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Resumo

Recuperacao de terras raras de lixiviados de lampadas fluorescentes para aplicacoes
cataliticas

As terras raras sdo elementos quimicos conhecidos como REE (do inglés, Rare Earth Elements),
essenciais em diversas aplicacdes tecnoldgicas que fazem parte do quotidiano. A procura destes
elementos quimicos tem vindo a aumentar devido ao seu grande consumo e aplicacdes. Os zedlitos sdo
aluminossilicatos solidos porosos, bastante utilizados na recuperacao de metais de aguas contaminadas,
podendo ainda ser aplicados como catalisadores heterogéneos em reacdes de interesse industrial. Esta
tese tem como objetivos o desenvolvimento de um sistema de recuperacao de terras raras de aguas
contaminadas em multiplos ciclos de adsorcao e dessorcao e a validacao da utilizacao das terras raras
suportadas em zeolitos em reacdes cataliticas. A modificacao quimica da superficie de diferentes zedlitos
foi efetuada com vista a otimizacao da recuperacao de terras raras de aguas contaminadas. Verificou-se
que o melhor zeodlito modificado consegue remover mais de 80 % de todos as terras raras presentes na
solucéo de ensaio e obtiveram-se recuperacdes acima de 90 % por posterior lixiviacao dos sorventes. A
estes resultados foram aplicadas, com sucesso, técnicas de machine learning (ML), nomeadamente
supervised e unsurpervised learning. Em regime de supervised learning foram aplicados algoritmos de
classificacao aos dados experimentais e a possibilidade de regressao. Em wnsupervised learning, foram
aplicados algoritmos para reducao da dimensionalidade dos dados utilizados na elaboracao dos clusters.
A segunda parte é a continuacao natural da anterior, em que o melhor zedlito passa de testes batch para
ensaios em coluna, nos quais se atingiu mais de 70 % de remoc&o e uma recuperacao, apos a otimizacao,
acima de 80 % para todas as REE testadas. As mesmas analises de ML foram aplicadas com sucesso
aos resultados obtidos neste sistema aberto. A capacidade catalitica das REE suportadas nos zedlitos foi
testada em reacdes tipo Fenton para a degradacao de dois corantes, a tartrazina e o indigo de carmim,
apos a adicao de ferro aos referidos zeodlitos com REE. A degradacéo obtida para a tartrazina foi superior
a 80 %, enquanto para o indigo de carmim foi superior a 95 %. Algoritmos de ML foram aplicados

eficazmente na analise dos resultados obtidos de degradacéao.

Palavras-chave: Terras Raras; Adsorcao; Dessorcdo; Machine learning; Catalise
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Abstract

Tailored recovery of rare earth elements from fluorescent lamps industry leachates

towards new catalytic applications

Rare earth elements, known as REE, are essential chemical elements with diverse technological
applications that are part of everyday life. The demand for these elements has increased due to their high
consumption and applications. Zeolites are porous solid aluminosilicates, widely used to recover metals
from contaminated water and can also be applied as supports for heterogeneous catalysis. This thesis
aims to develop a system for recovering REE in multiple adsorption and desorption cycles and to verify
the possible use of REE supported on zeolites in catalytical reactions. Finally, machine learning (ML)
algorithms were tested to select and to predict the behavior of REE and zeolite systems. Chemical surface
modifications of different zeolites were carried out to optimize the recovery REE from contaminated water.
The best modified zeolites can remove more than 80 % of all tested REE present in the test solution and
recover above 90 % have been obtained by leaching the sorbents. ML techniques were successfully
applied to these results namely unsupervised and supervised learning. Within the supervised learning,
classification algorithms were applied to the collected data to select the best modified zeolites and to test
the possibility of regression, validating the predictive ability of these algorithms on the removal of REE
from wastewater. Within the unsupervised learning, algorithms were applied to reduce the dimensionality
of the data used to create the clusters. The second part is the natural follow up of the previous work,
where the best zeolites were used in continuous flow assays. A total REE removal above 70 % was obtained
and a total REE recovery above 80 % for all REE tested after optimization. The same ML analyses were
successfully applied. The catalytical capacity of the REE/zeolite was tested in Fenton-type reactions for
the degradation of two dyes, tartrazine and indigo carmine, after the addition of iron to the REE/zeolite.
The degradation for tartrazine was above 80%, while for indigo carmine, it was higher than 95 %. As

previously described, ML algorithms were successfully applied to analyze the obtained results.

Keywords: Rare Earths Elements; Adsorption; Desorption; Machine learning; Catalysis
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Chapter 1 — Motivation and Outline

This chapter presents an overview of the work developed in this thesis. The motivation and outline

of the research work and the main scientific outputs are also described.
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1.1. Context and Motivation

In modern days, we are surrounded by technology like phones, computers, wind turbines, electric
cars, photovoltaic panels and many others. In this technological world, our constant requirement for new
devices and energy associated with the growth of the population is leading to an increase in the need for
diversified chemicals to manufacture these products.

There are 118 chemical elements that make up everything that surrounds us and 44 of those
will face supply limitations in the coming years [1]. Some of the critical elements include precious metals
as gold (Au), silver (Ag), Rare Earth Elements (REE), phosphorus (P), lithium (Li), copper (Cu), aluminum
(Al) and many others [1,2]. These elements may suffer from market pressure due to the high demand
for diverse applications as the production of low-carbon energy technologies intensifies [2]. For example,
the production of electric cars has been growing by over 50 % yearly for a decade and might reach an
international value of 100 million of electric cars by 2023 [3,4]. The Li production would need to double
in the next decade to achieve such goal [5]. Another example is the higher amounts of metal to produce
the same power as their fossil fuels counterparts by low-carbon energies [6]. For example, photovoltaic
power requires up to 40 times more Cu than fossil fuel combustion and wind power up to 14 times more
Fe [6].

Metals are one of the most crucial resources in the world, with 2.8 billion tons mined, with some

diversified applications, as shown in Figure 1.1.

Silver

1.9 % Cadmium
°‘-| [~ 1%

Technology and precious metals =

4

Vanadium
1.5
i Molybdenum
20.3%

Iron ore
93.4 %

Figure 1.1: World metal production in 2021 [7].
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In the technology and precious metals sector, which accounts for 0.05% of the world metal
production, rare earth oxides represent 19% of metals used and the trend is upwards. REE have played
a crucial role in the materials industry across various domains such as phosphors, magnets, metallurgy,
catalysts and glass since the 1950s. They are frequently employed as additives or dopants in materials.
What makes REE particularly valuable is their ability to induce significant changes in material properties,
even when used in small quantities. Consequently, they have earned the reputation of being the
"vitamins" of modern industry, and the creation of materials doped with rare earths has emerged as a
relevant technological advancement [6,8].

This work will focus on the recovery of REE from industry leachates by porous materials, so that
they may be used in new catalytic applications. The REE are more abundant than Au or Pb [9] but their
extraction is quite challenging, not always justifiable. Therefore, recycling becomes a new possible source
of REE but their recovery is still in the first steps, and a good system that allows their recovery and tackles
the accumulation of contaminating waste is required.

The increased resource requirement leads to a growth in mining exploration and it is important
to remember that mineral extraction contributes to diverse problems such as environment degradation,
population displacement and other adverse impacts [10]. Moreover, not all the various final mining
products are recycled, which can lead to water contamination from these chemicals.

To increase the REE life cycle, zeolites were used to retain REE and the resultant systems, REE
supported on zeolites were evaluated as catalysts in oxidation reactions. Zeolites, which are
aluminosilicate minerals, are extensively utilized as catalysts, adsorbents and ion exchangers due to their
crystalline microporous nature. Some zeolites are naturally found in nature and are excellent supports for
REE [11]. As a result of this research project, we can address the following issues:

» Can REE be removed by zeolites from wastewater and recovered in multiple
adsorption and desorption cycles?

» Can REE-zeolite serve as a heterogeneous catalyst for environmental purposes?

» Can Machine Learning (ML) algorithms aid in selecting and predicting outcomes for
the REE/zeolite systems?

For that, a zeolite-based removal system was developed to extract REE from wastewater and it
was associated with a recovery step to allow the cyclic use of the system. To enhance the natural metal
removal capacity of zeolites, chemical treatments were employed to modify their surfaces. These
chemically modified zeolites were utilized for REE adsorption and subsequent desorption tests to recover

both the REE and the zeolite, which may be utilized for further REE removal purposes. In addition to the



Chapter 1
Motivation and Outline Barros, 0. | 2023

desorption tests, the zeolite loaded with REE was evaluated for its effectiveness in degrading various food
dyes through heterogeneous catalysis in a Fenton-type reaction. The successful implementation of ML
algorithms in this study allowed selecting the best REE/ zeolite systems.

This thesis was carried out mainly at the Centre of Biological Engineering (CEB) and Centre of

Chemistry of the University of Minho (Braga, Portugal).

1.2. Thesis outline

The thesis is divided in 6 chapters. Chapters 1, 2 and 6 correspond to the introduction, state-of-
the-art, the main conclusions and the suggestions for future work, respectively. The main core of the
thesis is constituted by chapters 3, 4 and 5, which are based on scientific papers under submission for
publication.

Chapter 1, the current chapter, describes the context, motivation, research plan and the thesis
outline.

Chapter 2 introduces a general background and a review of the state of the art required for the
understanding of the work presented in four subchapters: I) Rare Earths Elements, REE; 1l) Zeolites, Il1)
Sorption processes and V) catalysis.

Chapter 3 describes the methodologies used for the different pre-treatments of the zeolites.
Subsequently, these zeolites were characterized and tested for their REE adsorption capacity in batch
trials to select the best options. The selection process used a machine learning approach, ML,
classification and regression algorithms to choose the most promising adsorbents for REE. Desorption
and kinetics assessment was carried out with the most promising zeolites and from these data the most
adequate was selected.

Chapter 4 explores the experimental data from column assays to evaluate the possibility of a
scale-up assay with the zeolite selected from the previous chapter. The column assays were carried out
with 4 cycles of adsorption, desorption and wash and the results were analyzed using the classification
of ML algorithms.

Chapter 5 addresses the production of different REE/Fe-zeolite catalysts resulting from the
combination of REE, iron (Fe) and zeolites. These catalysts were tested on the degradation of two food
dyes through a Fenton-like reaction. Based on these results, the most promising catalysts for dye
degradation was selected using the classification from ML algorithms. The kinetics assessment allowed

an even narrower selection of the most suitable catalyst.
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Finally, the breakthroughs of this thesis are briefly discussed in Chapter 6 and suggestions for

future work in this field are given.

1.3. Scientific outputs

The development of the experimental work during this Ph.D. thesis originated the following

publications in international scientific journals and the participation in several scientific meetings by oral

and poster communications.

Publications in peer-reviewed journals:

>

Barros, O.; Parpot, P.; Neves, |. C.; Tavares, T.; Chemical modification of zeolites for the recovery
of Rare Earth Elements using Machine Learning algorithms — under revision.

Barros, 0.; Parpot, P.; Neves, |. C.; Tavares, T.; Exploring optimization of zeolites as adsorbents for
Rare Earth Elements using Machine Learning techniques in continuous flow assays — under revision.
Barros, 0.; Parpot, P.; Rombi, E.; Tavares, T.; Neves, |. C; Machine learning approach for
classification of REE/Fe-zeolite catalysts for Fenton-like reaction — under revision.

Lago, A., Rocha, V., Barros, 0., Silva, B., Tavares, T., Bacterial biofilm attachment to sustainable
carriers as a clean-up strategy for wastewater treatment: a review — under revision.

Rocha, V., Lago, A., Barres, 0, Silva, B., Tavares, T., /mmobilization of biogenic metal nanoparticles
on sustainable materials - green approach applied fto wastewater treatment: a systematic review —
under revision.

Assila, O.; Barros, 0.; Fonseca, A. M. F.; Parpot, P.; Soares, O. S. G. P.; Pereira, M. F. R.; Zerrouq,
F.; Kherbeche, A.; Rombi, E.; Tavares, T.; Neves, |. C.; Degradation of pollutants in water by Fenton-
like oxidation over LaFe-catalysts: Optimization by experimental design, Microporous and

Mesoporous Materials, 2023, 349, 112422, hitps://doi.org/10.1016/j.micromeso.2022.112422

Book Chapter:

>

Costa, F.; Lago, A.; Barros, 0.; Rocha, V.; Vipotnik, Z.; Silva, B.; Tavares, T.; Chapter 14 - Retention
of organic micro-pollutants by sorption processes, Current Developments in Biotechnology and
Bioengineering, Emerging Organic Micro-pollutants; 2020; 331-362,
https://doi.org/10.1016/B978-0-12-819594-9.00014-0

Oral communication in scientific meetings

>

Barros, 0.; Neves, |. C.; Tavares, T.; Recovery of rare earth elements by zeolite materials, XVth
International Symposium on Environment, Catalysis and Process Engineering, 23 to 25 November

2021, Morocco;
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» Assila, O.; Barros, 0.; Zerrouq, F.; Kherbeche, A.; Fonseca, A. M. F.; Parpot, P.; Tavares, T.; Neves,

I. C.; Optimization of Fenton-type reaction for water treatment using bimetallic catalysts based in
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Chapter 2 - Literature Review

This chapter presents an overview of the Rare Earth Elements, especially in what concerns their
characteristics, processing, applications and the importance of recovering and recycling these elements.
The definition, characteristics, importance and applications of zeolites will be discussed. The concepts
and importance underlining adsorption processes will be explained. An overview on heterogeneous
catalysis and on Fenton-type reactions will be forwarded. Finally, the application of machine learning
techniques to adsorption and to catalysis will be reviewed to understand how these algorithms can benefit

for the selection of the best outcomes.
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2.1. Rare Earth Elements

The rare earth group includes seventeen elements (lanthanide group of the periodic table with
scandium (Sc) and yttrium (Y)) as defined by the International Union of Pure and Applied Chemistry
(IUPAC). The fifteen lanthanides are the elements with the atomic numbers from 57 to 71, being listed
as: lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium
(Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium
(Tm), ytterbium (Yb) and lutetium (Lu).

These elements are divided into light REE (LREE) and heavy REE (HREE), with Z of the LREE
ranging from 57 to 64,while the atomic number of the HREE goes from 65 to 71, including Y [1,2]. The
main difference between the HREE and the LREE is related to the paired electrons (both clockwise and
counter-clockwise spinning electrons) present in the HREE [3]. Yttrium is included in the HREE since this
element presents some similarities, both in ionic radius and chemical properties with that group.
Sometimes the REE are divided into three categories: (i) light REE - La, Ce, Pr, and Nd; (ii) medium REE
- Sm, Eu, and Gd and (iii) heavy REE - Th, Dy, Ho, Er, Tm, Yb, Y and Lu [4-6]. This work will consider
the REE division into light and heavy.

Sc is considered an REE as it was discovered simultaneously with other REE and its
characteristics resemble more the ones of Y rather than those of Al or Ti [6]. However, this element is
not considered a LREE or a HREE [3,7]. Pm is considered a REE as it is the last element of the lanthanide
group to assume double c-axis hcp (dhcp) structure at ambient conditions [8]. This element is the only
one that does not occur in nature due to its radioactivity instability [9,10].

Understanding the REE and their various applications, which will be summarized in section 2.1.1
REE applications, will be more straightforward when the characteristics of these elements are known.
Diverse studies and reviews have been published to explain the versatility of REE [3,7,11].

The REE possess different oxidation states, although the most common oxidation is 3+, as it is
more stable, and due to that, most of the REE are represented as REE,O; [3,12].

A critical characteristic of all metals is their precipitation pH, mainly for purification purposes,
and the REE are no exception. It is essential to understand that the REE precipitation may occur at
different pH, depending on the anion present in the solution and its concentration. The work of Han [13]
shows that it is possible to induce REE precipitation even at low pH values by using different precipitants.
Some examples of REE precipitation described in the literature use carbonate [14,15], fluoride [16,17],

phosphate [18,19], sulfate [20-24] and oxalate [7,25-28].
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The REE are elements that do not exist as individual native metals such as gold (Au), copper (Cu)
or silver (Ag), due to their reactivity. Instead, they occur together in diverse minerals as minor or major
constituents [29]. REE are found in a great variety of minerals, over 250 minerals [30], although the
primary sources of REE of economic interest are bastnaesite, monazite, loparite and the lateritic ion-
adsorption clays [29]. The bastnaesite ore is found in China and the United States and constitutes the
most significant percentage of the world’'s REE source. In contrast, the monazite ore is found in countries
such as Australia, Brazil, China, India, Malaysia, South Africa, Sri Lanka, Thailand and the United States.
It constitutes the second largest deposit of REE [31,32]. Although with minor impact , other sources of
REE are apatite, cheralite, eudialyte, loparite, phosphorites, rare-earth-bearing (ion adsorption) clays,
secondary monazite, spent uranium solutions and xenotime [33]. Apatite ore does not present a high
concentration, varying from 0.1 % to 1 %, of rare earth oxides (REE.O or designed as REEQ) [34-36].
However, this ore is abundant and is found worldwide, making it an essential source of REE [37,38]. The
work by Liu ef a/. [39] summaries the updated state regarding the different REE deposits, active mines

and 146 projects at an advanced stage, shown in Figure 2.1.
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Figure 2.1: Current global distribution of REE projects, including active mines and advanced projects. The REE
deposit types are represented by various colors accordingly. Active mines (%) and advanced projects (o) are also

marked. Adapted from Liu et al. [39].

Over the most recent years, the REE production suffered enormous growth, from 1.814
kilotonnes (kt) before 1960 to 112.491 kt in 2010, with an average growth rate of around 10 % per year
[40,41]. The global production of rare earth oxide (REQ) was 263.054 kt in 2021 and 272.155 ktin 2022
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[42]. The global REE market reached 9.5 billion US $ in 2022 [43], with a global consumption of REE
oxides around 164 kt [44].
China is the major REE producer, followed by the United States, Australia and Burma, as the

percentage of the total production from 2022 [42] reveals in Figure 2.2.

6.61%
Other
5.94% countries
Australia
3.96%
Burma

14.19% United States

69.30% China

Figure 2.2: World production of REE in 2022. Adapted from the U.S. Geological Survey 2023 [42].

The REE purification from ores involves significant energy and resource consumption, high
pollution levels and relevant environmental impacts. The REE processing is much more complex than the
production of other metals [45,46], due to their similar reactivity. Adding to that, REE production is
associated with radioactive pollution and toxicity due to the presence of radioactive elements in the REE
deposits like uranium (U) or thorium (Th) [47]. For these reasons, REE production is attracting more
attention globally [48,49]. For the extraction of 0.907 t of REE in Bayan Obo in Mongolia, it is required
4.001 t of sulfuric acid (H.SO.), 11.177 t of sodium chloride (NaCl), 1.488 t of sodium hydroxide (NaOH),
1.061 t of hydrochloric acid (HCI), 1.724 t of water and the grinding of almost 45.359 t of mineral ore
[50,51]. Additionally, the energy required to obtain 1 ton of an individual REE varies from 38 to 48 GJ,
except for Sc and Y, which requires 148 or 75 GJ per ton, respectively [50].

In 2011, REE were sold at record high prices, which had driven some countries to re-open mines,

as the Mountain Pass mine in California re-opened in 2012 [52]. Some countries like Japan and most of
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the European Union (EU) do not have any REE deposits, so they have to invest in developing alternative
sources of REE [52].

Kato and co-workers reported a rich REE mud around Minamitorishima Island in 2011 [53] and
further studies verified that the referred mud had almost 8000 ppm of total REE , corresponding to more
than 14.515 million tonnes (Mt) of REEO in the studied area [54]. In 2021, Ohta et a/. [55] reported a
rich REE mud with contents between 2000 and 4500 ppm in the Central Pacific Basin. Although the mud
presents high concentrations of REE, it will be a challenge to isolate them. The challenge begins with
collecting, concentrating and transporting the mud from the seabed by the lowest cost possible. New
technologies are required as well as the adaptation of other ones to process this deep mud and to recover
the valuable REE.

Another possible source of REE is coal, mainly coal ash or coal-based materials [56-58]. Coal
ash is reported to eventually release toxic elements, such as As, Se, Cr and Cd by naturally leaching from
the ash deposit sites, which is harmful to the environment and to human health [59]. Some critical metals
can also be found in coal like Ge, Ga, Nb, Zr, V, Re, Au and base metals such as Al [59-61]. Luttrel ef
al. [62] reported that more than 80 % of REE associated with the run-of-mine coals are refused streams
after coal preparation. Therefore, the coal refuse or even the coal ash could be a more suitable REE
source as higher concentrations of REE mean a more cost-effective and efficient recovery. However, it is
essential to note that the feasibility of using such a source depends on various factors, such as the actual
concentration of REE in the refuse, the efficiency of extraction methods, environmental considerations
and economic viability. Some developments have been reported such as the methods used by Wang ef
al. [59] to recover REE from coal ash. While for coal refuse, physical and hydrometallurgical approaches
usually provide low recoveries [57], a previous calcination step before the acid leaching has encouraging

results [63,64].

