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Abstract

An efficient wastewater treatment system provides economic, environmental, and
social advantages that positively impact communities. Therefore, this study proposes the
application of silver-doped carbon nanotubes obtained by upcycling plastic solid waste
for wastewater treatment to evaluate their antimicrobial and catalytic activity. The
metallic catalyst used in the chemical vapor deposition of carbon nanotubes was prepared
with a composition of 88% alumina phase, 9% nickel oxide phase, and 3% cobalt ferrite
phase with a polymer mix (25% low-density polyethylene, 35% high-density
polyethylene, and 40% polypropylene). The carbon nanotubes were functionalized with
15.2 M nitric acid and subsequently subjected to two silver doping techniques (0.05 M):
one by chemical co-precipitation with 0.05 M sodium borohydride, with 5% and 10%
silver and the other by wet impregnation, also with 5% and 10% silver. The results
obtained for N2 adsorption isotherms characterize the materials as Type 1V, attributed to
mesoporous materials. BET, thermogravimetric, and elemental analyses demonstrated
that doping by wet impregnation was more efficient than doping by chemical co-
precipitation, resulting in higher surface areas, up to 219 m?/g, and higher C/H ratios
(1546.7) in the 10% silver wet impregnation doping. CWPO experiments demonstrated
that the catalysts doped by wet impregnation with 5% and 10% silver were the only ones
capable of reducing 100% of the bisphenol-A concentration (100 ppm) after 8 hours of
reaction, with the CNT doped by wet impregnation with 5% silver showing the best
overall performance. Adsorption and desorption experiments of the materials recovered
from the reaction confirmed that the pollutant was mainly oxidized, not adsorbed, and the
adsorptions observed were characterized as physisorptions. The CWPO experiment
coupled with the disinfection of an Escherichia coli bacterial strain at an initial
concentration of 0.5 on the McFarland scale over a simulated pollutant matrix showed
that hydrogen peroxide (537 ppm), as well as the CWPO reaction using 5% silver wet
impregnation doped CNT was able to eliminate 99.99% of the microorganisms,

demonstrating a bactericidal effect.

Keywords: Plastic solid waste; Chemical recycling, Organic compounds; CWPO;

Disinfection.
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Resumo

Um sistema de tratamento de aguas residuais eficiente proporciona vantagens
econdmicas, ambientais e sociais que impactam positivamente as comunidades. Portanto,
neste trabalho ¢ proposta a aplica¢dao de nanotubos de carbono obtidos de residuos so6lidos
plasticos dopados com prata para o tratamento de dguas residuais a fim de avaliar a sua
atividade antimicrobiana e catalitica. Para isso, o catalisador metalico utilizado na
deposicao quimica em fase vapor de producdo de nanotubos de carbono foi preparado
com uma composi¢ao de 88% de fase de 6xido de aluminio, 9% de fase de 6xido de niquel
e 3% de fase de ferrite de cobalto com um MIX de polimeros (25% de polietileno de baixa
densidade, 35% de polietileno de alta densidade e 40% de polipropileno). Os nanotubos
de carbono foram funcionalizados com dacido nitrico 15,2 M e, posteriormente,
submetidos a duas técnicas de dopagem com prata (0,05 M): uma por co-precipitagao
quimica com borohidreto de sodio 0,05 M, com 5% e 10% de prata, e outra por
impregnacdo himida, também com 5% e 10% de prata. Os resultados obtidos para as
isotérmicas de adsorcdo de N> caracterizam os materiais como Tipo IV, atribuidos a
materiais mesoporosos. As andlises BET, termogravimétrica e elementar demonstraram
que a dopagem por impregnacdo humida foi mais eficiente que a dopagem por co-
precipitagdo quimica, resultando em maiores areas superficiais, chegando a 219 m?/g e
maiores relacdes C/H (1546,7) na dopagem por impregnagao hiimida a 10%. Os ensaios
de CWPO demonstraram que os catalizadores dopados por impregnacao humida com
prata a 5 e 10% foram os Unicos capazes de reduzir 100% a concentragdo de bisfenol A
(100 ppm) apos 8 horas de reagdo, onde o CNT dopado por impregnacdo hiimida com
prata a 5% apresentou o melhor desempenho geral. Os ensaios de adsor¢do e dessor¢ao
dos materiais recuperados da reagdo confirmaram que o poluente foi principalmente
oxidado, ¢ ndo adsorvido, e as adsor¢des constatadas foram caracterizadas como
fisissor¢des. O ensaio de CWPO acoplado na desinfeccdo de uma cepa de bactérias
Escherichia coli auma concentragdo inicial de 0,5 da escala McFarland sobre uma matriz
simulada de poluente, mostrou que o perdxido de hidrogénio (537 ppm), assim como a
reacdo CWPO utilizando CNT dopado com prata por impregnacao himida a 5% foi capaz

de eliminar 99,99% dos microrganismos, apresentando efeito bactericida.

Palavras chave: Residuos solidos plasticos; Reciclagem quimica; Compostos organicos;

CWPO; Desinfeccao.



vi



TABLE OF CONTENTS

INDEX OF FIGURES ......ucouintiiinninsnnsinssissnnsesssnssssssssssssssssssssasssssssssssssssssssssssssssssssss X
INDEX OF TABLES xii
INDEX OF ABBREVIATIONS xiii
1 INTRODUCTION ...uuciuiiniiniseisnecssnssncssecsssssesssesssssssssssssssssssssasssssssssssssssssassssssssssssses 2
2 OBJECTIVES...uoiitiiensinsuinensisssissesssisssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 4
2.1.SPECIFIC OBJECTIVES ..ottt 4

3 STATE OF THE ART 6
3.1.WASTE GENERATION......cootiitiiiiiiiniteieetee ettt s 6
3L 1 GlODAL COREXT ... 6

3. L. 2. EUPOPEAN UNIOMN ...ttt 7

3L L3 POFIUGAL. ... 8
3.2.MUNICIPAL SOLID WASTE: What has been done in the literature?................ 9
3.3.PLASTIC SOLID WASTES ..ottt 11
3.3.1.Plastic recyCling data..................ccc.ooceuvieiuiiaiiieiiieeeeee e 12
3.3.2.PlAStIC FECYCIING ... 15

3. 4.LANDFILL LEACHATE ....ootiieeeee ettt 20
3.4 1. TreatMeENt OPIIOMS .........cccuveeeeeeiiiee ettt e e e e e enareee s 21
3.5.CARBON NANOTUBES .......oooteeieeee sttt 23
3.5.1.From carbon to NANOTUDES .................cccccooieioiiiiiiiiiieieeiee e 23

3. 5. 2U8PRERESES .ot 26
3.5.3.Ag-doped CNTs for wastewater diSINfeCtion..............cc.cccoevcvevieecieenvennnnnn. 28

4 MATERIALS AND METHODS 31
A1 REACTANTS . ettt ettt ettt ettt et e et esae et e eneenseense e 31
4.2 PREPARATION OF CNTS...ooetiiieiieieeiieiteie sttt ettt et saeens 32

4. 2.1 Metal CALALYSE .........oooeeeeeeeee e 32
4.2.2.Synthesis and purification Of CNTS ..........ccccccoeevieieiieieiiiieeiieeeiee e 33

vii



4.2.3.AZ-AOPEA CNTS ..ot 34

4.3.MATERIAL CHARACTERIZATION TECHNIQUES. ........ccceeiiiiiiiiiinieneene 35
4.3.1.8urface and pore analySer................c.cccocecievouiiciaiieeiieiieeeee e 35
4.3.2. Thermogravimetric analysis (TGA)...........cccccoevvimvviaiieniiiiieeieeeeee e, 37
4.3.3.Elemental analysSis (EA) .........ccccooivoiiiiiiiiiiieeie et 37
4.3.4.X-ray diffraction (XRD)..........cccccccouviiiiiiiiieiiiee et 37
4.3.1. Transmission electron microscopy (TEM) and Scanning electron

TICTOSCOPY (SEM) ..o 38

4.4 MICROBIOLOGICAL CHARACTERIZATION OF LANDFILL LEACHATE

38

4.5.CWPO OF BISPHENOL-A ......oooieiiieieteeesite ettt 39

4.6.CWPO AND DISINFECTION .....ooiiiiiiiieiteiesiieie ettt 41

4.7 ANALYTICAL TECHNIQUES ......oioiiiieieeeeeeeeeee et 43

5 RESULTS AND DISCUSSION....ciiinieseisrensuecsanssnssancssessesssecssssssssssssssssassssssassssssns 47

5.1.CHARACTERIZATION OF MATERIALS......ccctiiitiieieeeeeeeeeeeee 47
5.1.1.Textural properties and morphology.................cccocccvvvieioiiicianiiiaieeieen, 47
5.1.2. Thermogravimetric analySis (TGA)..........ccccccoueevveiecieeeiieeeiieeeieeeeeeeen 53
S5.1.3. Elemental analysis (EA) .........cccoooouiiiiiiiiiieeeiee e 55
5.1.4.X-ray diffraction (XRD)..........cccccooieiiiiiiiiieeeieeeeiee e 56

5.2.MICROBIOLOGICAL CHARACTERIZATION OF LANDFILL LEACHATE

58

5.3. EXPERIMENTAL REACTIONS ......coiiiiiiiiieeeeeeeeeee et 58
5.3 LLAASOTDEION ... 58
5.3.2.H>0: catalytic deCOMPOSTLION..................cccueeveeieiiiieciiieiieeee e 59
5.3.3.Catalytic wet peroxide oxidation (CWPQO)...........cccccccoueevveeeeieeeieeaeieeennnn 61
5.3.4.Coupled disinfection and CWPQO..............cccccccoueevieeeiiieeiieeeee e 64

6 CONCLUSIONS AND FUTURE WORK......uconiiruiirensrnsnecsensncsancsssssnsssessssssesans 68

0. 1.CONCLUSIONS ..ottt sttt ettt 68



60.2.FUTURE WORK ......cociiiiiiiiiiiiieee s

7 REFERENCES

X



INDEX OF FIGURES

Figure 1. Solid waste generation to the income level of countries [25]. ......cccceevveernennns 7

Figure 2. Waste hierarchy according to The Waste Framework Directive of the EU [4].

........................................................................................................................................... 8
Figure 3. The 50 most frequent keywords in the works of relevant authors in the WoS
AdAresSING MSW. ..o ettt e e et e e e ta e e st e e e e sbee e sbeeensseeenaeenn 10
Figure 4. Plastic production (a) Through years in Europe and the World, (b)
Distribution of plastic production worldwide (2020 data) [12].....ccccoeevievieeiiienieeiienens 13
Figure 5. European plastics converters - demand by polymer type (2021) [12]. ........... 14
Figure 6. Properties of Carbon atom. ..........cccceeviiiiiiiieiiicceeceeee e 24
Figure 7. Types of carbon nanotubes [87]. ....c.veevvieeiiiieiiieeceeeee e 25
Figure 8. Various methods of CNTs preparation, purification, functionalization, and
CRATACTETIZATION. 1...evteieeeet ettt et b et e sbe et saeenbe e 26
Figure 9. Experimental method for carboxylation of CNTs using HNOa. ..................... 28
Figure 10. Antimicrobial mechanism of Ag-doped CNTS. ......cccceeevvievciieniieeeiie e, 29
Figure 11. One-chamber reactor setup used to synthesize CNTs by CVD. ................... 33
Figure 12. Classification of physisorption isotherms by IUPAC [103]........cccccecveriennene 36
Figure 13. [UPAC classification for hysteresis 100p [103]. ....cccooviieiieniiieiieieeiies 36
Figure 14. Representation of experimental stages including CWPO process and
MICrobiological ANALYSIS. ...cvvieeiiieiiee et 43
Figure 15. Calibration curve for H2O2 determination.............cecevvereeienieneniieneenennns 44
Figure 16. Calibration curve for pollutant leached measurements. ..........c.ccceceevernennene 45

Figure 17. Hysteresis loop for (a) NiFe/CoFe@Al>O3, (b) CNT, (¢) CNT-COOH, (d)
CNT-COOH/Agl1-5%, () CNT-COOH/Ag1-10%, (f) CNT-COOH/Ag2-5% and (g)
CNT-COOH/AZ2-10%0. cuveeueeriieieeieeiteteete sttt sttt sttt st nbe e 48
Figure 18. TEM images recorded for (a) CNT sample, (b) Image recorded showing 28
graphene layers, (c) Image recorded showing 17 graphene layers and (d) metals
enCAPSUIALEd ON CINTS. .oiiiiiieeiiiecie et s e e s e e e e beeessbeeennee s 50
Figure 19. SEM images recorded for samples (a) CNT-COOH, (b) CNT-COOH@Ag]1-
5%, (¢) CNT-COOH@Ag1-10%, (d) CNT-COOH@Ag2-5% and (e) CNT-
COOH@AZ2-T0%0. ..ttt sttt et e et e st e entesseesaeeneesseeseenaesseens 51



Figure 20. SEM and EDS results for sample (a,b) CNT-COOH/Ag1-5%, (c,d) CNT-

COOH/Ag1-10%, and (e,f) CNT-COOH/Ag2-5%, respectively. .......cccccovervireniienrinnnnns 52
Figure 21. Mass losses (left Y-axis) and their corresponding derivatives (right Y-axis)

OF dIfTRIENt CINTS. ...ttt ettt 54
Figure 22. X-ray diffractogram of NiFe/CoFe@ALO3. ..c..oovviviiriiniiiiiiiniiiieeee 57
Figure 23. Plate (a) Growth of bacteria, (b) Growth of yeasts and fungi. ...................... 58
Figure 24. Comparison between removal of BPA with adsorption after 8 h and CWPO

ATTET 8 N ettt ettt 59
Figure 25. Catalytic efficiency of synthesized materials for H2O> decomposition. ....... 60

Figure 26. The concentration of (a) BPA and (b) H2O> upon reaction time during
CWPO CXPEIICIICES. ..uuveeeerieeirieeiteeeteeeeiteeesseeessseeessseeessseeassseeassseeassseesssseessseessssessnsseesns 61
Figure 27. BPA desorption results obtained using materials recovered from pure
AdSOTPLION EXPETIIMENLS. . ..veeuvieeiieeniieeiieeieertteeteesteeteesereeseesseeeseesseesnseenseesnseenseesnseenseenns 64
Figure 28. The concentration of (a) BPA and (b) H>O> upon reaction time during
coupled disinfection and CWPO €XPEIIENCES. ....cueeerurreeiiieeiiiieeiieeeieeeeieeesreeesereeenaveees 65

xi



INDEX OF TABLES

Table 1. 20 most used author's keywords. “F” is the frequency (number of times) with
which the authors used the Keyword...........c.oooiiieiiiiciiiie e 10
Table 2. A Summary of commercial applications of different plastics. .........cceceveennen. 11
Table 3. Mechanical recycling Studies. .........cceeeiieriiiiiiiiiecieeiecee e 16
Table 4. Chemical recycling StUAIES. ......c.ceeeiuiiiiiiiieciie e e 18
Table 5. Landfill leachate treatments in the literature. ...........cccceveiiiiiiiiiiiniiiieeees 22
Table 6. Characteristics of the vertical/horizontal tubular furnace............c.ccocevvevneenneen. 34
Table 7. Reagent volume for different dopage percentages. .........ccceeeveevieerveeniienneennnens 35
Table 8. Sget from the materials. ........cocooiiiiiiiii e 49
Table 9. Elemental composition of the different CNTS..........cccovveviiieiciieiieeee e, 55
Table 10. Results of disinfection eXperiment. ...........ccceeecveerierieerienieeieesie e 66

Xii



MSW
PSW
CE

EU
AOPs
CWPO
CNTs
MWCNTs
PP

PE
HDPE
LDPE
MR

CR
CVD
ROS
Ag-NPs
BET
TGA
EA
XRD
TEM
SEM
UV-VIS
HPLC
COD
TOC
CFU
BPA

INDEX OF ABBREVIATIONS

Municipal solid waste

Plastic solid waste

Circular economy

European Union

Advanced Oxidation Processes
Catalytic wet peroxide oxidation
Carbon nanotubes

Multi-walled carbon nanotubes
Polypropylene

Polyethylene

High-density polyethylene
Low-density polyethylene
Mechanical recycling

Chemical recycling

Chemical vapor deposition
Reactive oxygen species
Silver-nanoparticles
Brunauer-Emmett-Teller method
Thermogravimetric analysis
Elemental analysis

X-ray diffraction

Transmission electron microscopy
Scanning electron microscopy
Absorption spectroscopy
High-Performance Liquid Chromatography
Chemical Oxygen Demand
Total Organic Carbon

Colony Forming Unit
Bisphenol-A

xiii



X1v



INTRODUCTION




1 INTRODUCTION

The worldwide population growth and the consequent pursuit of enhanced lifestyles
have led to increased consumption of products and energy. This consumption is connected
to economic growth, but it also directly leads to a notable increase in waste generation
[1]. The global waste production in 2017 was estimated to be around 20 billion tons, with
Municipal Solid Waste (MSW) accounting for a portion ranging from 2.29 to 3.13 billion
tons annually [2]. In Europe, 1.66 billion metric tons of waste are generated annually,
with construction and demolition, of which MSW is the main contributor. In this context,
Portugal generated approximately 507 kg of MSW per person in 2022 [1,3].

