in
biological reactors

3.2.1 Characterization of the inoculum (sludge)

The parameters analyzed in the anaerobic sludge
were Total Suspended Solids (TSS), Volatile Sus-
pended Solids (VSS), Chemical Oxygen Demand
(COD), pH, and Temperature, and its sedimentability
was determined using the Sludge Volumetric Index
(SVI). The results of the inoculum characterization
are presented in Table 3.

Table 3. Results of sludge characterization (inoculum).

Parameter Unit Value
pH - 6.6-7.1
Temperature (T) °C 39 -40.6
COD mg0,.L~! 6,900
TSS mg.L~! 24,124
VSS mg.L~! 13,460
VSS/TSS 0.557
SVI mlg™! 13.265

The results in Table 3 allow inferring that the
sludge inoculum presents a suitable state for the
growth of anaerobic microorganisms and methane
production, according to the ranges reported by [52],
pH of 6.5 to 7.5 and temperatures higher than 35°C.

The concentration of de 24,124 mg.L.~! of TSS
and 13,460 mg.L~! of VSS and their ratio of 0.557,
show a sludge with outstanding characteristics be-

cause of having a high content of microorganisms
[52]. The SVI value of 13.256 ml.g~!, places it
within the range of sludge of excellent sedimentabil-
ity, since a sludge with excellent sedimentation char-
acteristics is considered having an SVI value below
80 ml.g~! [53]. These results categorize the ana-
lyzed sludge as suitable to be inoculum in anaerobic
biological reactors, favoring the degradation of the
leachate.

3.2.2  Evaluation of the biological treatment (SMA)

The biodegradability test was conducted in 7
different reactors, each with a storage capacity of
900 ml. The first 3 corresponded to tests with
leachate from the landfill (R, R», R3). The next two
contained Volatile Fatty Acids (VFA) (R4 and Rs).
And the last two contained samples of the previously
inoculated sludge (Rg and R7). Figure 4 shows the
scheme described above.

Ri Rz R R: Ry R Rs

Figure 4. Biological process assembly (SMA).

Reactors Rg to R7 contained as feed a mineral
medium containing macronutrients (N-NH**, P-
POZ’, Mg, Ca) and micronutrients (Fe, Ni, Zn, Co),
alkalinity (NaHCO3; o KH,PO4 + K;HPOy), and a
reducing agent (Na,S.7H;0). The reactors RyandRs
contained as substrate a mixture of VFA (acetic-
C,, propionic-C3; and butyric-C4) [29]. Table 4
describes the culture media for each reactor with
their corresponding addition volumes.

With reactors, Ry, R, and R3 the degradation of
the leachate was evaluated, while with R4 and R5 the
effectiveness of the sludge against a substrate other
than the leachate, in this case, AFVs, was determined.
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Table 4. Culture media for the SMA reactors.

Unit Reactors
Ri R R3 Ry Rs R¢ Ry
Nutrients ml 2 2 2 2 2 2 2

Culture medium

VFA ml - - - 4 4 - -
Sludge ml 149 149 149 149 149 149 149
Leachate ml 568 568 568 - - - -

Deionised water ml 281 281 281 845 845 849 849

Finally, reactors Rg and R; were established as the
targets to evaluate the sludge behavior.

The HRT was divided into two phases: the
first phase corresponded to the initial set-up of the
biological test in the SMA, which was carried out
over 15 days, and where the acclimatization of the
microorganisms was sought. The second phase
corresponded to the reseeding of the reactors, which
took place over 8 days and aimed to determine the
percentage of leachate degradation after the previous
acclimatization of the microorganisms.

Finally, an HRT was obtained for the biological
process of 23 continuous days, in which samples
were taken of the displaced volume of NaOH in
each reactor, this was done twice a day at regular
time intervals. It is important to ensure a temperature
between 27°C and 34°C since this is the condition for
the growth of methanogenic microorganisms [54].
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were acclimatized, however, methane production
rose again in the last 8 days, since for this period
the reactors were reseeded, in this second phase
the anaerobic microorganisms were adapted to the
substrate. The accumulated volume during the
biological test was 1300 ml for R; (leachate reactor),
521.2 ml for R, (VFA reactor) and 1223.5 ml for R3
(white reactor). Figure 5 shows the results presented
above.

The results of the parameters analyzed for the
biological test in the 3 reactors during assembly
and reseeding are presented in Tables 5 and 6 (R;-
Leachate, R,-VFA, R3-White).

Table 5. Results of the SMA biological test in the first
phase.

SMA gCOD.(gVSS.d)~! COD (mgO,.L~")  TSS(gL™')

I F I F

R, 1.697 44,800 54,400 13.8 1642
R, 4.892 8,1472 12,160 695 1021
R; 2.133 44992 89984  6.72 7.86
VSS (gL7h) VSS/TSS DOC (mg.L")

I F I F I F
R, 6.61 6.89 0.47 041  6,546.18 574.62
R, 4.26 6.81 0.61 0.60  1,056.61 161.15
R; 3.98 4.57 0.59 0.58  8,57.18 173.06

Nota: I: Initial phase. F: Final phase.

Table 6. Results of the SMA biological test in the
second phase.

0

24 48
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Figure 5. NaOH production in the SMA.

In the first 8 days of treatment, an extensive
amount of NaOH was produced, because of the
development of the first phase of anaerobic digestion
(hydrolysis), which comprises the breakdown of
complex organic molecules [55]. While in the
following 7 days, methane production was minimal
compared to the initial days, since the bacteria

SMA gCOD.(gVSS.d)~' COD (mg0O,.L~") TSS (g.L71)

I F I F

R 2.236 48,000 96,000  16.02  16.28
Ry 5.644 20,800 12,800 8.32 9.08
R; 2.361 14,400 9,600 8.09 10.65
VSS (gL71) VSS/TSS DOC (mg.L™ 1)

I F I F I F
Ry 771 6.94 0.48 042 6,033.95 3,763.85
Ry, 523 6.06 0.62 0.66 780.52  614.07
R3; 525 7.22 0.64 0.67 55420  562.71

Nota: I: Initial phase. F: Last phase.

Methane production is increased, which is a
mixture of methane and carbon dioxide, and the
carbon dioxide is removed by a sodium hydroxide
solution, so only methane is measured, which are
presented in the second phase are because of the
degradation of organic matter for the three reactors,
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as shown by the COD data (Table 5 and 6). It should
be noted that the COD for R; (leachate) did not
present degradation (Table 5 and 6). However, this
does not mean that no CH4 production occurred,
but on the contrary, in R two processes occurred
simultaneously, the degradation of organic matter
and cell lysis, which because of the toxicity of
the substrate, comprises the rupture of the cell
membrane of the bacteria presenting a release of
intracellular material [55], which directly affects the
amount of organic matter in the reactor.

The COD values during the first phase suffered
an increase mainly because of the acclimatization
of the microorganisms [55], similarly generating an
organic matter removal of 0%j; while in the second
phase the COD increased again for R; (there was
no degradation), while the COD for R, and R3
decreased, presenting a removal efficiency of 38.46%
and 53.13%.

In addition, it was observed that both TSS and
VSS increased for the 3 reactors in the first phase,
since the microorganisms were in a process of
acclimatization, and cell lysis occurred [55]. While
the VSS/TSS ratio decreased because of the increase
in DOC, showing a reduction in the microorganisms
present in the reactors. For the second phase, the
TSS increased for R; because the substrate was very
toxic, producing the death of some microorganisms,
while the VSS decreased due to the increase in
DOC, this means that in the reactors there was a
greater presence of inorganic than organic matter.
On the other hand, in reactors R, and Rj3 there was
an increase in the TSS, due to the decrease of feed in
the reactors, but the VSS of these reactors increased
due to the decrease of COD.

The results of the mineralization measured in
DOC for the first phase were 91.22%, 84.74%, and
79.87%, for Ry, Ry y R3 respectively, while for
the second phase there was less mineralization for
the reactors evaluated, which is evidenced in the
percentages of 37.63%, 21.32%, and 0%.

According to the results, it was possible to estab-
lish that anaerobic biological treatment alone is not
efficient for leachate treatment, so integrated systems
should be implemented because a single technology
cannot achieve the expected treatment and a pre-

liminary treatment is recommended to stabilize the
concentration of contaminants [56,57]. However,
several authors have got high degradations in terms
of COD under anaerobic biological treatments such
as the UASB reactor, but high costs were reported in
the complete removal of contaminants [58,59], sim-
ilarly [60] got COD degradations of less than 50%
under the same technology and under long treatment
times (310 days).

Even with the identified limitations, in wastewater
treatment, anaerobic processes have gained impor-
tance and special attention mainly because of their
economic merits over aerobic biological systems
[61].

3.3 Optimal conditions for leachate treatment
by photocatalysis

The leachate sample used for treatment was 1.02 L,
which was mixed with water to complete 20 L of
solution, to obtain a concentration of 400 mgO,.L~!
of COD of the pollutant load, because it seeks to
treat the concentration range used and accepted in
the anaerobic biological process, additionally it can
have a better performance, since it would reduce the
turbidity level that could prevent the solar rays from
passing through the entire influent, preventing the
absorption of light in the solution and the adsorption
of pollutants on the surface of the catalyst [62].

The concentrations of TiO, comprised 100, 350
and 600 mg.L~! and pH values of 3, 6, and 9
units, as established for each assay. The oxidant
(H,0,) was worked constantly with a concentration
of 300 mg.L~!, a value optimized by [63] in a
photocatalytic leachate treatment using (TiO>/UV).
When the solution to be treated was ready, it was
recirculated through the solar reactor, until the
accumulated energy of 60 kJ.L~! was achieved.

The results from each test are presented in Table
7, which show that at basic (high) pH the system
does not have a good performance, reaching removal
percentages below 50%, these values could be
explained considering that at pH values above the
isoelectric point of TiO, (pH = 6.5) the adsorption
of organic matter decreases [64]. With acid pH
high efficiencies are achieved, hence the optimum
dose to perform the coupling, according to the
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mineralization percentages is 100 mg.L~! de TiO»at
a pH of 3 units.