2.1.1.REE applications

REE are a group of chemical elements with a huge application potential and this is related to their
diversified properties of interest, which vary from chemical, optical, electrical, metallurgical and catalytical
to magnetic [42,65-67]. The diverse electronic, manufacturing, and technological applications of the
properties of the REE show that these elements are present in a significant part of the products that
surround us in our daily lives. Due to their importance in diverse areas, several international institutions
and governments coded REE as critical materials [1,29,68,69].

REE do have diverse applications such as in metal alloys, lasers, lighter flints, batteries,

fluorescent materials (lamps), information storage (Digital Versatile Discs or computer memories),

| 11
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catalysts, magnets and super magnets, glass additives, military technologies, transport of energy,
phosphors, mobile phones, medical applications (nanomedicine, imaging), light-emitting diodes (L.E.D.),
light bulbs, high-temperature superconductors, renewable energy sources (solar panels, wind turbines),
polishing compounds, military and aerospace systems [29,42,70-72]. The primary applications of these

elements in 2021 are shown in Figure 2.3.

15.02%
Others

6.41%
Glass 43.24%
Magnets
7.11% Metallurgical

11.21%
Polishing
powders
17.02%
Catalysts

Figure 2.3: Distribution of rare earth element consumption in 2021 (adapted from Statista [73]).

2.1.2.Recovery and recycling importance of REE

REE are relevant for different applications and are nonrenewable strategic resources [74]. The
undirected development in recent years has caused a severe depletion of REE and irreversible damage
to such resources since the supply of these elements is widening year by year [75]. Therefore, recycling
the REE from urban or industrial waste is critical to moving from a linear economy to a circular economy
[72]. However, the recycling of REE is quite complex due to the number of such elements and the
quantities of those elements (that range from mg to several kgs) present in the end-products [72].
Combining the varying amounts with the complexity of their uses, the inherent difficulty of separating
individual REE, the possible extended life usage of specific applications, it is justifiable that less than 1 %
of the REE used today is recycled [72,76]. Some relevant efforts have been made to develop new REE

recycling methods [77-79]. Over the last years, extensive efforts have been made regarding the recycling
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of fluorescent lamps [77,80], of NdFeB magnets from hard disk drives (HDD) [24,81], from wind turbines
[82,83] or from magnets production waste [84].

One of the most important secondary sources is electronic waste, e-waste [85]. This waste
consists of electric and electronic devices (equipment that required electricity to work) which were
discarded at the end of their economic life span when no longer used by consumers [86,87]. Those
devices include computers, audio-visual and communication equipment [88,89]. In 2016, each inhabitant
produced, on average, 6.1 kg of this waste, a total of 44.7 Mt worldwide and it was estimated to reach
52.2 Mt in 2021 [90]. In 2016, it was estimated that this waste was worth around 55 billion euros [91]
and the European market for REE recycling could be worth 1 billion euros [92].

Some factors play a crucial role in the growth of this waste such as the decreasing economic
lifespan of electronic devices [93], lack of international consensus on e-waste management [94] and
inadequate use awareness [87]. One big challenge for its disposal is its quantification since there is no
appropriate waste tracking systems. As an alternative to disposal, e-waste could be redirected for material
recycling and reprocessing [95], resulting in new raw materials able to substitute primary materials, more
commonly designed as virgin materials obtained from ores. This idea may help to construct a new
economy based on circular zero-waste [96].

One important concept is the technosphere, a material stockpile established by human activities
and technological processes where different metals and alloys can be found [97]. These metal deposits
changed the mining perspective since some metals can be recycled from previous applications and used
in new ones [97]. This idea will help to supply the markets with the needed metals, as technosphere
mining is a secondary source of many metals, promoting a circular economy and reducing the amount
of end-of-life products in e-waste. Jowitt ef a/. [98] state that the recycling of REE could be divided into
different types, namely direct recycling of manufacturing scrap or residues, recycling of solid and liquid
industrial wastes and urban mining or technosphere mining of end-of-life products also in accordance to
the work of Li ef a/. [99].

Technosphere mining can be applied for recycling REE from end-oflife products such as
permanent magnets, lamp phosphors from fluorescent lamps, batteries, urban solid waste, stocks of
landfilled industrial processes residues such as mine tailing bauxite residue, REE catalysts used within
the chemical industry and some others [52,98,100-104]. One big obstacle to recycling REE from end-
of-life products is the vestigial elemental amounts present in most of them. On the other hand, significant

amounts of those products could raise the total quantity of REE potentially recovered. Other problems
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have held back the recycling of REE up to date such as the difficulty of collecting, extracting and recovering
[98].

With correct e-waste management, as summarized in Figure 2.4, it could be possible to perform
a technosphere mining of REE, in other words, the REE recycling. On the other hand, tracking the amounts
of e-waste produced and recycled could enhance that recycling as it is. However, new recycling methods
with good recovery yields even starting from low concentrations, high selectivity, economic, non-toxic and
not harmful to human health and to the environment are needed. Diverse processes have been studied
and used. However, some of them require chemicals to allow a high recovery capacity, which will lead to
a growth of waste while the idea is to reduce it as much as possible. The different sorption processes
may be a possible solution for this problem. The focus of this thesis is the recovery of the soluble REE
using adsorption techniques, being some of the main reasons for the possible use of this technique with
lower concentration of the pollutant and other characteristics that will be explored in 2.3 Sorption

Processes.

Applications
- 2

Recycling

Figure 2.4: REE life cycle: REE are obtained from ores and transformed into different applications (blue), resulting
in waste. In green, it is possible to get REE through recycling the e-waste by technosphere mining and re-use those

elements into new applications.

One main problem after the solubilization of the REE will be their separation from the solution,
overcame by precipitation with specific anions. However, as explained in the section 2.1 Rare Earth

Elements, precipitation depends on several factors to be successful and economically viable.
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2.2. Zeolites

Zeolites are crystalline microporous aluminosilicates solids [105], which can be used for
incorporating within their structure different cations from a solution by ion exchange reaction. Zeolites
which belong to the tectosilicate-type minerals and some of them occur naturally, present a high specific
surface area, and are used as catalysts, adsorbents, ion-exchangers, and other aplications [105-107].

The variation of the synthesis conditions, use of more reactive silica sources and more alkaline
media led to the obtention of zeolites A and X and 14 new zeolite materials. In this work, it was used MFI,
Mobil-type five (Zeolite Socony Mobil-type 5, ZSMb5), faujasite, FAU (Y and X) and Linde Type A, LTA (4A)
structures. Therefore, these zeolite structures will be the focus and the respective structures are shown

in Figure 2.5.

MFI (ZSM-5) FAU (X,Y) LTA (A)

Figure 2.5: Front view of the structure of the selected zeolites for this work. Each zeolite has the official name
given to each structure by the International Zeolite Association, while their common name is shown in parentheses,

adapted from [105].

Zeolites have a three-dimensional structure of SiO, and AlO, tetrahedras, in which replacing the
Si# with Al give the zeolite a negative charge [108]. This negative charge justifies the strong affinity for
cations, such as transition metals, and a little affinity for anions and non-polar organic molecules
[108,109].

The zeolites can be classified according to their Si/Al ratio as low-silica (Si/Al ratios below 2,
highly polar), medium-silica zeolites (Si/Al ratio between 2 and 5, intermediate polarity) and high-silica
zeolites (Si/Al ratios above 5) [110]. Also, by the size of the pore diameters [110-112]:

> Small pores: between 3 and 4 A, corresponding to 8 or 9 oxygen rings.
» Medium pore: between 5 and 6 A, corresponding to 10 oxygen rings.
> Large pore: between 6 and 7.5 A, corresponding to 12 oxygen rings.
» Extra-large: above 7.5 A, corresponding to more than 12 oxygen rings.

| 15
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2.2.1.Applications

Zeolites present high thermal and moderate to high chemical stabilities [113,114], which allow
them to be used in diverse applications. This section will further explore the main uses of each selected
zeolite structure. The FAU and LTA are frequently addressed in all applications, due to their
physicochemical properties.

The usage as ion exchangers of the zeolites depend on the relative sizes between the cations
(with possible inclusion of their hydration shell) and the pores [105]. This size exclusion associated with
the different stereo-affinities of ions when using zeolites as exchangers allows ion separation and, more
specifically, ion sieving [115,116]. Diverse studies have been published using natural and synthetic
zeolites, including FAU, LTA and MFI, in terms of the ion-exchange isotherms and selectivity. These data
were reviewed by Dyer in 2007 [116] and the main conclusions [105] are:

» Zeolites with higher Si/Al ratios (as MFI) work better with cations with low charge density (large
and monovalent), while zeolites with lower Si/Al ratios (as FAU or LTA) are more adequate for
cations with high charge density (small and multivalent).

» Cations with high level of hydration (as lithium, Li-, or magnesium, Mg>) tend to have slow
exchange kinetics.

» Other cations are usually preferred over transition metal cations depending on the exchanger
material.

Some zeolite structures, including FAU and LTA, have been used to mitigate the effects of nuclear
accidents and the presence of radioactive waste, more specifically, to remove radioactive cesium
[105,116]. The usage of zeolites for water treatment may include processes other than ion exchange,
such as filtration, surface precipitation or adsorption [117].

The industrial application of zeolites in catalysis was first envisioned by the Union Carbide zeolite
research group in the 1950s [105]. The studies of Milton and Breck using a partially H-exchanged X
zeolite for the cracking of hydrocarbons defined a much more active catalyst than the ones being used
till then [118]. In the same year, they began developing new catalysts with metal dispersion on A, X and
Y zeolites, resulting in some relevant patents [119,120]. These findings led to other studies conducted
by other companies using zeolites for their potential use as catalysts. In 1959, Union Carbide
commercialized the zeolite Y as an acid catalyst for isomerization and cracking processes [121,122].
These innovations led to the preferential usage of zeolite cracking catalysts instead of the old amorphous
silica-alumina catalyst in every refinery [105]. Other applications were found for catalysts based on

zeolites with MFI and FAU structures, such as:
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» MFI: oil refining and petrochemistry interface (fluid catalytic cracking (FCC), dewaxing of
lubricants, catalytic reforming of naphtha, catalytic cracking for propene production,
aromatization of light paraffin and olefins); petrochemistry (xylene isomerization, toluene
disproportionation-transalkylation, alkylation of toluene with methanol) [105].

> FAU: oil refining (FCC with FAU Y type catalysts with REE) [105].
The usage of zeolites as adsorbents comes from their microporosity and regular pore size [105].

Zeolites 3A, 4A, 5A from LTA structure and 13X from FAU are the ones with more adsorption evaluations

and the ones mostly used in industrial separations, due to their physicochemical properties and relatively

low production cost [105].

2.3. Sorption Processes

As previously seen, solutions for recycling the REE from e-waste or other solid sources are under
study. However, what to do when leaching from an e-waste deposit contaminates water reservoirs? For
this, the sorption process can be employed.

Sorption is defined by the physical-chemical processes through which one substance, called
sorbate, is retained at the surface of another substance, called sorbent. Depending on the depth of the
sorbate transference into the sorbent, sorption can be divided into adsorption (first atomic/molecular
layers) and absorption (deeper in the surface layer). The term sorption is only used when there is
indeterminacy in the specific process but acts as a global definition [123]. With the use of sorbents of
biological origin, the term biosorption is also included in the sorption class.

Adsorption processes happen when there is a physical-chemical adherence or bonding of the
sorbate, which can be ions or molecules, onto the sorbent surface [1,68,123,124]. This process has
numerous vantages such as environment friendliness, wide-range availability of sorbents and competitive
economics [1,68,123-125]. Specific parameters must be considered for the adsorption process when
selecting the most suitable adsorbent [126]. The ideal adsorbent should be:

> Selective towards one or more components of the mixture to be treated.
Present a large adsorption capacity.
Easily regenerable.
Durable and stable under relevant conditions.

Shaped to achieve optimal mechanical and dynamical properties.

YV V V V V

Sustainable and competitive.
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Unfortunately, finding an adsorbent that fulfills all the above characteristics for a given separation
is quite challenging. Many separation processes require compromises to achieve the best overall
performance.

Many conventional adsorbents such as activated carbon, make the adsorption process less
competitive for extensive use in water treatment [127]. Using non-convention low-cost sorbents like
agriculture wastes, makes this process more appealing as it becomes more competitive while reducing
solid wastes [124]. Alongside activated carbon, zeolites are another class of adsorbents widely used in
diverse applications, as described in section 2.2 Zeolites.

Due to its versatility, adsorption is widely used in water treatment (removal of diverse pollutants
as heavy metals [128-130] or micro-pollutants [131-133]), drying, hydrogen purification, air separation
or hydrocarbon separation [134].

The desorption process is used when it is intended to reuse the sorbent for new cycles of sorption
or to reuse it in new applications [124]. It is required to use eluents that remove the sorbate from the
sorbent and this treatment may change the sorbate sorption capacity. The eluents used in desorption
processes should be non-toxic, cause no damage to the sorbent, allow the sorbent reuse and enable a
maximum sorbate recovery at the lowest possible eluent concentration and contact time [135-137].

The sequential association of the adsorption and the desorption processes will remove an
element/ compound from wastewater and will allow its eventual reuse into a new application, reducing
the ore mining and all associated problems and promoting the valorization of wastes within a circular

economy perspective.

2.4. Catalysis

Catalysts are used in chemical reactions in order to accelerate those processes or to reduce their
reaction temperatures. They do not appear in the stoichiometry equation of the reaction and they are not
consumed by the reactional processes themselves. Catalysts interfere in reactions by reducing their
activation energy (£) which is translated into a faster reaction. That change in the £, increases the rates
of both forward and reverse reactions likewise.

Catalytic reactions are intensively used in industrial processing. Most chemical processes (85 to
90 %) involve at least one catalytical step within food, health, fuels and energy processes [138]. Catalysis
is divided into three major classes: heterogeneous, homogeneous and enzymatic catalysis.
Heterogeneous catalysis is used in the production of fuels, of a variety of chemicals, in water treatment
and mitigation of hazardous gaseous or liquid emissions into the environment [139-142]. This work will

be focused on the design of catalysts prepared from REE supported on zeolites to be used in
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heterogeneous processes as the catalysts are in solid state and the reactional environment will be in
liquid phase.

With the growing concern about the environment and according to the green chemistry principles,
the usage of catalysis is more and more justifiable, since it offers advantages such as higher reaction
kinetics, higher selectivity and/or lower energy requirements [143-145]. These processes have improved
efficiencies compared to homogeneous chemical processes, with reduced energy and material
consumption and reduced environmental impact [146].

The heterogeneous catalysts have obtained increased attention from the chemical industry
[147,148], mainly due to the high activity and selectivity resulting in more efficient processes from both
economic and environmental points of view [149].

Environmental catalysis presents some specific aspects when compared to other catalytic
processes [150]:

1. Developed technology able to operate efficiently at conditions defined by upstream units.

2. Different applications include refineries, chemical processes, treatment of emissions, and
household or indoor applications.

3. Operation in smoother conditions than classical catalysts for chemical production, with efficient

operation with various feeds and fast changes in feed composition.

2.4.1.Catalysts using zeolites and REE

Zeolites are another essential piece in the catalytic processes and have been mainly used in
petroleum refining, in the case of FCC, in which significant improvements have been reached due to high
activity for gasoline production, low coke and gas yields and good thermal and hydrothermal stabilities
[151-153]. Zeolite Y which belongs to FAU is the active component for the cracking catalyst, which is
modified to achieve higher stability and activity [151]. Usually, zeolite Y is submitted to an ion-exchange
with rare earth salts followed by a calcination process, improving the stability of the zeolite and increasing
the activity of the catalyst [151].

Many studies of zeolite Y containing REE were performed in recent years to assess the catalyst
selectivity and stability, as Sousa-Aguiar et al. referred to in their review of the subject [151]. New
applications were found for those catalysts such as converting hydrocarbon fractions of crude petroleum
oils to more valuable products [154,155]. The presence of REE in the zeolite Y reduces the framework
dealumination under hydrothermal conditions [152], which translates into increased activity and

enhances the hydrogen transfer rate.
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REE are used not only for FCC reactions but also in other industrial essential reactions such as
hydrocarbon cracking, isomerization and alkylation [72,151,156].

The recovery of REE from wastewater using zeolite is possible, as supported by some literature
[157]. After being recovered from wastewater, the REE supported on the zeolite may have two different
fates. One is the leaching of the REE present inside the zeolite for further applications, which may define
a secondary source of REE. Another fate is the application of these zeolites loaded with REE as
heterogeneous catalyst in catalytical reactions. For the catalytical assessment of these zeolites loaded
with REE, some reactions are considered valuable test reactions such as the transalkylation of
ethylbenzene [156]. Dye degradation may also be used as reaction models, as they are easily evaluated
as reported in literature [158].

The idea of removing metal from wastewater followed by a catalyst definition is already described
in the literature [159,160]. One example is the work of Figueiredo et a/. [159], who used chromium

adsorbed on zeolite to catalyze oxidation reactions in mild conditions [161,162].

2.5. Machine Learning

Machine learning (ML) tools are an evolving branch of computational algorithms whose
development led to statistical models that can make predictions and decisions without being explicitly
programmed [163-166]. ML can integrate multimodality multi-fidelity data to reveal correlations between
different features [167].

The learning process is divided into two steps: training and testing. In the training part, samples
from the dataset are taken as input in which learning algorithms learn features, the designer is the learner,
and the model is built [168]. In this part, both features and characteristics of the data, designed as x,
and the target labels, designed as Y, are used in this process. This happens so the model can learn that
the characteristics of the data, the x, will originate a particular response, y. In the testing process, the
model predicts the test data [168]. The resulting data is the output of the learning model, which gives the
final prediction or classified data [169]. In other words, the xvalues of the dataset are given to the model
so it can process and give a prediction to those characteristics. The predicted yvalue is usually compared
to the real y value, and the model can be evaluated from there.

ML can be organized into the following categories accordingly to the nature of the learning signal
or feedback available to a learning system used [168,169]. The most common categories are supervised
learning, unsupervised learning and reinforcement learning.

Supervised learning uses labelled data and provides a dataset consisting of features or

characteristics and labels [168]. The tasks used in this approach are divided into two categories,
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classification and regression, as shown in Figure 2.6. Classification is used with discrete labels, when
the y values have fixed categorical outcomes, presented by whole numbers designed as integers.
Regression is used with continuous labels, when the J values have floating point values, such as
temperature or prices. Some application examples are predictive analytics (such as house prices and
stock exchange prices), text recognition, spam detection, customer sentiment analysis and object

detection (such as face detection).
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Figure 2.6: Representation of the main supervised ML techniques: A) Classification and B) Regression.

Unsupervised learning uses data with no labels and aims to explore the data and find similarities
between them [168]. The idea is to make the model discover “hidden” labels within the data. Some
application examples are anomaly detection, customer behavior prediction and recommendation engines.

The reinforcement learning technique interacts with a dynamic environment in which it must
approach a certain goal without being explicitly told that it is close to its goal [168]. Here, the algorithm
identifies which actions yield the most significant reward through trial and error. It is often used for

robotics, gaming and navigation.

2.5.1.ML algorithms

An extensive set of ML algorithms are developed to build ML models and they can be classified
based on the learning styles [168], as shown in Figure 2.7. The ones that will be used in this work are
the following:

» Regression algorithms: related to modeling the relationships between variables that are

continuous.

» Instance-based algorithms: based on a learning model, a decision problem with instances or

examples of training data deemed essential or required by the model.

> Decision Tree algorithms: use a decision tree as a predictive model that maps observations about

an item to conclude about its target value.
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» Clustering algorithms: it is the classification method of objects into different groups.

> Dimensionality Reduction algorithms: aims to remove irrelevant and redundant data to reduce

the computational cost and improve data quality for efficient data organization strategies.
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Figure 2.7: Representation of the classification of all ML algorithms (adapted from [170]).

2.5.2.ML applications

ML has been successfully applied in diverse fields such as pattern recognition, medicine, science,
computer vision, spacecraft engineering, engineering, biomedicine, psychology, catalysis, neurobiology
and many other disciplines [166,169,171]. This broad application allows a faster treatment of
tremendous amounts of data since ML is able to analyze and correlate those data to achieve better
interpretations and, therefore, to take better decisions.