The European Union (EU) has taken significant steps towards sustainable
management of MSW. The Waste Framework Directive [4], focusing on prevention,
reuse, recycling, recovery, and landfill disposal, aims to ensure proper waste
management. By 2025, EU countries are expected to achieve a minimum rate of 55% for
urban waste reuse and recycling, with progressive targets until 2035 [5]. Despite
challenges in waste management in Portugal, national strategies aim to prevent excessive
generation and promote reuse and recycling. Data from 2022 [6] indicates progress, but
there are still improvements in waste management to achieve the proposed goals.

The increasing demand for plastics, driven by their advantages in various industrial
applications [7], underscores the importance of effective management of Plastic
Packaging Waste (PPW), which accounts for approximately 40% of plastics produced
globally [8]. It accounts for 39.9% of the total plastic solid waste (PSW) in the EU [9].
Plastics are derived from non-renewable petrochemicals such as oil and natural gas and
include various polymers adaptable in shapes and physical properties [7,10]. The
European Commission recognizes the Circular Economy (CE) as a solution to challenges
related to plastics [11], and the report “Plastics — The Facts 2022 reveals that, in 2021,
the total demand from European plastic transformers was 50.3 million tons, with nearly
half composed of polyolefins [12]. In this context, the chemical recycling of PSW stands
out, with approaches such as fluid catalytic cracking, hydrocracking, gasification, and
pyrolysis as essential components for sustainable advancements in managing these wastes
[13].

The final disposal of plastic waste in landfills remains a prevalent method for plastic



elimination. However, this approach causes significant environmental harm, such as
groundwater contamination and ecosystem degradation [14]. This issue extends to the
complex management of landfill leachate, known for its diverse composition and high
concentration of contaminants [15], including organic compounds. The composition and
concentration of these compounds in landfill leachates vary widely, influenced by landfill
phases and waste management practices. They can encompass various substances like
organic acids, phenols, nitrogenous compounds, and sulfur compounds. Additionally,
microplastics have been detected in landfill leachates, known for their refractory nature
and resistance to conventional treatments. Therefore, the management and treatment of
landfill leachates pose a considerable challenge, as biological pretreatment systems are
often deemed ineffective [16].

For leachate treatment options, various conventional, physical, biological, and
chemical approaches are explored, including advanced oxidation processes (AOPs) like
catalytic wet peroxide oxidation (CWPQO), where the application of carbon nanotubes
(CNTs) shows promise [17]. CNTs are often recovered in the chemical upcycling of
polyolefins such as polypropylene (PP) and polyethylene (PE) through pyrolysis,
followed by chemical vapor deposition [18]. Inorganic nanomaterials such as silver
nanoparticles and carboxylated multi-walled carbon nanotubes (MWCNTs) are used to
enhance polymeric membranes due to their antibacterial, antifouling, and stability
properties [19].

The research addressed the challenge of improving the performance of solid
catalysts used in wastewater treatment systems. Therefore, the main objective of this work
is to explore the effect of silver (Ag) doping on CNTs produced from PE and PP,
concerning their pronounced activity in removing organic pollutants, like organic
compounds, through CWPO. Additionally, tests were conducted to assess the
antimicrobial activity of the prepared materials. This study is based on the hypothesis that
incorporating antimicrobial properties into catalysts used in CWPO processes can
enhance their efficiency in removing organic pollutants and microorganisms from
wastewater, resulting in a more effective and comprehensive treatment. The most relevant

and updated literature will be shown in the present dissertation.



2 OBJECTIVES

Explore the catalytic and antimicrobial activity of Ag-doped CNTs towards the
removal of organic pollutants by catalytic wet peroxide oxidation (CWPO) and bacteria

from wastewater.

2.1. SPECIFIC OBJECTIVES

e Synthesize carbon nanotubes using plastics as a carbon source.

e Synthesize silver-doped carbon nanotubes using different doping techniques.

e Characterize the prepared materials regarding their morphological properties,
crystalline structure, and chemical composition.

e Evaluate the performance of each material in terms of efficiency in removing
organic pollutants and microorganisms in wastewater through CWPO tests.

e Compare the results obtained with each material to identify the most effective and

comprehensive catalyst for wastewater treatment.
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3 STATE OF THE ART
3.1. WASTE GENERATION

3.1.1. Global context

The report entitled "What a Waste 2.0: A Global Snapshot of Solid Waste
Management to 2050" by The World Bank thoroughly examines worldwide solid waste
generation. In 2016, this production reached 2.01 billion tons, with alarming projections
indicating a possible increase to 3.40 billion tons by 2050 [20]. According to the same
report, nations in East Asia, the Pacific, Europe, and Central Asia contribute 43% of the
total worldwide waste. On the other hand, the Middle East, North Africa, and Sub-
Saharan Africa regions produce the least amount of waste, together representing 15% of
the global total. In absolute terms, it is estimated that East Asia and the Pacific generated
the highest amount, totalizing approximately 468 million tons in 2016, while the Middle
East and North Africa region produced the least amount, approximately 129 million tons.

Over time, the growth in waste production reflects an increase in consumption and
the evolution of lifestyles and production methods in modern societies [21,22]. Detailed
studies have emphasized the close connection between the amount of generated waste and
variables such as urbanization, gross national income (GNI), and economic development
[20]. As urban areas expand, demands for products and services increase, driving
consumption and waste production. Simultaneously, economic development is often
associated with changes in consumption habits, leading to a higher generation of waste,
particularly in packaging and disposable products [23,24].

The global analysis of these wastes categorizes countries into groups according to
their GNI - high-income countries (HICs), upper-middle-income (UMICs), lower-
middle-income (LMICs), and low-income (LICs). The regions revealed significant
disparities in urban solid waste generation in 2016, with substantial projections for 2025
and 2050, as shown in Figure 1. It’s essential to highlight the directly proportional
correlation between waste generation levels and the urbanization process. In 2018, the
urban population represented a significant portion of the population composition in
different country groups: 32.2% in LICs, 40.6% in LMICs, 66.6% in UMICs, and 81.5%
in HICs. This correlation becomes evident when we consider the contribution to solid

waste generation by country in 2016: 5% for LICs, 29% for LMICs, 32% for UMICs and



34% for HICs.
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Figure 1. Solid waste generation to the income level of countries [23].

The data presented in Figure 1 shows that LMICs project higher generations than
HICs for 2050 despite generating lower volumes of MSW in 2016. This is due to the rapid
urbanization in these areas, and the high population growth predicted for the coming
decades. According to the United Nations (UN), global population growth is mainly
driven by Asia and Africa, a trend expected to continue in the coming decades. Projections
indicate that in the second half of this century, Sub-Saharan Africa will emerge as the
most populous region on the planet. Simultaneously, there will be a decrease in the
number of inhabitants in regions where fertility is declining, and the population is aging,

such as some Eastern European countries [20].

3.1.2. European Union

The EU implemented laws and policies to promote a circular economy, aiming to
achieve these recycling targets and adapting its guidelines to consider factors such as per
capita gross domestic product (GDP), time of EU accession, resource productivity, and
investments in Investigation and Development (I&D). Recent legislative changes,

including the CE Package of 2018, established more robust objectives for waste recycling,



aiming to align member countries to meet these goals [25]. According to the European
Commission, in 2020, the EU developed a new action plan to advance in this transition.
The Waste Framework Directive has become a cornerstone in EU legislation for waste
treatment and management, establishing a specific hierarchy for its management:
prevention, reuse, recycling, recovery, and landfill disposal, with waste prevention being
the preferred option. This hierarchy is illustrated in Figure 2 below, which highlights the

priority steps in waste management according to the Directive [4].

PREPARING FOR RE-USE

RECYCLING

RECOVERY

DISPOSAL

Figure 2. Waste hierarchy according to The Waste Framework Directive of the EU [4].

This directive aims to ensure waste management without risks to human health or
the environment, addressing the transformation of waste into secondary raw materials,
distinguishing between waste and by-products, introducing the polluter-pays principle,
and extending producer responsibility. By 2025, EU countries are expected to increase
the reuse and recycling of urban waste to a minimum of 55%. This rate should
progressively increase, reaching 60% by 2030 and 65% by 2035, following this gradual
progression [5]. Eurostat data shows that in 2022, the recycling rate of urban waste in the
EU+27 was 48.6% [26], with Germany, Austria, and Slovenia having already achieved
or surpassed the 60% target.

3.1.3. Portugal

According to the Agéncia Portuguesa do Ambiente (APA), Portugal generated
approximately 5.323 million tons of MSW in 2022 [3]. In mainland Portugal, MSW

production reached about 5 million tons during the same period, resulting in an annual



average of 507 kg per inhabitant, equivalent to approximately 1.39 kg of MSW per person
daily. This value is below the European average, estimated at 527 kg per inhabitant per
year for 27 countries, according to Eurostat data in 2021 [27]. Regarding the management,
it was observed that in the year 2022, the final destination of MSW in Continental
Portugal was distributed as follows: approximately 57% were sent to landfill; 16% were
directed for recycling; 15% underwent energy recovery; 8% were destined for
composting/anaerobic digestion, and the remaining 2% received other forms of
valorisation.

In Portugal, plans regarding waste materialize the national waste policy, shaping
the objectives of waste prevention and its utilization as a resource, ensuring the efficient
use of natural resources, and returning materials and energy to the economy. Thus, the
plans define guidelines, objectives, actions, and goals at the national level, which are
translated into action plans at the municipal level. Portugal has set three national targets
for waste management as outlined in Decree-Law No. 102-D/2020 of December 10.
These targets include Waste Generation Prevention, Waste Preparation for Reuse and
Recycling, and Waste Landfill Disposal. In 2022, the country generated 513 kg of waste
per capita per year, with a target of reducing this by 5% by 2025 and 15% by 2030
compared to 2019. Regarding Waste Preparation for Reuse and Recycling, Portugal
achieved a rate of 33% in 2022, with targets set to increase to 55% by 2025, 60% by 2030,
and 65% by 2035. Regarding Waste Landfill Disposal, Portugal disposed of 55% of waste
in landfills in 2022, aiming to reduce this to 10% by 2035.

3.2. MUNICIPAL SOLID WASTE: What has been done in the literature?

The previous section made clear the importance of solid waste in different contexts.
This demonstration highlights the need to address municipal solid waste specifically in
the next phase of the study, considering its multifaceted relevance and significant impact
on economic, social, and environmental areas. A literature search was carried out using
the term “Municipal Solid Waste” to understand trends in the literature, targeting
scientific documents that included this expression in keywords, abstracts, and titles. This
resulted in identifying 29,404 documents in the Web of Science (WoS) since 1968 when
the first study on the topic was published in this database. Through an analysis using the



bibliometrix R package, the 20 most relevant keywords used by the authors were

identified, along with their frequencies, as shown in Table 1 below.

Table 1. 20 most used author's keywords. “F” is the frequency (number of times) with which the authors

used the keyword.

Position Keyword F* Position Keyword F*
1 Anaerobic Digestion 1500 11 Incineration 577
2 Landfill 1094 12 Circular Economy 517
3 Waste Management 1069 13 Food Waste 516
4 Heavy Metals 821 14 Life Cycle Assessment 498
5 Biogas 814 15 Fly Ash 494
6 Recycling 722 16 Pyrolysis 480
7 Composting 643 17 Gasification 469
8 Leachate 620 18 Biomass 449
9 Solid Waste 613 19 Waste-to-Energy 400
10 Sewage Sludge 578 20 Sustainability 379

Additionally, the Biblioshiny tool from the Bibliometrix R package was used to
explore the content of the collected database. The analysis of the 50 most significant
author keywords resulted in the images in Figure 3. A list of synonyms was employed
after reviewing the initial keyword results to ensure accurate analysis. This approach
aimed to avoid misinterpretations of terms. For instance, the term “landfill” emerged as a
relevant keyword in the WoS, and “landfills” was also considered relevant, but in reality,
both represent the same keyword. This systematic strategy was consistently applied in all
subsequent analyses discussed. In this representation, the size of the word is directly

proportional to the number of times this term was found as the author’s keyword.
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Figure 3. The 50 most frequent keywords in the works of relevant authors in the WoS addressing MSW.
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The authors address various stages of the life cycle of urban solid waste, focusing
on treatment methods and expressing particular concern regarding landfills. Efficient
waste management, including collection, transportation, and recycling, is a central
concern. Additionally, topics like food waste, pollution, and specific environmental issues
like leachate and biomass are explored. Strategies related to the circular economy are also

discussed.

3.3. PLASTIC SOLID WASTES

Plastics derived from non-renewable petrochemicals such as oil, natural gas, and
coal consist of synthetic polymers formed by covalent bonds of monomers. These
materials, including polyethylene terephthalate (PET), high-density polyethylene
(HDPE), low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE),
polyvinyl chloride (PVC), polypropylene (PP) and polystyrene (PS), are highly developed
and adaptable in terms of shapes and physical properties through techniques such as
rotation, injection, extrusion, and thermoforming. These polymers are customized to meet
specific requirements, including strength, permeability, opacity, and colour. Polyolefins
like HDPE and LDPE, known for their chemical and biological inertness, are durable and
less prone to degradation by environmental elements like light, water, and microbial

enzymes [7,10,28]. Information about the use of these polymers is shown in Table 2.