Table 7. Photocatalysis results.

TiO, HRT (h) DOC mgL~' Mineralization (%)
Concentration
(mg.L™1)
pH9
100 1.5 1 183.146 1.427
F 180.532
350 1.5 I 190.766 8.900
F 173.786
600 2 I 62527 22.436
F  48.498
pH6
100 1.66 I 182.554 23.894
F 138.934
350 4.66 I 178.152 7.185
F 165.351
600 2.83 I 169.432 5.016
F 160.932
pH3
100 4.16 I 174.590 57.907
F  73.506
350 4.66 1 103.312 29.846
F 72487
600 2.83 I 144286 12.479
F  126.280

Nota: I: Initial. F: Final.

It is important to highlight that acidic solutions
help the adsorption of the pollutant on the surface of
the TiO, catalyst, similarly favoring the percentage
of degradation in the photocatalytic process [65].
This is justified by several investigations that have
shown that at acidic pH the surface of the catalyst
is positively charged, which leads to the attraction
of negatively charged organic pollutant compounds,
generating an important photocatalytic activity [66,
67]. Similarly, the best results for heterogeneous
photocatalysis are obtained at acidic pH [68, 69].

The photocatalytic process achieved a mineral-
ization of 57.90% in terms of DOC for the highest
energy, corroborating this using the results of the Re-
sponse Surface Analysis performed by Statgraphics
software as shown in Figure 6.

Considering the interpretation of DOC as total
mineralization of carbonaceous organic matter [70],
and analyzing the behavior of the parameter, it is

T DOC Mineralization
T - 0,0

DOC Mineralization
s
&

Figure 6. Response Surface.

identified that the treated problem sample was min-
eralized in 57.907 % for the maximum accumulated
energy evaluated (60 kJ.L~!). This result is accept-
able since the effluent is not required to present a
total degradation since it will serve as pretreatment
in front of the biological process.

According to the above, photocatalysis cannot
be disqualified as an alternative to treat leachate,
since the main interest is to make a coupling
with biological processes, where this partially
decontaminated effluent is polished by the action
of the microorganisms of the biological reactor,
which is justified because the AOPs emerge as an
adequate pretreatment because chemical oxidation
allows eliminating non-biodegradable and hazardous
compounds, and in combination with a biological
process significantly reduces costs [57, 71].

3.4 Treatability of the leachate in the coupling of
the photocatalytic process and the anaerobic
biological process

The first stage of the coupling comprised the evalua-
tion of the photocatalytic process by performing the
test again with the optimum dose (concentration of
100 mg.L~! of TiO, at a pH of 3 units), obtaining a
mineralization percentage of 56.56%, with an HRT
of 3.40 hours. The lower HRT reported than the
previous one, which was 4.66 hours, is because of
this optimum test the solar radiation conditions were
stronger, i.e., the day was sunnier.

The second stage consisted of evaluating the
treatability of the effluent produced in the photo-
catalytic test, which became the effluent of the bi-
ological test. Here, only the physicochemical pa-
rameter of DOC was analyzed, which was used as a
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comparison input for the subsequent anaerobic bio-
logical degradation and to measure the efficiency of
the AOP.

The assembly of the biological coupling test
(SMA) lasted 23 continuous days similarly: one
day 1, the initial assembly was carried out with
the conditions described in the method, remaining
similar for the first 15 days. After this, a reseeding
was carried out, which comprised adding the same
concentrations of the problem sample: VFA and
nutrients as one day 1, to have acclimatized sludge
and getting better yields, ending the test after the
following 8 days.

Table 8 summarizes the results of the mineraliza-
tion percentages in terms of DOC in each of the
treatment phases applied for the decontamination of
the landfill leachate.

Table 8. Mineralization in each treatment phase.

Parameter Anaerobic Heterogeneous Coupling
biological test photocatalysis
Mineralization (%)
DOC
0 57 78

According to the information described in Table
8, the development of the anaerobic biological pro-
cess alone did not provide any pollutant degrada-
tion because of the recalcitrant characteristics of the
leachate, as mentioned in the previous section regard-
ing this phase of the research. The heterogeneous
photocatalysis process with SMA contributed a 57%
mineralization of the leachate in terms of DOC,
which corroborated the capacity of these AOPs to
treat non-biodegradable substances and with toxic
compounds.

Finally, the combination of the two processes pro-
vided an increase in leachate mineralization of 21%
in terms of DOC, for a total contribution of 78% of
the coupling, which shows the capacity of the AOP
as a strong pretreatment to convert toxic wastewater
into another with more suitable characteristics for
subsequent degradation in anaerobic biological reac-
tors, which is showed by the capacity of the SMA to
receive the treated effluent and provide an additional
mineralization of 21%, about the first test conducted
where there was no mineralization.

The treatment time of the coupling was less
than 24 days:
and photocatalytic treatment of 3.4 hours, which
shows an efficient and low-cost alternative since
the AOP-Biological configuration reduces the time
of chemical oxidation and enhances biological

biological treatment of 23 days

oxidation, which contributes to the decrease in
treatment costs and improves process efficiencies.

Current research validates the results obtained,
such as the case of [72] who with a treatment
between a bioreactor with anoxic conditions and a
TiO,/UV photocatalysis process achieved 82% COD
removal from a leachate, under optimal conditions
of acid pH and the second-lowest catalyst dose. [73]
treated landfill leachate under a system combining
an advanced process and an anaerobic biological
process and found that the biological alone provided
11.9% COD removal, while the coupling of the two
systems provided 68% COD removal for the same
parameter, concluding that the coupling reduces
reagent consumption and costs.

4 Conclusions

Heterogeneous photocatalysis as a primary treatment
presented good degradation yields (57.90%), with
100 mg.L~! de TiO, being the concentration with
the best performance, since the lower the turbidity,
the greater the absorption of light in the solution,
indicating that photocatalysis presents good yields in
acid solutions since they help TiO; to better adsorb
the contaminants on the surface of the catalyst.

In the first phase of the biological process (SMA),
there was no biodegradation of the organic load in
the three reactors, since during this period, the mi-
croorganisms acclimatized to the operating conditions.
In the second phase, in R1, there was no COD re-
moval, showing that the leachate had high toxicity and
low biodegradability (despite the results obtained in
its characterization), while in R, y R3 percentages of
38.46% and 53.13% were generated, respectively, in-
dicating that the inoculum was not a limiting factor
in the biodegradation process. Consequently, it can
be concluded that the toxicity and biodegradability of
a substance are directly related, since the higher the
level of inhibition of the microorganisms, the lower the
percentage of biodegradability.
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For accumulated energies of maximum 60 kJ.L.~!
photocatalysis acts on the leachate, transforming it
into less toxic and more biodegradable substances
without completely mineralizing it.

During the biological process of the coupling,
the yield of R; (leachate sample) is attributed
to the previous treatability of the leachate in the
photocatalytic process, which generated an effluent
assimilable by the microorganisms facilitating the
degradation identifying better yields compared to the
anaerobic biological process alone. This is because
photocatalysis is efficient for non-biodegradable
pollutants and biological treatments are always the
most economical processes, therefore, only when
the pollutants are difficult to degrade, photocatalytic
processes are suitable.

The mineralization rate of photocatalysis for
leachate treatment is higher compared to the mineral-
ization rate presented in biological reactors. Through
the photocatalytic processes, DOC removals of
57.90% are achieved in 4.16 hours (the time it took
to reach cumulative energy of 60 kJ.L~!), while in
the biological coupling process the additional contri-
bution was 21% in 23 days.
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Abstract

In the present study, the use of heterogeneous photocatalysis TiO2/UV coupled to an activated sludge reactor was evaluated
as an alternative treatment for the leachate coming from a Landfill, located in Cucuta (Colombia). TiO, (Degussa P-25)
between 100 and 600 mg.L~! was used as a catalyst, semi-continuous type reactors for the photocatalysis, a batch for the
biological stage, UV light with accumulated energies from 20 to 60 kJ.L™! were also used, a constant concentration of
H,0, was used as an adjuvant in all tests. The research consisted of four main phases: leachate characterization, biological
treatment, optimization of photocatalytic and AOP-biological coupling. For the optimization of the photocatalytic step, an
experimental design was carried out through the statistical program Statgraphics Centurion XV of factorial type 322 (3
levels 2 variables), modeling the results by means of a response surface, the variables of the pH and the concentration of the
catalyst were included, having this as input for the response of interest the percentage (%) of DOC removal. The biological
process itself provided a removal of 38 and 24% for COD and DOC, respectively. The AOP-biological coupling provided
a removal of 68 and 76% in terms of COD and DOC, respectively. Thus, the coupling significantly improves the overall
efficiency of the process by more than 50%, which represents a promising improvement compared to the removal of organic
matter for the treatment of the same type of water using only the biological process. The results show a viable alternative
for the treatment of leachate because higher removal levels are achieved in residence times, which are considered shorter
than the ones in conventional processes.

Keywords Leachates - TiO, - Heterogeneous photocatalysis - Activated sludge - Zahn Wellens Test

1 Introduction

Landfills are one of the most common and frequent alter-
natives used as deposits of solid waste worldwide. There,
leachates are generated as a result of the contact of rainwa-
ter with the waste and the percolation of these [1], which
contain high amounts of heavy metals, solids (suspended
and sedimentable) and organic material, which if it is not
properly treated becomes a problem that directly impacts
the environment and the population surrounding these sites
[2]. Therefore, it is essential to implement methodologies
capable of removing the contaminants and avoid generating
impacts on the environment or human health by ensuring the
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the generation of oxide-reduction processes and makes it
possible to remove the contaminants and it produces efflu-
ents with lower toxicity [3], which are suitable for continu-
ing their treatment in less complex processes such as bio-
logical ones. Several research projects have been carried out
based on these technological couplings, such as the case of
the Oued Smar landfill, located in Algeria, North Africa,
where the treatment of leachates was carried out by means
of a heterogeneous photocatalysis coupling (TiO,/UV)
and a biological process of bioreactors sown with different
types of inoculums (raw leachate, soil extract and activated
sludge). These results were very important because a reduc-
tion between 50 and 84% of the initial COD maintained at
pH 5 was obtained after the heterogeneous photocatalysis;
because of this, the ratio BOD5/COD was favorable for the
biological treatment, along with the coupling of advanced
oxidation-bioreactor there was a reduction of 90% of the
initial BODS and 87% of the initial COD of the leachate [4].