ML models and their importance have been recognized and appreciated in wastewater treatment
[172,173]. Some developments were achieved in ML algorithms or deep learning neural networks for the
optimization of the adsorption of antibiotics [174,175], of organic compounds [176,177] and of metals
[178-180].

The capacity of ML algorithms to evaluate large amounts of data from catalytic reactions and
catalyst characterization can help to design the best catalyst for a given reaction [181,182]. Various

homogeneous and heterogeneous catalytic applications have been using ML [183].
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Chapter 3 — Chemical modification of
zeolites for the recovery of Rare Earth

Elements

Rare earth elements (REE) are a significant group of valuable elements used in diverse and
relevant applications in our daily lives. The mining and processing of the original ores, as well as the final
wastes disposal, produce wastewater with variable concentrations of REE to be recovered. Adsorption
processes have been used for the retention of various molecules from wastewater using sorbent materials
such as zeolites. Modified zeolites were obtained by acid and alkali treatments in order to increase their
sorption capacity compared to the controls. Desorption assays were also performed to evaluate the REE
leaching from the sorbent. An overall removal of 80% by adsorption and over 90% recovery by desorption
was achieved. The machine learning algorithms helped to classify the adsorption results and allowed the
selection of the most suitable modified zeolites, which correspond to ZX_NaOH 0.10 M, ZX_KOH 0.10 M
and ZA_NaOH 0.50 M. It is concluded that alkali modification of the zeolites surfaces increases their
natural adsorption capacity for REE recovering. Unsupervised machine learning algorithms can also be

used for pattern recognition.

Unsupervised ML

Supervised ML
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Adapted from: Barros, O.; Parpot, P.; Neves, |. C.; Tavares, T.; Chemical modification of zeolites for the

recovery of Rare Earth Elements using Machine Learning algorithms - under revision.
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3.1. Introduction

Rare earth elements (REE) are a group of seventeen elements, subdivided into light REE (La to
Gd) or heavy REE (Tb to Lu, including Y) [1,2]. These elements are widely used in different applications
(fluorescent lamps, batteries, lasers, information storage, conservation and transport of energy) due to
their specific properties [1-3]. As they are becoming more and more essential, these elements are getting
closer attention. There is almost no production of REE in European Union due to the complex exploitation
of their deposits [4] and due to environmental impact [5] of REE extraction and refining [6]. For that
reason, alternative methods for obtaining REE are quite attractive, such as REE-containing waste recycling
[6]. Some efforts have been made in this context to implement the specific recycling of REE [7,8] and to
achieve their recovery and possible reuse [9-11].

Adsorption processes have been extensively used to remove different pollutants from wastewater
such as heavy metals [12,13], which led to their recognition as some of the most interesting separation
processes. Adsorption is simple and competitive, with high recovery efficiency, with availability of a wide-
range of sorbents, effective even with low concentrations of sorbate and environmentally sustainable
[1,13-15], making it quite attractive for pollutant removal.

Different inorganic materials are used as sorbents like clays, carbon and zeolites [9,16,17].
Zeolites are crystalline microporous aluminosilicates that are used as catalysts, adsorbents and ion-
exchangers [18]. Different surface treatments can be used to increase their applicability. The most
common modifications of the zeolite structures are chemical [19-21] or hydrothermal [22,23] treatments
that improve the access to the zeolite surface. Figueiredo et a/. studied the modification of NaY zeolite by
NaOH 2.0 M, with two different contact periods between the zeolite and the alkaline solution (1 h and 9
h), with the final purpose of removing hexavalent chromium from aqueous solutions. These newly
modified zeolites preformed an efficient Cr removal [21]. Two different zeolites, FAU and ZSM5, was
modified with NaNOsto obtain different acidity and sodium content for an improved removal of chromium
[19].

This work aims to assess the effect of chemical treatments on different zeolite surfaces as FAU
and LTA to improve their capacity for REE entrapment. Acid and alkali treatments with different
concentrations were used to modify zeolites. The best chemical treatments were then selected in
accordance to the results of REE adsorption-desorption and kinetics modeling assays. Furthermore, the
adsorption results were analyzed by machine learning (ML) techniques to select the most suitable

modified zeolite and predict the zeolite classification (as a good or bad adsorbents, accordantly to the
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results and tested conditions) and residual concentration of pollutants. The supervised and unsupervised
learning from ML will be used in this work. Supervised learning is related to classification (division of the
different samples into good or bad, accordantly to the objective of the tests) and regression while
unsupervised learning is related to clustering (group assembly accordantly to their affinity under the
studied conditions) and dimension reduction (data compression to a smaller, different set of variables

that can indicate the most important one of the original features) [24].

3.2. Materials and Methods

3.2.1.Materials

Stock solutions of each rare earth were prepared from the dissolution of the respective salt in
distilled water (dH.0) to obtain a solution with a concentration of 1000 mg/L and then used on the batch
assays: europium (EuCl,.6H,0; 99.9 %) and cerium, (Ce(NO.)..6H.0; 99.5 %) were purchased from Acros
Organics; lanthanum, (La(NO.)..6H,0; 99.9 %), praseodymium, (PrCl,.xH,O; 99.9 %), terbium,
(TbCl,.6H,0; 99.9 %) and yttrium, (YCI,.xH.O; 99.9 %) were purchased from Alfa Aesar. The multi-element
ICP quality control standard solution, with a concentration of each element of 200 mg/L, was purchased
from CPAchem. Two zeolite structures were used, FAU (13X) and LTA (4A), typical adsorbents supplied
by Acros Organics and Sigma-Aldrich, respectively. The particle size for 13X beads is 4 to 8 mesh with
an average pore size of 7 A, while 4A pellets have a diameter of 1.6 mm with an average pore size of 4
A.

3.2.2.Zeolite modifications

The 13X and 4A zeolites modifications were carried out on flow columns using different basic
and acid solutions. NaOH and KOH solutions at concentrations of 0.10, 0.25 and 0.50 M were used and
HNO;, HCI and H,SO. solutions were tested at a concentration of 0.25 M. The procedure was divided into
two steps. In the first step, 20 g of zeolite were washed with 500 mL dH,0 for 6 h with a flow rate of 23
mL/min. In the second step, 500 mL of the acid or of base solutions were used for 22 h with a flow rate
of 3 mL/min. The resulting modified zeolites will be identified with the respective pre-treatment and
concentration. Control of the pre-treatment process was also performed. The control zeolites were
designated as ZX_H,0 or ZA_H,O and were produced by performing the pre-treatment second step with
dH,0. After this procedure, the zeolites were dried at 60°C for 48 h before characterization or adsorption-
desorption assays. A list of the designation for each sample that will be tested and a description of the

chemical modifications performed is shown in Table 3.1.
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Table 3.1: Description of the modification of each tested zeolite with the respective name.

Ray spectroscopy (SEM-EDS), Fourier-transform infrared spectroscopy (FTIR) and pH of zero point charge

(PHec).

with energy-dispersive X-ray spectroscopy (EDS) analysis (Phenom ProX with EDS Phenom-World BY,
Netherlands). All data were acquired using the ProSuite software (Phenom-World BV, The Netherlands)
integrated with Phenom Element Identification software (Phenom-World), used for the quantification of
the concentration of the elements present in the samples, expressed in either weight or atomic
concentration. The samples of zeolite were placed into aluminum pin stubs with electrically conductive

carbon adhesive tape (PELCO Tabs, Manchester, NH, USA) and processed without coating. The

Designation Modification description
213X zeolite 13X (Z13X) - control
ZX_H,0 ZX washed with H,0 - control

ZX_NaOH 0.10 M
ZX_NaOH 0.25 M
ZX_NaOH 0.50 M
ZX_ KOH 0.10 M
ZX_KOH 0.25M
ZX_KOH 0.50 M
ZX_HCI0.25M
ZX_HNO, 025 M
ZX_H,S0,0.25M
Z4A
ZA_H,0
ZA_ NaOH 0.10 M
ZA _NaOH 0.25 M
ZA_NaOH 0.50 M
ZA_KOHO.10 M
ZA_KOH 0.25 M
ZA_KOH 0.50 M

3.2.3.Characterization

The modified zeolites were characterized by Scanning Electron Microscopy/Energy Dispersive X-

The samples were characterized using a desktop scanning electron microscope (SEM) coupled

ZX modified with NaOH 0.10 M
ZX modified with NaOH 0.25 M
ZX modified with NaOH 0.50 M
ZX modified with KOH 0.10 M
ZX modified with KOH 0.25 M
ZX modified with KOH 0.50 M
ZX modified with HCI 0.25 M
ZX modified with HNO, 0.25 M
ZX modified with H,SO, 0.25 M
zeolite 4A (Z4A) - control
ZA washed with H,0 - control
ZA modified with NaOH 0.10 M
ZA modified with NaOH 0.25 M
ZA modified with NaOH 0.50 M
ZA modified with KOH 0.10 M
ZA modified with KOH 0.25 M
ZA modified with KOH 0.50 M
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aluminum pin stub was then placed inside a Phenom Sample Holder (SR) and different points were
analyzed for elemental composition. EDS analyses were conducted at 15 kV with intensity map.

The pHzpc values for zeolite were measured: a solution of 0.01 M NaCl was prepared, previously
bubbled with nitrogen in order to stabilize the pH by preventing the dissolution of CO, and the pH was
adjusted to different values (1 to 10) by adding diluted HCI or NaOH. For each pH value, 0.10 g of
adsorbent was added to 25 mL of NaCl. All the flasks were sealed to avoid contact with air and left under
moderate agitation (110 rpm) at 25 °C + 1 °C, for 24 h. The samples were then filtered, using 0.2 um
nylon filters and the pH of the final filtrate was measured and plotted against the initial pH value. The pH
at which the curve crosses the line of initial pH (pH...) equals to final pH (pH:..) is taken as pHzpc

FTIR spectroscopy measurements were performed on different samples using an attenuated total
reflectance, ATR-FTIR, PerkinElmer Spectrum Two spectrometer equipped with an ATR accessory. A
diamond prism was used as the waveguide. Firstly, the samples were reduced to powder and then all
spectra were recorded with a resolution of 2 cm in the wavelength region 4000-400 cm by averaging

50 scans. The analyses were carried out at room temperature.

3.2.4. Analytical quantification of REE

All liguid samples were analyzed at the Inductively Coupled Plasma - Optical Emission
Spectrometry, ICP-OES, (Optima 8000, PerkinElmer). The liquid sample was filtered through a pore size
membrane of 0.22 um and some drops of nitric acid, HNO; (Fisher, Loughborough, UK, 69%) were added
to avoid the pKa value change. This analysis was performed under the following operating conditions: RF
power at 1400 W, argon plasma flow at 12 L/min, auxiliary gas flow at 0.2 L/min and nebulizer gas flow
at 0.70 L/min. The wavelengths (nm) used for each element were: La — 408.672, Ce — 413.764, Eu —
381.967, Y — 371.029, Tb — 350.917 and Pr—390.844, with an axial plasma view for La, Ce, Tb and

Pr, while for Y and Eu, a radial view was used.
3.2.5.Selection of modified zeolite by adsorption assays

3.2.5.1. Adsorption assays

The adsorption assays were carried out using a concentration of 6 g/L of the modified zeolites
with a mixed REE solution with a concentration of 10 mg/L of each REE tested. The uptake assays were
carried out at room temperature in batch vessels placed in rotary shakers at 130 rpm for 24 h. The same
procedure was used in kinetics assays that lasted 125 h. The pH was controlled and the desired values

ranged between 3 and 4. When pH was higher than 4, a drop of a diluted solution of HCI would be added.
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The uptake for each REE at a given time was calculated by equation 3.1:

Co*xVy) — (Ce +V,
qtz( 0 0) ( t t) (Eq 31)
m

C, (mg/L) is the initial concentration of the REE present in solution, C, (mg/L) is the concentration of REE
at atime, t. V, (L) is the initial volume of the REE solution, while V, is the volume of the solution at a given

time, t, and m (g) is the weight of the adsorbent used.

3.2.5.2. Kinetics modeling

The kinetics modeling was performed using the non-linear forms of the Pseudo-first order (PFO),
equation 3.2, and of the Pseudo-second order (PSO) models, equation 3.3. The use of non-linear
equations aims to avoid some errors associated with the linearization of the models by changing the error
structure or altering their distribution, possibly distorting the fitting as referenced in literature [25-30].

This fitting was performed using the non-linear equations of both models and the least-squares

regression method, using Origin Pro 8.5 software. The equations used are the following:

qe = qe * (1 — e7F1*) (Eq. 3.2)
k, x g = et

=—= T - Fq. 3.

4 =TT s et (Eq. 3.3)

In these equations, ¢. (mg/g) is the mass of solute retained per mass of solid at time, £ g. (mg/g) is the
mass of solute per unit mass of solid at equilibrium; 4; is a rate constant (min-t) and reflects a combination
of the rate constants of adsorption 4, and desorption 4; 4. (g/(mg x min)) is a complex parameter related

to the initial concentration of solute.

3.2.6.Desorption assays

Desorption assays were carried out using 3 different acid solutions: HNO,, H,SO, and HCI, at a
concentration of 0.10 M each in distilled water. The zeolites loaded with REE produced previously were
used in these tests. The assays were carried out at room temperature in rotary shakers at 120 rpm, for
5 h, using a volume of 0.1 L of leaching solution and 0.35 g of loaded zeolite. Samples of the solution
were taken and then analyzed by ICP.

The recovery percentage (% recovery) was calculated using equation 3.4:

Ce x Vy

MRgEE

% recovery = (Eq. 3.4)

Where C, is the concentration of one REE (mg/L) at a given time, V, is the solution volume (L) of a given

time, and Mg is the total mass (g) of a given REE retained by the zeolite.
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3.2.7.Machine learning

The ML analysis was performed using a table, named DataFrame, with labeled axes (rows and
columns). The rows are related with the samples used, while the columns are the different elements that
are being used to evaluate the different samples. The different features used were the C/C, results after
24h for each tested REE, the pH of the zeolite treatment and the pH of the adsorption solution after the
24 h time point.

The DataFrame was evaluated under unsupervised learner (Principal Component Analysis, K-
Means Analysis) and supervised learner (classification and regression). The Principal Component
Analysis, PCA, is a method for reducing the dimensionality of data, leading to an increased interpretation
and minimizing information lost, while the K-Means divides the samples into groups or clusters that are
more compatible with each other accordantly to the studied conditions.

K-nearest neighbors Classifier (KNN), Decision Tree Classifier and Random Forest Classifier were
used to classify the samples. These classifiers are often used in binary classification, as explained in
Table 3.2. The data was divided into two sets, a training set (70 % of the data), which contains a known
output and where the model learns to generalize and then apply to other data and a test set (30 % of the
data), where the model’s prediction is tested. It also added a stratify option to the data division, allowing
both test and train sets to have the same percentage of positive cases (in this case, a good adsorbent)

as the complete set.

Table 3.2: The binary classification for the different REE. The C/C, values were given a classification accordantly.

The mean value of these intervals was taken and given the respective binary classification.

C/C, intervals | C/C, Classification | Binary Classification
08<C/C, <10 1
06<C/C,<08 2 >40is 1
04<C/C, <06 3
02<C/C,<04 4
<40is0
00<C/C, <02 5

For the regression, the training test split was 70% for training and 30 % for testing. Different
metrics were used to evaluate the regression prediction, which were the mean absolute error (MAE), the

mean squared error (MSE), the root mean squared error (RMSE) and the R-Squared (Re). These metrics
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were used to evaluate the test data. MAE is calculated by the sum of the absolute differences between
the real and predicted values of each tested observation and then divided by the number of observations.
All tests were performed using Spyder (Python 3.9) and the respective needed modules as pandas,

numpy, scikit-learn, matplotlib and seaborn.

3.2.8.Statistical analysis

The adsorption results were analyzed using the One-Way ANOVA, where the obtained values for
each pre-treated zeolite and the respective controls were compared between each other. The Two-Way
ANOVA was used for the statistical analysis of the desorption results. The Bonferroni's multiple
comparison test was used for both data sets.

The ANOVA analyses were performed using the software Graph Pad Prism version 8.0.2 (Graph
Pad Software, Inc, San Diego, CA, USA). The results were only considered significantly different when the

probability (pvalue) was lower than 0.05, assuming a 95 % confidence interval.

3.3. Results and Discussion

3.3.1.Modified zeolites characterization

Two different zeolite structures, FAU (13X) and LTA (4A), were subjected to chemical treatments
with acid and basic solutions at room temperature. From the SEM observations it was concluded that the
modifications had slight effects on the zeolite morphology, which were more noticeable at higher
concentrations. These results do not give any specific information regarding the modifications and their
eventual impact on the surface characteristics or on the zeolite behaviour.

The elementary quantification of the pristine zeolites and the modified ones were evaluated using
EDS. The results for zeolite 13X and its modified forms are shown in Table 3.3.

These data prove that the different chemical treatments affect the surface of the zeolite. In the
case of the acid treatments, the sodium present in the framework was entirely replaced by protons of the
acid solutions and a dealumination was observed. An opposed effect was observed for the alkali
treatments. A decrease in the Si/Al ratio was perceived in the same magnitude for both strong bases,
NaOH and KOH, and its values ranged between 1.20 and 1.34, showing that both alkali solutions affect

the zeolite structure in the same extension.
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Table 3.3: EDS surface analysis of modified 13X zeolite and contrals.

Barros, 0. | 2023

Chemical treatment Element (wt %) _
Samples | Conc. (M) 0 Si Al Na K S/A
ZX_HCI 0.25 56.0+1.0]27.3+1.7 | 55+0.0 0 4.8
ZX_HNO, 0.25 57.0+4.3127.0+24 | 59+04 0 4.4
ZX_H,S0, 0.25 56.6 +6.1127.0+29] 53+0.4 0 4.9
0.10 68.0+0.41152+0.3]122+02| 3.6+0.2 1.2
ZX_NaOH 0.25 576+15]1142+10]102+06| 96+0.7 1.3
0.50 57.7+10]168+06]123+02]108+06 1.3
0.10 582+1.0]1169+03]122+03| 7.5+04 0 1.3
ZX_KOH 0.25 58.0+15]16.0+0.7 | 121+04]| 6.0+02 |62+0.7| 1.3
0.5 56.5+4.71159+131115+07| 49+09 |86+34] 1.3
ZX_H,0 57.3+1.71181+131106+1.2]120+1.0 1.6
Z13X 57.3+1.71181+13]106+1.2]120+1.0 1.6

Considering that the acid treatment provokes more modifications to the zeolite framework in the
case of Z13X, this treatment was not carried out on the LTA structure. The other reason is related with
the poor adsorption capacity that the acid treatment had on the Z13X, as will be analyzed in the 3.3.2
Selection of the most suitable chemical treatment section of this chapter. The EDS results for the
zeolite 4A and the modified samples are shown in Table 3.4. In the case of LTA, the alkali treatments

do not affect the Si/Al ratio since is similar between the samples and close to the values found for the

controls.

Table 3.4: EDS analyses of the zeolite 4A, the alkali pre-treated samples and controls.

Chemical treatment Element (wt %)

Si/Al

Samples Conc. (M) 0 Si Al Na K
0.10 56.6 +2.3] 13.56+25]1125+18]95+1.7 1.0
ZA_NaOH 0.25 56.7+1.6]16.71 £ 1.2] 152+0.7 |11.4+0.3 11
0.50 60.5+3.1|1427+16|13.33+1.4]11.7+0.1 1.0
0.10 57.2+27]15.76 +0.7] 141+03 | 70+1.0 | 56+29 | 1.1
ZA_KOH 0.25 55.9+19]16.1+0.7]145+05]63+05]70+1.1] 11
0.50 56.2+05]152+03]142+03]45+0.1 |19.4+057] 1.0
ZA_H,0 58.1+0.8]165+1.2]1149+06]104+1.0 11
Z4A 55.9+1.2]117.2+04 115504 |11.2+£0.4 11
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An increase of K+, without the loss of Si or Al from the framework, was observed for the samples
treated with KOH solutions with different concentrations. This effect was more pronounced on LTA
structure than on FAU structure, where the presence of K- was detected at the higher concentrations of
KOH (Table 3.3). As the washing step of the zeolites preparation may lead to the Na removal and,
consequently to a negative charge of the solid surfaces, the presence of the K- may be related to the
counterbalance of such charge.

The profiles of pH:,c and the FTIR spectra for both zeolite structures, FAU and LTA, and respective
modified samples are shown in Figure 3.1 and Figure 3.2.