Table 2. A Summary of commercial applications of different plastics.

Plastic Type/ Chemical Major Products
Recycling Code Formula
PET/1 (CioHsO4)n Single-use drink bottles, peanut butter containers, salad,
dressing and vegetable oil containers.
HDPE/2 (C2Ha)n Milk jugs, juice bottles, bleach, detergent, cleaner bottles,
shampoo bottles and motor oil bottles.
PVC/3 (CH3Chn Plumbing pipes and fitting, wire jacketing, blister
packaging, cooking oil bottles, teething rings.
LDPE/4 (CHa)n Sheeting, squeezable bottles, shopping bags, furniture,
heavy-duty sacks, general packaging.
PP/5 (CsHe)n Straws, wrapping, caps, syrup and medicine bottles, potato
chip bags, packing tape and rope.
PS/6 (CgHs)n Disposable plates and cups, meat trays, egg carton.
Others/7 - Electronic devices, pipes, children's toys, personal

protective equipment, footwear industry.
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The recycling code, established by the American Society for Testing and Materials
(ASTM) International, is adopted to categorize different types of plastics. This coding is
based on physical and biodegradable properties to identify and classify plastics in a
standardized way, making the recycling process more accessible for the industry.
Recycling code 1 refers to materials made of PET, a thermoplastic polymer from the
polyester family with high tensile strength. Code 2 is assigned to materials made of
HDPE, with linear polymeric chains and few branches, resulting in stronger
intermolecular bonds, giving it greater rigidity compared to LDPE. Recycling code 3 is
assigned to materials from PVC, a polymer with aliphatic carbon atoms in its main chain,
offering greater rigidity and hardness. Recycling code 4 refers to LDPE materials with
lower specific resistance and temperature than HDPE. This is due to its long, flexible, and
linear polyethylene chain, which is more adaptable to external forces. PP is assigned
recycling code 5, a material composed of lightweight fibres. Code 6 refers to materials
made of PS, including general-purpose PS, expanded PS, high-impact PS, and
syndiotactic PS. Expanded PS and high-impact PS have exceptional mechanical and
insulation properties. Finally, recycling code 7 refers to materials made of Acrylonitrile
butadiene styrene (ABS), Ethylene vinyl acetate (EVA), Polyurethane (PU), and
Polycarbonate (PC) [28].

Each ton of recycled mixed plastic is estimated to save approximately seven barrels
of oil, highlighting the significant energy-saving potential with the effective
implementation of recycling [29]. Recycling plays an important role in addressing plastic
pollution, reducing environmental impacts, and alleviating economic and geopolitical
concerns associated with our continued dependence on oil and natural gas. Adopting
sustainable strategies in plastic waste management is crucial, as is avoiding incineration,
which contributes to greenhouse gas emissions, while not creating solid waste problems.
Prioritizing increased recycling and reuse is critical to addressing global plastic
challenges with technologies that can efficiently extend its lifespan. Recycling reduces
the need for new materials and minimizes waste accumulation in landfills, preserving the

environment and generating local employment opportunities [7,30].

3.3.1 Plastic recycling data

Frequent discussions about global warming, pollution, and climate change have

12



influenced consumer choices, leading to a visible shift toward more sustainable practices
[31]. Plastics are essential in modern life and are used in various areas, from construction
materials to packaging, medical devices, and food protection. This industry employs over
1.5 million people across the European Union [12]. These materials not only enhance the
quality of life for many people due to their durability and lightness, contributing to
reducing the weight of vehicles, packaging, and pipes, but they are also versatile, serving
various purposes. Additionally, they can be of utmost importance for the global green
transition [32]. Figure 4 illustrates the evolution of plastic production in recent years,
covering both the global and European scenarios and highlighting the distribution of
plastic production worldwide. This information was detailed in the "Plastics — The Facts

2022" report [12].
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Figure 4. Plastic production (a) Through years in Europe and the World, (b) Distribution of plastic
production worldwide (2020 data) [12].

In 2020, due to the Covid-19 pandemic, there was a stagnation in global plastic
production. However, in 2021, this production increased to 390.7 million tons, with
90.2% coming from fossil fuels. Plastics recycled after use and those of biological origin
represented 8.3% and 1.5% of global production, respectively, with circular plastics
reaching about 9.8% of the total production. In Europe, after a reduction in 2020 due to
the pandemic, production increased to 57.2 million tons in 2021, with 87.6% originating
from fossil fuels. Recycled plastics after use and those of biological origin represented
10.1% and 2.3% of European production, respectively, while circular plastics reached
approximately 12.4% of the total production [12]. Additionally, in 2021, the plastics

sector in Europe recorded a trade surplus of 14.4 billion euros.
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The European Commission identifies CE as a comprehensive solution to address
the complex challenges of plastics. This includes plastic pollution, reliance on non-
renewable resources in conventional production, improper waste management, and the
need for more sustainable alternatives. The concept of CE, in this context, aims to close
the plastic cycle, resulting in economic benefits for suppliers and users while bringing
environmental advantages such as reducing raw material extraction, decreasing waste
generation, and reducing associated emissions [11]. Therefore, ensuring proper
management of plastic waste to move towards CE is essential [33], and understanding the
composition of plastic solid waste is crucial to seeking recycling solutions as it is directly
linked to the demand for specific polymer types. In this context, the demand for plastics

in Europe, categorized by polymer type, is presented in Figure 5 [12].
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Figure 5. European plastics converters - demand by polymer type (2021) [12].

In other words, in 2021, the total demand from European plastics converters reached
50.3 million tons, of which almost half of the converted plastics demand consisted of
polyolefins. The report also notes that in the same year, European converters' use of post-
consumer recycled plastics reached 5.5 million tons, representing a recycled content of

9.9%, indicating an increase of about 20% compared to 2020. In 2020, 29.5 million tons
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of post-consumer plastic waste were collected in the EU27+3, where 42% was directed
to energy recovery, 23% to landfills, and 35% to recycling. It was also observed that
plastic waste recycling rates were 13 times higher when collected separately than in mixed
waste collection schemes. Furthermore, regarding the evolution of waste treatment, it was
noted that from 2006 to 2020, the allocation to energy recovery increased by 77%,
recycling increased by 117%, and landfill disposal decreased by 47% [12]. These data
highlight how recycling policies are essential to eliminate the practices of disposing of

plastic waste in landfills.

3.3.2. Plastic recycling

Effective use of plastics after their initial use is essential to establish a CE for
plastics, alleviate the demand for natural resources and prevent waste from leaking into
ecosystems [34]. Finding the best method to deal with domestic plastic waste is
challenging, considering both effectiveness and environmental impact, however, is
challenging to recycle due to its complex composition [35]. Currently, most plastics
undergo mechanical recycling (MR), while chemical recycling (CR) is emerging as a
technology. MR faces challenges in preserving the technical quality of the material and
may have limitations in the market due to regulations that prevent applications such as
food packaging. This is because of the heterogeneous composition of plastics, including
inorganic and organic contaminants, and polymer degradation during their lifespan and
reprocessing [36]. Therefore, CR is an interesting technological route to reduce waste and
drive CE [37]. The following sections will address the latest publications and strategies

for recycling solid plastic waste.

3.3.2.1.  Mechanical Recycling (MR)

MR transforms plastic waste into new products, including downcycling recycled
polymers into low-value items and upcycling them into high-value ones. It involves
sorting, crushing, and separating plastics from other materials, followed by
decontamination and transformation into new pieces or sheets through crushing and

extrusion. More detailed studies available in the literature are presented in Table 3.
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Table 3. Mechanical recycling studies.

Reference Focus Results
Ragaertetal., Apply the MDD method (Design Development of a new product with this
2020 from Recycling) to develop a product material called Greentile.
[38] named 'Greentile', using the waste
fraction known as the "sink fraction",
including removing non-ferrous
metals and PVC.
Luu et al., Evaluating the technical feasibility of Recycled plastics from single-use assemblies
2022 mechanically recycling post-use wused in bioprocessing can find new
[39] bioprocessing plastic containers. applications if suitable sorting and mass-

processing solutions are implemented.

Yuetal,2019 Analysis of the mechanical The recycled polysulfone plastic exhibits
[40] properties, thermal stability, and similar tensile properties with lower impact
long-term durability of recycled strength than virgin PSU plastic.
polysulfone (PSU) through
mechanical recycling.

Lase et al., Material flow analysis and recycling Although yields do not increase significantly,
2022 performance of an enhanced extra sorting and recycling produce better
[41] mechanical recycling process for granulates.

post-consumer flexible plastics.
Bashirgonbadi  Quality evaluation and economic It is shown that the economic value can be
et al., 2022 assessment of an  improved increased by 5-38% through this improved
[42] mechanical recycling process for recycling process.
post-consumer flexible plastics.
Mulakkal et~ Enhance the mechanical recycling of Material modelling like this has the potential
al., 2021 post-consumer flexible plastic waste to significantly reduce trial-and-error
[43] (PCFP) through additional sorting, approaches, accelerating the optimization of

Bustos Seibert

hot washing and improved extrusion.

Production of a filament from

material properties for specific applications.

The extrusion of the used PET into a filament

etal., 2022 recycled PET material for Material and the subsequent printing with the MEX

[44] Extrusion (MEX). process offers a viable recycling process for
the discarded material.

Ramos- Evaluate the reprocessing of high Mechanical recycling of PLA is effective

Hernandez et melt flow index (MFI) PLA, unless exposed to severe weathering,

al., 2023 examining the effects of accelerated requiring a chain extender for acceptable
[45] weathering on PLA properties during properties.
additional extrusion cycles.

Park & Kim, To investigate whether plastics from The use of recycled plastic fibres improved
2020 the oceans could be used to the tensile strength of cement-based
[46] manufacture cement-based materials. materials.

M. Y. Khalid Examine mechanical recycling's The recycled composites exhibited superior

et al., 2022 impact on composite mechanical mechanical properties compared to the
[47] properties,  emphasizing tensile unreinforced matrix material.

strength, and explore its viability for
automotive industry reuse.

Recycled plastics like PET, PS, nylon 6, and HDPE are used in construction to
enhance the strength of cementitious products, replacing conventional aggregates. MR

also efficiently recycles metal matrix composites, especially fibre-reinforced plastics, by
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disintegrating fibres through crushing, grinding, and pulverizing, turning them into fine

powder for use as secondary reinforcements or fillers in new composites [48,49].

3.3.2.2.  Chemical Recycling (CR)

CR represents a promising approach to dealing with heterogeneous plastic waste,
especially when mechanical recycling is not technically or economically viable. This
method breaks down polymer chains by chemical or thermochemical processes, resulting
in monomers or petrochemical raw materials. From a technical, economic, practical, and
sustainable standpoint, advanced strategies for the valorisation of MSW based on green
chemical technologies are preferable, as they allow diversification in forming multiple
products from a single source using sustainable technologies. These strategies can be
categorized according to the desired end products, such as technologies for energy or
value-added products [50,51].

CR, also known as tertiary recycling or chemolysis, promotes the recovery of virgin
monomers to regenerate new plastics, even from highly damaged and contaminated raw
materials. With its high recycling rate, PET can be recycled through various chemolysis
methods such as glycolysis, alcoholysis and hydrolysis. Hydrolysis uses aqueous
solutions with acid, alkaline or neutral catalysts, while glycolysis and alcoholysis use
glycols or alcohols. Other approaches, such as aminolysis and ammonolysis, employ
aqueous solutions of amines or ammonia, although they are rarely considered due to a
lack of product applications [52,53].

Thermochemical methods, such as incineration, gasification, pyrolysis,
torrefaction, and hydrothermal carbonization, are MSW treatment methods capable of
generating thermal energy, gas, or fuel oil. Although they require intense operational
conditions, they exhibit a higher conversion rate than biochemical methods [50]. The
sustainable management of the organic fraction of MSW involves biological conversion
into biofuels and value-added chemicals. Biological methods, such as pretreatment
followed by anaerobic digestion, enzymatic hydrolysis with fermentation, or
hydrothermal carbonization, offer significant potential for producing value-added
products from organic MSW [54]. Literature provides various approaches to the chemical
recycling of PSW, including fluid catalytic cracking, hydrocracking, gasification, and
pyrolysis [13]. Table 4 presents some of these studies, highlighting their objectives and
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results in this specific area.

Table 4. Chemical recycling studies.

Reference  Focus Results

Mark etal., To explore the potential of Heterogeneous catalysis can potentially
2020 heterogeneous catalysis in the chemical convert plastic waste into valuable products,
[13] valorisation of plastic waste, focusing such as fuels and chemicals.

on the thermal and catalytic conversion
of these materials into value-added
products.

Al-Salem et Investigates recovered PSW from an The degradation mechanism, analysed by the

al., 2021 active landfill to comprehend its Criado method, indicates that the Avarami-
[55] thermal profile and degradation Erofeve model best represents the degradation

behaviour for potential utilization in of PSW.
thermochemical conversion processes.

Weiland et Chemical recycling of plastic waste Gasification efficiencies of around 80% for

al., 2021 through  high-temperature  oxygen plastic reject (PR) and 60% for automotive
[56] gasification, comparing two complex shredder residue (ASR).

plastic ~ waste  combustion and
gasification processes.

Gonzéalez-  Thermochemical recycling, At 700°C, the recovery rates were

Arias etal.,, particularly steam gasification, to approximately 79% for face masks, 82% for
2024 recover carbon from single-use medical plastic syringes, 38% for nitrile gloves and
[57] items. 76% for non-woven gowns.

Zeller etal., Chemical recycling of complex plastic Pyrolysis is suitable for recovering chemical
2021 waste through intermediate pyrolysis.  feedstock from complex mixed plastic wastes.
[58]

Musivand et Chemically  recycle  polystyrene The effective hydrothermal liquefaction at 360
al., 2023 through pyrolysis and hydrothermal °C for 4 hours converts polystyrene into oil
[59] liquefaction, investigating the effects (83%) and water-soluble compounds (10%),
of temperature and reaction time on rich in aromatics. Pyrolysis at 500 °C produces
optimizing the production of valuable gas (45%) and oil (55%), notable for

compounds. recovering 40% styrene.

H.Jiang et To use high-temperature microwave- The process converted plastic waste into

al., 2020 assisted pyrolysis to convert a mixture ethylene, propylene and other valuable
[60] of plastic waste and vegetable oil into chemicals without costly sorting and pre-

ethylene, propylene and other valuable treatment.
chemical compounds.

Almeida Chemical recycling of used motor oil The metal doping improved the catalyst's
Streitwieser  through catalytic cracking. performance, resulting in higher conversion
etal., 2023 rates.

[61]

Tito etal., Chemical recycling of multi-material It enabled the recovery of PET monomers and
2023 layered plastic films using a two-stage the production of paraffinic oil and
[62] hydrothermal  liquefaction (HTL) hydrocarbon-rich gas as potential raw

process. materials for the chemical industry.

