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Abstract

Alternatives to deal with municipal solid waste (MSW), such as mechanical
biological treatment (MBT) plants, are a trend. In these plants, the organic matter
is digested by anaerobic bacteria, generating biogas and reducing the solid mass,
generating simultaneously a solid compost and a liquid leachate as side-streams.
The leachate has a complex composition and cannot be treated by conventional
wastewater treatment methods, while the compost is mainly used as an
agriculture fertilizer, but the amount produced is higher than its demand. This
work deals with the valorization of compost to produce hydrochars and biochars,
through hydrothermal carbonization (HTC) and pyrolysis, respectively, with
suitable properties to serve as catalysts for the catalytic wet peroxide oxidation
of the landfill waters generated in MBT (TOC =27 g L, COD=60g L™, 38.8
mS/cm and 5 g L of chloride ions). Seven catalysts were produced from compost
and characterized by several techniques. The catalysts were subjected to
screening tests of H202 decomposition and the best two were selected to be
further studied in the catalytic wet peroxide oxidation (CWPO) of leachate. The
experimental conditions of the process, temperature, pH, catalyst load and H20:2
addition were studied seeking optimization. The best experimental conditions
found were T =80 °C, pH = 3.0, 7.2 g L of catalyst, 85.71 g L of H202, added
in five batches each hour. Under these experimental conditions, the hydrochar
prepared at 230 °C (HTC-230) achieved removal of 43 % of chemical oxygen
demand (COD) and total organic carbon (TOC), turbidity, aromaticity, phenols,
chlorides and 5-day biological oxygen demand, (BODs) removals of 52, 95, 93,
72, 35 and 93 %, respectively. Resins were used to pre-treat the leachate, in
order to enhance the CWPO results. Using a cationic adsorption resin (TP-207),
considering again operating conditions of T=80°C, pH=3.0, 7.2 g L* of
catalyst, 85.71 g L* of H202, the catalyst HTC-230 achieved 62 %, 55 %, is 97
%, 95 %, 46.5 %, and 97 % for COD, TOC, turbidity, aromaticity, chlorides, and
BODs.

Keywords: Municipal solid waste; Valorization; Wastewater treatment; CWPO,;

Leachate waters; Carbon-based catalysts.



Resumo

As unidades de tratamento mecanico e biologico (TMB) séo alternativas para
lidar com os residuos solidos urbanos (RSU). Essas unidades através da
digestdo anaerdbia da matéria organica, geram biogas e reduzem a massa
sélida, porém geram um residuo solido (convertido em composto) e aguas
lixiviantes (ou lixiviado) como sub-produtos. O lixiviado tem uma matriz
complexa, o que inviabiliza o seu tratamento pelos métodos convencionais,
enquanto o composto é usado principalmente como fertilizante agricola. Este
trabalho tem como objetivo a valorizacdo do composto para a producdo de
materiais carbonaceos, através de carbonizacdo hidrotérmica (CHT) e pirdlise,
respectivamente. Os materiais obtidos, com propriedades para atuarem como
catalisadores no processo de oxidagcdo catalitica com perdxido de hidrogénio
(CWPO), séo posteriormente usados no tratamento do lixiviado (TOC = 27 g L,
CQO =60gL1 388mS/cmeb5gL?de ides cloreto). Neste trabalho foram
produzidos sete catalisadores a partir de composto e caracterizados por diversas
técnicas. ApoOs testes de screening da atividade catalitica na reacdo de
decomposicdo de H202, dois deles, o primeiro de pirdlise e o segundo de CHT,
C-800 e HTC-230, foram selecionados para ensaios de CWPO do lixiviado.
Foram estudadas as condi¢cOes experimentais para otimizar o processo, variando
temperatura, pH, carga de catalisador e adicdo de H202. A condicdo
experimental 6tima encontrada foi T = 80 °C, pH = 3,0, 7,2 g L™ de catalisador,
85,71 g L'* de H202, adicionados em cinco doses com 1 h de intervalo. Sob essas
condi¢cbes experimentais, o catalisador HTC-230 permitiu remocdes de 43, 52,
95, 93, 72, 35 e 93% de caréncia quimica de oxigénio (CQO), carbono organico
total (TOC), turbidez, aromaticidade, fendis, cloretos e caréncia bioldgica de
oxigénio de 5 dias (CBOs), respectivamente. Afim de potencializar os resultados
de CWPO foram utilizadas resinas para pré-tratar o lixiviado. Utilizando a resina
de adsorgéo catiénica TP-207, em condi¢cdes de T=80°C, pH=3,0,7,2g L de
catalisador, 85,71 g L™ de H20z2, o catalisador HTC-230 permitiu remocdes de
62, 55, 97, 95, 46,5 e 97% de COD, TOC, turbidez, aromaticidade, cloretos e
CBOs.