The alkali treated 13X and 4A zeolites have similar pH., to the ones of the respective controls,
closer to 10, Figure 3.1. Although there was no difference regarding the pH.. values between the
modified and the control samples, the treated zeolites show a different behavior during the adsorption. It
should be mentioned that higher pH:. values probably could lead to REE precipitation during the
adsorption assays, which is not intended. All the acid treated 13X samples decreased their pHs
compared to the pristine zeolite, 9.6 [9]. The samples ZX_HNO, and ZX_H,SO, had lower values, 5.6 and
4.4, respectively, but the effect was not so evident on the ZX_HCI, 8.4. The acid treatment with HNO, or
H.SO, greatly decreases the pHx. values as expected as the H+ from the chemical modification was
incorporated into the zeolites to reduce their natural negative charge. The pHs,. value for one of the
controls, ZX_H.0, is 7.5 while ZA_H,0 presents a pH:. value close to 7.0. As previously stated, the
modification of these zeolites was performed using only dH,0, with a pH value of 7.00. However, due the
absorption of carbon dioxide from the atmosphere, the pH value will be slightly acidic with a value around
5.8. This acidification of the water used for the chemical modification of the controls can explain the

difference of the pH:. value when compared to the zeolites without modification (Z13X and Z4A).
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Figure 3.1: pH., results: A - acid modified 13X, B - alkali modified 13X, and € - alkali modified 4A.
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Figure 3.2: FTIR analyses: A - acid modified 13X, B - alkali modified 13X and C - alkali modified 4A.
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FTIR spectra of zeolites 13X and 4A, Figure 3.2, are very similar to the ones of FAU zeolite
structures. In Figure 3.2 is possible to see a band at 1640 cm? characteristic of [(H,O) vibration of
absorbed water on the zeolite. The characteristic bands of the lattice vibrations of the framework are
evidenced in 1330 to 450 cm. The band at 960 cm is attributed to the asymmetric stretching of Si-O
and Al-O belonging to the TO, tetrahedras (T = Si or Al) [31-33]. The bands at 670 cm* and near 750
cm are related to the Si-O symmetric stretching and oscillations of aluminosilicate oxygen tetrahedral
chains [32,33]. At the same time, the band near 550 cm- is attributed to the symmetric stretching
vibrations of the bridge bonds Si-O-Si and to the bending vibrations of O-Si-O [34]. Comparing the modified
samples to the respective controls, the same bands in the same positions are observed indicating that
the pre-treatments had no effect on the pristine zeolites. In addition, Si/Al ratio of the FAU samples can

be determined by FTIR analysis using the equation 5:

x = 3.857 — 0.00621Wpr (Eq. 5)
In here x = (1+Si/Al)* and Wy is the wavenumber at 500-650 cm?, related to the vibrations of the FAU
lattice [35]. The results are shown in Table 3.5.

Table 3.5: Si/Al ratios based on FTIR and EDS analyses.

Zeolite Conc. (M) Si/Al from FTIR Si/Al from EDS
ZX_HC/ 0.25 1.50 4.75
ZX_HNO, 0.25 1.42 4.38
ZX_H,S0, 0.25 1.42 4.88
0.10 1.58 1.20
ZX_NaOH 0.25 1.42 1.34
0.50 1.58 131
0.10 1.50 1.33
ZX_KOH 0.25 1.42 1.26
0.50 1.50 1.33
ZX_H,0 1.50 1.64
Z13X 1.50 1.64

From the results of Table 3.5 show that the zeolites modification was mostly superficial, as
supported by the Si/Al ratio values shown in Table 3.3. The Si/Al ratio given by FTIR gives an indication
of the framework ratio. However, the difference between the EDS and the FTIR results supports that the

modification affects the most external surface. Any modification of the zeolite structure would become
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irrelevant to the adsorption as this is a surface phenomenon. For the same reason, it is expected that

acid modified zeolites may act as poor adsorbents, as acids tend to reduce the available specific surface.

3.3.2.Selection of the most suitable chemical treatment

3.3.2.1. Selection based on adsorption results

The REE ionic radii are small enough, between 0.9 to 1.032 A [36,37], so the zeolites Z13X and
Z4A are expected to remove those ions from the liquid solution considering their average pore size, 7 A
and 4 A, respectively. The adsorption data from the mixed REE solution with the pre-treated zeolites are
presented in Figure 3.3.

Overall, independently of the REE, the alkali treated zeolites t showed higher adsorption
performance than the acid treated ones. Statistical differences (Table $-3.1) were found between the
pre-treated sorbents, especially the acid modified zeolites and ZX_KOH 0.50 M, and the controls, for the
retention of some REE. As the acid treated 13X zeolite did not show any enhancement of its adsorption
ability, in accordance to the data in Table 3.5, it was not considered in the forward experiments. The
adsorption process occurs on the material surface and the acid modified zeolites may suffer a reduction
of the microporosity and an increase of the mesoporosity, which leads to a reduced specific surface area
and explains the poorer results. The C/C, results obtained after the alkali modification of surfaces are
similar for both the zeolites treated with 0.25 M solutions and for ZX_NaOH 0.50 M, when compared to
the controls. The ZX_KOH 0.50 M presented worse results, with two significant differences found for Tb
and Eu when compared with Z13X (Table $-3.1). The samples modified with 0.10 M of NaOH and KOH
were the ones that reached the lowest C/C, in solution after 24 h, Figure 3.3. ZX_NaOH 0.10 M reached
removals over 80 % for five REE, apart from Ce. The results are similar between the controls, Z13X and
ZX_H,0, except for Tb and Eu, for which Z13X presented lower C/C,, suggesting that the pristine zeolite
washing with distilled water does not improve or even worsened the adsorption capacity, as expected.
The increased removal for the ZX_NaOH 0.1 M and ZX_KOH 0.1 M, when compared with the controls,
could be related with the increase of the surface area of the zeolite resulting from the treatment. K- was
detected in the EDX analysis (Table 3.3) after the treatment with KOH, which can reduce the negative
charge of the zeolite and this explains the lower adsorption for the zeolites treated with 0.25 and 0.5 M.
For the treatment with NaOH, there was no increase in the Na- in the EDX analysis (Table 3.3), probably
due to a competition between the REE and the Na+. More Na- was detected in the zeolite for the higher
concentrations. The presence of high quantities of Na* shown in analysis could be related with a poor

performance, as happened for the controls. Therefore, the higher concentrations in the NaOH treatment
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may lead to a low REE removal from the solution, assuming that what happened to the controls could

also happen for these samples.
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Figure 3.3: REE adsorption on Z13X and modified samples. The assays were carried out with a multi solution of

REE previously described.

The pH solution was monitored during each of the assays with 13X zeolites, as presented in
Figure 3.4, and for that, the precipitation of the REE can be discharged alkali treatment solutions with
lower concentrations. However, some REE precipitation was observed 3 h after the beginning of the assay

with zeolites treated with NaOH or with KOH, 0.50 M. For this reason, the concentration of 0.50 M for
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both alkali treatment solutions are considered inadequate for the REE recovery. The Z13X zeolite
presented a constant growth regarding the pH value that could be related with the presence of sodium in

the zeolite, which tends to increase the pH value of water.
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Figure 3.4: pH values during the adsorption assays for the basic and acid pretreatment to the Z13X.

The REE adsorption tests were also performed with the zeolite 4A and respective modified

samples, Figure 3.5.
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Figure 3.5: REE adsorption on zeolite 4A and modified zeolites, without pH adjustment. The assays were carried

out with a multi solution of REE previously described.

It is also shown that one of the controls, Z4A, had the worst results in terms of the different REE
adsorption, even with significant differences when compared to the modified zeolites (Table $-3.2). The
overall adsorption capacity of the LTA structure increased with the alkali treatments and ZA_NaOH 0.50
M was the best sorbent with removals above 80 %, except for La and Ce. The pH monitoring along assays
with 4A zeolite is presented in Figure 3.6. As with 13 X zeolite, ZA_NaOH 0.50 M and ZA_KOH 0.50 M

used in adsorption tests presented some REE precipitation after 3 h of assay, the values greatly decrease
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from 0 to 3 h, increasing till 6 h. This increase could be correlated with the addition of the diluted solution

of HCI so the pH values ranged between 3.0 and 4.0.
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ZA H,0
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2.5 T
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Figure 3.6: pH values during the adsorption assays for the basic pretreatment to the zeolite 4A.

From data of Figure 3.3 and Figure 3.5, the uptake, g, was calculated after 24 h of assay.
The uptake is defined by the mass of sorbate per mas of sorbent. Its values are presented in Table 3.6
and Table 3.7 for 13X and 4A zeolite samples, respectively.

As expected, the ZX_NaOH 0.10 M presented the highest uptake values for most of the REE,
except for Y and Pr, suggesting a selective REE adsorption by the zeolite, Table 3.6. It is evidenced that
the pristine zeolite has better uptake except for Y, when compared to ZX_H.0, which suggests that the
washing of the zeolite is not enough to improve its natural adsorption capacity. These uptake values are
a good indicator that the alkali treatment with the lowest concentration solutions, improved the adsorption

capacity of the zeolite surface.
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Table 3.6: Uptake, g (mg/g), at 24 h sampling, for each REE tested by Z13X and by modified zeolites with alkali

treatment.
Pre-treatment REE
Samples | Conc. (M) La Ce Y Tb Pr Eu
0.10 1.40+0.07 | 1.35+0.07 | 0.95+0.11 | 1.35+0.08 | 1.19+0.08 | 1.54 +0.10
NaOH 0.25 0.95+0.02 | 0.97 £+0.01 | 1.02+0.14 | 0.87 +0.02 | 0.83 +0.03 | 0.88 + 0.04
0.50 0.89+0.01 | 0.88+0.01 | 0.48+0.01 | 0.90+0.02 | 0.85+0.01 | 0.92+0.01
0.10 1.28+0.04 | 1.31+0.04 | 1.04+0.02 | 1.34£0.03 | 1.21 £ 0.04 | 1.31 £ 0.04
KOH 0.25 0.98+0.07 | 1.00+0.12 | 1.20+0.39 | 0.85+0.13 | 0.83 £0.15 | 0.93 + 0.07
0.50 0.61+0.06 | 0.59+0.07 | 0.32+0.04 | 0.63 +0.08 | 0.60 +0.06 | 0.62 + 0.07
ZX_H,0 0.92 +0.06 | 0.96 +0.05 | 1.02 +0.20 | 0.86 + 0.06 | 0.82 +0.06 | 0.81 +0.11
713X 0.93+0.08 | 1.51+0.10 | 0.83+0.06 | 1.17 +0.03 | 1.07 £ 0.07 | 1.43 +0.05

Table 3.7: Uptake, g (mg/g), at 24h sampling, for each REE tested by 4A and modified zeolites with alkali

treatment.
Pre-treatment REE
Sample | Conc. (M) La Ce Y Th Pr Eu
0.10 0.53+0.04 | 1.07+0.07 | 0.75+0.06 | 1.17+0.11 | 0.85+0.06 | 1.42+0.12
NaOH 0.25 0.82+0.03|1.71+0.07 | 1.04+0.03 | 1.54+0.04 | 1.30 £ 0.04 | 1.88 + 0.04
0.50 1.28+0.11 | 215+0.12 | 1.17+0.05 | 1.55+0.04 | 1.49 + 0.07 | 1.90 + 0.04
0.10 0.47 +0.03 | 0.88+0.02 | 0.55+0.02 | 0.96 +0.04 | 0.69 +0.02 | 1.15 + 0.07
KOH 0.25 0.51+0.03|1.13+0.06 | 0.80+0.06 | 1.36 +0.05 | 0.94 +0.05 | 1.62 + 0.04
0.50 0.78+0.15 | 1.51+0.20 | 0.88 +0.04 | 1.42+0.05 | 1.17£0.12 | 1.71 + 0.08
ZAH,0 0.94+0.02|1.45+0.02 | 0.80+0.01 | 1.15+0.02 | 1.05+0.01 | 1.39 + 0.02
Z4A 0.44+0.04 | 0.90+0.05 | 0.52+0.01 | 0.98+0.02 | 0.71 £0.03 | 1.21 + 0.03
The uptake values from Table 3.7 showed that the 4A zeolite modified with NaOH 0.50 M

reached the highest g values. ZA_H,0 presents higher g values when compared to Z4A, contrary to what
happened with the zeolite 13X, suggesting that the water washing improved the adsorption capacities of
the zeolite 4A. The alkali treatments with NaOH and KOH enhance, in general, better results compared
to the ones obtained with the untreated zeolite. The best results were obtained with 0.50 M for both
solutions, probably by an improvement in the microporosity of the structure, facilitating the incorporation

of the REE into the zeolite matrix.
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Comparing the g values of the best treated zeolites, ZA_NaOH 0.50 M and ZX_NaOH 0.10 M,
(Table 3.6 and Table 3.7), it is noticeable that the LTA zeolite have the highest g of all tested REE,
except for La. The main difference between the LTA and FAU is the connection of the 3 cages. For the
LTA, the B cages are linked via oxygen bridges, which form an a cages [38] with small pores of
approximately 4.1 A [39], while for the FAU, the B3 cages are linked by double six-membered rings, forming
“supercages” [38] with pores approximately of 7.4 A [39]. The chemical treatment with the alkali solution
may justify the alterations in the surface. However, for the ZA_NaOH 0.50 M, the solution pH remained
between 5.5 and 6.5, a range in which the REE can precipitate, as mentioned before. Although this zeolite
was the best performing LTA, the risk of a possible REE precipitation is high and therefore, it will not be
considered in the following sections.

Overall and just based on the adsorption results, the best modified zeolites for the purpose are
ZX_NaOH 0.10 M and ZX_KOH 0.10 M. These modified zeolites are the most promising ones to be used
in continuous assays. However, it is required to assess their behaviour regarding desorption and the
kinetics of both processes, adsorption and desorption.

3.3.2.2. Sorbents selection using ML algorithms

Some ML algorithms were used to select the most suitable modified zeolite to be used in
continuous flow assays. Therefore, this analysis used data obtained for each modified zeolite, for the
various REE and pH values after 24 h adsorption, as well as the pH:. values. The collected results are
shown in Figure 3.7, which show a biplot where the bottom x and left y are used for the samples
distribution, while the top xand right yare used for the distribution of the different features.

The process starts with a scaling or normalization of the data, that consists in the removal of the
mean value and its division by the standard deviation, so the proper weight of the different features may
be evaluated. Afterwards, a dimension reduction of the data and cluster samples was performed,
accordantly to their similarity using a PCA. The selection of the correct number of features to use is
required, so that the weight (variance) of each feature contributing to the PCA may be evaluated. The
green circle in Figure $-3.1A, shows the selected values. The Knee Locator method was also used [40]
to confirm the value of selected components. Accordantly to the graph and to the value given by the Knee
locator, 2 principal components, PCA 1 and PCA 2, were selected as they explain over 92 % of the sample
variation. The features distribution of the data are seen in Figure 3.7A that clarifies how they are related
to each other, using the cos of the angle between the features analyzed and the resulting values (variables
with a coefficient correlation close to 1 are directly proportional, while those close to -1 are inversely

related). The coefficient correlation between the pH values of the assay (pH_assay) and those of the
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treatment pH (pH_treatment) is close to 1. As expected, these values are positively correlated since a
higher solution pH of the zeolite chemical treatment should provoke a higher pH during the adsorption
assay. Overall, a positive correlation was detected between each REE C/C, ratios and the other REE C/C,
ratios. Nevertheless, when the pH values are correlated with the C/C, of the different REE, values closer

to -1 are obtained and this shows that as the pH increases, the C/C, in the solution decreases.
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Figure 3.7: Graphical representation ML algorithms analysis of the data obtained at 24 h assay: A) PCA analysis
and B) K-Means algorithm.
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The weight of the different features on the behavior of the modified zeolites is described in Figure
3.7A. The values of the C/C, have high influence on the behavior of the acid treated 13X zeolite, since
for these samples the C/C, was still high after 24h, meaning that there was little or no adsorption. The
same happened with ZX_KOH 0.50 M. The zeolites modified with KOH 0.25 M, NaOH 0.50 M and the
ZX_H,0 are closer to the center, showing that none of the features have a relevant influence on the results
obtained with those sorbents. On the other hand, the variable pH of the assay has a stronger impact on
the behavior of the different modified 4A zeolites and on the Z13X. For ZA_NaOH 0.50 M and ZA_NaOH
0.25 M, the influence of pH_treatment is notorious. The modified zeolites ZX_NaOH 0.1 M and ZX_KOH
0.10 M are in the opposite position of the C/C, values, which could be associated with the improved
adsorption performance that these modified zeolites.

The data was then processed by the K-Means algorithm, presented in Figure 3.7B, to evaluate
the number of groups that the zeolite samples can be divided into. The correct number of groups, which
was 4, shown in Figure S$-3.1B, was confirmed using the Knee Locator, as was done for the PCA. Group
4, in purple, shown in Figure 3.7B, contains the acid treated zeolites, indicating that these treatments
are not the most suitable to improve the adsorption capacity of zeolites with a strong correlation with C/C,
ratios, as previously suggested by the results shown in Figure 3.3. Group 1, highlighted in blue, includes
the 13X modified zeolites with NaOH and KOH 0.10 M and the 4A modified with NaOH 0.25 M and 0.50
M. This group is situated in the opposite side of the C/C,, which is translated into lower C/C,. In
consequence, the zeolites with the best adsorption performance, ZX_NaOH 0.10 M and ZX_KOH 0.10 M
(Figure 3.3), and the ZA_NaOH 0.50M (Figure 3.5) are included in this group. The only unexpected
presence in this group is the ZA_NaOH 0.25 M, since it was not included in the group of the best zeolites
in the adsorption analysis. However, the ZA_NaOH 0.25 M was the second best zeolite in terms of g
values (Table 3.7). Group 2, shown in green, includes the others Z4A modified zeolites and Z13X. Group
3, in yellow, has the remaining zeolites 13X. These groups include materials with middle-term adsorption
performance, especially zeolites 13X, between a bad performance corresponding to group 4 and a good
performance belonging to group 1. The presence of the Z13X in the group dominated by the zeolite 4A
indicates that, for these features, the Z13X is more similar to the zeolite 4A than initially thought.

After an assessment of the experimental data using the PCA and K-Means algorithms, the
possibility of the modified zeolites classification was verified. Therefore, it was attributed to each sample
a binary classification, where 0 is considered bad (the zeolite had low adsorption) and 1 is considered a
good performance (the zeolite had a high adsorption), which was made in agreement with Table 3.2.

The results of this classification are shown in Figure 3.8.
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Figure 3.8: Representative display of the classification of the different modified zeolites based on the experimental
data obtained after 24 h of assay using ML algorithms. The classification algorithms used were KNN classifier (A),
Decision Tree classifier (B) and Random Forest classifier (C). The 1 represents a good adsorbent, while the 0 is a
bad adsorbent accordantly to the evaluation performed. The different colors, violet and orange, represent the zone

of a good or bad sorbent, respectively.
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The classification was performed using 3 different classifiers: KNN, Decision Tree and Random
Forest to evaluate its sustainability by using ML. The classification will help to select suitable new materials
for REE removal from wastewater using zeolites as adsorbents and may be implemented for other
pollutants removal to determine the best approach. The zeolites that had a good classification (binary
classification of 1) were ZX_KOH 0.1 M, ZX_NaOH 0.1 M and ZA_NaOH, 0.25 and 0.5 M.

The selection of the best suitable number of neighbors (n_neighbors) by the KNN Classifier, is
shown in Figure $-3.1C, from which 1 neighbor is selected depending on the accuracy values for both
training and test sets. The accuracy for the precision, recall and f1-score for each classifier used and for
both test and training sets is determined. The precision of each classifier is related to the probability of
making good predictions, which was 100 % for every classifier, as happens for the recall (value of the
correctly identified positive predictions) and for fl1-score (harmonic mean of the precision and the recall).

In these approaches, it should be noticed that having 100 % accuracy on the training sets with a
relatively low value for the test set means that overfitting occurs for the training set, which is not the best-
case scenario. The idea of the training set is to get a good generalization of the results and then the model
is used for unseen data, a test set, which serves to evaluate the capacity of the model to classify new
data. All classifiers presented a 100 % score for the training set. The same value was reached forthe test
sets, in terms of precision, recall and f1-scores of the prediction done by the model, considering the actual
classification.

These results were validated by the confusion matrix, Figure 3.9, that confirms that there were
only true positives (the model predicted good adsorption results and the results were actually good, that
is the model predicted it was true and it was actually true) and true negatives (the model predicted poor
adsorption results and the results were actually poor, that is the model predicted it was false and it was
actual false).

Overall, this study shows that it is possible to use ML algorithms to support the selection of the
best suitable zeolite for the removal of REE as the models used were able to select the best adsorbents

within the starting list with very good metric results.
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True label

Good Bad
Predicted label

Figure 3.9: Confusion matrix for the test data for the different classifiers. The values shown refer to the fraction
of the true correct predictions (when the model got it right) and false incorrect predictions (when the model got it

wrong).