Akhmetova Hydrocracking of recycled plastic into The 2% Mo/Taizhuzgen catalyst achieved the

etal., 2021  high-quality liquid fuel using various highest yield of liquid products, reaching
[63] catalysts based on natural zeolite 61.56%.

deposits.

HDPE, in its various usage forms, is discarded in considerable volumes in the
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environment, and only about one-third of this material is recycled or reused each year.
Sani et al. [52] conducted a study on the dielectric performance of post-consumer recycled
HDPE mixed with virgin HDPE, aiming for its application as an insulator for wires and
electrical cables. Using thermal and chemical methods such as Thermogravimetric
Analysis (TGA), Differential Scanning Calorimetry (DSC), and Energy-Dispersive X-ray
Spectroscopy (EDX) to investigate the presence of impurities in the recycled material,
they observed a significant amount of inorganic impurities, varying according to the melt
filtration process. Recycled HDPE showed higher dielectric loss and dielectric constant
values than virgin HDPE. The short-circuit resistance of recycled HDPE was slightly
lower. Adding virgin HDPE to the recycled material was effective, resulting in a reduction
of almost 50% in dielectric losses and improving short-circuit resistance.

LDPE exhibits high recyclability, but overcoming challenges such as the low
economic value of recycled LDPE and its limitations in producing new packaging poses
an obstacle to improving recycling rates for this material. Chemical recycling has proven
effective for LDPE, generating fuels and low-molecular-weight products. Methods such
as hydrothermal decomposition and pyrolysis have been studied, as well as catalytic
cracking, where catalysts like zeolites have the potential to reduce temperature and
influence the fragmentation reaction [53]. The study carried out by Santagata et al., (2020)
[64] proposed the production of LDPE from mixed plastic waste, using high-temperature
gasification to generate syngas, which was integrated into a process involving
fermentation, ethanol production, and polymerization. Chemical analysis demonstrated
the efficiency of gasification in producing syngas with a high content of CO and Ho.
Thermal and material balances were performed to optimize the process, and cost analyses
showed economic viability, considering revenues from waste. From an environmental
perspective, chemical recycling was highlighted as a sustainable alternative, avoiding
incineration.

Gorre et al., (2020) [65] focused on selecting solvents and nonsolvents for CR of
PE and PP metalized films. The methodology involved selecting solvents based on
Hansen solubility parameters and predicting polymer solubility through the Hansen
sphere model. The results showed that using p-cymene as a solvent and acetone as a
nonsolvent led to the successful recovery of PE and PP with average recovery yields of

78.43% and 93.92%, respectively. Fourier Transform Infrared Spectroscopy identified
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the recovered polymers as PE and PP, and the analysis of differential scanning
calorimetry showed that the melting temperature and percent crystallinity of the recovered

polymers were comparable to virgin PE and PP films.

3.4. LANDFILL LEACHATE

The disposal in landfills represents the least favourable option for plastic treatment
in the context of CE; however, it is still a widespread practice in the United States and
Europe. Additionally, landfilling results in secondary damages such as contamination of
the groundwater and ecosystem degradation [14]. Although landfill disposal is one of
the most widely used methods for solid waste elimination, managing leachate from
landfills is challenging due to its complex composition and high concentration of
contaminants [15]. Various elements, including physical, chemical, and biochemical
interactions, the high moisture content in the waste, precipitation water percolation, and
contact of water with solid waste, contribute to the formation of landfill leachate. This
wastewater combines pollutants such as ammonia, organic and inorganic compounds,
natural and synthetic binders, xenobiotics, xenophobic organic substances, biological
organisms, toxic compounds, and heavy metals. However, its specific composition varies
according to the landfill hydrology, type and composition of waste, climatic conditions,
and the age of the landfill [66].

A study conducted by Adaryani et al., (2022) [67] assessed the presence of CECs
in leachates from four landfills in North Carolina, USA, between 2019 and 2020. This
study identified 13 pharmaceuticals (7 detected) and 3 plasticizers (2 detected).
Carbamazepine and ibuprofen were consistently found, with higher concentrations in
open cells than those closed for over 13 years. Other substances, such as 17 alpha-
ethinylestradiol, acetaminophen, bisphenol-A, doxycycline and metformin, were also
detected in various concentrations. Carbamazepine was associated with older leachate,
while acetaminophen, doxycycline and bisphenol-S were found in lower concentrations.
Thus, it was observed that leachate remains a source of CECs many years after the landfill
closure, suggesting the persistent transport of these contaminants with leachate if this
effluent is produced.

In addition to the liquid percolating through the waste mass within the landfill cell,

20



the composting technique is another factor contributing to leachate generation [68].
Composting in landfills is a degradation process in which organic matter in the waste is
decomposed through a bio-oxidative process. During composting, compost leachate is
generated due to the high moisture content of the compost, and some essential nutrients
such as nitrogen (N), phosphorus (P), potassium (K) and micronutrients may leach from
the compost. This leachate can be recovered and used as an organic liquid fertilizer to
promote plant growth. Typically, compost leachate is discharged into the local wastewater

treatment system [69].

3.4.1. Treatment options

The treatment of landfill leachate is an essential phase in waste management, where
various approaches are employed to deal with its complex composition. A common
approach is biological treatment, where leachates are decomposed by living
microorganisms such as bacteria, using aerobic (with oxygen) or anaerobic (without
oxygen) techniques or a combination of both. Examples of biological treatment include
activated sludge processes, upflow anaerobic sludge blanket reactors (UASB), aerated
lagoons, biofilters and moving bed biofilm reactors (MBBR). Additionally, other
treatment options, such as chemical and physical procedures are also utilized. These
include air stripping, adsorption, chemical oxidation, coagulation/flocculation, chemical
precipitation, and sedimentation/flotation.

Membrane technologies, such as membrane bioreactors, microfiltration,
ultrafiltration, nanofiltration, and reverse osmosis, are used to separate and purify
leachates. AOPs, such as photocatalysis, electrocatalysis, the Fenton process, and
persulfate oxidation, can generate active species to degrade refractory organic compounds
present in leachate [16,70,71]. In addition to refractoriness, another important parameter
to assess the biodegradability of landfill leachate is the recalcitrance of organic matter,
indicated by the BODs/COD ratio, as a low ratio indicates that the leachate is difficult to
biodegrade, which can complicate treatment by biological processes [72]. Since more
recalcitrant compounds require advanced techniques, chemical treatment can be applied
for leachate purification [73], considering that pollutant concentrations reduce microbial

activity and the effectiveness of biological treatment due to the presence of nitrogen and
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refractory organics with high molecular weight and complex structures [68]. Table 5

summarizes some studies focusing on landfill leachate treatment.

Table 5. Landfill leachate treatments in the literature.

Reference  Focus Results

Kabiret  Remediation of microplastics in The treatment techniques for removal include

al., 2023  landfill leachate. bio-flocculation, filtration, coagulation-
[74] flocculation, oxidation and disinfection.

Samsudin  Utilization of biomass-based COD, ammoniacal nitrogen, and total nitrogen
etal., adsorbents to replace the currently were removed at 73%, 70%, and 97%,
2022 employed activated carbon in landfills. respectively, along with a reduction in heavy
[75] metals.

Nalladiyil Assessment of the potential of fungi Membrane reactors based on fungi reduce
etal., and fungal-derived enzymes in landfill membrane fouling and extend the lifespan.
2023 leachate treatment.

[76]
Kanmani Removal of recalcitrant organic Photocatalysis using TiO, and ZnO is a
& pollutants from landfill leachate promising approach for removing recalcitrant

Dileepan, through advanced oxidation processes inorganic and organic pollutants from landfill
2023 based on photocatalysis. leachate.
[77]

Guo et al., Application of aerobic granular sludge AGS has the potential to withstand high carbon
2022 (AGS) in landfill leachate treatment. and nitrogen loads in the treatment of landfill
[78] leachate ~ without significantly impairing

removal efficiencies and biomass
sedimentation.

V. E.Silva Landfill leachate treatment through The nitrogen removal efficiency of the
etal., nitrogen removal techniques. anaerobic ammonium oxidation (ANAMMOX)
2022 technology can exceed 99%.

[79]

Lietal, Landfill leachate treatment through Effective degradation of conventional organic
2021 AOPs based on ultrasound (US). pollutants and emerging contaminants (ECs) in
[80] leachate, with a fast mass transfer rate and no

secondary pollution.

Leietal, Treatment of landfill leachate using the Electroflotation can be an effective pre-
2023 electroflotation system with designed treatment technique, achieving significant COD,
[81] titanium electrodes. colour, and NH3-N removals under optimized

conditions.

Shadiet Use of reverse osmosis for landfill The alga Desmodesmus subspicatus was the

al., 2021  leachate treatment. most tolerant to leachate toxicity, achieving
[82] reductions of up to 100% in iron and 83% in

ammonia nitrogen.

Zinebet  Treatment of landfill leachate through Can mitigate the ineffective removal of

al., 2020  coupling a Membrane Electrochemical ammonia, high demand for acid and chemical
[83] Reactor (MER) with the Fenton reagents, and significant sludge generation

oxidation process.

associated with Fenton oxidation.

Within CWPO, CNTs have shown promise as materials for removing organic

pollutants, employing adsorption mechanisms involving surface diffusion, pore diffusion,
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and adsorption reaction. CNTs are produced from the chemical recycling of polyolefins
such as polyethylene and polypropylene in a two-step catalytic process. Polyolefins
undergo pyrolysis to generate an intermediate gas containing paraffin and hydrogen. This
gas is then used as a precursor for the selective growth of single-walled or few-walled
CNTs at high temperatures with an appropriate catalyst, resulting in CNTs with small
external diameters and few walls. This innovative approach allows for the valorisation of
plastic waste in producing high-value CNTs [18]. Additionally, materials based on CNTs
can be applied in AOPs for wastewater treatment, possessing the ability to catalyse
various oxidants such as hydrogen peroxide (H20>), persulfates (PMS/PDS), ozone (O3),
and ferrate/permanganate (Fe®"/Mn’").

Several strategies for landfill leachate treatment incorporate a biological phase
based on denitrification and nitrification processes, responding to the high concentration
of organic matter assessed through parameters such as BODs, COD and nitrogen in
landfill leachate [84]. Although advanced oxidation methods effectively degrade organic
pollutants in landfill leachate, biotreatment processes are necessary to eliminate
biodegradable organic matter, turbidity, nitrogen and phosphorus nutrients [85].

The complexity of the microbial composition of these leachates, subject to
variations influenced by the present waste, landfill operational conditions and cell
decomposition dynamics, highlights the need to pay attention to the biological
composition of leachate before and after treatment to assess the effectiveness of
technologies aimed at eliminating the persistent microbial load [86]. In this context,
research focused on developing technologies incorporating antimicrobial activity in the
final stage of treatment, along with catalytic activity in AOP systems emerges as a

promising and worthy area of investigation.

3.5. CARBON NANOTUBES

3.5.1. From carbon to nanotubes

To understand CNTs, it is essential to comprehend the structure and forms of
carbon, as these nanomaterials are predominantly composed of carbon. Carbon is a non-
metallic chemical element found in group IV and period II of the periodic table, with

atomic number 6 and symbol “C” (Figure 6). Recognized for its remarkable versatility,
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carbon can form bonds with various elements. Its atoms, comprising 6 electrons
distributed among the 1s, 2s, and 2p orbitals, actively participate in chemical bonds,
influencing the structure and properties of the molecules formed. These properties are
determined by the number and nature of bonds, which can vary widely. Carbon can form
bonds in different ways, resulting in a variety of allotropic forms, such as diamond,
graphite, and CNTs, each with unique characteristics. These allotropic forms vary in
physical properties, such as hardness and malleability. Carbon's hybridization determines
its three-dimensional structure and can result in different arrangements, from planar

structures like graphene to more complex forms like diamond [87].
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Figure 6. Properties of Carbon atom.

A CNT consists of a cylindrical arrangement composed of a single layer of carbon
atoms, and its interconnections at the nanoscale offer advantages such as stability under
extreme conditions, resistance to aggressive chemicals, and operation at high
temperatures. With a melting temperature of 3550 °C and a boiling temperature of 4027
°C, CNTs possess a symmetrical, one-dimensional structure that allows charge carriers to
move along the tube without dispersion. The individual resistivity of CNTs is on the order
of 10—8 Qm due to the absence of dispersion, resulting in electrical conductivity ranging
from 10° to 107 S/m. Additionally, the density of CNT wire ranges from 0.0014 g/mm? to
0.00226 g/mm?, making them lighter than copper and aluminium. With their tubular shape
and adjustable electrical properties, CNTs exhibit characteristics such as low density,
minimal skin effect, ballistic electron transport, high mechanical strength, high thermal
conductivity, and greater stiffness compared to metals [88].

CNTs are classified into four main types - single-walled (SWCNTs), double-walled
(DWCNTs), triple-walled (TWCNTs), and multi-walled (MWCNTSs) - depending on the
diameter, length, and number of walls (Figure 7) [89]. Furthermore, the properties of
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CNTs, such as tensile strength, electrical conductivity, and thermal conductivity, are
influenced by factors such as diameter-length ratio, number of layers, temperature, and
length. At 25°C, SWCNTs and MWCNTs have average free paths of 103 nm and 104
nm, and thermal conductivity of 1.5-5 W/mK and 3 W/mK, respectively [88]. Over the
past twenty years, research on SWCNTSs has been an active area in both experimental and
theoretical domains. However, DWCNTs, TWCNTs, and MWCNTs have only recently
gained attention. DWCNTSs are composed of two concentric SWCNTSs, primarily
stabilized by weak van der Waals forces, with a spacing between the walls ranging from
3.3 to 4.2 A. The practical advantages of DWCNTs and MWCNTSs over SWCNTs lie in
the fact that, while SWCNTSs are in direct contact with the environment, which can alter
their properties, the presence of outer tubes in DWCNTs and MWCNTs protects the inner
tubes from any external influences. Additionally, due to the weak forces between the

tubes in a DWCNT/MWCNT, they can roll, rotate, and slide amongst each other [90].
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Figure 7. Types of carbon nanotubes [89].

CNTs are also classified into different structure types - chiral, armchair, and zigzag
- each with unique properties that affect their physical and thermal characteristics. Chiral
CNTs have a helical structure, whereas armchair CNTs feature edges with carbon atoms
arranged at right angles, and zigzag CNTs have edges composed of carbon atoms
arranged in straight lines. The distinction between these structures is crucial for selecting
the most suitable CNT for a specific application, considering its desired properties and
characteristics. This consideration is paramount in the design of CNT-based materials, as
it directly influences the performance and properties of the final product, optimizing it to

meet the specific needs of each application [91].
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3.5.2. Synthesis

Various techniques are utilized in synthesizing CNTs, and their properties can differ
based on the method applied [89]. Figure 8 illustrates the diverse methods used in the

synthesis, purification, functionalization, and characterization stages of CNTs.
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Figure 8. Various methods of CNTs preparation, purification, functionalization, and characterization.