Palavras-chave: Residuos sélidos urbanos; Tratamento de aguas residuais;

CWPO; Aguas lixiviantes; Catalisadores de base carbono.
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1 INTRODUCTION

1.1 Introduction

Since humanity started living in communities and towns, the generation of
solid waste has largely increased. According to the Encyclopaedia Britannica,
technological approaches for the management of municipal solid waste (MSW)
started to be applied only by the end of the 19" century [1].

According to a report published by Eurostat in 2018, MSW worldwide
corresponds to 10% of the total waste generation. In 2017, each European citizen
generated, on average, 480 kg of MSW, and its generation is expected to reach
around 3.4 billion tonnes by 2050 [2]. Globally, authorities are concerned with this
production, since MSW has a complex composition, comprising plastics, metals,
and complex electronic wastes, among others. If the MSW is not properly
managed, the environment could suffer from irreversible consequences [2,3].

The main approaches for MSW management are recycling, landfilling,
composting, and incineration. Landfilling is the most harmful approach, as no pre-
treatment is usually performed, causing health-related risks, and discarding
profitable resources. Therefore, several studies have been performed in the
recent past in order to develop methods to deal with the MSW in an economically
and eco-friendly way. This results in a decrease of 60% on the use of landfills
between 1995 and 2017, and in an increase of the recycled and composted
fractions, 195% and 196%, respectively, in the same time frame. However, the
main approach is still landfilling [2—-4].

More sustainable strategies to manage MSW have been developed, such as
mechanical and biological treatment (MBT). In MBT plants, the collected waste
is directed to an organic matter separation step. This organic fraction goes to a
biological treatment stage, generating biogas, which is a sustainable source to
supply energy and, as sub-products, wastewater (leachate) and a solid fraction
(converted to compost). The compost is mainly used as an agricultural fertilizer,
but the amount produced is higher than its demand, resulting in an excess that is
currently accumulated in landfills. Thus, researchers are trying to find new

technical solutions for its valorization or application [5,6].



The leachate, the wastewater generated in the MBT (as well as in landfills),
is far away from the standards needed for direct disposal on rivers, requiring
treatment. The leachates have a complex composition and a high content of total
organic carbon (TOC), resulting in high values of chemical oxygen demand
(COD) and biological oxygen demand (BODs). Table 1 displays the general

characteristics of leachates.

Table 1: Usual range of leachate characteristics according to its age

Leachate age COD (mg/L) BOD (mg/L) BODs/COD Metals
(mg/L)

0 to 5 years 10000 - 50000 2000 - 10000 >0.3 2000
510 10 years 1000 - 10000 100 - 2000 0.1-0.3 <2000
More than 10 years 100 - 5000 2-150 <0.1 < 2000

Adapted from Renou et al (2008) [7] and Schiopu & Gavrilescu (2010) [8].

With such low quality, the traditional water treatment processes are not able
to deal appropriately with leachate waters, creating a need for more robust and
efficient alternative chemical treatments, such as advanced oxidations processes
(AOP). AOPs have displayed interesting results towards the treatment of
wastewaters from many sources, bearing different organic pollutant loads [7].
Among them, catalytic wet peroxide oxidation (CWPO) is an AOP based on the
selective decomposition of hydrogen peroxide into hydroxyl radicals by the use
of a suitable heterogeneous catalyst [9].

On the other side, besides being accumulated on landfills due to high
production, other concerns related to compost are the variation of its properties,
which depends on the waste that enters the MBT, and also the presence of
metals, which can be toxic for agricultural purposes, allied to the high percentage
of organic matter of the compost. In this way, compost can be regarded as
valuable for its application on alternative processes, such as a catalyst in
wastewater chemical treatments, as it is the case of CWPO [5,10].