Similarly, it is possible to state that after the review of the
research material, it was found that other recent research,
specifically those combining heterogeneous TiO2/UV pho-
tocatalysis with batch activated sludge for leachate decon-
tamination, are limited. However, there are studies which
have been developed in the last years such as those made
by [5-9], who couple the photocatalytic process using TiO2
as a catalyst in the presence of UV radiation with diverse
alternatives of aerobic biological processes, achieving out-
standing removals of organic matter and emerging contami-
nants. These results are achieved through the optimization
of experimental variables such as catalyst concentration and
pH range.

Now with this project, the aim is to evaluate the effi-
ciency of the removal of contaminants present in the

leachates of the El Guayabal Landfill in Cicuta—Norte
de Santander, by coupling a heterogeneous photocatalytic
process, using a compound parabolic collector and TiO2 as
a catalyst, in coupling with an aerobic biological process
(through batch activated sludge reactors—Zahn Wellens
Test / EMPA OECD 302B) according to Fig. 1, in order
to evaluate the possibility of its use for the removal of
organic matter and total suspended solids in the leachates,
thus minimizing the negative effects on the environment
and human health.

The development of this type of alternatives with solar
radiation contributes to the search for economic and envi-
ronmental sustainability alternatives to advanced oxida-
tion processes [3, 10], promotes the implementation and
operation of them by reducing energy costs compared to
techniques that use other types of UV radiation. Also, with
the results obtained, it is possible to make comparisons
with other treatments implemented in the decontamination
of leachates and provide information to the scientific world
about the usefulness and efficiency of the implementation
of couplings between heterogeneous photocatalysis with
TiO, and activated sludge. Although it is true that these
combinations have been implemented on several occasions
over time to treat water with complex chemical structures
such as pharmaceuticals [11] or pesticides [12], there is
not enough recent bibliographic information on their use
applied to contaminant removal in leachates, which con-
tributes to reducing the existing knowledge gap and pro-
vides innovative solutions capable of giving effect to the
sustainable development objectives.
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2 Materials and Methods

The experimental process of the project was based on the
scientific approach, the feasibility of the procedures and the
application of the results obtained. The analyses were carried
out at the Environmental Quality Laboratory of Francisco de
Paula Santander University in Campos Eliseos headquarters.
The methodology was developed in the following phases:

2.1 Leachate Characterization

The leachate sample from El Guayabal Landfill was char-
acterized by the physicochemical parameters of Chemical
Oxygen Demand (COD), Dissolved Organic Carbon (DOC),
Total Suspended Solids (TSS) and Volatile Suspended Sol-
ids (VSS), the pH and temperature were also part of these
characteristics, and they were measured in the field after-
wards. The methodologies were carried out taking as refer-
ence the Standard Methods for Water and Wastewater Analy-
sis (AWWA—APHA—WPCEF).

The COD measurement was carried out using the closed
reflow and volumetric method, following the protocol set
out in Sect. 5220C. COD measurement was performed by
the high temperature combustion method, following the pro-
tocol set out in Sect. 5310B. The Teledyne Tekmar TOC
Torch equipment was used. Initially, the assembly should
be done in the Curve and Calibration Method program, for
this, the “Total Organic Carbon Equipment (Teledyne Tek-
mar TOC Torch) Operating Protocol” was followed. TOS
and TOC Torch were performed following the protocol set
in Sect. 2540D. The use of analytical balance, porcelain
capsule and crucible dryer, Digital Binder Furnace model
ED-53 and Electric Ground Muffle model D-8 were used.
The temperature and pH parameters were taken in the field
at the time of collecting the leachate sample at Guayabal
Landfill with a Waterproof PCTestr 35 multiparameter.

2.2 AerobicBiological Treatment Process
2.2.1 Characterization of the Inoculum Sludge

The inoculum sludge used to carry out the research came
from the wastewater treatment plant of Ciudadela “El Coun-
try” neighborhood, located in Jamundi, Valle del Cauca, as a
result of an aerobic biological treatment process. This mud
was fed every other day with wastewater from San Pablo
farm which belongs to the Francisco de Paula Santander
University in order to ensure its fast activation. This sludge
was characterized in physicochemical parameters of Total
Suspended Solids (TSS) and Volatile Suspended Solids
(VSS). In addition to this, the Sludge Volumetric Index

(SVI) and the Oxygen Consumption Rate (OCR) were
applied. The Sludge Volumetric Index (SVI) is a parameter
that allowed evaluating the behavior of the aerobic sludge
according to its good or bad sedimentability (a good sedi-
mentability occurs when the sedimentation rate is higher
than the ascension rate of the influent). The method was
used to find a standard dilution for the sludge under study,
so that after sedimentation it gets a volume of 300 ml in the
1000 ml test tube.

2.2.2 Oxygen Consumption Rate

The Oxygen Consumption Rate (OCR) is a technique based
on the measurement of oxygen consumption by microorgan-
isms working on an organic substrate, which is degraded
and oxidized to CO, [13]. The dissolved oxygen analysis
allowed the acquisition of data on oxygen consumption in
response to the metabolism of a substrate due to the respi-
ration of the microorganisms. The test was carried out in a
Winkler bottle (300 ml capacity) and a range of concentra-
tions related to those allowed in the Zahn Wellens test was
handled (100 to 1000 mg COD.L_I), which were 0, 200,
400, 600 and 800 mg COD.L7!, taking into account that the
first test mentioned represents the control concentration and
the OCR value for the aerobic sludge, because the mixture
only contains nutrient solution and the one which was previ-
ously mentioned. The amount of aerobic sludge in the tests,
depends on the concentration of VSS that is required within
each concentration, for this case is 1500 mg VSS.L~!. The
content of each test is shown in Table 1.

The dissolved oxygen was measured with an Oxygen
Meter model DO -5510 for each study concentration. These
measurements were made for 30 min, and the data was
recorded every 15 s. A graph of Dissolved Oxygen Vs. Time
is made with these values, and the OCR is determined from
the slope.

2.2.3 Respiration Inhibition Test
This method determined the effect of the leachate on the
microorganisms by measuring the respiration rate of the

inoculated sludge under defined conditions in the presence
of various concentrations of the test substance. It was carried

Table 1 Volumes used in the OCR

Compound Concentration (mg.L~! COD)
0 200 400 600 800
Aerobic Inoculum 27,4 27,4 27,4 27,4 27,4
Sludge (ml)
Nutrients (ml) 272,6 265 2574 249,9 2423
Leachate (ml) 0 7,6 15,2 22,7 30,3
@ Springer
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out with the purpose of identifying non-leaching inhibitory
concentrations that could be used in the Biodegradability
Test (Zahn Wellens) [14].

The respiration rate is the oxygen consumption of the
microorganisms in an aerobic sludge expressed as mg O,.
mg~! sludge.h™!. The procedure described in the Oxygen
Consumption Rate in Sect. 3.2.2 of this document is an input
for determining the percentage inhibition, which is calcu-
lated by Eq. 1.

R
%Inhibition = (1 - ES> x 100 1)

C

where:
Rs: OCR of each leachate’s concentration employed
Rc: OCR of control

2.2.4 Aerobic Biodegradability Test—Zahn Wellens

The objective of the Biodegradability Test, Zahn Wellens
Test / EMPA OECD 302B, was to determine the poten-
tial for biodegradation of organic substances under aero-
bic conditions. This test is applicable on non-volatile and
water-soluble compounds at least 100 mg/L; which show
low adsorption in activated sludge, which have no foam-
ing activity, and which do not inhibit microorganisms at the
evaluated concentrations. The contents of each reactor are
given in Table 2 [15].

The sample reactors were taken in triplicate, the target
and reference compound reactors were taken in duplicates.
The concentration (mg.L~! COD) within the sample reac-
tors was determined from the results obtained in the Oxy-
gen Consumption Rate and the Respiration Inhibition Test.
Similarly, the ratio was maintained for the concentration of
the sludge in mg.L ™! VSS (3:1). In the case of the reference
compound (Ethylene Glycol).

The test lasted 28 days. The monitoring parameters were
the pH and the temperature, in order to guarantee optimal
conditions for the development of the biological process.
The samples were taken on days 0, 4, 8, 12, 16, 20, 24 and

Table 2 Composition of the biological reactors

Reactor Composition Amount (ml)
Sample Inoculum Sludge 73
Nutrient solution 676,5
Leachate 50,5
Blank Inoculum Sludge 73
Nutrient solution 727
Reference Composite  Inoculum Sludge 73
Nutrient solution 726,45
Ethylene glycol 0,55

@ Springer

28, each of them filtered and characterized in terms of COD
and DOC, to determine the percentages of biodegradation
based on Eq. 2.

. o1 Ry - Ry
%Biodegrability = [ 1 — ———— | x 100 2)

RtO - RBO

where:

Ry: is the quantity in mg/L of DOC or COD at time t in
the test vessel

Rp: is the quantity in mg/L of DOC or COD at time t in
the blank test

Ry: is the quantity in mg/L of DOC or COD of the test
vessel after 3.5 h

Rpy: is the quantity in mg/L of DOC or COD of balnk
test after 3.5 h

2.3 Optimization of Photocatalysis

The leachate sample from El Guayabal Landfill was sub-
mitted to the heterogeneous photocatalysis process, using
TiO, (Degussa P25) as catalyst, which [16] has shown high
efficiency when it is used in leachate decontamination treat-
ments due to the generation of hydroxyl radicals, especially
when photolysis is submitted. Besides, it has been used in
numerous studies oriented to the removal of recalcitrant con-
taminants or with structures difficult to treat, and it obtains
efficiencies of more than 70% [17-21]. Furthermore, accord-
ing to [22] who carried out a similar wastewater treatment
employing TiO, (Degussa P25), this has a band gap energy
from 2.90 to 3.15 eV, [23]. The BET of this catalyst has a
value between 51 and 56 m’>g~'[24]. TiO, (Degussa P25) is
mainly composed of Anatase (80%) and Rutile Crystallites
(20%) and its particle size is between 20 and 30 nm.[25-27].