There are several techniques for preparing CNTs, with chemical vapor deposition
(CVD) being one of the most common. Thermal CVD and microwave plasma CVD are
often used for this purpose, especially in industrial settings. With the use of transition
metal catalysts, CVD enables the catalytic decomposition of hydrocarbons or carbon
monoxide, resulting in high-purity carbon nanotubes on a large scale. Another common
method is electric arc discharge, where an inert atmosphere is created between two
graphite electrodes to generate CNTs. Additionally, laser ablation is a powerful technique
in CNT production, although nanotubes synthesized by this method typically contain
impurities in significant proportions. Although the approaches to CNT preparation vary,
they all essentially involve inducing the cracking of the carbon source at high
temperatures, depositing carbon atoms on catalysts, and consequently, the growth of
CNTs [92,93].

A wide range of purification methods have been described in the literature.

Typically, these methods involve various processing steps that may include oxidation in

26



either the gas or liquid phase, as well as physical separation processes such as filtration,
centrifugation, chromatography, or selective functionalization methods. Oxidative steps
are widely used in CNT purification protocols to remove both unwanted metallic particles
and undesired carbon forms. Commonly employed methods for this purpose include
heating in an oxidizing atmosphere to eliminate amorphous structures and non-tubular
forms of carbon, refluxing in strong inorganic acids such as HNOs, H2SO4, HCIO4, or
mixtures of KMnO4+/H2SO4, H>02/KMnO4 mixtures, gas-phase purification based on
halogens, microwave irradiation, hydrogen treatment, gas-phase oxidation in air, ozone,
HsS, and CO, [94].

Options for purifying SWNTs include a combination of air and microwave
treatment, demonstrating effective metal removal in a shorter period compared to acid
reflux methods. Another alternative involves a two-step process, starting with microwave
treatment followed by gas-phase chlorination. Piranha mixtures, both acidic
(H2SO4/H20) and alkaline (NH4OH/H>O»), are commonly used in wet oxidation.
Additionally, purifying CNTs using nitric acid has proven effective in removing
amorphous carbon and metallic catalysts by unfolding the tube wall [95].

Functionalizing CNTs is essential to expand their applications, as they face
challenges such as insolubility in solvents and limited dispersion. This process can occur
in two main ways: covalently, involving direct or indirect chemical bonds, and non-
covalently, utilizing physical interactions. Various chemical methods, such as amidation,
oxidation, and halogenation, can be employed in covalent functionalization, resulting in
structural alterations of CNTs. Conversely, non-covalent binding may involve hydrogen,
van der Waals, and electrostatic interactions, promoting solubility and dispersion of
CNTs, albeit with limitations in drug delivery due to weak van der Waals forces.
Additionally, modification with biological molecules like nucleic acids and proteins is
also being investigated to enhance the properties of CNTs [89].

The application of nitric acid (HNO3) is a common oxidation technique for
purifying CNTs. This effectively removes metallic catalyst particles from the nanotubes
and generates small carboxylated carbonaceous fragments that coat them [96]. The
carboxylic acid groups introduced by nitric acid oxidation can serve as precursors for
further covalent functionalization of the CNT surface, such as salinization, esterification,

thiolation, etc. The carboxylic groups help increase the affinity of the CNT surface to
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various solvents and polymer matrices, improving their dispersibility and compatibility
[97]. Figure 9 illustrates an experimental method demonstrating the carboxylation of

CNTs using HNO:s.

Condenser unit

Refluxing at 120 °C §

48 hours

Heated oil bath
Figure 9. Experimental method for carboxylation of CNTs using HNOs.

3.5.3. Ag-doped CNTs for wastewater disinfection

Nanotechnology, especially functionalized nanomaterials, is emerging as an
effective solution to environmental pollution at a global scale [98]. A promising field of
research is the use of metal-doped nanoparticles for wastewater disinfection. These
nanoparticles exhibit antibacterial properties due to their ability to generate Reactive
Oxygen Species (ROS), which are effective in destroying pathogens. Additionally, they
can bind to the surface of microorganisms, causing damage to their cells and genetic
material. The effectiveness of these nanoparticles can be enhanced by modifying the
particle surface to increase contact time with pathogens, and metal doping is a viable
strategy for designing nanoparticles with specific properties that improve their interaction
with pathogens, thereby increasing their disinfection efficacy. Silver nanoparticles (Ag-
NPs) are particularly known for their strong toxicity against a variety of microorganisms,
demonstrating efficacy against both Gram-negative and Gram-positive bacteria, with
lower production of residues during the process [99].

On the other hand, the use of silver nanoparticles Ag-NPs still raises concerns due

to their increased toxicity in water compared to other silver-based materials. A promising
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way to address post-disinfection water contamination issues with Ag-NPs is to use them
as dopants. This approach allows for leveraging the antimicrobial characteristics of Ag-
NPs without concern for post-treatment implications. For example, this strategy has
already been successfully applied to Ag-NPs doped into other materials, such as CNTs,
which are recognized as promising nanomaterials due to their bactericidal properties,
antifouling, and unique structure, making them an ideal choice for stabilizing Ag-NPs, as
it enhances their antimicrobial effectiveness without concerns associated with post-
treatment toxicity [99,100]. Figure 10 illustrates an example of an antimicrobial

mechanism.
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Figure 10. Antimicrobial mechanism of Ag-doped CNTs.

In this mechanism, CNTs adhere to the microbial cell surface to facilitate electron
transfer across the membrane, inducing damage to the cell wall and membrane.
Additionally, protein dysfunction and DNA damage occur when CNTs penetrate bacterial
cells and produce secondary products such as reactive oxygen species (ROS) [101].
Furthermore, various hypotheses can interpret these mechanisms: bacterial cells were
encompassed by the silver-CNT nanocomposite, augmenting the pores and gaps in the
cell's outer membrane. The Ag-CNTs can significantly bind to sulfur molecules on the
membrane and within the microbial cell, leading to metabolic process interruption,
protein denaturation, and cellular damage. Additionally, they may interact with other
phosphorus-based macromolecules, such as RNA and DNA, resulting in metabolism

suppression, bacterial growth inhibition, and cell death [100].
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4 MATERIALS AND METHODS

4.1. REACTANTS

The reactants used in this work are given below, separated by the application for

which they were used.

Synthesis of metal catalyst for carbon nanotubes preparation

e Cobalt (II) chloride hexahydrate (99%). Fisher Chemical; Formula: CoCl2.6H,0
e Nickel (II) chloride hexahydrate (99%). Fisher Chemical; Formula: NiCl,.6H,0O
e Ethanol absolute (99.8%). Fisher Scientific; Formula: C:HsOH

e Iron (III) chloride hexahydrate (99%). Merck; Formula: FeCl3.6H>O

e Ethanediol (99%). Fisher Scientific; Formula: C:HsO:

e Aluminium oxide (99.7%). ThermoScientific; Formula: Al.Os

Synthesis and purification of CNTs

e Polyethylene low density, average Mw 35000 by GPC, average Mn 7700 by GPC
LDPE. Sigma-Aldrich; Formula: (C2H4)n

e Polyethylene high density, melt index 2.2 g/10 min (190 °C/2.16kg) HDPE. Sigma-
Aldrich; Formula: (CoH4)n

e Polypropylene isotactic, average Mw 250000, average Mn 67000. Sigma-Aldrich;
Formula: (C3He)n

o Nitrogen gas (>99.99%). Lindt; Formula: N>

Doping of CNTs

e Nitric acid (65%). Fisher Scientific; Formula: HNO3

e Deionized water

e Silver nitrate (99.8%). AppliChem Panreac; Formula: AgNO;
e Sodium borohydride (>98%). VWR; Formula: NaBH4
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e Ethanol absolute (99.8%). Fisher Scientific; Formula: C:HsOH
e Nitrogen gas (>99.99%). Lindt; Formula: N>

Application of the materials for the degradation of pollutants

e Bisphenol A (>99%). Merck; Formula: Ci15H160>

e Deionized water

e Sulfuric acid (95-98%). Labkem; Formula: H>SO4

e Hydrogen Peroxide (30%). Fisher Scientific; Formula: H>O>

e Titanium (IV) oxysulfate solution (1.9-2.1%). Sigma-Aldrich; Formula: TiOSO4
e Sodium sulfite (>98%). Sigma-Aldrich; Formula: Na;SOs

Land(fill leachate characterization

e Yeast Extract Agar. VWR Chemicals

e Cycloheximide (98%). Panreac. Formula: C15sH23NO4
e Rose Bengal Chloramphenicol Agar. Liofilchem

e Sodium chloride (99.5%). Honeywell. Formula: NaCl

Coupled disinfection and CWPO

e Sodium chloride (99.5%). Honeywell. Formula: NaCl
e Nutrient Broth. Liofilchem
e Nutrient Agar ISO 16266. Liofilchem

e Deionized water

4.2. PREPARATION OF CNTs

4.2.1. Metal catalyst

The metal catalysts were prepared to maintain a 1:2 ratio (M*":M>"), achieved by

preparing a solution of 4 mmol of M?*, containing 30% CoCl,.6H>O and 70% NiCl>.4H,0
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dissolved in 10 mL of C2HsOH. This solution was heated under stirring in a round-bottom
flask until reaching the boiling point, followed by cooling to room temperature. Next, a
solution containing 8 mmol of M** from FeCl3.6H20 in 20 mL of C2HeO2 was prepared,
heated for 5 minutes at 60 °C, and allowed to cool to room temperature. Both solutions
were then transferred to a flask previously loaded with 5.67 g of A1bO3, and the mixture
was heated under stirring for 2 hours at 60 °C, another 2 hours at 120 °C, and finally at
189 °C until solid formation. This final solid was transferred to a crucible for thermal

treatment in an oxidative atmosphere for 6 hours at 600 °C.

4.2.2. Synthesis and purification of CNTs

The CNTs were synthesized via chemical vapor deposition (CVD) using the reactor

setup shown in Figure 11.
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Figure 11. One-chamber reactor setup used to synthesize CNTs by CVD.

In the reactor, the lower crucible was loaded with 1 g of metallic catalyst.
Simultaneously, the upper crucible was loaded with MIX polymers, a polymeric
composition simulating real plastic solid wastes, consisting of 1.25 g LDPE, 1.75 g HDPE
and 2 g PP. The Nitrogen flow was then turned on at a rate of 30 NL min' and left running
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for 2 hours to ensure an inert atmosphere within the reactor. Once confirmed, the reactor
was heated to 850 °C in the third and lowest heating zone, while the upper heating zone
reached 450 °C. After 1 hour and 30 minutes, the reactor was turned off and, in the next
day, the material was recovered from the reactor [102]. The reactor used in this procedure
was the vertical/horizontal tubular furnace supplied by TERMOLAB. The company
ensures that these furnaces have been designed and built according to technical standards
and legal provisions related to machine safety (Machinery Directive 98/37/CE) [103].

The detailed specifications of the furnace are presented in Table 6.

Table 6. Characteristics of the vertical/horizontal tubular furnace.

Designation Value Unit
DIMENSIONS
Internal tube diameter 50 mm
Length of the hot zone 500 mm
GENERAL
Electric potential 230 v
Frequency 50 Hz
Power 4.5 kW
Maximum temperature 1200 °C
Cooling water flow 1to2 L/min

4.2.3. Ag-doped CNTs

To perform silver doping, initially carboxylated CNTs (CNT-COOH) were
prepared [104]. This was done by dispersing 1 g of CNT in 75 mL of 15.2 M HNO;
solution, with sonication for 30 minutes in a round-bottom flask with two necks.
Subsequently, the flask was placed under vigorous stirring and reflux condenser at 120
°C for 48 hours. Afterward, the CNT-COOH was recovered and washed with deionized
water until the rinsing water reached a neutral pH. For doping, two different
methodologies were evaluated: one based on the co-precipitation of Ag nanoparticles in
the CNTs and the other based on the wet impregnation of Ag nanoparticles in the CNTs.

In the co-precipitation (methodology 1) [104], two Erlenmeyer flasks were
prepared, and in each of them, 1 g of CNT-COOH was added to 100 mL of deionized
water and subjected to sonication for 30 minutes. Then, a solution of 0.05 M AgNO3 was
added to both mixtures, which were sonicated for another 30 minutes, followed by stirring
at room temperature for an additional 30 minutes to obtain Ag-CNT complexes.

Subsequently, a freshly prepared solution of 0.05 M NaBH4 was added, and the resulting
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mixtures were stirred for 12 hours. The volumes of the AgNO3 and NaBH4 solutions
added dropwise through a peristaltic pump into the two mixtures, are described in Table

7.

Table 7. Reagent volume for different dopage percentages.

Ag percentage Vin mL (AgNO3 0.05 M and NaBH,4 0.05 M
5% 9.28
10% 18.56

For the wet impregnation (methodology 2) [19], two Erlenmeyer flasks were
prepared. In each, 1 g of CNT-COOH was added to 63.5 mL of C2HsOH and sonicated
for 30 minutes. Then, in the first flask, a solution of 9.28 mL of 0.05 M AgNO; in
C2Hs50H was added for doping with 5% Ag, while in the other flask, a solution of 18.56
mL of 0.05 M AgNO; in C;HsOH was added for doping with 10% Ag. The solutions
were dispersed drop by drop using a peristaltic pump, and then the flasks were subjected
to sonication for another 30 minutes. After sonication, the mixtures were dried in an air
oven at 70 °C overnight. The following day, the thermal treatment was conducted in an
inert atmosphere inside a tubular furnace at 450 °C for 3 hours.

The materials were designated according to different synthesis stages and doping
techniques, namely: metal catalyst for CVD (NiFe/CoFe@Al203), pure carbon nanotubes
(CNT), carboxylated CNTs (CNT-COOH), carboxylated and silver-doped CNTs at 5%
using methodology 1 (CNT-COOH/Ag1-5%), carboxylated and silver-doped CNTs at
10% using methodology 1 (CNT-COOH/Agl-10%), carboxylated and silver-doped
CNTs at 5% using methodology 2 (CNT-COOH/Ag2-5%) and carboxylated and silver-
doped CNTs at 10% using methodology 2 (CNT-COOH/Ag2-10%).

4.3. MATERIAL CHARACTERIZATION TECHNIQUES

4.3.1. Surface and pore analyser

The textural properties of the materials were determined from N> adsorption-
desorption isotherms at -196.15 °C, obtained using a Quantachrome NOVA TOUCH LX*
instrument with long cells featuring a bulb and an outer diameter of 9 mm. The

classification proposed by IUPAC is shown in Figure 12.
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IUPAC also provides a classification for the hysteresis loop, which is represented
in Figure 13.
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Figure 13. IUPAC classification for hysteresis loop [105].

36



With these classifications of the isotherms and corresponding hysteresis loop
obtained it is possible to characterize the catalysts in terms of the type of material. The
specific surface area (Sper) was calculated using the BET method with Quantachrome
TouchWin software within the range of p/pp 0.05 — 0.35. The total pore volume (V) was
determined at p/p0 = 0.98. The outgassing process was conducted at 120 °C over 16 hours,

following the time recommended by IUPAC.

4.3.2. Thermogravimetric analysis (TGA)

The sample was homogenized to ensure a uniform distribution before being
weighed and placed in a sample pan, which was then positioned inside the TGA
equipment, the NETZSCH TG 209F3. Throughout the experiment, the temperature
ranged from 30 to 930 °C at a heating rate of 10 °C per minute. As the temperature varied,
the sample mass was continuously monitored by the precision balance. This variation in
sample mass was recorded as a function of temperature or time. Additionally, a controlled
atmosphere (synthetic air) was maintained inside the TGA equipment to prevent
undesired reactions or external interferences. The remaining weight of the samples after

TG analysis was used to determine the ash content [102].