1.2 OBJECTIVES
1.2.1 General Objective

The main objective of this work is to evaluate the use of carbon-based
materials obtained from compost to treat by CWPO the leachate waters produced
in MBT units.



1.2.2 Specific Objectives

e Fully characterize the leachate before and after treatment in terms of its
COD, BODs, TOC and other relevant parameters on wastewater
monitoring;

e Evaluate different carbon-based catalysts obtained from compost, using
thermal and chemical treatments, on the decomposition of hydrogen
peroxide and on the CWPO of the leachate waters obtained in the same
MBT unit where the compost is produced,;

e Choose the material with the highest activity towards the CWPO of the
leachate, for further studies;

e Evaluate the efficiency of CWPO on the treatment of the leachate;

1.3 Document Structure

This master thesis is divided into five chapters. Chapter 1 presents the
introduction and objectives of the work, when relevant topics are raised for the
understanding of the theme regarding the generation and management of MSW,
generation of leachate by the MBT units and its characteristics, and possible
treatments of the leachate by AOP process.

Chapter 2 presents the state of the art, the part of the work where the
bibliographic survey was carried out about MSW, MBT treatment of the MSW,
review of AOP treatments of leachate, CWPO mechanism and optimization and

carbon-based materials.

The experimental part of the work is detailed in chapter 3, where the

reagents, equipment, and experimental processes are described.

The results obtained for the characterization of carbon-based and raw
material, catalysts hydrogen peroxide decomposition screening and CWPO runs

are presented in chapter 4.

Finally, chapter 5 presents the conclusions with topics of interest for future

research.
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2 STATE OF THE ART

2.1 Municipal solid waste management (MSWM)

The continuous increase of mass consumption patterns has a direct impact
on the increase of MSW production. This presents a strong concern to the
authorities around the world since wrong disposal and management could result
in pollution, mainly related to the emission of carbon dioxide and methane, gases
that are responsible for the greenhouse effect [11]. MSW is the waste generated
in cities that comes mainly from three sources. The first source is originated in
houses, called domestic waste. It has a simple composition, usually plastic, food
waste, glass and some metals. The second source arises from commercial
facilities, which includes restaurants, shopping malls, stores, supermarkets,
among others. The commerce-related MSW, since it comes from different kinds
of establishments, has a more heterogeneous composition, making it harder to
deal with than the domestic-related MSW. The third source is industry, which
generates MSW much more complex to treat than the other sources [12].

In order to prevent the generation of excess waste and to better promote
waste management, Europe released the Directive 2008/98/EC, which sets the
concepts and definitions about waste management, explains when waste ceases
to be waste and becomes a secondary raw material, and how to distinguish
between waste and by-products. This directive focuses on waste prevention
programs, which are the more sustainable strategy to deal with waste [13].

There are big gaps in the MSWM, such as the lack of segregation of the
waste at its origin, lack of recycling systems, poor reutilization and, sometimes,
in the carelessness of the disposal method [11]. Figure 1 shows a strategy for a
MSWM suggested by the European Commission, through the EU directive
2008/98/EC [13].
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Figure 1: MSWM preferable strategies
Adapted from European Commission (2019) [13]

As observed in Figure 1, landfill disposal is the last and worse option in the
waste management hierarchy. However, there is a trend to use this method for
industrial and municipal waste, due to its cheapness [8,14].

One of the major drawbacks of landfilling is the generation of leachate waters.
A leachate water is a liquid generated by the degradation of the waste disposed
on the landfill combined with rainfall. The oldest landfills usually do not have a
proper way to capture the leachate and to treat it, so it easily enters the soil,
causing serious problems for the environment [8,14,15]. Figure 2 illustrates the

mechanism of leachate generation and infiltration into the environment.
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Figure 2: Leachate generation and infiltration mechanism
Adapted from Morling, 2007 [16]

A leachate is characterized by the high content of heavy metals, TOC and
ammonium, which results in high conductivity, COD and BODs. Its composition
depends on the leachate age, the kind of landfill, the types of waste deposited,
temperature and moisture. Due to its characteristics, the generation of leachate

must be reduced, to be collected and treated.