3.3.2.3. Predicting unseen data using ML algorithms
The Pearson correlation was calculated from the DataFrame used in the previous analysis and

the results are displayed in a heatmap, Figure 3.10.
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Figure 3.10: Heatmap representing the Pearson correlation between the different features considered in

adsorption assays. The left scale represents the different correlation values and the respective colors.

It may be seen that the different pH values (pH_assay and pH_treatment) have a moderate

positive correlation (between 0.50 and 0.70) [41]. The pH_assay has a negligible correlation (between

| 56



Chapter 3
Chemical modification of zeolites for the recovery of Rare Earth Elements Barros, 0. | 2023

0.00 and - 0.30) [41] with the C/C, for La, a low negative correlation (between - 0.30 and - 0.5) [41] with
the results for Ce, Y and Pr and a high negative correlation (between -070 and -0.90) [41] with the
adsorption of Tb and Eu. It would be expected that C/C, would be lower as the pH increases till a certain
degree (pH values that do not lead to REE precipitation) and this was verified during the adsorption assays.
The pH_treatment had moderate negative correlation (between - 0.50 and - 0.70) with the adsorption of
Ce, Y and Pr, a high negative correlation (between -0.70 and -0.90) [41] with Tb and Eu and a low negative
correlation (between - 0.30 and - 0.5) with La, following the same explanation as before. The C/C,
correlation between the REE is high (between 0.70 and 0.90) or very high positive (between 0.70 to 0.90)
[41], with 2 exceptions: between La and Th, 0.67, and between La and Eu, 0.66, which are moderate
positive correlations. These results suggest that the entrapment values of the REE have a direct correlation
with each other, meaning that for the samples used in this study it could be possible to predict the final
C/C, of one REE using the known values of another REE. It is essential to mention that the correlation is
stronger for REE of the same group, light REE — from La to Gd or heavy REE — from Tb to Lu, including Y
[1,2]. Pr presented the best correlation with the other tested REE, with values over 0.9, as shown in
Figure 3.10. This leads to the possibility of only using Pr to estimate the adsorption values of other REE
present in the solution, considering all zeolites tested during 24h assays. The results for the tested linear

regressions are shown in Table 3.8.

Table 3.8: Regression parameters for the C/C, values prediction using Pr (as x) and the other REE (as y).

Metrics and scoring Prvs.la Prvs.Ce Prvs.Y Prvs. Tb Prvs. Fu
Mean absolute error (MAE) 0.058 0.018 0.024 0.088 0.089
Mean squared error (MSE) 0.005 0.000 0.001 0.010 0.011
Root mean squared error (RMSE) 0.069 0.021 0.027 0.101 0.104
R? for the model explaining test data 0.772 0.984 0.977 0.795 0.801
RZ for the model explaining training data | 0.787 0.931 0.956 0.819 0.804

Table 3.8 displayed different metrics used to evaluate the scoring of the estimation of the C/C,
of the other REE, once the Pr values are known. MAE is related to the difference between the prediction
and the real value of one observation, while the MSE metric is used to measure the quality of the model
and RMSE helps to understand the performance of the model. The lower the values for these metrics,
the closer are predicted values to the real ones, indicating that the model predictions are good. The Rz

value is also essential, as it validates a good fitting to the data. As shown, the values are higher than 0.77
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for both test and training sets, which is good since it reveals a strong correlation. It may be concluded
from the overall evaluated metrics that it is possible to determine the residual REE concentrations in
solution, just knowing one of them. However, a larger dataset with more samples would allow a better
training for the model and would mprove prediction capacity of the model.

Nevertheless, the REE concentrations prediction was tested for a time period using the data
obtained with a single zeolite. Two different adsorption periods were considered, 24 h and 125 h, for the
ZX_NaOH 0.10 M, which was the best zeolite. As before, a Pearson correlation was made for the different

results of the REE C/C, as shown in Figure 3.11.
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Figure 3.11: Heatmap representation of the Pearson correlations for the different REE after 24 h of contact with
the sorbent(A) and after 125 h (B). The left scale represents the different correlation values and the respective

colors.

Figure 3.11A shows the correlations of the C/C, of the different REE for the 24 h adsorption
period. The correlation values are very high for every REE, including the correlation values obtained with

Y, with values above 0.98. In this test, the Y will be used as the x value since this REE presented the
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highest correlations with the other REE, with the results shown in Table 3.9. Every combination was
tested during 125 h assays and the correlation values are shown in Figure 3.11B. Pr was used as the
xvalue and the results are shown in Table 3.10. Comparing the Pearson Correlation values between
the 2 assays, the longer tests present a better correlation between the tested REE. That is translated into
better metrics and scorings for the models. The methodology was the same as the one performed for the
estimation of the C/C, values of the zeolite. The data were divided into training and test sets and the

metrics were evaluated to assess the model behavior.

Table 3.9: Scoring results for the 24 h adsorption assay regression between the different REE (as y) with Y (as x).

Metrics and scoring Yvs.La Yvs.Ce Yvs.Pr Yvs.Tb Yvs. Eu
Mean absolute error (MAE) 0.072 0.081 0.072 0.072 0.072
Mean squared error (MSE) 0.005 0.008 0.005 0.005 0.005
Root mean squared error (RMSE) 0.071 0.089 0.071 0.071 0.071

R? for the model explaining test data 0.943 0.762 0.943 0943 0.943
R? for the model explaining training data | 0.946  0.907 0946 0946  0.946

Table 3.10: Scoring results for the 125 h adsorption assay regression between the different REE (as y) with Pr

(as x).
Metrics and scoring Prvs.La Prvs.Ce Prvs.Y Prvs.Tb Prvs. Eu
Mean absolute error (MAE) 0.011 0.004 0.011 0.011 0.011
Mean squared error (MSE) 0.000 0.000 0.000 0.000 0.000
Root mean squared error (RMSE) 0.000 0.000 0.000 0.000 0.000
R? for the model explaining test data 1.000 1.000 1.000 1.000 1.000
R2 for the model explaining training data | 0.998 1.000 0.998 0.998 0.998

The results are much better for the model that used the 125 h adsorption data. That is related
to the minor errors and the higher R2 values for the training and test sets that indicate that the predicted
values are closer to the actual values, showing that increasing the measurements number is essential to
construct a good model. For the sake of robustness validation, it was decided to use the model obtained
from the 125 h assays to predict the C/C, values of the REE in the 24 h assay. The C/C, values of Pr

were used as x, while the rest of the C/C, values for the other REE were predicted from the previously
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mentioned model. The metrics and respective scorings between the predicted and actual values are
shown in Table 3.11.

The metrics values in Table 3.11 are low, showing that the predicted results are very similar to
those obtained experimentally. Comparing these metrics to the ones presented in Table 3.9 it may be

concluded that the prediction capacity of the model improved on the base of the 125 h assay.

Table 3.11: Scoring results for estimating the C/C,values for the 24 h assay, using the model trained with the
125 h adsorption assay for the different REE (as y) based on Pr (as x).

Metrics and scoring Prvsla PrvsCe PrvsY PrvsTb PrvsEu
Mean absolute error (MAE) 0.054 0.091 0.038 0.043 0.048
Mean squared error (MSE) 0.004  0.013 0.003 0.004 0.003
Root mean squared error (RMSE) | 0.063 0.114 0.055 0.063 0.055

It is demonstrated that it is possible to predict the final C/C, in solution for any REE, based on
the values for one of the sorbates, as well as to predict the C/C, values for each REE along time, based
on the measurements at one time point. It is demonstrated that it is possible to train and test a model
with a robust prediction capacity and reduced associated errors. These models can be further improved
and tested to ensure the best possible prediction. In the future, these models could be an excellent help
for faster quantification of metal pollutants, REE or heavy metals, eventually some other pollutants in
water streams. This could make the quantification of various contaminants in water resources more
effortless and faster, leading to quicker treatment.

For the following tests, the selected modified zeolites are ZX_NaOH 0.10 M and ZX_KOH 0.10
M. The other zeolites, namely ZA_NaOH 0.25 and 0.50 M, although with a good potential for the REE
removal from wastewater by the classification algorithm, they will not be considered for future assays due
to the possible REE precipitation with ZA_NaOH 0.50 M, as previously explained, while ZA_NaOH 0.25
M did not really reach outstanding results during the adsorption. Therefore, only the selected modified
zeolites will be used, as well as the controls, on the leaching assays and on the adsorption kinetics

determination.

3.3.3.Leaching of REE

The selected modified zeolites prepared by alkali treatments were used for the evaluation of

leaching processes. HCI, H,SO, and HNO, solutions, 0.10 M, were used as eluents. The loaded zeolites
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were subjected to leaching for 0.5h and circa 80 to 90% of the entrapped REE were recovered by the
eluent. This period of contact is the one needed to achieve relevant recovery rates of the tested REE while
avoiding any damage to the adsorbent. The recovery results after 0.5 h leaching are shown in Figure
3.12 for the 13X zeolite.

Water leaching REE recovery (data not shown) from both zeolite structures was less than 5 %.
This suggests that the presence of H+ in the solution is required to enhance the removal of the REE from

the zeolite eventually by a cationic exchange with the REE?.
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Figure 3.12: Recovery results for Z13X and respective controls, with HCI, H,SO, and HNO, aqueous solutions.
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Figure 3.12 shows that the zeolites modified with NaOH and KOH 0.10 M had the best recovery,
with values near the 100 % for all the tested REE. They differ 40 to 45% from the Z13X and 20 to 35 %
from the ZX_H.,0. A statistical analysis of the recovery values was performed and the results are shown
in Table S-3.3. A significant difference for every REE and eluent was observed when comparing with the
control Z13X and with the modified zeolites (NaOH or KOH 0.10 M). In addition, a significant difference
was also found for most of the REE and eluents tested when comparing the referred recoveries with the
ones obtained with the ZX_H,0 control. As expected, comparing the recovery results obtained with the
zeolites treated with NaOH or KOH 0.10 M, no significant difference was observed, Figure 3.12, but
some differences are seen between the controls ZXH,O with Z13X. In general, it may be concluded that
the initial alkali treatments applied to the zeolites improve their capacity to remove REE from wastewater
as well as to recover the sorbates by acid leaching.

The tested eluents led to similar recoveries and present no significant difference between them.
Therefore, for future assays, the selected eluent will be a solution of HNO; since this acid is weaker than
the others and does not represent an environmental threat as the other ones.

A concentration step is the expected step to be performed after the desorption of the REE from
the zeolite. Its complexity will depend on its final objective, on the presence of other metals and on the
precipitant used. The purification of the individual REE requires a different approach than the recovery of
a REE mixture. At the same time, the foreseen application of each element has also to be considered,
depending on the anions used for the purpose. Some examples described in the literature include the
precipitation with carbonate [42,43], fluoride [44,45], phosphate [46,47], sulfate [48-52] and oxalate
[63-57].

3.3.4.Adsorption kinetics

The selected modified zeolites and the respective controls were used in kinetics evaluations to
understand the mechanism of the whole process and its dependence on pre-treatments. Two fitting
models were tested: the pseudo first-order, PFO, and the pseudo second-order, PSO. The parameters for
both models is presented in Table S-3.4 with the respective confidence intervals in Table S$-3.5 and
the graphical representation in Figure $-3.2. The best fitting model was selected considering the
correlation value, Rz, and the similarity of the g. values from the model and the ones obtained
experimentally. PFO fitted the experimental data better than PSO and assumes that a change of the solute
uptake along time is directly proportional to the difference between sorbent saturation and the uptake

along time [58]. The fitting parameters are shown in Table 3.12.
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The g. is the theoretical capacity of the zeolite to retain REE at equilibrium, the highest one being
obtained with ZX_NaOH 0.10 M. This corroborates that for this zeolite, the alkali treatment increased the
REE retention as demonstrated before. The 4; is the affinity constant for the interaction between the REE

and the zeolite.

Table 3.12: Fitting parameters for PFO for the modified 13 X zeolites and respective controls.

ZX_KOHO0.1M  7ZX NaOH 0.1 M ZX_H.,0 Z13X

DF 22 22 37 21
La k, 0.043 0.044 0.062 0.046
q. 3.346 3.380 3.245 3.364
R? 0.975 0.969 0.962 0.984

DF 21 26 26 21
k 0.063 0.033 0.099 0.059
ce A 2.813 4.442 3.220 3.747
R? 0.951 0.986 0.925 0.983

DF 22 22 37 32
Y k 0.051 0.045 0.059 0.045
A 2.971 2.934 2.809 2.681
R? 0.964 0.974 0.958 0.970

DF 26 19 29 23
- k, 0.046 0.048 0.052 0.032
A 3.231 3.063 3.391 3.211
R’ 0.962 0.967 0.970 0.945

DF 17 26 30 23
Pr k, 0.056 0.040 0.075 0.042
A 2.822 3.094 2.753 2.823
R’ 0.982 0.985 0.977 0.962

DF 19 20 30 20
£ k, 0.056 0.044 0.055 0.029
A 3.011 3.824 3.773 3.939
R? 0.969 0.980 0.962 0.949

DF — degrees of freedom; g, — adsorption capacity at equilibrium calculated from the fitting (mg/g); 4— affinity constant of

the pseudo-first order model (min+); Rz — coefficient correlation.

The kinetic parameters for REE adsorption by ZX_NaOH 0.10 M were compared with the ones
obtained with other inorganic materials and the results are shown in Table 3.13. ZX_NaOH 0.10 M has
one of the highest g. values among the considered sorbents and the kinetic parameters indicate a faster
interaction of that modified zeolite with the REE in solution. The ratio between the different REE

concentrations and the adsorbent concentration certainly also determine the differences noticed.

| 63



Chapter 3
Chemical modification of zeolites for the recovery of Rare Earth Elements Barros, 0. | 2023

Table 3.13: The best kinetic model parameters for different inorganic adsorbents for the same REE.

Material (EEgE/EE) [Ad(sgo/rf)e”t] Conditions La Ce Y Tb Pr Eu Ref
Non linear modulation; PFO: 4 = PFO: 4 = PFO: 4 = PFO: 4 = PFO: 4, = PFO: 4 =
713X ZX_NaOH 10 3 REE in water solution; 0.043; g.= 0.063; g.= 0.051; ¢g.= 0.046; g.= 0.056; g, = 0.056; g.= this
0.10M zeolite pre-treated with 3.346; Re = 2.813; R = 2971; R = 3.231; R = 2.822; R = 3.011;Re = work
NaOH 0.10 M 0.975 0.951 0.964 0.962 0.982 0.969
Non linear modulation; PSO: 4= 0.05: PSO: 4, = PSO: 4, = PSO: 4, = PSO: 4. = PSO: 4=
FAU (13X) 20 5 REE in acetate buffer of 7 ='4 ;5_ R2= 0.039; g.= 0.026; g.= 0.033; ¢.= 0.023; ¢g.= 0.041; g.= (9]
Zeolite 13X 0.1 M solution; no ’ 0'99’7 41;R= 3.64; R = 2.5 R = 5.13; R = 274, R =
pretreatment ) 0.995 0.954 0.963 0.993 0.955
PSO: A= PSO: 4. = PSO: 4, =
0.129; g.= 0.079; g.= 0.063; ¢.=
0.084; Rz = 0.094; R = 0.079; Re =
Linear modulation; REE 0.995 0.993 0.994
Activated in water solution; without PSO: ./(Z = PSO: 4, = PSO: ./fg =
carbon ACO: 01 0.95 pretreatment (ACKO) and 0.232; g.= 0.235: g - 0.203; g.= [16]
ACK1: ACK3 with KMn0O4 at 0.01 0.093; R = 0.098 R — 0.101; Re =
' (ACK1) and 0.03 mol/L 0.999 ' 0.998
(ACK3) PSO: 4= OPZSSZ',/(;; PSO: k=
0.26; ¢.=0.1; 0:103;’ Rj _ 0.402; g.=
R: = 0.999 0.999 0.104; Re=1
PSO: 4, = PSO: 4, = PSO: 4, = PSO: 4, = PSO: 4, =
) 1.84; g.= 1.78; g.= 1.56; g.= 3.54; g= 277, g=
Natural zeolite 10 , - 0.47;R = 0.43; R = 0.46; R = 0.44; R = 0.45; R =
Linear modulation; REE 0.99 0.99 0.99 0.99 0.99
2 in water solution; no PSO: /. PSO: /. [17]
pretreatment PSO: 4, = 23 9'. ;= PSO: 4 = 162; PSO: 4. = 36; 3126" ; _
Bentonite 5 98.4; ¢.= 0.5; o g.=0.49; Rz = q.=0.45; R = '
R =0.99 045 R2 = 0.99 0.99 047, Re=
0.99 0.99

[REE] — REE concentration; [Adsorbent] — adsorbent concentration; PFO — Pseud- First Order model; PSO - Pseudo-Second Order model; g, — adsorption uptake at equilibrium calculated from

the fitting (mg/g); A — affinity constant of the pseudo-first order model (min+); 4. — affinity constant of the pseudo-second order model (g-mg:-min+); Rz — correlation coefficient

| 64



Chapter 3
Chemical modification of zeolites for the recovery of Rare Earth Elements using Machine Learning algorithms Barros, 0. | 2023

3.4. Conclusions

The REE adsorption capacities of the FAU (13X) and the LTA (4A) zeolites were assessed after
surface chemical treatments by acid and base solutions and the alkali treatment enhanced the REE
recovery from aqueous solutions. The best results were obtained with alkali treatment for both zeolites,
with 0.10 M NaOH for zeolite 13X and 0.50 M NaOH or KOH for zeolite 4A.

ML algorithms help to select the best modified zeolite for REE recovery. It was shown that even
with a low number of features (19), it is possible to develop a model for classification and regression,
successfully predicting the unseen data. These models can be further developed with more critical
features, with more data and even with different algorithm parameters, promoting a better understanding
of the process and, therefore, an improved model.

The best recoveries were obtained after 0.5 h desorption with diluted acids but there was almost
no leaching of REE when the eluent was water. A significant improvement in the recoveries was detected
when comparing the pre-treated zeolite with the controls. HNO; eluent at 0.10 M was selected for further
assays because it presents good recoveries and is a weaker acid when compared to the others tested.

ZX_NaOH 0.10 M presented the best parameters in terms of the tested kinetic models, showing
an overall improvement in both capacity and rate compared to the untreated zeolites. Therefore, this
designed sorbent can be used in continuous flow assays to test its capacity for adsorption and desorption

for REE recovery from wastewater.
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3.6. Supplementary material

Table S-3.1 Statistical differences using the Bonferroni’s multiple comparisons test between the modified zeolite

and the controls (Z13X and ZX_H,0).

Significantly different from
ZX_H,0 713X
ZX_KOH 0.10 M No (ns) No (ns)
ZX_KOH 0.25 M No (ns) No (ns)
ZX_KOH 0.50 M No (ns) No (ns)

ZX_NaOH 0.10 M No (ns) No (ns)

La | ZX_NaOH0.25M  No (ns) No (ns)

ZX_NaOH 0.50 M No (ns) No (ns)

ZX_H,S0,0.25 M No (ns) No (ns)
ZX_HCI0.25 M Yes (*) Yes (*)
ZX_HNO, 0.25 M Yes (*) Yes (*)
ZX_KOH 0.10 M No (ns) No (ns)
ZX_KOH 0.25 M No (ns) No (ns)
ZX_KOH 0.50 M No (ns) No (ns)

ZX_NaOH 0.10 M No (ns) No (ns)

Ce | ZX_NaOH 0.25 M No (ns) No (ns)

ZX_NaOH 0.50 M No (ns) No (ns)

ZX_H,S0,0.25 M No (ns) Yes (**)
ZX_HCI0.25 M Yes (*) Yes (***)
ZX_HNO, 0.25 M Yes () Yes (**)

REE | Modified zeolite

ZX_KOH 0.10 M No (ns) No (ns)
ZX_KOH 0.25 M No (ns) No (ns)
ZX_KOH 0.50 M No (ns) No (ns)
ZX_NaOH 0.10M  No (ns) No (ns)
Y | ZX_NaOH 0.25M  No (ns) No (ns)
ZX_NaOH 0.50 M No (ns) No (ns)
ZX_H,S0,0.25M  No (ns) Yes (%)

ZX_HCI0.25 M No (ns) Yes (**)
ZX_HNO, 0.25 M No (ns) Yes (**)

ZX_KOH 0.10 M No (ns) No (ns)
ZX_KOH 0.25 M No (ns) No (ns)
ZX_KOH 0.50 M No (ns) Yes (*)
ZX_NaOH 0.10 M No (ns) No (ns)
Tb | ZX_NaOH 0.25 M No (ns) No (ns)
ZX_NaOH 0.50 M No (ns) No (ns)

ZX_H,S0,0.25M  No (ns) Yes (***)
ZX_HCI 0.25 M Yes (%) Yes (***)
ZX_HNO, 0.25 M Yes (*) Yes (***)
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ZX_KOH 0.10 M No (ns) No (ns)
ZX_KOH 0.25 M No (ns) No (ns)
ZX_KOH 0.50 M No (ns) No (ns)
ZX_NaOH 0.10M  No (ns) No (ns)
Pr | ZX_NaOH 0.25M  No (ns) No (ns)
ZX_NaOH 0.50 M  No (ns) No (ns)
ZX_H,S0,0.25 M No (ns) Yes ()
ZX_HCI0.25 M Yes (*) Yes (**)
ZX_HNO, 0.25 M Yes (*) Yes (**)
ZX_KOH 0.10 M No (ns) No (ns)
ZX_KOH 0.25 M No (ns) No (ns)
ZX_KOH 0.50 M No (ns) Yes ()
ZX_NaOH 0.10M  No (ns) No (ns)
Eu | ZX_NaOH0.25M  No (ns) No (ns)
ZX_NaOH 0.50 M  No (ns) No (ns)
ZX_H,S0,0.25M  No (ns) Yes (***)
ZX_HCI0.25 M No (ns) Yes (***)
ZX_HNO, 0.25 M No (ns) Yes (****)
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Table S-3.2: Statistical differences using the Bonferroni’s multiple comparisons test between the modified zeolite

and the controls (Z4A and ZA_H,0).