4.3.3. Elemental analysis (EA)

The elemental analysis (CHNS-O) was carried out in a Flash 2000 analyzer
(Thermo Fisher Scientific, Waltham, MA, USA) provided with a thermal conductivity
detector (TCD) to quantify the chemical composition of CNTs, including the presence

and amount of impurities [106].

4.3.4. X-ray diffraction (XRD)

The X-ray diffraction technique was employed to characterize the crystallinity and
structural properties of the metallic CVD catalysts. Analyses were conducted at room
temperature using a PANalytical X'Pert Pro diffractometer equipped with an X'Celerator
detector and a secondary monochromator in Bragg-Brentano 6/26 geometry.

Measurements were performed using 40 kV and 30 mA, CuKa radiation (Aal = 1.54060
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A and Ao2 = 1.54443 A), 0.017°/step, 100 s/step, over a 20 angular range of 10-80°. Data
processing was carried out using X'Pert HighScore Plus software with reference cards

from the Crystallography Open Database [107].

4.3.1. Transmission electron microscopy (TEM) and Scanning electron

microscopy (SEM)

JEOL 2100 high-resolution transmission electron microscope (HR-TEM) with
LaB6 filament operating at 200 kV was used to obtain the microphotographs of the CNTs.
For nanoscale powder samples such as CNTs, in scanning electron microscopy (SEM),
the sample is dispersed in a solvent and applied to the surface of a metallic CVD catalysts,
resulting in a well-dispersed and flat mesoscopic-scale sample while ensuring sample
conductivity. In this study, this methodology was employed to characterize carbon
nanotubes, obtaining high-quality secondary electron images. Secondary electron (SE)
images obtained by SEM provide detailed information on surface topography, as well as
sample dimensions and size distribution. Additionally, atomic number-sensitive
backscattered electron (BSE) images are useful for distinguishing samples with different
chemical compositions, such as contamination particles. The elemental composition of
the samples can be determined using SEM equipped with an energy-dispersive X-ray
spectrometer (EDS), and elemental mapping by EDS provides valuable information on

the distribution of elements [108].

4.4. MICROBIOLOGICAL CHARACTERIZATION OF LANDFILL LEACHATE

An experiment was conducted using two culture media for the microbiological
characterization of landfill leachate. The first, called Yeast Extract Agar, was prepared
for bacterial counting, with the addition of 200 mg/L of cycloheximide to inhibit the
growth of yeasts and fungi, and Rose Bengal Chloramphenicol Agar for yeast and fungi
counting, where chloramphenicol acts to inhibit bacterial growth. In test tubes, decimal
dilutions were prepared from the initial leachate sample in a series of 101, 102, 1073, 104,
107, and 10 in a NaCl solution (0.85% w/v). Then, 100 pL of each dilution were
inoculated in duplicate onto Petri dishes containing the respective culture media. Plates

inoculated with Yeast Extract Agar were incubated at 37 °C for 24 hours, and plates
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inoculated with Rose Bengal Chloramphenicol Agar were incubated at 22 °C for 72 hours.
After incubation, microbial counts were performed on the plates.

To determine the concentration of microorganisms in samples based on the number
of colonies observed on Petri dishes after incubation, Equation (1) was applied, according
to ISO 7218:2007/Amd.1:2013(E) [109], where CFU is the “Colony Forming Unit”,
measure of the concentration of the live, viable bacterial cells capable of reproducing
when grown on a Petri plate in cells per millilitre (cells/mL); C is the media of the number
of colonies on each selected plate for counting; v is the volume inoculated on each plate,

and d is the dilution factor retained for counting.

= (1)

For colony counting, it was considered that a countable plate has between 30 and
300 colonies, as in the presence of too many colonies on the plate, colonies may merge
and become indistinguishable as individual colonies. In this case, the plate is referred to
as confluent or too numerous to count, and fewer than 30 colonies are too small a sample

size to represent the original sample accurately.

4.5. CWPO OF BISPHENOL-A

This stage involved the application of materials for pollutant degradation
experiments. For this purpose, a simulated matrix containing bisphenol-A (model
microplastic) was used. Batch oxidation runs were performed using the stoichiometric
amount of hydrogen peroxide needed for the complete mineralization of bisphenol-A,

according to the chemical equation shown in Equation (2).

C,sH,60;, + 36H,0, > 15C0, + 44H,0 2)

Considering 100 mL of bisphenol-A solution with a concentration of 100 mg/L, the
amount of hydrogen peroxide needed to proceed with the experiment was found to be
equal to 179 pL (stoichiometric) of a 30% weight/volume hydrogen peroxide solution.

The oxidation reactions were carried out in a well-stirred 250 mL round-bottom flask
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reactor (600 rpm) equipped with a condenser and a temperature measurement
thermocouple. The reactor was loaded with 100 mL of 100 ppm bisphenol-A solution to
simulate landfill leachates, previously acidified to pH 3.5 with H>SO4. The system was
heated by immersion in an oil bath monitored by a temperature controller to 80 °C, which
was the temperature used in the oxidation runs. When the temperature stabilized, the
stoichiometric amount of hydrogen peroxide was added to the reaction system. After
complete mixing of the reactants, the amount of catalyst necessary to reach 2.5 g/L was
added to the reactor. This moment was then considered the start of the CWPO run (t0 =
0 min).

Samples for analysis were periodically withdrawn at selected times: 0, 5, 15, 30,
60, 120, 240, 360 and 480 minutes. At each time point, a 2 mL sample of solution was
collected and stored in Eppendorf tubes for the different catalysts. Subsequently, the
samples were centrifuged to separate the catalyst from the liquid solution. Then, 200 uL
of solution from each Eppendorf were transferred to 5 mL volumetric flasks previously
prepared with 1 mL of H>SO4 (0.5 M) and 0.1 mL of TiOSOs in deionized water for
further analysis using UV-VIS. After the sample collection, approximately 0.02 g of
Na»SO3 was added to stop the reaction, and then the catalyst was separated by filtration,
the liquid medium was stored for analysis using HPLC, and the catalyst was washed with
distilled water and dried in an oven at 60 °C overnight.

For the adsorption tests, 50 mL of the same bisphenol-A solution used in the CWPO
runs (100 mg/L) was added to a reactor containing 0.125 g of adsorbent (2.5 g/L adsorbent
concentration). The adsorption experiments were conducted under the same conditions
described for the CWPO runs but without the addition of H20.. After collection and
subsequent filtration, the samples were analysed in the HPLC to assess the concentration
of bisphenol-A. The percentage of bisphenol-A adsorbed was calculated by the difference
between the initial and final concentrations.

For the catalytic decomposition tests of H2Oz, 100 mL of water acidified with
H>SO4 to a pH of 3.5 were added to a reactor containing 0.250 g of catalyst (catalyst
concentration of 2.5 g/L) and 179 pL (stoichiometric) of a 30% weight/volume hydrogen
peroxide solution. The experiments were conducted under the same conditions described
for the CWPO runs, but the pollutant solution was replaced with acidified water. From

the volumes collected at each point, 200 pL of the collected solution was transferred to 5
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mL volumetric flasks previously prepared with 1 mL of H2SO4 (0.5 M) and 0.1 mL of
TiOSOs4 in deionized water. These samples were analysed using UV-VIS to determine the
absorbance at a wavelength of 405 nm.

The desorption of BPA was carried out using materials recovered from adsorption
and CWPO experiments. Under these conditions, desorption involved utilizing a
methanol/acetic acid mixture (4:1 v/v) with a material dose of 0.5 g/L. The process ran
for 48 hours at 25 °C. Following the completion of the operation time, the supernatant
was separated and subjected to analysis via HPLC. The amount of BPA desorbed from

the materials was determined using Equation (3).

BPAdes _ [BPA]xV (3)

Mdes

In which [BPA] represents the BPA concentration (mg/L) determined using HPLC,
V is the volume (L) of the aqueous extractant solution used for the experiment and mags

is the mass (g) of adsorbent used in the experiment.

4.6. CWPO AND DISINFECTION

The experiment was conducted in triplicate, subjected to three distinct control
conditions: one composed solely of bisphenol-A and Escherichia coli bacteria (Sample
1), another containing only hydrogen peroxide and Escherichia coli bacteria (Sample 2),
and the last simulating the CWPO process with hydrogen peroxide catalysed by CNT-
COOQOH/Ag2-5%, including Escherichia coli bacteria and bisphenol-A (Sample 3). This
catalyst was selected for exhibiting the best response in the advanced oxidation runs
conducted in the previous stage of the experiment. This formulation was developed to
evaluate the interaction of the materials with the microorganisms, aiming to identify any
interference from both the pollutant and the hydrogen peroxide in isolation.

Initially, the three solutions were prepared for the different samples. For Sample 1,
a solution containing bisphenol-A at a concentration of 100 ppm was prepared in
deionized water, with the pH adjusted to 5 using acetic acid. For Sample 2, a solution of
hydrogen peroxide at a concentration of 537 ppm in deionized water was prepared.

Finally, for Sample 3, a solution containing bisphenol-A at a concentration of 100 ppm
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and with the pH adjusted to 5 using acetic acid was prepared in deionized water,
supplemented with 895 pL of hydrogen peroxide (in stoichiometric quantity, with a
concentration of 30% w/v). The three solutions were pasteurized in a water bath at 70 °C
for 3 hours to eliminate microorganisms.

To prepare the Escherichia coli inoculum from a pure culture, two colonies were
collected and transferred to a 250 mL Erlenmeyer flask containing Nutrient Broth (NB).
The solution was then incubated at 37 °C for 24 hours. After this period, the concentration
of microorganisms was adjusted to 0.5 on the McFarland scale using a densitometer
(DEN-1B, Biosan). All experiments involving microorganisms were conducted in a
laminar flow hood, and all materials used in this experiment, including test tubes,
Eppendorf tubes, pipette tips, Petri dishes, spreaders, Erlenmeyer flasks, and culture
media, were previously sterilized in an autoclave at 120 °C for 1.5 hours.

The next step involved inoculating the microorganisms into the three established
control conditions. For this purpose, 10 mL of the prepared inoculum was added to each
Erlenmeyer flask, along with 90 mL of each corresponding solution. At the initial time (0
minutes), 100 uL of the sample was withdrawn, and decimal dilutions were performed in
series of 107!, 102,10, 10, 107, 10 and 1077 was performed in test tubes, using NaCl
(0.85 w/v.%) as a diluent. After each dilution, the solutions were properly homogenized
on a vortex shaker. Subsequently, 100 pL of each sample was inoculated onto Petri dishes
containing Nutrient Agar (NA), and the material was evenly spread using the spread plate
method. The plates were then incubated in a 37 °C oven for 24 hours for subsequent
bacterial counting.

Simultaneously, in Sample 3, 20 mg of CNT-COOH/Ag2-5% were added to each
Erlenmeyer flask, corresponding to the CWPO triplicate. The first collection of the
reaction was performed at the initial time (0 minutes). All samples, including the
triplicates of Samples 1, 2, and 3, were placed on an orbital shaker and subjected to
constant agitation at 200 rpm at 45 °C. Collection of the CWPO reactions was performed
attimes 0, 15, 30, 60, 120, 240, 360 and 480 minutes, as well as after 24 hours of reaction.

For the microbiological analysis, a new collection was performed at the end of the
24-hour reaction period. The samples were withdrawn and incubated following the same
methodology applied at the beginning of the experiment. After the 24-hour incubation at

37 °C, the samples were counted to determine the number of bacteria present, following
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the same methodology adopted in the microbiological characterization step, as
represented by Equation (1) described earlier, and the percentage of Escherichia coli
reduction was calculated by the difference between the initial and final concentrations
(CFU/mL).

For the CWPO analysis, 2 mL of sample were collected and filtered through
0.45 um PTFE filters to remove bacteria and particulate matter and placed in Eppendorf
tubes at each defined time point. From these samples, 200 uL. were transferred to 5 mL
volumetric flasks previously prepared with 100 pL of TiOSO4 and 1 mL of H2SO4 (0.5 M)
in deionized water for subsequent analysis using UV-VIS spectroscopy to determine the
absorbance at a wavelength of 405 nm. The remaining volume was then treated with
approximately 0.02 g of Na>SOs to halt the reaction, and the material was subsequently
analysed by HPLC. A representation of the stages, including the CWPO experiment and

the microbiological analysis, is presented in Figure 14.

BPA + E. coli H,0, + E. coli BPA + H,0, + CNT + E. coli
(Sample 1) (Sample 2) (Sample 3)
— — —
Microorganism Inoculation of
— concentrationat 0.50n —3 solutions with E. coli, — Incubation at 45 °C, 24 hours. =
the McFarland scale. 10%.
E. Coliin 120 mL l
of NB. Collection of 100 pL of inoculated sample (t=0 min) from each Erlenmeyer

Incubation for 24 flask and performing serial dilution with NaCl. —

hours, 37 °C. l

Inoculation of the plates with 100 puL of sample, onto NA, by spreading.

l

Incubation of the plates at 37 °C, 24 hours.

Figure 14. Representation of experimental stages including CWPO process and microbiological analysis.

4.7. ANALYTICAL TECHNIQUES

The determination of hydrogen peroxide concentration was carried out using a
colorimetric method. To monitor the H>O» concentration, it was necessary to construct a
calibration curve covering a concentration range from 1 to 200 mg/L. For this purpose,

1 mL of different H>O; solutions was added to a 5 mL volumetric flask containing H>SO4
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solution (1 mL/0.5 M) and TiOSO4 (0.1 mL), then diluted again with distilled water. The
samples were subsequently analyzed by UV-VIS spectrophotometry using a Jasco V-530
at a wavelength of 405 nm to determine their absorbance. The calibration curve generated
through this procedure is depicted in Figure 15, and the value of R? was found to be

0.9994, which shows a good fit for the linear regression.
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Figure 15. Calibration curve for H,O, determination.

The determination of hydrogen peroxide concentration in the samples taken from
the CWPO reaction medium was performed by collecting 1 mL and storing it in an
Eppendorf tube. Then, the sample was centrifuged, and 0.2 mL of the supernatant was
added to a 5 mL volumetric flask containing 1 mL of H>SO4 (0.5 M) and 0.1 mL of
TiOSOs in distilled water. The absorbance obtained by UV-VIS analysis of these final
samples provided the concentrations of H,O; over time in the CWPO procedure.

The system used for HPLC measurements consisted of Jasco equipment with a
UV-VIS detector (UV-2075 Plus), a quaternary gradient pump (PU-2089 Plus) for solvent
delivery (0.3 mL min™'), and a Biphenyl 5 pm column (150 mm x 4.6 mm). The mobile
phases used for this purpose were a mixture of acetonitrile (A) and acidified water

(0.1 vA% formic acid) with a proportion of 60:40 (isocratic). This setup enabled the
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analysis of the model pollutant (bisphenol-A). A wavelength of 280 nm was used to
measure the absorbance peaks of the compounds. The quantification of bisphenol-A in
the remaining solution of the CWPO process was conducted to determine the leached
bisphenol-A from the materials prepared for the reaction medium. Figure 16 shows the

representation of the calibration curve obtained for the analysis.
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Figure 16. Calibration curve for pollutant leached measurements.