To deal with the MSW and to reduce the generation of leachate, the solution
must fulfill a few criteria, such as being environmentally sustainable, being as
cheap and efficient as possible, socially acceptable and politically practicable.
Fortunately, the direct deposition of MSW in landfills is decreasing in Europe year
by year, as illustrated in Figure 3.
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Figure 3: Municipal waste treatment in Europe by type of treatment, (kg per capita)
Adapted from Malinauskaite et al(2017) [17].

More environmentally friendly strategies, such as recycling and composting,
have been increasingly adopted, stressing the European concern with MSWM,
as displayed in Figure 3 [17].

The recycling, that can be carried out for different kinds of wastes, mostly for
plastics, glasses, papers and aluminium, has a huge positive impact on MSWM.
In the recycling, waste that has no value, and would be disposed directly in a
landfill, after the recycling process, generate cheaper raw materials. The main
goal of recycling is to save landfill space and to improve the local economy,
creating more jobs and new products that can be sold [18—20].

According to Wei et al (2017), biodegradable material represents between 40
to 70% of MSW [21]. In this context, the composting process is essential, since it
biodegrades the organic matter, under aerobic or anaerobic conditions. There are
several composting methods, but they operate in the same way. First, the organic
matter of MSW is separated, then it is biodegraded and, after some maturing and
stabilization processes, it leads to the final product, the compost. All composting
methods have the same goal, which is to reduce the mass of waste and to
generate the compost, which can be used mainly on soil fertilizing. Even when
the compost is not used somewhere, it has more calorific value when incinerated.



Some composting methods also produce biogas, that has good economic value
for industries [21-23].

2.2 Mechanical Biological Treatment

In 1999, Europe, through the Directive 1999/31/EC, established regulations
for reducing landfill usage, the less preferable way on the waste management
hierarchy [24]. One of the big problems is the direct disposal of biodegradable
organic matter in a landfill since this matter can be treated in several alternative
ways, such as by Mechanical Biological Treatment (MBT) [25]. MBT is a process
that degrades the organic matter present in MSW, using biological treatments
and generating compost and biogas.

In order to avoid and reduce the presence of biodegradable waste in landfills,
the use of MBT plants is growing over the last two decades, as reported by
Bernat, et al. (2020) [26].

In Portugal, many companies are working with waste management and more
environmentally friendly sources to generate energy. As an example, Residuos
do Nordeste S.A. built an energy valorization center to produce energy from
biogas. This center produces annually 4.500 MWh of energy, which is capable to
supply one year of energy to around 1500 houses [27].

Figure 4 shows a scheme of the working process of a general anaerobic MBT

plant.

Waste Input

Rejected materials
goes to recycling

- Biogas

Bulking Agent

. Rejected
materials

11l

Compost

Figure 4: Scheme of the steps of MBT plants
Adapted from Ponsa et al (2008) [28].



In the first part, the mechanical pre-treatment, the MSW is separated into two
main fractions, the organic matter and the inorganic matter, the latter comprising
plastics, metals and glass, among others, which are directed to proper recycling.
[25,28,29].

Once the MSW is separated, it goes to the anaerobic digestion step, where
the organic matter is broken by the anaerobic bacteria. In this step, there is a
significant reduction of the organic matter mass and the production of biogas,
mostly composed of methane and carbon dioxide, that is kept for later usage in
production of electricity or for selling. The retention time in this step usually goes
from 2 to 4 weeks, for more efficient digestion [25,28,30].

A lot of variables influence the digestion step. First, there is the composition
and granulometry of organic matter particles. In addition, if the inorganic matter
IS not properly separated, the potential for biogas drops off. Other parameters,
such as temperature, pH and dissolved oxygen also have a huge influence in the
anaerobic digestion [25,28,31].

One of the issues of the anaerobic digestion step is the leachate that comes
out of the reactor. This leachate sometimes can be recycled to the system again,
but when it has high COD, TOC and some metals, the bacteria used on the
digestion step may not work properly, so usually the leachate becomes
wastewater, and the usual physical and biological treatments are not adequate
to deal with it [28,31]

After the anaerobic digestion step, the remaining organic matter goes to
composting, where it is combined with a bulk agent and transferred into
composting tunnels for at least two weeks. This step is important to stabilize and
sanitize the compost. According to Ponsa (2008), longer composting times
should lead to compost with more stability [28].