" _ Significantly different from
REE | Modified zeolite 2X_HO 713X
ZA_KOH 0.10 M No (ns) No (ns)
ZA_KOH 0.25 M No (ns) No (ns)
L ZA_KOH 0.50 M No (ns) Yes (**)
ZA_NaOH 0.10 M No (ns) No (ns)
ZA_NaOH 0.25 M No (ns) Yes ()
ZA_NaOH 0.50 M Yes (*) Yes (****)
ZA_KOH0.10 M No (ns) No (ns)
ZA_KOH 0.25 M No (ns) No (ns)
Ce ZA_KOH 0.50 M No (ns) Yes (**)
ZA_NaOH 0.10 M No (ns) No (ns)
ZA_NaOH 0.25 M No (ns) Yes (**%)
ZA_NaOH 0.50 M Yes (**) Yes (****)
ZA_KOH0.10 M No (ns) No (ns)
ZA_KOH 0.25 M No (ns) Yes (***)
v ZA_KOH 0.50 M No (ns) Yes (**)
ZA_NaOH 0.10 M No (ns) No (ns)
ZA_NaOH 0.25 M Yes (*) Yes (****)
ZA_NaOH 0.50 M Yes (**) Yes (****)
ZA_KOH0.10 M No (ns) No (ns)
ZA_KOH 0.25 M Yes (**) Yes (***)
Tb ZA_KOH 0.50 M No (ns) Yes (**)
ZA_NaOH 0.10 M No (ns) No (ns)
ZA_NaOH 0.25M  Yes (***) Yes (****)
ZA_NaOH 0.50 M Yes (**) Yes (***)
ZA_KOH0.10 M No (ns) No (ns)
ZA_KOH 0.25 M No (ns) No (ns)
P ZA_KOH 0.50 M No (ns) Yes (**)
ZA_NaOH 0.10 M No (ns) No (ns)
ZA_NaOH 0.25 M Yes () Yes (**¥)
ZA_NaOH 0.50 M Yes (**) Yes (****)
ZA_KOH0.10 M No (ns) No (ns)
ZA_KOH 0.25 M Yes (**) Yes (**%)
£y ZA_KOH 0.50 M Yes (*) Yes (**)
ZA_NaOH 0.10 M No (ns) No (ns)
ZA_NaOH 0.25M  Yes (****) Yes (****)
ZA_NaOH 0.50 M Yes (**) Yes (***)
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Figure S-3.1: Graphical representation of the elbow method to select the best option: A) PCA, B) K-Means and

C) KNN Classifier accuracy for the training and test sets.
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Table S-3.3: Statistical resume for the desorption from Z13X. A multi-comparison test of the results was
performed where Y, yes, is used when there is a statistical difference between the conditions tested. N, no, means
that there is no statistical difference. This test was performed for the different REE. The order of the results is: La,

Ce, Y, Tb, Pr and Eu.

ZX_H,0

=
=
T
e
ﬁl
N; N;

VN LYY Y YY1 yYy,;

N;NTNNTYSNLYY LYY LYY

< Y0 LN LYY LYY LYY Yy

E HSO.[ Y;Y; ;N L Y:Y; | Y:Y: [ Y:Y: | Y Y;

VYINNLYY LYY LYY LYY

YN TSN LYY LYY LYY LYY,

HNO. [ V;Y; [ Y;N; L ;Y | Y:Y; | Y;Y; [ Y Y;

N;NITNNTYNLYY[YSY LYY

YV LYY LYY | NN | N N; | N;N;

HCI [ Y;Y; [ Y;Y; | N;Y; | N; N; | N; N; | N;N;

f Y:Y | Y [ ;Y | NeN | NN | NN

oS SV LS LYY N NG NG NG NG N;

% HSO | Y;Y; | Y Y I N;Y; [ NN [N, N; [ N;N;

= V.Y | ;Y [ VY NN NN | N;N

N VY LYY LYY NGNS NG NG NG

HNO, | N;Y; | Y;Y; | N;Y; | N;N; | N;N; | Ny N;

iYL YSY LYY NN NN NN

HCl | H,SO, | HNO, [ HCI | H,SO, | HNO,

ZX_H,0 ZX_KOH 0.1 M 713X ZX_NaOH 0.1 M
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Table S-3.4: Fitting parameters and square errors for Pseudo-First Order, PFO, and Pseudo-Second Order, PSO,

models for the selected modified zeolite 13 X and respective controls.

PFO PSO
REE | Zeolite designation | DF
k, (o} R k, o} R

ZX_KOHO0.1 M 22 0.043 3346 0975 | 0.010 4.132 0.963
ZX_NaOH 0.1 M 22 0.044 3380 0969 | 0.009 4325 0.951
L2 ZXH,0 37 0.062 3245 0962 | 0.022 3.714 0.963
Z13X 21 0.046 3364 0984 | 0.011 4.093 0.979
ZX_KOHO0.1 M 21 0.063 2.813 0951 | 0.021 3.274 0.922
ZX_NaOH 0.1 M 26 0.033 4442 0986 | 0.005 5.880 0.983
Ce ZXH,0 26 0.099 3220 0925 | 0.036 3.571 0.923
Z13X 21 0.059 3747 0983 | 0.015 4436 0.972
ZX_KOHO0.1 M 22 0.061 2971 0964 | 0.015 3.581 0.945
Y ZX_NaOH 0.1 M 22 0.045 2934 0974 | 0.011 3.694 0.955
ZXH,0 37 0.059 2809 0958 | 0.023 3.235 0.955
Z13X 32 0.045 2681 0970 | 0.015 3.224 0.963
ZX_KOHO0.1 M 26 0.046 3231 0962 | 0.011 3.998 0.944
ZX_NaOH 0.1 M 19 0.048 3.063 0.967 | 0.013 3.727 0.949
T ZXH,0 29 0.052 3391 0970 | 0.016 3973 0.977
Z13X 23 0.032 3211 0945 | 0.009 3.980 0.963
ZX_KOHO0.1 M 17 0.056 2.822 0982 | 0.017 3.395 0.960
Br ZX_NaOH 0.1 M 26 0.040 3.094 0985 | 0.010 3.822 0.972
ZXH,0 30 0.075 2.753 0977 | 0.031 3.116 0.976
Z13X 23 0.042 2823 0962 | 0.006 4.365 0.970
ZX_KOHO0.1 M 19 0.056 3.011 0969 | 0.0l16 3.621 0.947
ZX_NaOH 0.1 M 20 0.044 3824 0980 | 0.009 4781 0.962
Eu ZXH,0 30 0.055 3.773 0962 | 0.015 4.418 0.968
Z13X 20 0.086 2.369 0.950 | 0.039 2.692 0.949

DF — degrees of freedom; g.— adsorption uptake at equilibrium calculated from the fitting (mg/g); 4, — affinity constant of the
pseudo firstorder model (min?); 4 — affinity constant of the pseudo second-order model (g-mg*min‘); R* — coefficient

correlation.
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Table S-3.5: Confidence intervals for the parameters of Pseudo-First Order, PFO, and Pseudo-Second Order, PSO,

kinetic models for every zeolite and REE tested.

REE  Designation ZX_KOH 0.1 M ZX_NaOH 0.1 M ZXH,0 Z13X
DF 22 22 37 21
PFO K, 0.035t0 0.053 0.034 t0 0.055 0.0531t00.073 0.039t0 0.053
La . 3.187 to0 3.523 3.169 t0 3.622 3.139t0 3.356 3.233t0 3.500
PSO k. 0.006 t0 0.016 0.0051t0 0.015 0.017 10 0.028 0.008 t0 0.015
. 3.766 to 4.606 3.834 t0 4.993 3.545 t0 3.900 3.822t04.414
DF 21 26 26 21
k, 0.049 to 0.080 0.028 t0 0.038 0.0751t00.131 0.051 to 0.069
Ce PFO . 2.640 to0 2.993 4,230 to0 4.684 3.041 to 3.402 3.596 to 3.906
PSO k. 0.012t0 0.035 0.004 to 0.006 Oooggijgto 0.011100.021
. 2.9391t0 3.675 5.436 to 6.409 3.318 t0 3.853 4122 to 4.797
DF 22 22 37 32
PFO K, 0.041 t0 0.064 0.037 t0 0.054 0.050 t0 0.070 0.038 t0 0.052
Y . 2.815103.136 277510 3.110 2.709t02.913 2.578 10 2.790
PSO k, 0.009 to 0.023 0.007 t0 0.018 0.017 t0 0.031 0.011 t0 0.020
. 3.246 t0 4.001 3.311t04.192 3.067 t0 3.424 3.019t0 3.463
DF 26 19 29 23
PEO K, 0.037 to0 0.056 0.039 t0 0.059 0.044 t0 0.061 0.023t0 0.044
b . 3.056 t0 3.419 2.873 t0 3.266 3.253 10 3.537 2.880 to 3.650
o b Chemesmme ol o,
q. 3.618t04.471 3.330t0 4.211 3.774t0 4.194 3.529 t0 4.579
DF 17 26 30 23
PEO k, 0.047 to 0.066 0.034 t0 0.045 0.066 to 0.086 0.033t0 0.053
Pr . 2.684 t0 2.968 2.962 to0 3.240 2.671102.837 2.626 10 3.051
PSO k. 0.011 t0 0.027 0.007 t0 0.012 0.025 10 0.039 0.009t0 0.019
q. 3.064 to 3.792 3.676 to 4.347 2.991 to 3.250 3.150 to 3.840
DF 19 20 30 20
PEO k, 0.045 to 0.068 0.037 t0 0.051 0.046 t0 0.067 0.021 t0 0.040
Eu Q. 2.827 t0 3.207 3.629 t0 4.032 3.607 to 3.950 3.505 to 4.530
PSO k. 0.010 t0 0.025 0.0057 t0 0.013 0.011 10 0.020 0.0031t0 0.010
q. 3.237 t0 4.082 4.313t05.348 4,168 t0 4.701 4,283 t0 5.868

| 75



Chapter 3
Chemical modification of zeolites for the recovery of Rare Earth Elements using Machine Learning algorithms Barros, 0. | 2023

La Ce

5.0+ 5.0+
459 4.5
4.0 4,07 1AL
T 357 CREYE r J A I ¥
3 3 1
§ 3.0 ; - g 3.0 a t
o 3 o [ ape=
E 2.5 ‘ o 254 L& l f T .
- I ZX_NaOH 0.10 M & 54 i ZX_NaGH 0.10 M
g3 i & ZX_KOH0.10 M 2] & & ZX_KOH0.10 M
& 157 d / o ZX_H,0 & 1:57 i¢ o ZX H;0
1.0 Ii - Z13X o - 713X
13 {
0.5-2‘? PFO 5337 PFO
Et PSO ! PSO
. S
0 12 24 36 48 60 72 84 96 108120132 0 12 24 36 48 60 72 84 96 108120132
Time (h) Time (h)
5.0 5.0+
4.5 457
4.0 4.0
2 359 2 359 I
L s iees : P,
N 3.0 i 4 i 2 3.0 IV T e S R e
L B - % $ | o LY
o 257 ? A4 i : o 2.5 ¥ i
3 03 § ZX_NaOH 0.10 M w o 4 7 2 NGO 0N
g7y 4 @ ZX_KOHO.10M g ‘.:I & ZX_KOH0.10M
& 1.5-. 7 I e ZX_H,0 5 1.54 i o ZX H0
109 § Z13X 1.0 é‘ . 713X
15 2
0.5 2; PFO 0.59% PFO
5 PSO L3 PSO
o'c x T T T T T T | B M | T 1 0.0
0 12 24 36 48 60 72 84 96 108120132 0 12 24 36 48 60 72 84 96 108120132
Time (h) Time (h)
Prs.o: EL!.o-
457 457
4.04 4.04 : = E E { 2 I I
2 357 CIELE T : 1S |
- S t
S 3.0 e N 3.0 z 8 _8-FT e @ 8 5
o ] I a8 - o a “
o 2.5 < f 7 i 2.5 Vi) i 3
& zo‘ In[ i ZX_NaOH 0.1 M & " ' ZX_NaOH 0.10 M
2 /[ & ZX_KOHO0.1 M g i I & ZX_KOH0.10 M
& 157 11 o ZXH,0 & 159 1 * ZX_HO
104 32 . Z13x 10d5 | . Z13x
o.s-g £0 0.54¢" PFO
PSO _i PSO
o'c 2 T T T T T T T T T T 1 o‘c b 1 T T Ll ] ] L) L} T T 1
0 12 24 36 48 60 72 84 96 108120132 0 12 24 36 48 60 72 84 96 108120132
Time (h) Time (h)

Figure S-3.2: Two kinetic models fitting to the different REE for the 13X zeolite.
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Chapter 4 — Exploring optimization of
zeolites as adsorbents for Rare Earth

Elements in continuous flow assays

Unsupervised machine learning (ML) technique is applied to the characterization of the
adsorption of Rare Earth Elements (REE) by zeolites in continuous flow. The successful application of PCA
and K-means algorithms from ML allowed a wide range assessment of the adsorption results. This global
approach permits the evaluation of the different stages of the sorption cycles and the development of
possible optimizations and improvements. The results from ML are also used for the definition of a
regression model to estimate other REE recoveries based on the known values of the tested REE. Overall,
it was possible to remove more than 70% of all REE from aqueous solutions during the adsorption assays

and to recover over 80% for the REE entrapped on the zeolite, using the optimized desorption cycle.

Adsorptlon 7
Desorptlon :

Adapted from: Barros, O.; Parpot, P.; Neves, |. C.; Tavares, T.; Exploring optimization of zeolites as

y g
Chemical modified zeolite

adsorbents for Rare Earth Elements using Supervised Machine Learning techniques — under revision.
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4.1. Introduction

The continuous research and progress have resulted in a significant surge of available data,
motivating some sectors of our society to reposition themselves and harness the disruptive potential of
data analytics and machine learning [1]. Machine learning (ML) is an evolving branch of computational
algorithms, whose development led to statistical models that can make predictions and support decisions
without being explicitly programmed [2-5]. ML can integrate multimodality multi-fidelity data to reveal
correlations between different features [6]. It has been applied successfully in diverse fields such as
pattern recognition, medicine, science, computer vision, spacecraft engineering, engineering,
biomedicine, psychology, catalysis, neurobiology and many other disciplines [1,5,7]. This wide application
allows a faster treatment of great amounts of data and therefore ML can be used to analyze and correlate
those data to achieve better interpretations and, therefore, to make better decisions.

ML models and their importance have been recognized and appreciated in wastewater treatment
[8-10]. Some developments have been made to use ML algorithms or deep learning neural networks for
the optimization of the adsorption of antibiotics [11,12], organic compounds [13,14] and metals [15-
17].

The advantages of the ML techniques applied to the recovery of Rare Earth Elements (REE) from
agueous solutions using zeolites as adsorbents are described. REE represents 19% of the metals used in
the technology and in the precious metals sectors, which accounts for 0.05% of world metal production
and the trend is upwards [18,19]. REE plays a crucial role in the materials industry across various
domains such as phosphors, magnets, metallurgy, catalysts and glass since the 1950s. They are
frequently employed as additives or dopants in materials formulations. REE are particularly valuable due
to their ability to induce significant changes in material properties, even when used in small quantities.
Consequently, they have earned the reputation of being the "vitamins" of modern industry and the design
of materials doped with rare earths has emerged as indispensable for technological advances [19].

Zeolites are porous aluminosilicate materials known for their highly structured crystalline network
composed of alumina and silica tetrahedra (TQO.). The presence of alumina induces a negative charge on
the structure that is compensated by cations. Within the zeolitic structures available in the commercial
market, zeolites of the LTA type and FAU type (faujasite, including zeolites X and Y) are commonly applied
in various fields [20].The FAU structure exhibits a low Si/Al ratio, which results in a high cation exchange
capacity mainly for cations with high charge density [20], such as rare earth elements (REE ions). So,

this structure present goods properties for adsorption of these metals.
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The application of ML algorithms has been applied to REE separation techniques [21] and to
adsorption [22]. Therefore, the objective of this study is to optimize the removal of REE (La, Eu, Pr, Ce,
Tb and Y) by adsorption on FAU structures in continuous flow assays, employing ML techniques for

evaluation and system development.

4.2. Material and Methos

4.2.1.Materials

The materials used in this chapter (REE, zeolite FAU — 13X) are the same as the ones described

in Chapter 3, 3.2.1 Materials.

4.2.2.Analytical quantification of REE

The analytical quantification of the REE was performed as explained in the Chapter 3, 3.2.4
Analytical quantification of REE.

4.2.3.Continuous flow assays

The continuous flow assays were carried out using 150 g of zeolite with and without modifications
as the bed of column (height of 30 cm and diameter of 4.2 cm) set-ups with up-flow feeding, as

represented in Figure 4.1.

Figure 4.1: Schematic representation of the columns set-up (A) and the real system (B).

The zeolite modification was the same as the one selected as the most suitable one in the
Chapter 3. The modified zeolite will be designed as ZX_NaOH, while the zeolite without modification will

be designed as Z13X. The column designations are shown in Table 4.1.
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Table 4.1: Column designations for the continuous flow assays

Column Washing between sorption
Zeolite used Modification
designation assays
Z13X_NW Without washing
No chemical modification
Z13X_WW With washing
713X
ZNaOH_NW Without washing
Modified with NaOH 0.1 M
ZNaOH_WW With washing

Each column was tested in 4 cycles, which consisted in an adsorption step and a desorption one.
Two of the four columns (ZX_WW and ZNaOH_WW, Table 4.1) had a washing step between the
desorption and adsorption, which was only performed 3 times. The cycle description with concentrations,

pump rate and duration are described in Table 4.2.

Table 4.2: Operational parameters of the assays. Each column had 4 adsorption and desorption cycles, only two

of them had a washing step between the desorption and adsorption.

Step | Cycle Solution Pump rate (mL/min) Duration (h)
1 C =60 mg/L foreach REE; V. =5 L
.§ 2 C. =10 mg/L for each REE; V.= 5 L
S 4 72
3 3 C = 60 mg/L for each REE; V,= 5 L
<
4 C =25 mg/L for each REE; V.= 5 L
1
c
2 2
g 1 L of HNO, 0.1 M for each desorption step 8 6
2 3
a
4
1
§ 2 1 L of NaOH 0.01 M for each washing step 15 2
3

The adsorption assays were carried out using a prepared solution with the six different REE: La,
Eu, Pr, Ce, Y and Tb, in a closed loop. Cycles 1 and 3 were run with a 60 mg/L solution of each of REE,
while for cycles 2 and 4, the initial concentration of each REE was 10 and 25 mg/L, respectively. Samples
were taken at 3, 6, 12, 24, 36, 48, 60 and 72 h from the outflow and the measured concentrations were
used to build the C/C, versus time graph. Samples from the feeding solution in the retention Erlenmeyer

were also taken at 0, 24, 48 and 72 h, and the measured concentrations were used to describe the
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function of the removal (%) versus time. At the end of the adsorption, the REE solution was removed from
the columns and afterwards the desorption solution, HNO, at 0.10 M, was pumped in. Samples were
taken from the solution in the retention Erlenmeyer at 0, 1, 2, 4 and 6 h. Finally, in the last phase, NaOH
0.01 M was used for pH equilibration and washing. This step was performed for one column of each
zeolite, namely Z13X_WW and ZNaOH_WW, with samples taken at O and after 2 h from the solution in

the retention Erlenmeyer.