The value of R? was found to be 0.9986, which shows a good fit for the linear
regression. After the CWPO runs, the residues were subjected to filtration through a PTFE
filter 45 micrometers, and the supernatant liquid was preserved in a container and then
analysed in the equipment to measure its absorbance and, consequently, determine the

concentration of bisphenol-A.
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5 RESULTS AND DISCUSSION
5.1. CHARACTERIZATION OF MATERIALS

S5.1.1. Textural properties and morphology

The adsorption-desorption isotherms of N> at -196.15 °C on prepared samples are
depicted in Figure 17. In this analysis, the materials with the highest adsorption capacity
are those doped with silver and functionalized with HNO3, compared to those that are not
functionalized or both non-functionalized and doped. CNT-COOH/Ag2-10% exhibited
the highest adsorptive capacity, with approximately 455 cm?/g of adsorbed volume under
relative pressure p/po, followed by CNT-COOH/Agl-10% (443 cm®/g), CNT-
COOH/Ag2-5% (388 cm®/g), CNT-COOH/Agl1-5% (370 cm?/g), CNT-COOH (378
cm’/g), NiFe/CoFe@Al,O3 (241 cm?/g) and finally, CNT (175 cm?/g). This result is
expected as COOH groups increase the surface area of the nanotubes. Additionally, silver
nanoparticles have been investigated in the literature for their adsorptive properties, as
shown in a study [110], where silver nanoparticles exhibited a surface composed of
spherical particles and deep pores capable of adsorbing a significant amount of Cu?* ions.

The adsorption isotherm graphs indicate that the materials fall into Type IV
according to the IUPAC guidelines, suggesting mesoporous characteristics. This means
that adsorption initially occurs in monolayer and multilayer on the walls of the mesopores,
followed by pore condensation. Specifically, the materials are of Type IVa, where
capillary condensation is accompanied by hysteresis, which arises when the pore width
exceeds a critical limit, depending on the adsorption system and temperature, and
hysteresis occurs in pores with a width greater than approximately 4 nm. Regarding the
hysteresis curves, the material exhibits characteristics of type H3, which are observed in
non-rigid aggregates of plate-shaped particles, or if the pore network consists of
macropores that are not filled with pore condensate [105].

The results of Sger obtained from the adsorption isotherms are shown in Table 8§,
demonstrating that the materials with the highest BET surface area are the silver-doped
CNTs through wet impregnation (CNT-COOH/Ag2-5% and CNT-COOH/Ag2-10%).

This can be explained because of the preparation method, increasing their surface area.
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Figure 17. Adsorption-desorption isotherms for (a) NiFe/CoFe@Al>Os, (b) CNT, (¢) CNT-COOH, (d)
CNT-COOH/Agl1-5%, (e) CNT-COOH/Ag1-10%, (f) CNT-COOH/Ag2-5% and (g) CNT-COOH/Ag2-
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10%.

Table 8. Sger from the materials.

Material Sger (M?%/g) Total pore volume, Vr (cm?/g)
NiFe/CoFe@AlO3 113 0.36176
CNT 113 0.27108
CNT-COOH 177 0.58662
CNT-COOH/Ag1-5% 172 0.61258
CNT-COOH/Agl1-10% 154 0.68747
CNT-COOH/Ag2-5% 209 0.60242
CNT-COOH/Ag2-10% 219 0.70599

TEM images were recorded from as-synthesized CNTs to confirm the formation of
carbon nanotubes using the one-chamber reactor setup. The images confirm the formation
of multi-walled CNTs. The resolution of the images recorded allowed graphene layer
counting, returning values ranging from 17 to 28 layers on CNTs (17 layers shown in
Figure 18(c) and 28 layers in Figure 18(b).

The CNTs formed during the synthesis procedure are mainly straight, representing
one advance compared to the literature on the synthesis of CNTs using polymers as carbon
feedstock. In previous work, the synthesized CNT samples presented several
conformations (cup-stacked and bamboo-like, more notorious), which indicated poor
control over the synthesis of CNTs [102]. Here, the metal catalyst used for the synthesis,
being bimetallic and having a nickel phase, impacted positively over the synthesis of
CNTs with one conformation mainly. The literature already discussed the influence of
different metals on CNT structure, confirming that nickel yields straighter CNT structures
compared to other transition metals [111].

The outer diameter was found to be 42 + 3 nm, and the wall thickness was 9 + 2
nm, which is in agreeance with the literature. The TEM images also revealed the presence
of metal encapsulated on CNTs (red arrows show metals encapsulated in Figure 18(d)).
Metal encapsulation was already observed in other studies using CNTs prepared in a

similar reactor setup.
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Figure 18. TEM images recorded for (a) CNT sample, (b) Image recorded showing 28 graphene layers,
(c) Image recorded showing 17 graphene layers and (d) metals encapsulated on CNTs.

Figure 19 shows the images obtained with SEM analysis. The CNT conformation
is present in all samples, confirming that carboxylation treatment did not modify the
material structure. At first, the images did not reveal significant differences between the
samples, apart from CNT-COOH/Ag2-5%, in which 2 clusters were soon identified.
Other works have also reported no differences in samples doped with silver compared to
pure CNT samples [104]. The luminous dots present in the results obtained here could
either be ascribed to the presence of metals from CVD metal catalyst or silver. The latter
is less likely due to the expected silver nanoparticle size, which is too small to be detected

with SEM technique.

50



ode WD

SE |10.2 mm

Figure 19. SEM images recorded for samples (a) CNT-COOH, (b) CNT-COOH@Ag1-5%, (c) CNT-
COOH@Ag1-10%, (d) CNT-COOH@Ag2-5% and (e) CNT-COOH@Ag2-10%.

Figure 20 shows other SEM images recorded, along with EDS results. Silver was
identified in EDS in samples CNT-COOHQAg1-5%, CNT-COOH/Ag1-10% and CNT-
COOH/Ag2-5%.
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Figure 20. SEM and EDS results for sample (a,b) CNT-COOH/Ag1-5%, (c,d) CNT-COOH/Agl1-10%,
and (e,f) CNT-COOH/Ag2-5%, respectively.

In the samples prepared using the co-precipitation method with sodium borohydride
(CNT-COOH/Ag1-5% and CNT-COOH/Ag1-10%), the presence of silver nanoparticles
was small, and sample CNT-COOH/Ag1-10% showed an anomaly. The cluster shown in

Figure 20(c) revealed the presence of AgCl salt in the sample, which can be pointed out
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as a limitation of the synthesis procedure using co-precipitation. The reaction can occur
due to chloride ions remaining from CVD metal catalyst, which can react with silver and
decrease the doping efficiency. In contrast, the cluster observed in sample prepared with
wet impregnation method (CNT-COOH/Ag2-5%) comprises silver, and its formation can
be associated with the high surface energy of silver that might accumulate on the CNT
surface [112]. The absence of silver in the last sample, CNT-COOH/Ag2-10% could be
associated with the silver nanoparticle size doped in CNT walls, which could block the

signal obtained in SEM analysis.

5.1.2. Thermogravimetric analysis (TGA)

The TGA profile of the CNT samples is shown in Figure 21. The temperatures of
main mass loss varied among the different materials analysed: for CNT and CNT-COOH,
this loss occurred at 615 °C; for CNT-COOH/Ag1-5% and CNT-COOH/Agl1-10%, it
happened at higher temperatures, around 620 °C and 617 °C, respectively, indicating
greater thermal stability compared to the others. On the other hand, for CNT-
COOH/Ag2-5% and CNT-COOH/Ag2-10%, the mass loss occurred at lower
temperatures, approximately 600 °C and 610 °C, respectively, demonstrating lower
thermal stability compared to the other materials.

These results suggest a remarkable resistance to oxidation, a characteristic that
demonstrates the materials are ideal for application in CWPO processes, which operate at
temperatures of approximately 80 °C. The samples (b), (c), and (d) show a slight mass
loss in the initial thermogravimetric phase. This occurred due to the presence of
oxygenated groups introduced during carboxylation; however, it does not occur with
samples (e) and (f) due to the wet impregnation technique and the elimination of these
groups during silver doping. Mass losses became noticeable around 450 - 470 °C, and the
CNTs were completely burned at around 680 °C, regardless of the synthesis stage or
doping technique used in the materials.

The different temperatures of main mass loss reflect variations in the thermal
properties and thermal stability of the materials. The presence of additional materials,
such as silver and functionalizing agents (CNT-COOH), can influence the thermal
decomposition characteristics of carbon nanotubes, as silver does not corrode easily like

other transition metals and achieves high thermal stability [113].
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Figure 21. Mass losses (left Y-axis) and their corresponding derivatives (right Y-axis) of different CNTs.

The ash content in the samples varied according to the synthesis stage of the

materials. For example, in the pure CNT sample, the ash content was considerably higher,

reaching 50%, while in the other samples where the CNTs were carboxylated and/or

carboxylated and silver-functionalized, the ash contents were lower, ranging between

approximately 2% and 5%. This difference can be attributed to the presence of impurities

and inorganic residues in the materials. Pure CNTs are primarily composed of carbon, but

there are impurities or inorganic residues that were not completely removed from the

catalyst used in the CVD process, such as alumina and other metals. On the other hand,

carboxylated CNTs with HNO3 and/or carboxylated and silver-doped underwent
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purification processes, resulting in the removal or reduction of these inorganic impurities.

5.1.3. Elemental analysis (EA)

Table 9 summarizes the nitrogen (N), carbon (C), hydrogen (H), sulfur (S), and
oxygen (O) contents for the six prepared CNT samples. Compared with the raw CNTs
(61.3% by weight and 0.18% by weight of C and H, respectively), it is possible to observe
that the carbon content increases (87.1-92.8% by weight) and the hydrogen composition
decreases (0.06-0.21% by weight) for all prepared materials, increasing the C/H ratio
(from 340.6 in raw CNTs to 414.8-1546.7 in carboxylated and/or carboxylated and
silver-doped CNTs).

Table 9. Elemental composition of the different CNTs.

Sample C/H C H N S o Remaining*
(Wt.%) (Wt.%) Wt.%)  (wt.%)  (wt.%) (Wt.%)
CNT 340.6 61.3+0.05 0.18+0.02 0.00+0.00 0.00 1.36+0.13 37.2
CNT-COOH 5940 89.1+0.33 0.15+£0.04 0.14+0.01 0.00 5.00+0.18 5.5

CNT-COOH/Agl-5% 4252 893+0.26 0.21+0.00 0.14+0.00 0.00 422+0.14 6.1
CNT-COOH/Agl-10% 414.8 87.1+4.62 0.21+0.01 0.12+0.02 0.00 5.22+0.18 7.3
CNT-COOH/Ag2-5% 1143.7 91.5+0.87 0.08+0.00 0.09+0.00 0.00 1.83+0.05 6.5
CNT-COOH/Ag2-10% 1546.7 92.8+0.57 0.06+0.01 0.11+0.01 0.00 1.98=+0.02 5.0

*Obtained by the difference: 100%-N(%)-C(%)-H(%)-S(%)-0(%).

These results indicate that variations in carbon and hydrogen contents, as well as in
the C/H ratio among different CNT samples, are linked to purification and doping
processes. The CNT sample did not undergo purification to remove inorganic compounds
and impurities, resulting in a carbon content of 61.3% by weight and a C/H ratio of 340.6,
indicating that these impurities influenced a lower carbon content relative to hydrogen
proportion. Conversely, in the CNT-COOH sample, carboxylation with HNO3; removed
impurities and introduced carboxyl groups on the surface of CNTs, resulting in oxidative
functionalization and an increase in carbon content to 89.1% by weight and a C/H ratio
of 594.

The C/H ratio varied among doped CNT samples depending on the method
employed. Co-precipitation of silver nanoparticles yielded a C/H ratio of 425.2 for
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CNT-COOH/Ag1-5% and 414.8 for CNT-COOH/Agl1-10%, suggesting an influence on
the CNTs chemical composition, although less pronounced than carboxylation.
Conversely, silver nanoparticle formation through wet impregnation resulted in the
highest C/H ratios (1143.7 for CNT-COOH/Ag2-5% and 1546.7 for
CNT-COOH/Ag2-10%). This is attributed to a more intense interaction between silver
nanoparticles and CNTs during the doping process, facilitated by the diffusion of carbon
atoms into CNTs and/or the formation of chemical bonds between silver and the nanotube
structure, resulting in greater carbon atom incorporation into the nanotubes.

The CNT sample did not present nitrogen atoms. In contrast, the functionalized and
doped samples showed varying contributions of this element, with the CNT-COOH and
CNT-COOH/Ag1-5% samples exhibiting the highest presence of nitrogen. Nitrogen on
the carbon nanotube walls has significant implications for the adsorption capacity of
CNTs. The incorporation of nitrogen atoms can cause deformations and curvatures in the
sp? layers, leading to a more complex structure [114].

Oxygen was the second most abundant element observed in the samples. The CNT
sample showed the lowest contribution of oxygen, as it is not purified using oxidants such
as HNOs3, suggesting that these samples do not contain a high degree of oxygen functional
groups. Therefore, it is more likely that the observed oxygen is associated with salts and
impurities of metallic oxides present in the CVD catalyst [115]. In the case of wet
impregnation doped CNTs, namely CNT-COOH/Ag2-5% and CNT-COOH/Ag2-10%,
low oxygen contributions were also observed in the final samples, suggesting that, in
general, there was a successful reaction of COOH groups with silver, demonstrating
efficient doping [116].

Ash content in the pure CNT sample is the highest for all materials (37.2%) because
of the inorganic matter, as reported on the TGA analysis. The other samples follow the
same perspective, and the ash content typically indicates the quantity of oxidized metal
catalyst left in CNT samples after synthesis. Metal content in CNTs is regarded as an
impurity [117].

5.1.4. X-ray diffraction (XRD)

The metal CVD catalyst was analyzed by XRD to identify the crystal composition,
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and the result is shown in Figure 22.
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Figure 22. X-ray diffractogram of NiFe/CoFe@Al,Os.

The analysis of the NiFe/CoFe@Al>,O3 sample with the software X’Pert HighScore
Plus allowed phase identification of nickel and cobalt oxides mixed with alumina based
on reference cards 96-152-2026 (nickel oxide), 96-451-2476 (cobalt oxide), 96-154-1583
(aluminum oxide) from Crystallography Open Database. The semi-quantitative analysis
revealed a composition of 88% aluminum oxide phase, 9% nickel oxide phase, and 3%
cobalt ferrite phase. The result is consistent with the synthesis procedure, in which the
stoichiometric amount of reagents was calculated to achieve a 15% metal phase supported
on 85% alumina, with a predominance of nickel on the metal phase. The choice of nickel
and cobalt was related to the effect of the metal catalyst on CNT synthesis and activity
during CWPO reactions of cobalt. For instance, nickel is recognized as a good precursor
for ordered CNTs compared to cobalt [111]. On the other hand, cobalt possesses higher
activity for hydroxyl radical formation in Fenton reactions [118]. Despite the CNT
purification required to apply the materials as catalysts, some studies reported the
presence of stable metals encapsulated in CNTs. In this work, it was also noted the
presence of metals encapsulated in CNTs, as discussed in another section. In this regard,
the remaining cobalt on CNT structure could enhance the catalytic activity towards the

process studied.
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5.2. MICROBIOLOGICAL CHARACTERIZATION OF LANDFILL LEACHATE

In the microbiological characterization, a concentration of yeast and fungi of
3,200 £ 4 CFU/mL of leachate was identified. As for the bacterial characterization, a
concentration of 41,000 + 4.5 CFU/mL of leachate was recorded. The results of the

cultivation of bacteria, yeast, and fungi are presented in Figure 23.
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Figure 23. Plate (a) Growth of bacteria, (b) Growth of yeasts and fungi.