Subsequently, H,O, is used as an oxidation coadjutant,
since having previous research as reference such as that car-
ried out by [28-30] has shown that the use of this type of
oxidant promotes the formation of OH radicals, helping the
degradation of contaminating compounds. A Compound
Parabolic Collector (CPC) was used at laboratory scale, with
a system that allowed the measurement of accumulated ener-
gies in kI X L-1. The use of this kind of Collector allows
the concentration of solar energy, and it generates a higher
intensity radiation [31], which results in a high degradation
capacity of the system [32].

This CPC has a surface area of 0.83 m?. It is composed
of two aluminum structures (UV light-reflective film),
each equipped with a set of borosilicate tubes (material
sensitive to UV adsorption), and a 20 L capacity storage
tank, where the treatment mixture is prepared. In addi-
tion, it is equipped with a Humboldt pump (Qmax: 32
L.min™') which is responsible for recirculating the treat-
ment throughout the system. The connections and pipes
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Table 3. Independent variables Parameter  Level of the vari-
and their coded levels for the able
experimental design

-1 0 1
pH 36 9
TiO, 100 350 600

Table 4 Design of experiments—photocatalysis process

No. Assay [mg.L~'] TiO, pH

1 100 (- 1) 9(1)

2 350 (0) 6 (0)

3 350 (0) 9 (1)

4 600 (1) 9(1)

5 100 (= 1) 6 (0)

6 600 (1) 6 (0)

7 600 (1) 3(-1)
8 100 (- 1) 3(-1)
9 350 (0) 3(=D
10 350 (0) 6 (0)

are made of half inch PVC tube, as well as accessories
that allow the operation of the prototype.

To optimize the photocatalytic process, an experimen-
tal design was carried out through the statistical program
Statgraphics Centurion XV of factorial type 372 (3 levels
2 variables), modeling the results by means of a response
surface. The ranges of the independent variables and their
coded levels are shown in Table 3 having 4+ 1 as the maxi-
mum level and -1 as the minimum level.

H,0,, is a variable that remained constant throughout
the process. The working concentration was of 300 mg.
L™, this value was optimized by [33], under acidic pH
conditions (4 units), applying a heterogeneous photocata-
lytic treatment process (TiO,/UV) for leachates, where
it obtained percentages of biodegradation higher than
94.7%.

The accumulated energy was used in a range from 0 to
60 kJ.L™!, it was considered that in heterogeneous photo-
catalytic processes high accumulated energies are used:
111 kJ.L™" [34]; 1850 and 250 kJ.L™" [35] that allow high
removal percentages of the evaluated pollutants, and as
the intention of the project is not to totally degrade the
leachate, but to make a partial transformation where sub-
sequent biodegradability in biological reactors is pro-
moted, the range of work is justified.

With the ranges of the independent variables already
established, we proceed to model the program, for which
we have the design of experiments set forth in Table 4.

2.3.1 Calculation of the Accumulated Energy

For the calculation of the accumulated energy (UV radia-
tion), a system was assembled that would allow the measure-
ment of the total solar radiation, and to be able to determine
at each moment of measurement the energy in the units of
interest (kJ L™!) an equation and basic conversions were
used.

This system consisted of a multimeter (Uni-T UT71C)
connected to a pyranometer (SP-110) which, when it comes
into contact with the radiation, marks a value sequentially
in millivolts (mV). The precise data acquisition is defined
by timescales in which the information will be given, which
in this case is every 10 min (600 s).

The following step is to make the mathematical conver-
sion of mV to W x m-2 for which 1 mV represents 5 W.m ™.
Finally, what remains is to apply the Eq. 3 for the calculation
of the energy:

Qu = Quy + Aty X I X Apx V7! 3)

where:
Q,: total accumulated energy kJ.L7,
Q,..;: previous accumulated energy kJ L7l
At,: irradiation time (600 s).
I,,: Average irradation (W.m™2UV).
Ay: irradiated reactor surface (0,83 m?).
Vi volume discussed (20 L).

2.4 CPCEffluent Coupling—Zahn Wellens Test

With the obtained results in the optimization of the photo-
catalysis process, the coupling took place which consisted
of the sequential operation of the Compound Parabolic Col-
lector and the aerobic biological process of treatment (bio-
degradability test). This coupling is based on the fact that
different researchers have applied photocatalysis (TiO,/UV)
as a pre-treatment for landfill leachate, in order to improve
the biodegradability of the organic compounds present in
this waste liquid and thus consider the application of a sub-
sequent treatment that allows a discharge of waste with less
impact on the environment [16].

The degradation of the pollutants is monitored in terms
of the percentage of COD and DOC removal at the end,
compared to the start of the test.

In the biological coupling process, the sample coming
from the optimal photocatalytic treatment was used, and
with this, 3 reactors with mineral medium and activated
aerobic sludge were adapted, as well as two white reac-
tors (aerobic sludge and mineral medium) and 2 reference
compound reactors (activated aerobic sludge 4+ mineral
medium + ethylene glycol). In addition to this, each of them

@ Springer

152



Topics in Catalysis

Table 5 Leachate characterization

Table 6 Results characterization of the inoculated sludge

Parameter Units Value Parameter Measurement Units

COD mg O,.L7! 7920 TSS 45,529,33 mg TSS.L™!
DOC mg C.L™! 2767 AN 16,450,67 mg VSS.L™!
TSS mg TSS.L™! 19,941  SVI 66,16 mg.L™!

AN mg VSS.L™! 8587 OCR 14,64 mg.g~! VSS.h!
pH - 7,29 Ethylene glycol Degrada- 100 %

Temperature °C 33,2 tion (8 days)

was monitored in terms of COD and DOC on days 0, 4, 8,
12, 16, 20, 24, 28, and TSS and VSS on days 0, 16 and 28,
in order to provide a percentage of biodegradation and to
determine the efficiency of the coupled treatment.

3 Results and Analysis
3.1 Leachate Description

Following the methodologies proposed in the methodologi-
cal design to characterize the leachate, the obtained results
are represented in Table 5.

It is concluded that the leachates from “El Guayabal”
Landfill have a COD of 7920 mg O2*L-1, which according
to the consolidated classification by [31], It is listed as a
leachate of average age, since it is in the range of 5000—
10,000 mg O,.L7".

It was determined that the leachate sample from “El
Guayabal” Landfill has a concentration of 2767 mg C.L~!,
and taking into account its COD/DOC ratio (0.35), it is cat-
egorized as having low biodegradable properties [16].

The concentration of suspended solids in the leachate
coming from “El Guayabal” Landfill is of 19,941 mg TSS.
L~! and 8587 mg VSS.L™!, which is interpreted as a high
content of them, and the VSS contributes with a great
amount of microorganisms due to the high contribution of
organic matter in this residual liquid.

The leachate sample has a pH of 7.29, which indicates
a value close to neutral, and it allows the development of
a biological treatment process. The temperature recorded
as 33.2 °C is consistent with the normal temperature of the
location area (Max. 33 °C; Min. 24 °C).

3.2 Aerobic Biological Treatment Process

3.2.1 Description of the Inoculum Sludge

Table 6 consolidates the results obtained from the analyses
carried out on the inoculum sludge.

According to the results presented above, the
sludge comes from the treatment plant of the “El
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Country” neighborhood, it has a volumetric index of sludge
of 66.16 mg.L™!, a value that places it within the range of
sludge with good sedimentation characteristics, considering
that a sludge with good sedimentation characteristics should
present a value of VIS in the low range [36]. This parameter
is very important to consider because in a biological treat-
ment the organic matter is transformed into microorganisms
that become part of the slurry, and if it is not removed in the
spillage before being discharged, in fact, it transforms the
organic materials into slurry and it is discharged as an efflu-
ent avoiding the polluting agents to be removed. Therefore,
the idea of having a settled slurry is beneficial because after
the biological process in real conditions, a settler can be
available where this slurry is removed (as settled solids),
providing the discharge of an effluent free of pollution.

The Oxygen Consumption Rate of 14.64 mg.g~'.h~! indi-
cates an adequate development of microbial metabolism and
a high biological activity of the sludge, and places it in the
range of 12 and 20 mg.g~.h~!, for which they are considered
under normal conditions and capable of degrading pollut-
ants [37].

The result obtained in the degradation of a reference
compound such as ethylene glycol, shows a high biological
activity and microorganisms capable of degrading organic
material, as well as having optimal conditions for the devel-
opment of them, which are relevant when performing the
biological treatment, The methodology proposed by the
Zahn Wellens Test / EMPA OECD 302B establishes that
this compound must be degraded in less than 14 days, which
guarantees the viability of using this sludge as inoculum in
the biodegradability tests.

3.2.2 Oxygen Consumption Rate

In Table 7, the Oxygen Consumption Rate data is reported
for each concentration. According to the studies, a OCR is
considered low when it shows values lower than 12 mg O,.
g~ 1.VSS.h7!, indicating that there are too many solids or the
presence of toxics elements, because a high toxicity of the
leachates is corroborated, due to the large amount of con-
taminating constituents that form the waste that the landfill
in study has.
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Table 7 Oxygen consumption rates

Concentration (mg Slope of the graph (mg O,. OCR (mg O,.
0,L7™h | g7 'Ssv.hh
0 0,0061 14,64

200 0,0027 6,48

400 0,0026 6,24

600 0,0026 6,24

800 0,0026 6,24

3.2.3 Respiration Inhibition Test

According to Fig. 2, from the concentration of 400 mg O,.
L~!, a trend associated with the percentage of inhibition of
57% begins to occur, indicating that 43% of microorganisms
are available to give rise to biodegradability in the biologi-
cal process.

That is the reason why it is decided to work with an inter-
mediate concentration, in which the biological process is not
affected by the toxicity of the residual liquid. Therefore, a
concentration of 500 mg COD.L™! is selected for the bio-
degradability test (Zahn Wellens).