4.2.4.Machine Learning

The ML algorithms were supported by the DataFrame, a table where the rows list the samples
used, while the columns are the different parameters used to evaluate the samples.

The first ML evaluation objective is the selection of the most suitable tested condition (considering
the zeolite and the washing option). For that, the 4 different conditions tested, Table 4.1, are listed as
rows, with 50 characteristics (24 adsorption and 24 desorption results — considering 4 different samples
and 6 REE, plus the zeolite used and the eventual washing between adsorption and desorption), which
are mainly the results of the adsorption (removal) and of the desorption (recovery) for each REE tested in
each cycle.

The second ML evaluation was meant to validate any good cycle regarding the removal and
recovery of the different REE. For that, 16 samples were used (the previous four samples were divided
accordingly to the four cycles of adsorption and desorption for each REE) and 15 columns with the
respective results (6 removals and 6 recoveries for each REE, the cycle number, the zeolite used and the
eventual washing between adsorption and desorption) were used to assist in the selection of the best
cycles.

The DataFrame was processed under unsupervised learner (Principal Component Analysis, K-
Means analysis) and supervised learner (classification). Briefly, the Principal Component Analysis, PCA,
is used to reduce the dimensions of a DataFrame without losing information and maximizing the
interpretation, while the K-Means makes data clusters accordingly to the considered conditions.

The algorithms used for the classification were K-nearest neighbors Classifier (KNN), Decision
Tree Classifier, Random Forest and Logistic Regressor Classifier. The classification algorithm is normally
applied in a binary system and so it was used for each result of the adsorption (removal) and of the
desorption (recovery) steps. The classification for the removal was done accordantly to the remaining REE
present in solution (the lower remaining percentage, the higher the removal). For the recovery, it was the
opposite (the higher percentage of REE in solution, the higher the recovery). The classification for removal

and for recovery was established for every REE, and then the mean value was calculated. Next, the binary
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classification was assigned depending on the mean value relatively to the chosen cut-off value. The
process is summarized in Table 4.3.

The data used for the classification was divided into two sets, training set (70 % of the data),
which contains the known output of the assays and will be used to train the model. The other set is the
test set (30%), which is used to test the model prediction capacity. The stratify option was also used, so
both training and test sets have the same percentage of positive cases, which for this analysis would

represent high removals and recoveries.

Table 4.3: Binary classification used for each sample evaluated regarding the data from the adsorption (removal)

and the desorption (recovery) assays.

Removal (R,), % Recovery (R), %
Classification Means } Binary Classification
Interval Classification Interval Classification

80<R,<100 1 80 <R <100 5
60 <R, <80 2 60 <R <80 4 >3.5 1

40 <R, <60 3 40<R <60 3

20<R, <40 4 20<R. <40 2
<35 0

00<R,<20 5 00<R <20 1

4.2.5.Statistical analysis

Two-Way ANOVA was performed on the removal percentages of the adsorption assays, in which
the conditions were compared between each other for the same time points. The desorption results were
analyzed using a Two-Way ANOVA similarly to the removal percentage analysis.

All these analyses were conducted using the software Graph Pad Prism version 8.0.2 (Graph Pad
Software, Inc, San Diego, CA, USA). A significant difference was only considered when the probability (o

value) was lower than 0.05, assuming a 95 % confidence interval.
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4.3. Results and Discussion

The overall analysis of the results for the adsorption and desorption cycles simultaneously
(Figure S-4.1) revealed the complexity of observing data without noticeable differences. The solution pH
(data not shown) was monitored and when required, some drops of HCI were added to avoid the eventual
REE precipitation. The same happens for the desorption assays as for the adsorption ones (Figure S-
4.2).

The sorbent washing with NaOH 0.01 M was performed after cycles 1, 2 and 3 and no washing
was performed after the last cycle. No REE leaching was detected during this procedure. During the

analysis, removal will refer to the adsorption results, while the recovery will refer to the desorption ones.
4.3.1.Machine Learning analysis

4.3.1.1. Selection of the best sample in the continuous flow assays

The ML analysis of the continuous flow assays was used to evaluate and to select the best
conditions among the tested ones, as previously described. Before applying the unsupervised ML
algorithms, it is required to perform a data scaler, which consists in a data normalization.

The significance of each principal component weight in PCA was assessed (Figure S-4.3A) and
two features were selected to build the PCA as they justified 85.99 % of the variance. The two features
selection was not confirmed by the Knee Locator method [23]. The resulting PCA representation is shown
in Figure 4.2A. The PCA is too crowded with features for the evaluation and it is hard to read the
influence of each one on the tested conditions. Nevertheless, the majority of the features seem to have a
high impact on the pristine Z13X C1 and C2 (without and with a NaOH 0.01 M washing after the
desorption). The PCA analyses, Figure 4.2A, are represented in a biplot where the bottom xand left y
are references for the samples distribution, while the top xand right yare for the features distribution.

The division using the K-Means algorithm created two different groups, shown in Figure S-4.3B.
Similar to the PCA, the Knee Locator method did not identify any value for the best number of clusters.
In Figure 4.2B, the four zeolite samples were divided into two groups, one for the pristine zeolite
(Z13X_NW and Z13X_WW) and the other for the modified Z13X with NaOH 0.1 M (ZNaOH_NW and
ZNaOH_WW), without any other division regarding the washing.
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Figure 4.2: ML analysis of the four conditions used: A) PCA analysis; B) K-Means algorithm. The Rem refers to

each REE removal (adsorption), Rec refers to each tested REE recovery (desorption) and the Cy regards each cycle.

The ML classification algorithms were used to assess one of the four tested samples (Table

4.1). Each sample must be classified using a binary system, where a value of O indicates poor

performance, whereas a value of 1 is indicative of good performance. The binary classification was

performed accordantly to Table 4.3: Binary classification used for each sample evaluated regarding the data

from the adsorption (removal) and the desorption (recovery) assays.Table 4.3. The cut-off for satisfactory

results is a classification mean equal to or above 3.5 and none of the 4 tested conditions was classified

as 1. The classification means were calculated following Table 4.3 and the results for the four conditions
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ranged between 2.00 and 2.50, and since each part (adsorption or desorption) has a possible total weight
of 2.5 out of 5.0, it is very likely that one of them underperformed. From overall results of the adsorption
(Figure S-4.1) and desorption (Figure S$-4.2), it is concluded that the desorption underperformed with
recoveries below 25 %. Somehow this was unexpected as the zeolite with the NaOH 0.1 M treatment was
reported in the previous work as performing much better REE removal and recovery than the Z13X itself.
An incomplete recovery may negatively affect subsequent adsorption due to previous occupation of the

different adsorption sites of the zeolite by the REE retained during the first adsorption steps.

4.3.1.2. Selection of the best cycle in the continuous flow assays

The inability of the approach to select the best condition for the continuous removal of REE from
the solution was disappointing. Therefore, a test was performed to identify a cycle in which a good
adsorption and desorption of the REE occurred. For that, the results of the four cycles (adsorption and
desorption) performed in 4 columns defined 16 samples and the same ML analysis was performed.

From Figure S-4.4A, three features were selected to build the PCA, confirmed by the Knee
Locator method [23]. A 3D graphic is shown in Figure $-4.5 that confirms that the first two components
explain 69.64 % of the variance of the samples. The 2D graphical representation is also shown in Figure
4.3A.

The group division using the K-Means algorithms created 4 different groups (Figure S-4.4B)
and the same value was obtained with the Knee Locator method. In Figure 4.3B, the 4 zeolite samples
were divided into 4 groups, with one of each condition tested, with one exception. That division could be
majority related to the different cycles. Group 1 (blue) is the results for the first cycle; Group 2 (green) is
the second cycle and group 3 (yellow) is the fourth cycle and one element from the third cycle. Finally,
group 4 (purple) is the rest of the third cycle. The feature related to each cycle has more influence on the
respective group, as previously described. The REE recoveries have a more substantial influence on group
1, while the REE removals have a similar impact on groups 1 and 2, as shown in Figure 4.3A. This
stronger influence or affinity related to the recovery might suggest that the other 3 cycles do not have
similar results to the ones obtained in the first cycle of the column assays. The same interpretation could
be forwarded regarding the similar affinity of the removals for the first and second cycles of the assay.
The other 2 features, namely the washing between sorption assays (with or without) and zeolite type
(Z13X or ZX_NaOH), were more centered and did not have a relevant influence on any of the groups.

The ML classification algorithms were used to divide the samples into different groups, one of
those groups will possibly include the cycles with the best performance, using the same strategy as before

with the same classification mean for the cut-off. Again, no condition with a good classification was
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obtained and from these results, it can be concluded that no condition achieved optimal removal and

recovery in the same cycle.
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Figure 4.3: ML analysis for the second analysis to select the best condition cycle: A) PCA analysis; B) K-Means

algorithm. The numbers after the designations are referencing to their respective cycles.
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A heatmap showing the Pearson correlations of the tested features is presented in Figure 4.4.
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Figure 4.4: Heatmap representation of the correlation between different features used for the cycle evaluation.

The left scale represents the different correlation values and the respective colors.

The heatmap shows 3 crucial relations. In a green square, the first one is the inverse correlation
between the starting zeolites (Z13X and ZX_NaOH) and the washed samples (NW and WW, without and
with washing, respectively). There is negative correlation for these two groups, which is expected since
each sample is one zeolite or the other and the same happens regarding the washing.

The second square (light blue) refers to the correlation of the cycles and the different removals
and recoveries of the REE. The first cycle is the one with the stronger correlation with both removal and

recovery of the REE. As seen in Figure 4.4, the removal and recovery correlation got more negative,
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inducing a poorer performance as the number of cycles grew. This supports that both the adsorption and
the desorption lose efficiency over the cycles.

The last relation appears between the REE removals and recoveries. Each REE removal has a
very high positive correlation (over 0.9) [24] with the removal of other REE, showing how the matrix
entrapment of the different REE is similar and correlated. These analyses support some other
observations in batch assays reported in the Chapter 3. Each REE removal and recovery have a
moderate correlation (between 0.5 and 0.7) [24]. These correlations were expected to be stronger and
this could be related to the fact that relatively poor recoveries are translated into a lower removal in the
next cycle. A further evaluation of this hypothesis will be performed in the following sections. Each REE
recovery has a very high positive correlation with the other recoveries. This is related to the fact that the
oxidation number is the same (3+) for all the tested REE and even with some differences regarding the
ionic radii, they behave similarly in the desorption process. The rest have a negligible correlation [24],
except for the correlation between the different cycles, which has a low negative correlation [24]. This is
due to the possible influence that incomplete recoveries would have over the removing in the following
cycle.

The results of the adsorption and desorption will be analyzed separately in the following sections
to understand better what may be improved. This analysis, especially for the desorption, could indeed
give an important insight of what happened during the assay. A cycle analysis will be performed, since
the overall results for both the adsorption and desorption (Erro! A origem da referéncia nao foi
encontrada., Figure S-4.1 and Figure S-4.2) are too overlapped, with dense information that makes

the analyze too complex.
4.3.2.Sorption analysis of the continuous flow assays cycles

4.3.2.1. Adsorption analysis

The removal (%) is the result measured for specific time points 24, 48 and 72 h. The results are
shown in Figure S-4.6 to Figure S-4.9 for the different cycles.

The results of the removal for the first cycle are similar in each analyzed time point, with no
significant differences. As expected, the removal values increased over time, confirming the REE
adsorption by the zeolite samples. For the second cycle, the total removal shows similar results, with
most of the statistical tests having no significant difference.

The same behavior would be expected for the subsequent cycles. The results of total removal for

the third cycle and fourth cycle show that no significant differences were found. These results indicate
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that the ion exchange capacity of the zeolite attains the equilibrium, which is more visible for these cycles
than the one obtained for the second cycle since a higher concentration was used .
The total removal of the REE for each tested condition was calculated and the results are shown

in Table 4.4.

Table 4.4: Total removal of each REE for each zeolite tested after 4 cycles.

Removal (%) La Ce Y Tb Pr Eu

Z13X_NW |81.6+65 83.3+58 804+6.7 838+60 847+57 83655
ZI3X WW | 719+04 747+02 71422 762+18 764+08 756+20
ZNaOH_NW | 73.0+£3.0 73.6+26 83.0+20 727+23 73229 727+25

ZNaOH_WwW | 68.2+4.1 709+48 751+45 723+24 709+36 70.7+33

Overall, between 65 to 90 % of the total mass of REE present in the solutions to be treated were
removed and the zeolite reveals similar affinity towards the different REE, for each of the four conditions
(Table 4.4). No significant difference was found between the tested conditions (Table S-4.1), including
the control zeolite, Z13X and the ZX_NaOH, as foreseen by previous batch assays, described in Chapter
3. This suggests that a pre-treatment of the zeolites will not improve the sorbent behavior.

A difference between the performance of zeolites with (WW) and without (NW) NaOH washing
between cycles was forseen. It was expected that the washed beds (Z13X_WW and ZNaOH_WW) would
reach higher removals as the OH- from the NaOH could neutralize part of the H* from HNO,, used in the
desorption step. As this was not observed, probably the NaOH concentration used, 0.01M, was not

enough for the purpose as it is 10 times lower than the acid concentration.

4.3.2.2. Desorption analysis

The desorption results for the four different cycles are shown in Figure $-4.10 to Figure S-
4.13. The desorption results for the first cycle are shallow, below 30 %, with no significant difference
found for the different comparisons evaluated. For the second cycle, the desorption recovered below 11
%, with no significant differences. The same occurred for the third cycle, with recoveries below 10 % and
for the fourth cycle, with recoveries below 14 %. No significant difference was found.

These results were not expected since the same concentration was used for the acid chosen to
be the best one in batch assay. The same assessment reported that the NaOH 0.1 M zeolite had very

high recovery.
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The low recoveries of REE probably are related to the saturation of the zeolite surface [25]. Even
though, this was not evident for the second cycle due to the lower initial REE concentration of 10 mg/L,
supported by the adsorption results (Figure S$-4.7). The third and fourth cycles had higher initial REE
concentrations of 60 and 25 mg/L, respectively, but the low removal is more evident, as supported by
the adsorption results (Figure S-4.8 and Figure $-4.9).

This shows the importance of the desorption step in a multiple cycle assay in continuous flow
through a column bed since good desorption may lead to a near total recovery of the REE from the zeolite.
After that and during the second adsorption step, the zeolite would be available to remove more REE from

the solution. The total recovery was calculated and shown in Table 4.5.

Table 4.5: Total recovery percentage of each REE for each zeolite sample tested after 4 cycles.

Recovery (%) La Ce 4 Tb Pr Eu

ZI3X_ N\W | 95+01 92+02 110+07 109+11 94+01 11.5+05
Z13X_WwW | 79+1.1 84=+1.1 107+06 10.1+07 83+10 11.2+06
ZNaOH_NW | 11.7+1.7 121+22 105+45 136+35 138+21 158+29

ZNaOH_WW | 149+16 139+08 149x18 175+09 16.0+13 189+1.1

The overall desorption results were below 20 %, with no significant differences (Table S-4.2).
These results were meager and unexpected since higher recoveries were achieved in batch assays. This
indicates that a higher concentration of the acid should be used in these assays, so the desorption step
needs to be improved.

After the desorption process, the REE need to be concentrated so they be reused into new
applications. The purification process may be consider the REE precipitation by addition of anions such

as carbonate [26,27] or oxalate [28-32].

4.3.2.3. ML analysis of the desorption optimization

In the desorption batch assays from Chapter 3, 0.35 g of loaded zeolite was used with 0.1 L of
HNO, at 0.1 M, which defines a ratio of 28.6 mmol of HNO, per g of zeolite. In these continuous flow
assays, the ratio is 0.67 mmol of HNO, per g of zeolite. The proportion between the batch ratio and the
column ratio is 43, which explains the reduced desorption efficiency in continuous flow assays. So, it was
decided to perform new desorption assays in the continuous flow set-up with a ratio of 13.3 mmol of
HNO:; per g of the zeolite (2 L of 1 M of HNO, during 3 h with the same flow rate in close loop). The results

obtained from the optimized desorption cycle are shown in Figure 4.5.
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Figure 4.5: Total recovery for the different REE from loaded Z13X_NW ( ), Z13X_WW (mm), ZNaOH_NW (
) and ZNaOH_WW (mmm) for the 1 M eluent desorption. The NW refers to the assays without the washing step,
and the WW refers to the assays with the NaOH 0.01 M washing step. Samples were taken from the accumulation

Erlenmeyer with the outflow eluent.

The changes implemented for the desorption were definitive to improve the REE recoveries as
seen in Figure 4.5. After 1 h of assays, over 70 % of La, Ce and Pr were removed from the zeolite, while
the other REE had a lower recovery. This difference could be related to the accessibility of the cations
located in the zeolite surface. The structural framework of zeolite Y or X (FAU) are distinguished by three
main units: the hexagonal prism, the sodalite cavity and the supercage [33]. The recovery of these cations
is facilitated if they are primarily located in the surface sites of the supercage or sodalite cavities. The
different REE radii could be justify the observations since a smaller ion could easily enter into smaller
structures of the zeolite and therefore, it would require more time to desorb from the zeolite.

After a 3 h leaching, the recoveries of REE are similar between them and over 80 %. It is important
to add that no significant differences were found between the tested conditions and that the primary

source of variation is the time for all tested REE.
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The last time point results of all tested desorption cycles (the first 4 and the one with higher acid
concentration) were compared for the same tested conditions. A significant difference, Table $-4.3, was
found for all REE when any cycle is compared with cycle 5 (desorption with 1 M acid), as expected since
this desorption presented recoveries up to 4 times higher than the ones from the previous cycles. Here,
it was found that the primary source of variation is the cycle for all tested REE. After this desorption, an
improved removal of the REE from the solution would be expected in a possible new adsorption cycle.
This new adsorption cycle results could be better than to the ones obtained for cycles 3 and 4 since there
will remain almost no REE in the zeolite. However, it is important to remember that the treatment could
lead to changes in the structure, as a dealumination, which could reduce the negative charge of the
zeolite and lead to a reduction of the REE adsorption.

The previous results show a great potential to produce a positive supervised ML analysis, since
the results from Figure 4.5 suggest that in this last cycle could have a higher mean value above 3.5,
accordingly to Table 4.3. For that reason, a new DataFrame was built just considering the desorption
results. This DataFrame consists in the previous 4 cycles and the results obtained from this new
desorption cycle, with higher ratio of acid/zeolite. This DataFrame was used in a new ML analysis to
investigate the impact of the amount of acid on the desorption efficiency.

From the results in Figure S-4.14A, four components were selected to build the PCA, confirmed
by the Knee Locator method [23] and the result is shown in Figure $-4.15. The first 2 features explain
63.95 % of the variance of the samples as shown in Figure 4.6A. The PCA distribution results in two
main groups, one on the right side, more influenced by cycle 5 (desorption with 1 M acid) and the
recoveries of the different REE. The second group, on the left side, is more influenced by the first 4 cycles.
This group can be divided into 2 smaller groups: the top group was more influenced by the ZX_NaOH
zeolite, while the bottom group was more influenced by the Z13X. Each zeolite group can be further
divided into two groups depending on the washing after cycles, with NW in the top and WW in the bottom.

The K-Means were made using three groups, as shown in Figure $-4.14B, confirmed by the
Knee Locator method [23]. A clear group 1, in blue, which is from the ZX_NaOH zeolite for both NW and
WW, can be seen in Figure 4.6B. The group 2, in green, is the fifth cycle of desorption with both zeolites

and group 3, in purple is the Z13X zeolite. The other groups are mixed.
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Figure 4.6: ML analysis: A) PCA; B) K-Means. The Rec refers to the recovery of each REE.
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The ML classification algorithms were used to select the best desorption conditions, using the
binary classification (Table 4.3: Binary classification used for each sample evaluated regarding the data from
the adsorption (removal) and the desorption (recovery) assays.Table 4.3). For this case, 4 samples were
considered good accordingly to Table 4.3. The 4 selected samples are the ones from the cycle 5, as
expected, since the results shown in Figure 4.5 show that this cycle was the best one. With this, the
classification was carried out using 4 classifiers, KNN, Decision Tree, Random Forest and Logistic

Regression. The results of the different classifiers are shown in Figure 4.7.