A final step of mechanical treatment of the compost may be applied. The
objective is to remove the inorganic matter that came all the way through the
process, further stabilizing the compost. Compost has been largely used in
agriculture as a fertilizer [22].

According to Di Lonardo et al. (2012), the quantity and quality of the outputs
of an MBT is a function of the input characteristics, which depends on the location

where it has been generated, either rural or urban, the type and percentage of
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materials that are separated in the pre-mechanical treatment and, lastly, on the
types of mechanical and biological processing units employed in the plant [32].
As reported by Montejo et al. (2013) and Velis et al. (2010), the main issues
that limit further growth of the MTB plants and their ideal work are the many
variables that interfere in the microbiological digestion (and that need to be
controlled), the fact that most part of the compost is still discarded on landfills,
even knowing that the compost has many applications and economical value,
and the need to improve the technology of the plants, since some of them are
more than 15 years old and have not gotten the necessary upgrades [29,33].

2.3 AOPs in the treatment of leachate wastewater

According to Renou at al (2008), leachate has a huge potential for
contamination of surface water and groundwater, due to its high concentration of
pollutants, requiring more robust treatments [7].

AOPs are demonstrating promising results for the degradation of resistant
compounds or for their transformation into biodegradable compounds for further
biodegradation treatments [34]. AOPs were first defined by Glaze et al (1987) as
an alternative to conventional water treatment processes, performed at ambient
temperature and pressure, based on the in situ generation of a powerful oxidizing
agent (hydroxyl radicals), to promote the unselective decomposition of pollutants
in wastewater [35]. The main AOPs are catalytic wet peroxide oxidation (CWPO),
Fenton (Fe?* + H20z2), photolysis and photocatalysis, electrochemical oxidation,
and ozonisation. Additionally, these processes can be intensified by combining
them with other technologies, such as in the case of Fenton, which can be
enhanced by the use of light sources (Photo-Fenton), ultrasounds (Sono-Fenton),
electricity (electro-Fenton), or microwaves (microwave-assisted Fenton).

The first reported AOP is the Fenton process, based on the use of a soluble
iron(ll) salt mixed with hydrogen peroxide, also called the Fenton reagent, that
was applied to degrade organic pollutants from water [36]. The Fenton process
is well known to reach high conversions of pollutants at short times of reaction.
However, some pollutants are refractory to the process or their conversions are

slow, reason why efforts were done to use intensified Fenton to reach higher
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conversions in lower time, such as Photo-Fenton, Sono-Fenton, electro-Fenton
or microwave-assisted Fenton. However, intensified processes require an extra
supply of energy and lead to an increase in the operative cost of the process.
Additionally, Fenton or intensified Fenton show a significant drawback, since
soluble iron stays on the effluents at the end of the treatment process, being hard
to recover or to eliminate [36—38].

The treatment of leachates with AOPs also presents some challenges, as
leachates have a very complex matrix, influenced by a lot of geographical and
socioeconomic parameters. There are several ions, such as chlorides,
carbonates and sulphates, that can react with the catalyst surface, creating
undesirable complexes that limit the generation of the hydroxyl radicals,
deactivation the catalyst and lowering the efficiency [34,39].

Also, some of the ions present in the medium, such as bicarbonates and
chlorides, may act as radicals scavengers, consuming hydroxyl radicals and
hindering the oxidation of the organic content of the leachate [6].

The concentration of the organic pollutants changes heavily according to the
age of the leachate (in landfills), as previously shown in Table 1. In fresh
leachates, with a high organic pollutant concentration, studies have shown that
the catalyst loses its activity faster. The organic molecules present in the leachate
can enter into the catalyst pores, hindering the generation of hydroxyl radicals,
this being the main responsible for the catalyst poisoning [34,40].