3.2.4 Biodegradability Test—Zahn Wellens

This biodegradability test by Zahn Wellens simulates an
aerobic biological treatment process of activated sludge in
a laboratory scale. It was carried out following the protocol
established by EMPA OECD 302B. It should be clarified
that the COD of the leachate from “El Guayabal” Landfill
was 7920 mg.L ™!, but the concentration of 500 mg O,.L ™! in
the sample reactors was chosen because the working range
established by the test is 100 to 1000 mg O,.L.™!, and taking
as a reference the results obtained in the respiration inhibi-
tion test, where the use of such concentration is supported.

The test establishes that the method is validated when
the reference compound, in this case ethylene glycol, is
degraded by more than 70% within 14 days from the begin-
ning of the test. After 4 days, this compound had already
fulfilled this condition, in terms of COD and DOC, which
supports optimal conditions of the inoculum used for the
treatment, as well as the correct application of the test under
the established minimum conditions and requirements,
which validate the accuracy of the obtained results.

The degree of volatilization that could occur in the test
was evaluated, because it was considered that the compounds
present in the leachate may be of a volatile type, and that in
an activated sludge process where there is constant airflow
the compounds may go into the atmosphere. That is the
reason why a reactor was prepared with the same leachate
concentration, calibrated to 800 ml with a nutrient solution
and in the absence of inoculum slurry, where there are no
microbiological biodegradation processes. This reactor was
evaluated in terms of COD and DOC at the beginning and
end of the test (28 days), and a percentage of volatilization of
the compound was determined through these values, which
must be adjusted to the percentages of biodegradation deter-
mined during the test. These results are presented in Table 8.

A percentage of volatilization is determined in the test of
47 and 55%, for COD and DOC respectively. According to
Fig. 3, with the percentages of biodegradation adjusted to
volatilization, we determined a maximum biodegradation
for COD of 38% and 24% for DOC. This Zahn Wellens test
establishes a limit of biodegradation of more than 70% after
28 days of the test, in order to consider a substance as biode-
gradable. It is concluded that the treated leachate sample is
not biodegradable under the requirements of this test, for this
reason it is important to carry out previous treatment pro-
cesses that allow the transformation of the compound into
simpler substances, capable of breaking down and degrading
the toxic constituents, and thus be able to apply subsequent

Fig.2 Breathing Inhibition Test 80
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Table 8 Volatilization results biodegradability test

Table 9 Removal of DOC—Optimization of photocatalysis

Time COD (mg. Vola- DOC (mg. Volatilization
(Days) LY tilization (% L) (% DOC)
COD)
0 1152 47 358 55
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Fig.3 Percentage (%) Biodegradation COD and DOC on Zahn
Wellens test

biological processes that have the ability to remove con-
taminants [13].

Similarly, the results mentioned above are comparable
to those obtained in the study done by [38], where a similar
process for the treatment of leachate from Mermuelo Land-
fill in Spain was carried out, in which a 57% biodegrada-
tion using the same biological process was obtained, and it
also failed to exceed the percentage of degradation required
by the methodology, which implies the need to couple this
system with another treatment alternative. The mentioned
study obtained a higher biodegradation due to the initial
characteristics of the leachate, which presented a COD and
a DOC notably lower than those coming from “El Guayabal”
Landfill.

During the test, a pH between 7.03 and 7.13 (adjusted
from buffer solutions) was handled in the reactors, as well
as temperatures ranging from 24.5 to 25.7 °C, which allowed
optimal conditions for the development of metabolic activi-
ties by the microorganisms during the biological treatment,
and contributed to the biodegradation of the contaminating
compounds provided by the leachate.

3.3 Optimization of Photocatalysis

Based on the percentages (%) of removal determined in
each of the tests, and when the established accumulated
energies were accomplished, it was determined that the
maximum degradations were recorded when 60 kJ.L~" was
reached. Table 9 consolidates the results of photocatalysis

@ Springer

Assay [TiO,] (rng*L’l) pH Percentage (%) of
final removal COD
1 100 (- 1) 9(D) 1,4
2 350 (0) 6 (0) 7,2
3 350 (0) 9(D) 5,5
4 600 (1) 9(D) 22,4
5 100 (- 1) 6 (0) 23,9
6 600 (1) 6 (0) 5.0
7 600 (1) 3(-1 12,5
8 100 (- 1) 3(-1 57,9
9 350 (0) 3(-1 29,8
10 350 (0) 6 (0) 11,9

optimization, highlighting for each test the percentages of
final removal in terms of the parameter of DOC.

Considering the response surface of Fig. 4, the optimal
region is between the orange and red zone, which repre-
sents a desirability of 0.9 and 1.0 respectively, therefore, this
region is limited between the TiO, concentration of 100 and
200, and the pH of 3 to 4.

It is also concluded that the optimal test is No. 8, since
it presents the highest DOC removal (57.9%) with the low-
est catalyst concentration evaluated of 100 mg TiO,.L™!, at
an acid pH of 3 units. Becerra et al.[39] found that photo-
catalytic treatment with TiO, provided a removal of more
than 80% of the contaminants present in the leachate, under
acidic pH conditions (4 units) and with the lowest dose of
catalyst evaluated, which is in accordance with the results
obtained in this investigation.

The hydraulic retention times for each one of the tests
varied, due to the fact that they were carried out in sunny and
cloudy days, where the accumulated energies were reached
faster or slower, respectively. We conclude that for a hot
climate like the city of Ctcuta, Norte de Santander, in sunny
days the accumulated energies of 60 kJ.L ™! are reached in
HRT in less than 3 h, and for cloudy days in HRT greater in
more than 3 h. According to [7], the amount of illumination
falling on the catalyst leads to a high rate of photocatalytic
degradation, because as irradiation times increase, so does
the removal of contaminants. It should be noted that this
optimal test obtained one of the highest irradiation times
(4.3 h), which is consistent with the obtained results.

Considering the application of treatment on a real scale,
the leachates can be mixed with domestic wastewater, in
the necessary quantities to maintain the working concentra-
tions carried out in the investigation. In addition to this, the
physicochemical characteristics of these domestic waste-
water (COD and DOC), allow their mixing to maintain the
concentrations at the required dilution, and thus apply the
techniques described above.
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Fig.4 Response surface for
photocatalysis optimization
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It must be concluded that for the concentrations repre-
sented by 100 and 350 mg TiO,.L~! the highest removal
percentages (in terms of DOC) occur when in the treatment
the pH is controlled in 3 units, which is consistent with the
work done by [40] which showed that photodegradation of
the leachate that was strongly favored at a higher acidic pH
than the neutral and alkaline solutions.

Similarly, several studies [41-44], prove that this treat-
ment alternative produces better results when it is developed
at acidic pH, since at acidity levels, the surface of the cata-
lyst is positively charged which leads to the attraction of
negatively charged organic pollutants generating an impor-
tant photocatalytic activity [45, 46]. That is why, the closer
the pH is to the alkalinity, the removal behavior throughout
the treatment is usually very dispersed, and it is not possible
to determine a reliable reduction of the contaminants. It must
also be argued that at pH near neutrality (pH=6), removal
maintains a consistent trend line, although it does not present
degradation results that are relevant, since they are very low.

The behavior of the removal at each concentration shows
that not necessarily the best treatment is not necessarily the
one that uses the highest concentration of the catalyst. Gen-
erally, what can be concluded with (from) the behavior of
the treatment under the different configurations is that, in
high concentrations of catalyst (600 mg.L~! TiO,), there are
better removal levels at basic pH, and in the case of low
catalyst concentrations (100 mg.L ™! TiO,) or with average
values (350 mg.L~! TiO,), the best removal levels are given
at acidic pH levels.

Photocatalytic degradation using TiO, as a catalyst has
revealed great potential for economical and environmentally
consistent, non-toxic, chemically stable, high photoactivity
treatment [16]. Its main advantage is the possibility of incor-
porating solar energy in the photoactivation of the catalyst,

so the degradation process acquires a significant additional
environmental value and it becomes a sustainable technique
[47]. The use of sunlight in the photodegradation of waste-
water pollutants makes it an economically viable process,
particularly for large-scale applications [19].

Losada et al. [35], determined that the addition of H,0O,
in a TiO,/UV photocatalytic treatment, improves the process
notably, since it contributes positively to the speed of degra-
dation of the contaminants, which is related to the chemical
action of this element as an oxidizing agent. Thus, for the
same period of time, in the absence of H,0,, 50% of the
contaminants present were degraded, while in the presence
of peroxide, more than 90% were removed, which shows a
high contribution to the efficiency of the treatment. For this
reason, with each accumulated energy, a concentration of
hydrogen peroxide was maintained, which was determined
from an optimal dose as a reference for a research project.

3.4 Photocatalysis Coupling—Aerobic Biological
Process.

Once the optimal conditions are set to develop the photocat-
alytic treatment, with a concentration of TiO, of 100 mg.L‘1
and a pH of 3, the treatment of the leachate in the compound
parabolic collector (CPC) is carried out again until it gets to
60 kJ.L™! of accumulated energy.

Once it is completed, the resulting effluent is subjected
to a filtration process, in order to eliminate the excess TiO,
present to avoid any effects on the microorganisms, and it is
ready to begin the coupling with the biological treatment.

To start the biological treatment, the methodology pro-
posed by the Zahn Wellens Test / EMPA OCDE 302B
was followed, showing 3 reactors containing inoculum
sludge + mineral medium + phototreated effluent previously
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filtered, 2 white reactors with mineral medium + inoculum
sludge and 2 control reactors with mineral medium + inoc-
ulum sludge + reference compound. A reactor capacity of
800 ml and a concentration of VSS by the slurry of 1500 mg
VSS.L~! (ratio 3:1) was handled. The degradation in COD
and DOC parameters was monitored for 28 days, with meas-
urements on days 0, 4, 8, 12, 16, 20, 24, 28 and TSS and
VSS on days 0, 16, 28.