These findings suggest favourable conditions for microbiological growth in the
leachate environment. However, it is important to note that the presence and
concentration of microorganisms may vary over time and in different leachate samples,

depending on factors such as chemical composition, pH, and temperature [66].

5.3. EXPERIMENTAL REACTIONS

5.3.1 Adsorption

The purpose of the adsorption test was to assess whether the pollutant removal is
occurring through the oxidation process or if the pollutant is merely being adsorbed onto
the materials. The result obtained for BPA removal after 8 hours in the adsorption tests

compared with the oxidation process after 8 hours is shown in Figure 24.
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Figure 24. Comparison between removal of BPA with adsorption after 8 h and CWPO after 8 h.

The results of BPA adsorption using the synthesized materials indicated that, after
8 hours, the amount of adsorbed pollutant varied from 1.78 to 5.76%. However, the
conversion of BPA in CWPO after 8 hours was observed to be higher than its removal by
adsorption. Therefore, it is possible to discard the possibility that BPA is primarily being

adsorbed and not oxidized. Materials not shown on the graph did not undergo adsorption.

5.3.2. H>0: catalytic decomposition
The tests carried out to verify the catalytic activity of the different synthesized

materials showed that all of them have significant activity for the decomposition of H>O»,

and the results can be observed in Figure 25.
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Figure 25. Catalytic efficiency of synthesized materials for H,O, decomposition.

The test results indicated that CNT-COOH/Ag2-5% and CNT-COOH/Ag2-10%
demonstrated the highest catalytic activity. The catalytic activity showed silver-doped
CNTs by co-precipitation (CNT-COOH/Ag1-5% and CNT-COOH/Ag1-10%), and CNTs
functionalized with nitric acid (CNT-COOH) can be explained by the fact that the
functionalization of CNTs with nitric acid introduces a large number of defects in their
structure. The oxygen functional groups and internal or external defects of carbon
materials play a crucial part during the catalytic process. Carbon materials with such
characteristics can serve as electron donors or chelators to enhance Fenton/Fenton-like
oxidation [119]. However, when doping with silver occurs, these introduced COOH
groups are replaced by Ag, which has better catalytic properties as a metal. Therefore, it
can be concluded that, in the case of doping with wet impregnation, there was efficient
doping, confirmed by the results of Elemental Analysis (EA), where the presence of
oxygen in the sample is approximately 2%, while in the sample only functionalized with
HNO:; it is approximately 5%. However, co-precipitation doping was also efficient, albeit

to a lesser extent than wet impregnation doping.
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5.3.3. Catalytic wet peroxide oxidation (CWPO)

Figure 26 illustrates the concentration profiles of BPA and H2O: obtained in the
CWPO of BPA using all the prepared materials.
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Figure 26. The concentration of (a) BPA and (b) H,O; upon reaction time during CWPO experiences.

Compared to the non-catalytic run (XBPA = 16% and XH>O» = 18%), all materials

demonstrated catalytic activity towards the decomposition of H>O; and reduction of BPA.
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Thermal decomposition is responsible for the H»O» degradation observed in the
non-catalytic run performed at 80 °C. This amount of decomposed H>O> was sufficient to
promote the degradation of 18% of the pollutant’s initial concentration in the system.

Figure 26(a) illustrates the reduction of BPA. With the NiFe/CoFe@Al,O3; metallic
catalyst, a 50% reduction in BPA was observed after two hours of reaction, increasing to
80% after 6 hours, and reaching a reduction of approximately 95% at the end of 8 hours
of reaction. Despite presenting sifnificant activity towards the BPA removal by CWPO,
the CVD catalyst does not present metal stability to ensure a sustainable utilization. The
CNT catalyst showed a remarkable performance in reducing BPA by approximately 95%
at the end of the reaction period. The BPA was rapidly reduced by over 40% in the
presence of the CNT-COOH catalyst after just 30 minutes of reaction, thus facilitating a
reduction of 96% by the end of 8 hours. The silver-doped CNTs through co-precipitation,
namely CNT-COOH/Ag1-5% and CNT-COOH/Agl1-10%, demonstrated good catalytic
performance. However, there was not a complete reduction of BPA after 8 hours, reaching
a reduction of 96% and 93%, respectively, by the end of this period. On the other hand,
silver-doped CNTs through wet impregnation, specifically CNT-COOH/Ag2-5% and
CNT-COOH/Ag2-10%, managed to completely reduce the pollutant, achieving 100%
reduction of BPA after 8 hours of reaction, with emphasis on the CNT-COOH/Ag2-5%
catalyst, which showed the best performance among the materials, achieving a 90%
reduction of BPA in just 4 hours of CWPO.

Both the incorporation of metals and carbon in the catalysts justify their efficiency
in the CWPO process for BPA [120]. It is noteworthy that the simultaneous presence of
carbon layers and metallic phases in the materials results in a synergistic effect.
Regardless of the preparation approach, hybrid materials have demonstrated superior
activity compared to pure cores (NiFe/CoFe@Al>0O3). Both the metallic phase and the
carbon layer exhibit electron-donating properties. Thus, a hybrid material containing both
phases enhances electron transfer compared to a pure core. Electron transfer is a crucial
condition for catalyzing the degradation of H>O», resulting in the formation of hydroxyl
radicals and, ultimately, the removal of pollutants from the system. Both metallic phases,
such as iron and cobalt, and carbon layers facilitate this electron transfer; additionally, the
more hydrophobic properties and larger surface area due to the carbon layer increase the

adsorptive interactions between the pollutant and the catalysts surface [121].

62



Figure 26(b) illustrates the decomposition of H2O2 during the CWPO of BPA,
showing that the CNT-COOH/Agl1-10% catalyst leads to slower and lower quantity
degradation of H>0», reaching only 82% decomposition by the end of the reaction. The
CNT-COOH and CNT-COOH/Ag1-5% catalysts exhibit similar behaviors, decomposing
approximately 60% of H2Oz in 4 hours and achieving a total efficiency of 96% at the end
of the CWPO reaction. The CNT-COOH/Ag2-5% and CNT-COOH/Ag2-10% catalysts
were able to completely decompose H>O> by the end of the CWPO process, with
CNT-COOH/Ag2-5% showing a slightly faster and higher proportion rate than
CNT-COOH/Ag2-10%. Regarding the CNT catalyst, despite demonstrating a 100% H>O>
decomposition rate at the end of CWPO, no corresponding efficiency was observed in
BPA degradation. As for the NiFe/CoFe@Al,O3 metallic catalyst, an initial rapid
decomposition is observed, reaching 50% within 2 hours of reaction. However, the
decomposition slows down until 4 hours of reaction, followed by an increase in the
decomposition rate until 8 hours, resulting in a total efficiency of 96% in H20:
decomposition.

In summary, the H>O, decomposition rate and BPA reduction rate during CWPO is
correlated for the NiFe/CoFe@AlOs;, CNT-COOH, CNT-COOH/Agl-5%,
CNT-COOH/Ag2-5%, and CNT-COOH/Ag1-10% catalysts due to hydroxyl radical
(HO’) formation. On the other hand, the CNT and CNT-COOH/Ag1-10% catalysts did
not reduce BPA in the same proportion as they decomposed H>O», indicating a lack of
correspondence and, consequently, inefficient performance [108,122]. Thus, the activity
order of the catalyst for both activities is: CNT-COOH/Ag2-5% > CNT-COOH/Ag2-10%
> CNT-COOH/Ag1-5% > CNT-COOH > NiFe/CoFe@Al>O3 > CNT-COOH/Ag1-10%
> CNT.

The additional experiments conducted on the samples recovered from the
adsorption tests to evaluate the desorption of physically adsorbed molecules, aiming to
determine whether pollutant removal is primarily driven by adsorption or oxidation, have
their results presented in Figure 27. According to the presented results, approximately
94% of BPA was recovered from NiFe/CoFe@Al>O3 and CNT materials, while the CNT-
COOH/Ag1-5% sample exhibited around 95% recovery, and the CNT-COOH/Ag1-10%
sample showed approximately 97% recovery, with no desorption observed for the other

materials.
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Figure 27. BPA desorption results obtained using materials recovered from pure adsorption experiments.

The higher efficiency in BPA recovery in these materials may be attributed to mass
transfer mechanisms. Overall, the method proved effective in BPA desorption from
carbonaceous materials, suggesting that physisorption is the main adsorption mechanism
for BPA removal by adsorption using these samples. The desorption experiments using
catalysts recovered from CWPO reactions indicated no BPA desorption in all materials.
Therefore, while these materials have adsorption capacity, the results showed the

complete degradation of the pollutant during the reaction [102,123].

5.3.4. Coupled disinfection and CWPO

The kinetics of BPA reduction and catalytic decomposition of H>O» during coupled
disinfection and CWPO is presented in Figure 28. These results demonstrate that the
CWPO process occurs even under conditions optimized for microorganisms during the
experiment (pH 5 to 45 °C), for the material showing the best efficiency demonstrated in
CWPO runs (CNT-COOH/Ag2-5%). In this case, an improvement in activity is observed
after 1440 minutes of reaction, resulting in a total reduction of 90% of BPA and

decomposition of 70% of H20: by the catalyst.
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Figure 28. The concentration of (a) BPA and (b) H,O; upon reaction time during coupled disinfection
and CWPO experiences.

The results of the biological treatment conducted for Escherichia coli disinfection
are presented in Table 10. In the case of the sample with BPA, a 92% reduction in the
microbial load indicates that the agent is bacteriostatic, meaning it inhibits bacterial
growth (keeping them in the stationary phase of growth). Therefore, it cannot be stated

that BPA has the ability to eliminate microorganisms. However, in the case of the H>O>
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and CWPO samples, the elimination of 99.99% of the microorganisms indicates that the

agents have bactericidal properties, meaning they are capable of killing bacteria [124].

Table 10. Results of disinfection experiment.

Sample 0 minutes (CFU/mL) 1440 minutes (CFU/mL)  Reduction (%)
BPA 8.5x10°+ 0.5 6.7x10°+20.5 92
H>0, 1.4x10%+ 1.5 0 99.99
CWPO 1.5x10%+ 0.5 0 99.99

The standard deviations observed in the samples, particularly in the triplicate
sample, which showed a standard deviation of 0=20.5 after 1440 minutes, may be
attributed to several factors. These variations may result from discrepancies in the
agitation methods employed, heterogeneities in the distribution of bacteria in the sample,

or possibly the presence of microbiological contaminants.
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6 CONCLUSIONS AND FUTURE WORK

6.1. CONCLUSIONS

This research aimed to assess the antimicrobial and catalytic activity of silver-doped
carbon nanotubes in the removal of organic pollutants through catalytic wet oxidation
with hydrogen peroxide and disinfection of wastewater. Texture and morphology analysis
revealed that doping carbon nanotubes with silver and functionalization with HNO3
significantly enhance their adsorption capacity, as evidenced by N> adsorption isotherms.
The 10% silver-doped materials exhibit the highest adsorptive capacities, and all
materials display mesoporous characteristics and a high specific surface area. TEM
analysis confirmed the formation of MWCNTs during synthesis, primarily with a straight
conformation, indicating improved process control. SEM images showed that doping
efficiency in the co-precipitation method was affected by the formation of AgCl salt, and
the wet impregnation method resulted in higher doping efficiency. The increased
efficiency observed in wet impregnation doped samples compared to co-precipitation
ones can be explained by the presence of AgCl impurities.

The TGA analysis revealed that all analyzed materials exhibit high thermal
resistance, with combustion occurring above 600 °C, a characteristic that makes them
suitable for application in AOPs. Through EA, the efficiency of doping techniques in
replacing these COOH groups with silver ions was evidenced, revealing to be higher for
the wet impregnation method than for the co-precipitation method. The analysis of
leachates reveals high levels of COD and TOC, typical of young leachates. The
microbiological characterization indicates favorable environmental conditions in the
leachate for the growth of yeasts, fungi, and bacteria.

The CWPO runs revealed in the adsorption analysis that BPA was primarily
oxidized rather than adsorbed, a fact confirmed by the desorption analysis, where no
materials were recovered from CWPO, indicating complete oxidation of the pollutant.
The catalytic decomposition test of H>O; showed that nitric acid-functionalized and
silver-doped CNTs exhibited higher catalytic activity due to the presence of oxygen
functional groups and internal or external structural defects, contributing to enhanced
oxidation. Moreover, silver doping resulted in superior catalytic properties. Both wet

impregnation and co-precipitation methods were effective, with wet impregnation doping
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proving slightly more efficient. The CWPO test revealed that wet impregnation method
catalysts achieved complete BPA reduction after 8 hours, with 5% doping showing better
performance. However, pure CNT and carboxylated CNT doped with 10% by
co-precipitation method showed a lack of correspondence between H>O> decomposition
and BPA reduction, indicating inefficient performance in the process.

As the wet impregnation method with 5% silver-doped CNT exhibited the best
structural properties and performance in CWPO experiments, it was then applied in the
coupled disinfection and CWPO experiment. This demonstrated that the CWPO process
was effective in reducing BPA and decomposing H2O:, even under optimized temperature
and pH conditions for microorganisms. After 1440 minutes of reaction, there was a 90%
reduction in BPA and a 70% decomposition of H2O,. While BPA exhibited bacteriostatic
properties by inhibiting bacterial growth, H>O> and CWPO samples showed bactericidal
properties by eliminating 99.99% of microorganisms. This indicates that the materials
prepared and applied in the CWPO process possess both antimicrobial and catalytic

activity.

6.2. FUTURE WORK

Based on everything explored in this study, a possible direction for future research
would be to investigate the stability and long-term performance of Ag-doped CNTs in
real wastewater treatment scenarios. Additionally, studying the stability of silver
nanoparticles on carbon nanotubes would contribute to a comprehensive understanding
of the sustainability and overall safety of the applications. Another relevant issue is the
enhancement of the disinfection experiment, as experimental limitations necessitate the
use of BPA doses much higher than those found in real systems. This, in turn, increases
the required amount of H»O,. Therefore, it would be pertinent to conduct additional
investigations to assess microbial resistance to lower doses of H2O. Additionally, the
current test was conducted only with the Escherichia coli strain. However, it would be
interesting to expand the study to include a variety of microorganisms present in
wastewater. Those showing resistance to H>O> could then be subjected to the CWPO
process, allowing for a more specific evaluation of the antimicrobial activity of Ag-doped

CNTs.
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