There are a few reports on the literature regarding the treatment of leachate
waters and other sources of real wastewater using AOPs. Table 2 summarizes
the studies performed on different sources of leachates treated by AOPs, the
experimental conditions applied, the catalysts used and the main results

obtained.
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Table 2: Review of AOP treatments applied to leachates from various sources
Source AOP Catalyst Experimental Main results = p ¢
conditions (Removal)
V: 750 mL
t:1h
pH: 3to 3.5
[H202]: .
. [COD]: 86%
Landfill b oto-Fenton  FesOw7Hz0 10,000 mg/L [TOC]: 74%  [41]
Leachate [Cat]: 2000 mg/L :
. Color: 92%
wavelengths: 200
to 600 nm, H202 in
four feedings
T:25°C
t: 30 min
Lfrf‘)‘;;‘fge V: 100 mL
Fenton Fe2* pH: 2.5 [COD]: 61.3% [42]
Central 247
MSW [H202]/[Fe ] 15
[Cat]: 0.1 mol/L
T:25°C
Stirring: 200 rpm
[H202]: 5000 ppm
V: 900 mL
Ile_:(r:]r?g':le Electro-Fenton eletlzr[(r):des ° tezlggt:rc:?nes [COD]:74.2%  [43]
pH:3,4
Current density: 20
mA/cm?
Gas flow: 200
mL/min
Heterogeneous [O]: 80 g/m?
Landfill catalytic Activated T:20°C [COD]: 45% [44]
leachate ; carbon pH: 8 Color: 70%
ozonation i )
t: 40 min
[Cat]: 6.7 g/L
HZOZ/g CODraw
leachate: 1.7 @ [COD]: 63%
Fenton with a [FeSO4-7H20/H202] True color:
Municipal microfiltration :1.5.3 76%
Landfill and FeS0O4-7H20 pH: 3.8 Humic [45]
leachate nanofiltration t: 28 min substances:
system Stirring: 118 rpm 50%
pH: 8 [TOC]: 71.0%
t: 4h
T:18°C . EM0
Stabilized AllFe-pillared pH: 3.7 K ohanced of
landfill CWPO [Cat]: 20 g/L [46]
leachate clay catalyst [H202] = 4.68 mol/L BODs/COD
' 0.135t0 0.321
. t: 24h Aromaticity:
Mid-aged magmec TE0C
Ieg/(lzi;te “wre nar?(r)?:gmtrl)%sit [Cat]: 0.5 g/L [TOC]: 55% o)
o5 [H202] = 27.7g/L BODs/COD
0.21t00.42
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Experimental Main results

Source AOP Catalyst conditions (Removal) Ref.
T:22°C
pH: 3.7 (Fenton)
pH: basic
(ozonatiqn) Removal of:
- Ozone W|th_ [CODJ: 72%
Stabilized Fenton 4 hydrogen peroxide: ;
X Fe?* (Fenton BODs/COD
landfill followed by 400 mg/L . [47]
. process) i g increased from
leachate ozonation t: 40 min Fenton
. 0.01t00.24
and 30 min
ozonation
[H202/Fe?*]: 3
[Cat]: 4 mmol/L
i Removal of
VD [CODJ: 84.7%
Stabilized Flyash [Cat-]' 1.0 /L [TOC]: 68%
landfill CWPO augmented p.H'.3 9 BODs/COD [48]
leachate Fez0a4 PRy increased from
[H202.]. 0.05_ mol/L 0.034 10 0.41
t: 90 min

Abbreviations: t = Time; T = Temperature; V = Leachate volume; [Cat] = Catalyst concentration

Primo et al. (2008) achieved removals of 86, 74 and 92% for COD, TOC,
and color, respectively, under optimized conditions, with a photo-Fenton process
for landfill leachate [41]. Even though high conversions were achieved, the
leachate needed initial acidification to pH 3 and, in the end, a basification step to
pH 8, in order to precipitate iron particles. The recyclability of the catalyst was not
evaluated.

Zhang et al. (2005) performed optimization of a Fenton process for the
treatment of a landfill leachate and obtained a COD removal of almost 62% after
30 min of reaction and with a low residual concentration of iron oxides (only
0.005 mol/L) [42]. The main issue is that the leachate was diluted with distilled
water, the pH needed to be adjusted from 7 to 2.5 and only COD removal was
assessed. These experimental conditions make it hard to implement in real
leachate conditions.

Orkun and Kuleyin (2010) treated landfill leachate with an Eletrochemical-
Fenton process in order to degrade COD. A removal of 74% was obtained in
optimum conditions[43]. The authors also performed an economical study of the
process and concluded that the Eletrochemical-Fenton process is more efficient
from an econom