Considering Fig. 5, in terms of COD, the highest deg-
radation is evident, with a value of 68% of the compound
analyzed. As for DOC, it shows a maximum level of degra-
dation equivalent to 87%. In both parameters, a remarkable
improvement in degradation within the biological process
is seen after treating the sample with photocatalysis, which
shows that photocatalytic processes can either decompose
or reorganize the molecular structures of non-biodegradable
organic materials into more easily biodegradable products,
and it improves the efficiency and it allows biological post-
treatments [48]. In addition, the requirement set out by the
EMPA OECD 302B methodology is accomplished, and at
the end of the test, biodegradation results of more than or
close to 70% have been obtained.

The suspended solids results are listed in Table 10.
According to the results presented above, a final removal of
54% and 6% is obtained, in terms of VSS and TSS, respec-
tively. This removal is provided by the biological process,
for which the solids are settle in the reactors, this is a real-
scale process which is evident in a subsequent settler.

A better behavior of the compound after coupling is
detailed, since much higher degradation percentages are evi-
denced than those of the initial biodegradability test, which
corroborates that this heterogeneous photocatalysis process
(TiO,/UV and H,0,) provides a much more stabilized efflu-
ent with adequate characteristics for degradation in biologi-
cal reactors under controlled aerobic processes.

Table 10 Solid results suspended in the coupling

Time (days) TSS (mg.L) Removal (%) VSS (mg.L) Removal (%)

0 3932 - 2048 -
16 3786 3,71 1344 34,38
28 3688 6,21 928 54,69

Finally, the results of removal for coupling, register per-
centages of 61 and 74%, for COD and DOC of the leachate
respectively, in relation to the input in the photocatalysis
process and the output in the biological process. It is esti-
mated that the efficiency of the coupling is more than 50%,
which supports the hypothesis that the leachates coming
from the El Guayabal Landfill, by the coupling of a het-
erogeneous photocatalytic and biological activated slurry
process, allow a considerable removal of the constituents
present in this liquid residual, and that it is considered a
viable alternative for the treatment on a real scale of them.

Dacosta et al. [49] found that two leachate samples from
different landfills had low aerobic biodegradability (65% and
30%) after 28 days under the Zahn Wellens test, and that
after applying advanced oxidation pretreatment, the efflu-
ent within the biological process showed higher biodegra-
dability characteristics, increasing in final removals by 89%
and 69% respectively. Silva et al. [50] determined a similar
efficiency in the evaluation of leachate biodegradability
improvement by applying the same method (Zahn-Wellens
Test), which after an advanced oxidation process, increased
its degradation to 70%, in relation to the initial values of
between 4 and 20%. This supports and evidences the need
to couple this type of treatment towards the reduction of
contaminants and toxics present in leachates, because due
to their harmful characteristics, they do not allow a removal
of contaminants under conventional treatment processes,
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requiring the application of these new techniques that have
proven to be an efficient alternative, as well as applicable
in real settings, besides their easy application, such as low
operation costs.

The biological reactor most often combined with
advanced laboratory-scale oxidation processes for leachate
treatment is the Sequential Biological Reactor (SBR) that
simulates an activated sludge process, and the anaerobic
biodegradability analyses are less common [51]. However,
[52] evaluated an aerobic (rotary biological contactor) and
anaerobic (upflow anaerobic sludge reactor) biological pro-
cess for leachate treatment, finding 54% and 62% removals
of contaminants present in terms of COD respectively [53].
evaluated the performance of a pilot-scale anaerobic bio-
film digester (ABD) for leachate treatment, determining that,
despite the complex characteristics of this residual liquid,
the system demonstrated high performance in maintaining
removal levels in terms of COD of 96%, at hydraulic reten-
tion times of 10 days. With the above, it is possible that in
later studies a coupling of heterogeneous photocatalysis with
an anaerobic biological process can be evaluated, in which
the process with the efficiencies found by the alternative
developed in this research can be compared, this later studies
can also determine which one can be more viable, starting
from the high organic loads of the leachate.

3.5 Catalyst Comparison

One of the main challenges faced by researchers working
with heterogeneous photocatalytic processes is the selec-
tion of the catalyst, because with this type of alternatives
the research has not been as broadly developed as for other
advanced oxidation processes [3]. There are several vari-
ables that influence the performance of catalysts, such as
the pH of the treating wastewater, inorganic ions, dissolved
oxygen, radiation and the hydraulic retention time of the
treatment, which leads to the use of optimization processes
that allow reproducible and accurate results [16]. This activ-
ity that was carried out in the current project allowed us to
know the optimal dose of the catalyst used.

From bibliographical revision, it was determined that sev-
eral catalysts based on metal oxides are frequently imple-
mented in photocatalytic treatments, and they are focused
on the removal of contaminants present in wastewater, such
as Iron Oxide (Fe,0;) [54], Cerium Oxide (CeO,) [55], Zinc
Oxide (ZnO) [54], Titanium Dioxide (TiO,) [56], this being
the one that has shown the best results, When it is irradiated
with UV light, electrons are propelled into the conduction
band of the catalyst from the valence band which in turns,
generates holes that leads to the production of OH radicals,
while the electron located in the conduction band by its neg-
ative charge repels oxygen molecules generating a signifi-
cant amount of OH radicals.[57, 58]. Among its advantages,

it is mentioned that it is cheap, it has a good band position,
it is non-toxic and it has an adequate biocompatibility [59].

Diez et al. [60], compared the removal efficiencies and
kinetic behavior of Fe,O; and TiO, when subjected to a
photocatalysis process, found that although with iron oxide
higher degradations are achieved in terms of TOC, iron
leaching occurs, which would require a subsequent treat-
ment. Besides, the TiO, achieves a better bond with the reac-
tor surface favoring the reaction kinetics. Additionally, it is
proven that the addition of oxidants such as H,O, favors the
efficiency of the treatment, which is also validated by [29,
61] and it was applied to the heterogeneous photocatalytic
process developed in numbers 3.3 and 3.4 of the present
document. Another catalyst frequently used in photocata-
lytic processes and that has evidenced high removals is Zinc
Oxide (ZnO) [12, 62, 63], however it has been shown that
the photocorrosion generated is considered to be the main
disadvantage of this catalyst and according to [64, 65], it
presents lower photocatalytic activity compared to TiO,.

The statement made by the authors mentioned above is
true, because by implementing a heterogeneous photocata-
lytic process using TiO,, COD and TOC removals higher
than 57% are obtained using small doses of it, a similar event
to the results was obtained by [66—68] who also achieved
removals higher than 60% of organic materials, metals and
contaminants emerging from leachates when they used the
same catalyst.

It should be noted that the product used was not chemi-
cally or laboratory scale modified, but it is for commercial
use and easily accessible for anyone wishing to repeat the
experiments. As for new alternatives when applying this
type of treatment, there is the modification of the chemical
structures of the catalyst, in this case, of the TiO2. An exam-
ple of the this is the fact that [69], who combined cerium
oxide with titanium dioxide found that the heterostructure
generated can enhance the degradation of recalcitrant con-
taminants through photocatalysis processes. It is also pos-
sible to conclude that future research should focus on cata-
lyst doping in order to favor oxide reduction processes as to
increase the kinetics reaction for the removal of emerging
and recalcitrant contaminants [70, 71], which are present in
large quantities in landfill leachate.

4 Conclusions

Based on the characterization of the leachate from the Guay-
abal Landfill, in terms of COD, DOC, TSS and VSS, it can
be classified as a middle-aged leachate, whose COD/DOC
ratio illustrated low biodegradable characteristics, therefore,
in a biological process very low levels of degradation can
occur, making it necessary to implement a previous phase
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that allows a more stable effluent and with more appropriate
conditions to carry out this process.

The sludge coming from the treatment plant of El Coun-
try neighborhood, located in Jamundi, Valle del Cauca,
provided the optimal and necessary characteristics to carry
out the biodegradability test, since it showed a concentra-
tion of SVI (66.16 mg.L™!), which categorizes it with good
sedimentability, according to its use in a biological process.

Based on the biodegradability test (Zahn Wellens / EMPA
OECD 302B), the leachates are not biodegradable, as less
than 70% biodegradation rates were obtained, indicating that
a process is needed prior to biological treatment, allowing
for a more stable effluent with more consistent conditions
so that significant removal levels exist and the test can be
validated.

Taking into account the OCR (14.64 mg.g~! VSS.h™!)
indicating an adequate development of the microbial metab-
olism and a high biological activity of the sludge, it allowed
the total degradation of ethylene glycol, used as a reference
compound. Therefore, the fact that a considerable removal
was not obtained in the biological process is due to the char-
acteristics and toxic components that make up the leachate.

Heterogeneous photocatalysis (TiO,/UV), provides
higher removal percentages in acidic pH, and low TiO, con-
centrations, since taking into account the latter; the higher
the catalyst concentrations, the incidence levels of UV rays
decrease on the sample, which is reflected in the fact that the
600 mg TiO,.L~! concentration for this project has provided
the lowest removal percentages.

The results obtained in the coupling showed that after
treating the leachate sample through the photocatalysis pro-
cess, a much more stable effluent was available for the bio-
logical process, since within the biodegradability test, the
efficiency in the removal of the contaminants increased by
50%, which improved the treatment conditions.

The need to couple this type of treatment for the reduc-
tion of contaminants and toxins present in the leachates is
evident, since due to their harmful characteristics, they do
not allow a removal of the contaminants present under con-
ventional treatment processes, making it necessary to apply
these new techniques that have proven to be an efficient
alternative, as well as applicable in real scenarios.

In accordance with the country’s current regulations,
Resolution 0631 of 2015, issued by the Ministry of the Envi-
ronment and Sustainable Development, taking into account
the concentration of 500 mg COD.L™! of leachate used in
this research, the final effluent from the coupled treatment
process meets the characteristics for discharge in the COD
(160 mg.L™!) and pH (7.0 and 7.3) parameters. As for the
suspended solids, high loads are still maintained, so in a real
process, already having a sedimentation mechanism avail-
able, the values of these solids would begin to be signifi-
cantly removed.
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Chapter 6: Synthesis
6.1. General Overview of the Research

The present research addresses the treatment of landfill leachates through the
integration of advanced oxidation processes (AOPs) and biological treatments—an
approach widely recognized for its potential to manage complex and low-
biodegradability effluents (Sangkham et al., 2025) (Gopal et al., 2025) (Abo et al.,
2025). Throughout the study, various treatment combinations were evaluated with
the aim of optimizing organic matter degradation, toxicity reduction, and the removal
of nutrients and heavy metals. This aligns with the challenges frequently reported in
the literature regarding comprehensive leachate treatment strategies (Varma &
Singh, 2025) (Singh et al., 2025). Experimental studies were conducted using
leachates from two sanitary landfills with contrasting characteristics: one located in
a municipality with predominantly agricultural activity (La Madera Landfill, Ocana)
and the other in an urban area with significant industrial activity (El Guayabal Landfill,
Cucuta). This comparative approach enables a more representative assessment of
treatment performance, considering the strong spatial and temporal variability in
leachate composition (Jia et al., 2025) (Goukeh et al., 2025).

The experimental tests included the application of catalytic ozonation with magnetite,
upflow anaerobic sludge blanket (UASB) reactors, and microalgae treatments,
evaluating the efficiency of each process both individually and in combined treatment
schemes. This type of integration has been highlighted in the literature as a
promising alternative to address the diversity and complexity of contaminants
present in landfill leachates (Yang et al., 2024 ) (F. Wang et al., 2024). The inclusion
of leachates with different chemical compositions not only broadens the applicability
of the results, but also allows for the validation of the proposed treatments under real
operational conditions—an essential consideration given the variability reported in
previous studies of leachates generated in regions with diverse urban and industrial
dynamics (Sabba et al., 2025) (Goukeh et al., 2025).

The results obtained from the evaluation of catalytic ozonation with magnetite in
leachates from the La Madera and El Guayabal landfills demonstrated high efficiency
in organic matter removal, with chemical oxygen demand (COD) reductions of 85.3%
and 75.8%, respectively. These values are consistent with those reported by other
authors who have highlighted the effectiveness of metal oxides as catalysts in
heterogeneous ozonation processes for the degradation of recalcitrant compounds
(Xiang et al., 2025) (Javaid et al., 2025). The higher efficiency observed in El
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Guayabal suggests that the chemical composition of the leachate significantly
influences the oxidation kinetics, a factor previously identified as critical in the
performance of AOPs (Shi et al.,, 2025) (Song et al., 2025). Furthermore, the
increase in the BODs/COD ratio—from 0.26 to 0.38 in El Guayabal and from 0.23 to
0.32 in La Madera—reflects an improvement in the biodegradability of the treated
effluent, in line with findings from previous studies showing that catalytic ozonation
can transform non-biodegradable organic compounds into more readily degradable
fractions (Yang et al., 2024).

Process optimization using response surface methodology determined that the
optimal conditions corresponded to an ozone dose of 6 g/h, a magnetite
concentration of 2.5 g/L, and a pH of 9. These parameters allowed for maximum
process efficiency and reduced specific ozone consumption, reaching a ratio of 2.7
g O3 per gram of COD removed. This finding aligns with previous studies
emphasizing the critical role of pH and catalyst dosage in the generation of hydroxyl
radicals during catalytic ozonation (Feng et al., 2021). The observed effectiveness
under alkaline conditions is attributed to the enhanced stability and reactivity of the
oxidizing species generated, particularly in the presence of metal oxides such as
magnetite (Yang et al., 2024). In contrast, under suboptimal conditions, such as
acidic pH or absence of a catalyst, ozone consumption increased to 4.8 g O3 per
gram of COD removed, demonstrating lower overall process efficiency. This
behavior has been reported as a standard limitation in non-catalytic ozonation
systems (Moussavi et al., 2012).

The analysis of catalyst stability indicated that magnetite retains its crystalline
structure after several reuse cycles, although a progressive decline in catalytic
efficiency was observed. By the third reuse cycle, COD removal efficiency decreased
from 85.3% to 73.6%, suggesting the accumulation of organic compounds on the
catalyst surface and potential saturation of active sites. This phenomenon has been
widely reported as a primary limitation in the continuous use of heterogeneous
catalysts in advanced water treatment processes (F. Wang et al., 2024). Fourier-
transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM)
analyses confirmed the presence of residues and oxidation products on the
magnetite surface after successive cycles, reinforcing the need to implement
physical or chemical regeneration strategies to extend the catalyst’s service life and
maintain consistent process performance (Moussavi et al., 2012).

The results of this study highlight the feasibility of catalytic ozonation with magnetite
as an effective strategy for the degradation of recalcitrant contaminants in landfill
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leachates. This finding aligns with previous studies that have demonstrated the
ability of heterogeneous ozonation to oxidize hard-to-degrade compounds, thereby
improving effluent quality and biodegradability (F. Wang et al., 2024) (Moussavi et
al., 2012). However, differences in process efficiency were observed depending on
the leachate composition, reinforcing earlier observations about the critical influence
of the wastewater matrix on oxidation kinetics and by-product formation (Feng et al.,
2021). In this study, it was found that in El Guayabal, the interaction between
magnetite and ozone played a more significant role in COD removal, whereas in La
Madera, the process was primarily driven by direct ozone action. This may be
attributed to the differential presence of readily oxidizable organic compounds or
those with greater affinity for the catalyst.

In terms of applicability, the high efficiency in contaminant removal and the
improvement in leachate biodegradability suggest that catalytic ozonation with
magnetite is a viable strategy as a pretreatment within sequential treatment
schemes. This is consistent with several studies reporting substantial improvements
in organic matter degradation and in the stability of biological processes when an
advanced oxidation stage is introduced before anaerobic treatment (Liu et al., 2025)
(Javaid et al., 2025). In the present study, catalytic ozonation used as a pretreatment
significantly increased the BODs/COD ratio and reduced aerobic toxicity, with an
optimal ozonation time of 40 minutes, during which the specific methanogenic
activity reached 0.22 g CH4-COD/(gVSS-d), indicating favorable conditions for
anaerobic microbial activity. Similar results have been reported in studies where pre-
oxidation helped overcome microbial inhibition typically associated with low-
biodegradability leachates (F. Wang et al., 2024) (Moussavi et al., 2012). However,
consistent with previous findings, ozonation alone was not effective for nutrient
removal, and high concentrations of total nitrogen and ammoniacal nitrogen
remained in the treated leachates (F. Wang et al., 2024).

The UASB reactor, operating at a hydraulic retention time of 24 hours, achieved
COD removal efficiencies between 60% and 75%, with greater stability observed in
leachates from the El Guayabal landfill. These results are consistent with previous
studies, where UASB-type anaerobic reactors have demonstrated good
performance in removing organic matter from partially stabilized leachates.
However, their efficiency may be affected by toxic loads and low biodegradability
(Dhamsaniya et al., 2023) (Abdel-Shafy et al., 2024). However, suspended solids
removal was limited, with reductions of up to 65%, and high concentrations of
ammoniacal nitrogen remained in the treated effluents (341.6 mg/L and 546.1 mg/L).
This has been identified as one of the main limitations of anaerobic processes and
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supports the need for subsequent treatment stages designed explicitly for nitrogen
compound removal (Igwegbe et al., 2024) (Dhamsaniya et al., 2023).

Microalgae treatment was evaluated as a complementary strategy for nutrient
removal, achieving reductions of up to 65% in total nitrogen and 70% in phosphorus.
These results are consistent with previous studies that have documented the ability
of particular microalgae species to assimilate nitrogenous and phosphorous
compounds present in wastewater, particularly during tertiary treatment stages
(Geng et al., 2025) (Paiva et al., 2021). However, the observed efficiency in organic
matter removal was lower than that achieved by the UASB reactor, suggesting that
the application of microalgae should be focused on effluent polishing, prioritizing
nutrient reduction and the improvement of final water quality, as proposed in studies
centered on hybrid treatment systems (Z. Wang et al., 2022) (Pinpatthanapong et
al., 2022).

The coupling of treatment processes demonstrated that combining catalytic
ozonation with magnetite and a UASB reactor achieved the highest organic matter
removal. In contrast, the reverse configuration (UASB followed by catalytic
ozonation) led to a more significant reduction in toxicity, including microalgae
treatment after the biological stage, improved nutrient removal, confirming the need
for integrated strategies to optimize final effluent quality. These results are consistent
with studies highlighting the synergy between physicochemical and biological
processes in sequential schemes, which enable targeting different contaminant
fractions present in landfill leachates (Dhamsaniya et al., 2023) (Tian et al., 2022)
(Yang et al.,, 2024) (Geng et al., 2025). The implementation of these coupled
systems has also been promoted for their potential to reduce reagent consumption,
improve energy efficiency, and enhance the stability of biological systems,
reinforcing their feasibility for full-scale applications (Yang et al., 2024).

6.2. Comparison of Advanced Oxidation Processes

The treatment of landfill leachates using advanced oxidation processes has been
evaluated through catalytic ozonation with magnetite and heterogeneous
photocatalysis coupled with biological processes. These methods have been widely
studied for their capacity to degrade recalcitrant compounds in complex wastewater
matrices, improving biodegradability and reducing toxicity (Moussavi et al., 2012)
(Sangkham et al., 2025) (Zhang et al., 2025) (Q. Wang et al., 2025). In this study,
catalytic ozonation with magnetite showed higher efficiency in organic matter
removal, achieving COD reductions of up to 85.3% in leachates from La Madera
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landfill and 75.8% in El Guayabal, along with an increase in the BODs/COD ratio,
indicating a significant improvement in the biodegradability of the treated leachate.
On the other hand, heterogeneous photocatalysis with TiO, achieved up to 57%
COD removal under optimized conditions. It yielded an additional 21% mineralization
when coupled with an anaerobic biological process, reaching a total efficiency of
78%. Such hybrid configurations have been reported in the literature as effective
strategies for enhancing the degradation of persistent organic compounds,
especially in matrices with low biodegradability (Jari et al., 2025) (Silerio-Vazquez et
al., 2024) (Zarzzeka et al., 2024).

While both processes improve leachate biodegradability and reduce toxicity,
catalytic ozonation enables more effective contaminant removal in a shorter
treatment time (40 minutes compared to the 5 hours of solar exposure required for
photocatalysis). This difference in removal kinetics has been previously
documented, highlighting the high reactivity of ozone under alkaline catalytic
conditions compared to the weather-dependent performance of solar photocatalytic
systems (F. Wang et al., 2024) (Xiang et al., 2025). However, photocatalysis has the
advantage of operating with solar radiation, which reduces energy consumption and
allows for lower use of chemical reagents, as emphasized in studies focused on
sustainable water treatment systems (Bah et al., 2023) (Fauziyen et al., 2024)
(Hazaraimi et al., 2024). Regarding nutrient removal, photocatalysis achieved up to
76% reduction in dissolved organic carbon (DOC) and enabled partial degradation
of nitrogen compounds. In contrast, catalytic ozonation maintained elevated
concentrations of ammoniacal nitrogen in the treated effluent, which is consistent
with findings in the literature and supports the need for a subsequent treatment step
specifically designed for the removal of such compounds (Moussavi et al., 2012).

The coupling of these processes with biological reactors improves overall treatment
efficiency by leveraging synergies between physicochemical and biological stages.
The combination of catalytic ozonation with a UASB reactor optimized anaerobic
degradation, enhancing process stability and increasing biogas production. This
approach has been reported in previous studies as an effective strategy to overcome
the limitations of anaerobic digestion in leachates with high organic loads and low
biodegradability (Moussavi et al., 2012) (Yang et al.,, 2024). In contrast,
photocatalysis followed by an activated sludge reactor improved final effluent quality,
promoting the removal of both organic matter and nutrients—findings consistent with
research highlighting the usefulness of hybrid photocatalytic-biological systems in
polishing stages (Hassan et al., 2017) (Kanmani & Dileepan, 2023). These
differences in performance and application suggest that the selection of the optimal
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treatment should be based on the specific composition of the leachate and the
defined purification objectives, enabling the development of integrated schemes that
maximize process efficiency and minimize environmental impact.

6.3. Conclusions

The results demonstrated that the integration of advanced oxidation processes
(AOPs), specifically ozone catalyzed by magnetite, with biological treatments such
as upflow anaerobic sludge blanket (UASB) reactors and microalgae, represents an
efficient strategy for the treatment of landfill leachates.

The catalytic ozonation process with magnetite proved effective in degrading
recalcitrant organic contaminants, achieving chemical oxygen demand (COD)
reductions of 85.3% in El Guayabal and 75.8% in La Madera. This efficiency was
significantly influenced by the chemical composition of the leachate, highlighting the
need to adjust operational parameters based on the effluent characteristics. Process
optimization determined that the ideal conditions included an ozone dose of 6 g/h, a
magnetite concentration of 2.5 g/L, and a pH of 9, maximizing organic matter
degradation while minimizing ozone consumption (2.7 g Os; per gram of COD
removed).

The catalyst stability analysis indicated that magnetite retains its structure after
multiple reuse cycles, although its catalytic efficiency gradually decreases. By the
third cycle, COD removal efficiency dropped from 85.3% to 73.6%, attributed to the
adsorption of reaction by-products on the catalyst surface. This highlights the need
for regeneration strategies to extend the catalyst’s lifespan and maintain its
efficiency.

The coupling of catalytic ozonation with the UASB reactor improved leachate
biodegradability, increasing the BODs/COD ratio from 0.26 to 0.38 in El Guayabal
and from 0.23 to 0.32 in La Madera, facilitating its biological degradation. The UASB
reactor, operating at a hydraulic retention time of 24 hours, achieved COD removal
efficiencies between 60% and 75%, with more excellent stability in the leachates
from the EI Guayabal landfill. However, ammoniacal nitrogen concentrations in the
treated effluents remained high (341.6 mg/L and 546.1 mg/L, respectively),
indicating the need for an additional stage for nitrogen removal.

Microalgae treatment proved to be an effective strategy for nutrient removal,
achieving reductions of 65% in total nitrogen and 70% in phosphorus. However, its
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efficiency in removing organic matter was lower than that of the UASB reactor,
indicating that its application should focus on polishing the final effluent.

The sequence of processes played an important role in overall efficiency. The
combination of catalytic ozonation followed by UASB achieved the highest organic
matter removal, whereas the reverse configuration (UASB followed by catalytic
ozonation) was more effective in reducing toxicity, including microalgae as a final
step improved nutrient removal, reinforcing the need for integrated treatment
strategies adapted to the specific composition of landfill leachates.

6.4.

Recommendations

Process Optimization for Full-Scale Applications:

It is recommended that pilot-scale studies be conducted and operational
parameters optimized to enhance treatment efficiency and economic
feasibility.

The development of continuous-flow systems is suggested to assess the
stability and performance of the process under actual operating conditions.

Catalyst Regeneration and Lifespan Extension:

The progressive reduction in magnetite efficiency indicates the need for
periodic regeneration strategies, such as thermal or chemical treatments, to
maintain its catalytic activity.

The evaluation of low-cost alternative catalysts with similar or improved
activity is recommended to enhance the sustainability of the process.

Nitrogen and Phosphorus Management in the Treated Effluent:

Due to the high residual concentrations of ammoniacal nitrogen,
implementing biological nitrification-denitrification processes or adsorption
technologies is suggested to meet discharge standards.

The obtained microalgal biomass could be valorized as a biofertilizer or
biotechnological input, promoting circular economy approaches.

Toxicity Reduction and Environmental Impact Assessment:

Additional ecotoxicological tests are recommended to evaluate the long-term
effects of the treated effluent on aquatic and soil ecosystems.

Implementing toxicity monitoring protocols will help verify the reduction of
environmental impacts associated with treated landfill leachates.
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6.5.

Energy Efficiency and Economic Feasibility Assessments:

e A detailed techno-economic analysis is necessary to evaluate the large-scale
feasibility of the process, considering energy consumption and reagent costs.

e To improve the energy efficiency of the process, it is recommended that
renewable energy sources, such as solar-assisted ozonation, be explored.

Scientific Contributions of the Study

The present study has contributed to advancing knowledge in treating landfill
leachates by coupling advanced oxidation processes (AOPs) and biological
treatments. Through experimental development, mathematical modeling, and the
evaluation of process synergies, significant results have been generated with
theoretical and applied implications for the sustainable management of leachates.
The main scientific contributions of this study are as follows:

Optimization of Catalytic Ozonation with Magnetite in Leachate Treatment:
The optimal conditions for the degradation of organic contaminants through
catalytic ozonation with magnetite were established, determining the influence of
variables such as pH, magnetite dosage, and ozone concentration. The results
demonstrated improved organic matter degradation efficiency and reduced
toxicity compared to conventional ozonation. This finding expands knowledge of
heterogeneous oxidation mechanisms and their applicability in complex
wastewater treatment systems.

Evaluation of the Impact of Catalytic Ozonation on Leachate
Biodegradability: Catalytic ozonation with magnetite was shown to enhance
leachate biodegradability by promoting the conversion of refractory compounds
into more accessible byproducts for subsequent biological treatment. This
contribution is a foundation for designing sequential treatment schemes, where
advanced oxidation functions as an effective pretreatment before biological
degradation.

Coupling of Catalytic Ozonation with Up-flow Anaerobic Sludge Blanket
(UASB) Reactor: The combination of these processes was evaluated,
demonstrating that pre-oxidation with ozone/magnetite enhances UASB reactor
stability and allows for greater utilization of biodegradable organic matter. An
increase in chemical oxygen demand (COD) removal efficiency and a reduction
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6.6.

in the inhibition of methanogenic activity were observed, contributing to the
improved viability of anaerobic processes for landfill leachate treatment.

Integration of Microalgae in the Treatment of Leachates Post-Treated with
AOPs and UASB: The potential of microalgae for nutrient removal and improving
the quality of the final effluent was explored. The results indicated that microalgal
growth is enhanced in pretreated leachates, enabling efficient nitrogen and
phosphorus removal. This finding suggests that integrating microalgae-based
bioprocesses can be a complementary strategy for treating leachates with high
nutrient loads.

Reduction of Toxicity in Treated Leachates: A detailed toxicity assessment of
treated leachates was conducted using bioassays with aerobic, anaerobic, and
microalgae. The results confirmed that combining AOPs and biological
processes improves effluent quality and significantly reduces toxicity, minimizing
the environmental impacts associated with leachate disposal.

Contribution to Scientific Literature and Applicability in Leachate
Treatment: This research has published several scientific articles that contribute
to the understanding and application of advanced oxidation processes in
leachate treatment. These publications facilitate disseminating the knowledge
generated and serve as a reference for developing new research in this field.

Participation in Academic and Scientific Events

As part of the dissemination of the progress and partial results of this research,
presentations were delivered at various national and international academic events.
The following is a list of the presentations, with corresponding certificates attached
to this document:

Event: Ill Summer School of the European PhD School on Advanced Oxidation
Processes

Presentation: Coupling of Heterogeneous Photocatalysis and Aerobic and
Anaerobic Biological Processes for the Treatment of Wastewater

Event: VI International Week of Science, Technology, and Innovation
Presentation 1: Biodegradability and Toxicity of Landfill Leachates Treated by
Heterogeneous Photocatalysis Using TiO, in a Compound Parabolic Collector
Presentation 2: Protocol for the Maintenance of Strains and Scale-Up in the
Production of Microalgae of Industrial Interest
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e Event: | International Congress of Environmental Engineering
Presentation: Aerobic Biodegradability of Leachates Generated in the El
Guayabal Landfill, Cucuta — Norte de Santander, Using the Zahn-Wellens EMPA
OECD 302B Test

e Event: 1st International Symposium in Agrarian and Environmental Sciences
Presentation 1: Optimization of Carotenoid Production in Scenedesmus sp.
Based on Carbon Source Selection
Presentation 2: Selection of Thermotolerant Cyanobacteria with C-Phycocyanin
(C-PC) Production Capacity

As documentary support, the certificates corresponding to each of the presentations
above are included, providing evidence of the academic dissemination of the
progress and results achieved within the framework of this doctoral research.
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