A
@® 0.0
A 1.0 AA
o
B
@® o0
A 1.0 &A

Figure 4.7: Conditions division according to the classifiers, A) KNN and logistic regression and B) decision tree
and random forest. The different colors, violet and orange, represent the zone of a good or bad catalyst,

respectively.

For the KNN, Figure 4.7A, three neighbors were selected accordantly to the accuracy values
for both training and test sets, shown in Figure S-4.14C. The Decision Tree classifier, Figure 4.7B,
has only one parameter, random state, with a value of 20. For the Random Forest, Figure 4.7B, the n
estimator parameter was 10 and the random state was the same as for the Decision Tree classifier.

Finally, the same value for the random state parameter was used for the Logic Regression, Figure 4.7A.
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It is crucial to avoid overfitting of the training set for the classifiers, as it happens often with the
model. A suitable generalization of the model from the training set can lead to a good classification of
new and unseen data, which is the test set. All the tested classifiers could separate the 2 groups without
any problem. Therefore, it is expected that the respective accuracy scores of the values (x and y values
of training and test data) would be 100 %. The scores of the training and test using the four different
classification algorithms are 100 % for all tested classifiers. Similar results were obtained using the
classification report, which summarizes percentages of precision, recall and fl1-scores. It is important to
know that the precision is related to the accuracy of making good predictions, the recall is the value of
the correctly identified positive predictions and the fl-score is the harmonic mean of the precision and
recall. This evaluation used the real classification from the binary classification (y_rea) and the predicted
classification (J)/_preq) after training the model.

All classifiers presented a 100 % score for the precision, recall and fl1-scores of the prediction of
the model. Another vital metric to assess the classification used is the confusion matrix. All the classifiers

evaluated are very similar between them and the overall result is shown in Figure 4.8.

Bad -

True label

Good

Bad Good
Predicted label

Figure 4.8: Graphical representation of the confusion matrix for all tested classifiers. The values shown refer to
the fraction of the true correct predictions (when the model got it right) and false incorrect predictions (when the

model got it wrong).
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It was verified that there were only true positives (the model predicted it was a cycle with high
desorption, and it was high) and true negatives (the model predicted it was a cycle with low desorption,
and it was actually low).

A heatmap showing the Pearson correlations of the tested features was made as before, and the

results are shown in Figure 4.9.
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Figure 4.9: Heatmap representation of the correlation of the features used for the desorption obtained in the
different cycles. The results for the maximization of the desorption are referenced as cycle 5. The left scale

represents the different correlation values and the respective colors.

Overall, the correlation for the desorption cycles can be considered negligible, with 3 main
exceptions. The first relates to the zeolites (Z13X and ZX_NaOH) and to the washing (NW and WW), which

have a very high negative correlation, as shown in Figure 4.4. Also, the correlation of the recovery of
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each REE is a very high positive, which is expected since all REE had a higher recovery. Finally, as
expected, cycle b shows a very high positive correlation with the REE recoveries since it was the cycle
with higher REE recoveries. The same happens for the HNO, zeolite ratio correlation with the REE
recoveries for the same reason as said before. Also, this ratio has a very high positive correlation with the

cycle 5 as expected, since the highest HNO, zeolite ratio was used in this cycle.

4.4, Conclusions

The column adsorption results confirmed that between 65 and 90 % of the total amount of REE
was removed decreasing with the number of cycles. The desorption data were below 20 % during the
different cycles analysis. After a maximization using 13.3 mmol of HNO, per g of the zeolite, the desorption
achieved over 80 % of recovery after 3 h for each tested REE.

Considering the lack of significant differences between the zeolites tested, Z13X would be the
best zeolite to be used in the multiple adsorption and desorption cycles, since the use of chemical pre-
treated zeolite, ZX_NaOH, might not be justifiable. Adding to that, the eventual bed washing with NaOH
0.01 M also showed no improvement in the overall efficiency of the process and only increased costs.
Overall, the adsorption and desorption of the REE could be performed in 4 cycles. The conditions tested
for the adsorption could be further assessed using different REE concentrations. The application of the
maximizing conditions leads to an improvement of the desorption step and have an important influence
in the following adsorption cycles, improving the overall results obtained by this system to recover REE
from wastewater.

The ML algorithms were applied successfully to the results of the continuous flow assays and can
be helpful to select the best operation conditions, reinforcing the overall improvement with the desorption
optimization. The heatmaps may be used to estimate all REE removals and recoveries just using the

obtained values of one of the tested REE.
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Figure S-4.1: Removal over time for the different REE adsorption by Z13X_NW ( ), Z13X_WW (),
ZNaOH_NW (=) and ZNaOH_NW (mmm).The first cycle runs between 0 and 72h, the second cycle runs between
81.5 and 153.5 h, the third cycle runs between 163 and 235 h and finally the fourth cycle runs between 244.5
and 316.5 h.
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Figure S-4.2: Total recovery for the different REE grouped by cycle and then grouped by sample tested for
Z13X_NW ( ), Z13X_WW (), ZNaOH_NW (#%) and ZNaOH_NW (mmm). Cycle 1 had samples measured
at73.5,74.5,76.5and 78.5 h, cycle 2 includes measurements at 155, 156, 158 and 160 h. For cycle 3, samples

were measured at 236.5, 237.5, 239.5 and 241.5 h and finally cycle 4 includes measurements at 318, 319, 321,
323 h.
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Figure S-4.3: Elbow method for selecting the best option for multiple adsorption and desorption cycles: A) PCA

and B) K-Means.
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Figure S-4.5: PCA maps in 3D.
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Figure $-4.6: Total removal for the different REE adsorption for Z13X_NW (#=55), Z13X_WW (=), ZNaOH_NW
(®=) and ZNaOH_WW (mmm) for the first adsorption cycle. The NW refers to the assays without the washing step,
and the WW refers to the assays with the NaOH 0.01 M washing step. Samples were taken from the accumulation

Erlenmeyer with the outflow eluent.
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Figure S$-4.7: Total removal for the different REE adsorption for Z13X_NW (#550), Z13X_WW (=), ZNaOH_NW
(™) and ZNaOH_WW (mmm) for the second adsorption cycle. The NW refers to the assays without the washing
step, and the WW refers to the assays with the NaOH 0.01 M washing step. Samples were taken from the

accumulation Erlenmeyer with the outflow eluent.
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Figure $-4.9: Total removal for the different REE adsorption for Z13X_NW ( ), Z13X_WW (W), ZNaOH_NW
(=) and ZNaOH_WW (mmm) for the fourth adsorption cycle. The NW refers to the assays without the washing
step, and the WW refers to the assays with the NaOH 0.01 M washing step. Samples were taken from the

accumulation Erlenmeyer with the outflow eluent.

Table S-4.1: Two-Way ANOVA for the total removal percentage of REE after 4 cycles. The NW refers to the assays
without the washing step, and the WW refers to the assays with the NaOH 0.01 M washing step.

Bonferroni's multiple comparisons tests eE
La Ce Y Tb Pr Eu

Z13X_NW s, Z13X_WW No (ns) No(ns) No(ns) No(ns) No(ns) No (ns)
Z13X_NW vs. ZNaOH_NW No (ns) No(ns) No(ns) No(ns) No(ns) No(ns)
Z13X_NW vs. ZNaOH_WW No (ns) No(ns) No(ns) No(ns) No(ns) No(ns)
Z13X_WW vs. ZNaOH_NW No (ns) No(ns) No(ns) No(ns) No(ns) No(ns)
Z13X_WW vs. ZNaOH_WW No (ns) No(ns) No(ns) No(ns) No(ns) No(ns)
ZNaOH_NW vs. ZNaOH_WW No (ns) No(ns) No(ns) No(ns) No(ns) No(ns)
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Figure S-4.10: Total recovery of the different REE from Z13X_NW (F55), Z13X_WW (#), Z7NaOH_NW (F)
and ZNaOH_WW (mmm) for the first desorption step. The NW refers to the assays without the washing step and the
WW refers to the assays with the NaOH 0.01 M washing step. Samples were taken from the accumulation

Erlenmeyer with the outflow eluent.
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Figure $-4.11: Total recovery for Z13X_NW (#55), Z13X_WW (=), ZNaOH_NW (=) and ZNaOH_WW (mmm
) for the second desorption cycle. The NW refers to the assays without the washing step, and the WW refers to the
assays with the NaOH 0.01 M washing step. Samples were taken from the accumulation Erlenmeyer with the

outflow eluent.
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), Z13X_WW (mm), ZNaOH_NW ()

and ZNaOH_WW (mmm) for the third desorption cycle. The NW refers to the assays without the washing step, and

the WW refers to the assays with the NaOH 0.01 M washing step. Samples were taken from the accumulation

Erlenmeyer with the outflow eluent.
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Figure S-4.13: Total recovery for Z13X_NW ( ), Z13X_WW (), ZNaOH_NW (#=) and ZNaOH_WW (mmm
) for the first desorption cycle. The NW refers to the assays without the washing step, and the WW refers to the

assays with the NaOH 0.01 M washing step. Samples were taken from the accumulation Erlenmeyer with the

outflow eluent.

Table S-4.2: Results for the Two-Way ANOVA for the total recovery percentage after 4 cycles. The NW refers to
the assays without the washing step and the WW refers to the assays with the NaOH 0.01 M washing step.

Bonferroni's multiple comparisons tests ReE
La Ce Y Tb Pr Eu

Z13X_NWvs. Z13X_WW No (ns) No(ns) No(ns) No(ns) No(ns) No (ns)
Z13X_NW vs. ZNaOH_NW No (ns) No(ns) No(ns) No(ns) No(ns) No(ns)
Z13X_NW vs. ZNaOH_WW No (ns) No(ns) No(ns) No(ns) No(ns) No(ns)
Z13X_WW vs. ZNaOH_NW No (ns) No(ns) No(ns) No(ns) No(ns) No(ns)
Z13X_WW vs. ZNaOH_WW No (ns) No(ns) No(ns) No(ns) No(ns) No(ns)
ZNaOH_NW vs. ZNaOH_WW No (ns) No(ns) No(ns) No(ns) No(ns) No(ns)

| 110



Chapter 4

Exploring optimization of zeolites as adsorbents for Rare Earth Elements in continuous flow assays

Barros, 0. | 2023

Table S-4.3: Statistical tests performed for all desorption cycles for each REE. The Two-Way ANOVA compares

the total REE recovery from the zeolite. A comparison between each cycle for each tested condition was performed.

The NW refers to the assays without the washing step and the WW refers to the assays with the NaOH 0.01 M

washing step. The cycle with increased acid concentration is referred to as cycle 5.

REE Bonferroni's multiple Two way ANOVA
comparisons tests Z13X_NW | Z13X_WW | ZNaOH_NW | ZNaOH_WW
Cycle 1 vs. Cycle 2 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
L Cycle 2 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
Cycle 3 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 3 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
Cycle 4 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
Cycle 1 vs. Cycle 2 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 5 Yes (****) | Yes (****) | Yes (****) Yes (****)
Ce Cycle 2 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 5 Yes (****) | Yes (****) | Yes (****) Yes (****)
Cycle 3 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 3 vs. Cycle 5 Yes (****) | Yes (****) | Yes (****) Yes (****)
Cycle 4 vs. Cycle 5 Yes (****) | Yes (****) | Yes (****) Yes (****)
Cycle 1 vs. Cycle 2 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
v Cycle 2 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
Cycle 3 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 3 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
Cycle 4 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
Cycle 1 vs. Cycle 2 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
T Cycle 2 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
Cycle 3 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 3 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
Cycle 4 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
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Cycle 1 vs. Cycle 2 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
By Cycle 2 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
Cycle 3 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 3 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
Cycle 4 vs. Cycle 5 Yes (****) | Yes (****) | Yes (***¥) Yes (****)
Cycle 1 vs. Cycle 2 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 1 vs. Cycle 5 Yes (****) | Yes (****) | Yes (****) Yes (***¥)
Eu Cycle 2 vs. Cycle 3 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 2 vs. Cycle 5 Yes (****) | Yes (****) | Yes (****) Yes (***¥)
Cycle 3 vs. Cycle 4 No (ns) No (ns) No (ns) No (ns)
Cycle 3 vs. Cycle 5 Yes (****) | Yes (****) | Yes (*™***) Yes (***¥)
Cycle 4 vs. Cycle 5 Yes (****) | Yes (****) | Yes (****) Yes (***¥)
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Figure S-4.14: Elbow method for selecting the best desorption: A) PCA, B) K-Means and €) KNN Classifier
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Figure S-4.15: PCA maps. Each map represents the distinct distribution for the selected features.
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Chapter 5 — Development of REE/Fe-

zeolite catalysts for Fenton-like reaction

Various heterogeneous catalysts based on rare earth elements (REE) and iron supported on
zeolites were selected and evaluated by oxidation reactions. REE, which are crucial chemical elements
that are used in various activities of our daily lives, including catalysis, were used in the preparation of
multiple REE/Fe-zeolite catalysts with lanthanum, praseodymium or cerium, using FAU or MFI structures
as supports and obtained by ion exchange or impregnation methods. The efficiency of these REE/Fe-
zeolite catalysts was examined in Fenton-like reactions, in the degradation of tartrazine (Tar) and indigo
carmine (IC) in aqueous solution. The REE/Fe-zeolite catalysts demonstrated outstanding performance,
with Tar being degraded by over 80% and IC being degraded by over 95%. Machine learning algorithms
were employed for clustering and classification of the different catalysts, based on their performance.
Unsupervised learning algorithms like PCA and K-Means were used for pattern recognition while
supervised classifiers were employed to classify catalysts, considering their ability to degrade dyes by

Fenton reaction.

Machine Learning
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Adapted from: Barros, O.; Parpot, P.; Rombi, E.; Tavares, T.; Neves, |. C; Machine learning approach for

classification of REE/Fe-zeolite catalysts for Fenton-like reaction — under revision.
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5.1. Introduction

Rare earth elements (REE) are widely used due to their diversified properties such as optical,
electrical, metallurgical, catalytic and magnetic [1-4], allowing different daily applications [5-7]. Due to
the extensive demand and price, their reutilization is important, but the recycling technology is still in the
early stages [8-12]. The hardship in REE recycling is mainly due to the complexity of the process and to
the very different amounts of those elements in the end products, ranging from mg to kg [13].

The application of REE in catalysis is gaining attention, as there is a strong interest in designing
and developing new heterogeneous catalysts, especially sustainable and cost-effective ones [14]. The
definition of a heterogeneous catalyst loaded with recovered REE can be a key-factor for redox reactions
applied in environment rehabilitation. Furthermore, these new catalysts can be applied in advanced
oxidation processes (AOP) for wastewater treatment [14-17]. Zeolites, which have been reported as
suitable supports [10,18-20], are inorganic crystalline microporous aluminosilicates [21-23] that have
been used in many catalytic reactions for the production of high-value chemicals [22], including Fenton
reactions [23,24]. The Fenton reaction is a process that utilizes hydrogen peroxide (H.0,) to degrade
organic pollutants and is widely used for environmental remediation [25]. During the typical reaction,
hydroxyl radicals (¢ OH) can be generated in the presence of H,0, and Fez [26,27], which are highly
reactive and can effectively break down organic molecules [28] into non-toxic products such as CO,, H,0
and inorganic salts [29].

Dyes are widely used in various industries such as food, pharmaceutical and cosmetic ones, to
provide color and visual appeal to products. However, in recent years, their use has raised concerns
about their potential health and environmental impacts. Two dyes that have received significant attention
are tartrazine (E102) and indigo carmine (E132). Tartrazine (E102) is a synthetic yellow dye widely used
in various food and beverage products [20,30] that is linked to some adverse health effects [31] such as
allergic reactions, hyperactivity in children and migraines. Indigo carmine (E132) is a blue dye that colors
various food and beverage products [30]. It has been linked to multiple adverse effects [31] such as
allergic reactions, nausea and skin rashes. These dyes were proved to be degraded by heterogeneous
Fenton-type reaction in the presence of H,0, and Fe* [20].

Machine Learning (ML) approach is useful for selecting the best catalyst among a significant
number of prepared REE-zeolite catalysts that were evaluated in the degradation of dyes in aqueous
medium through Fenton-type reaction. ML is a branch of artificial intelligence that involves the
development of algorithms and statistical models for pattern recognition, predictions or decisions without

being explicitly programmed [32]. The capacity of ML algorithms to evaluate large amounts of data from
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catalytic reactions and catalyst characterization can help to design the best catalyst according to its
performance for a given reaction [33,34]. Various areas of both homogeneous and heterogeneous
catalysis have been using ML [35].

The aim of this work is to evaluate the usage of zeolites loaded with REE recovered from
contaminated wastewater to act as efficient heterogeneous catalyst for Fenton-like reaction. The prepared
REE/Fe-zeolite catalysts will be tested in the degradation of tartrazine and indigo carmine and different
ML algorithms will be used to select the best catalyst, also highlighting the importance of the ML approach

in the determination of the effect of chemical properties of the catalyst on its performance.

5.2. Materials and Methods

5.2.1.Materials

REE used in this research were cerium [Ce(NO.):..6H,0; 99.5 %; Acros Organics], lanthanum,
[La(NO.):.6H,0; 99.9 %; Alfa Aesar] and praseodymium (PrCl,.xH,0; 99.9 %; Alfa Aesar). These metals
were used from previously prepared stock solutions at 1 g/L. The multi-element ICP quality control
standard solution, with a concentration of each element under study of 200 mg/L, was purchased from
CPAchem. The solution from iron (Ill) nitrate [Fe(NO,),.9H,0, Aldrich] was prepared as required. A stock
solution of 90 mM of hydrogen peroxide (H.0,, 30 wt%, Merck) was prepared.

For this work, two zeolite structures were used: (NH.)ZSM5 from MFI (CBV3024E, Si/Al = 15.00)
and FAU with NaY (CBV100, Si/Al = 2.80) in powder form obtained from Zeolyst International, and NaX
in powder or pellets, Sigma-Aldrich (Si/Al = 1.64 and Si/Al = 1.50, respectively).

The tartrazine dye (CisH.N.Na,0,S,, = 90%) was purchased from Sigma Aldrich, while the indigo
carmine (CyH:N.Na,O.S,, = 90%) was obtained from Merck. Deionized water for dye solutions was

produced with an ultrapure water system (Milli-Q, EQ 7000).

5.2.2.REE/Fe-zeolite catalysts preparation

The REE/Fe-zeolite catalysts were prepared by ion exchange or by impregnation method. In the
first method, a solution of the individual REE (La, Ce or Pr) of 10 or 25 mg/L with or without a controlled
pH (4.00) was added to a suspension containing 16 g/L of zeolite, with an orbital shaking of 120 rpm
for 24 h. After the REE doping, the REE-zeolite was dried and added to the Fe* solution (10 mg/L) till a
final concentration of 6 g/L was reached, with or without a controlled pH (4.00) and with an orbital
shaking at 120 rpm for 24 h. Finally, the suspension was filtered, washed with deionized water, dried at
60 °C overnight and calcined at 350 °C for 4 h under a dry-air stream. For impregnation, the addition of

the REE or Fe follows the same conditions used in the ion-exchange method, with the only exception being
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the lack of a filtration. The resulting solution was decanted, leaving the catalysts to be dried and then

calcinated. The prepared heterogeneous catalysts are displayed in Table 5.1.

Table 5.1: Designation and details of REE/Fe-zeolite catalysts and respective method of preparation.

Samples Label Zeolite type pH Method
La,Fe, NaX A3 FAU powder 4.00 impregnation
La,Fe, /NaX A7 FAU pellet 4.00 impregnation

La,Fe,ZSM5 Z1 MFI 4.00 impregnation
La,Fe,NaY 72 FAU 4.00 impregnation
La,.Fe,,ZSM5 Z3 MFI 4.00 impregnation
La,.Fe, NaY 74 FAU 4.00 impregnation
La,Fe,.ZSM5 715 MFI 4.00 ion exchange
La,.Fe,,ZSM5 /16 MFI 4.00 ion exchange
La,.Fe, NaY 717 FAU without adjustment ion exchange
Ce,Fe,,ZSMb5 Z5 MFI 4.00 ion exchange
Ce,Fe, NaY 76 FAU 4.00 ion exchange
Ce,Fe . ZSM5 77 MFI 4.00 ion exchange
Ce,Fe, NaY Z8 FAU 4.00 ion exchange
PrFe,.ZSM5 79 MFI 4.00 ion exchange
Pr, Fe, NaY Z10 FAU 4.00 ion exchange
Pr,.,Fe,.ZSM5 711 MFI 4.00 ion exchange
Pr,.Fe NaY 712 FAU 4.00 ion exchange

5.2.3.Catalysts characterization

Attenuated Total Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR) analysis was
performed at room temperature using a PerkinElmer Spectrum Two spectrometer equipped with an ATR
accessory. A diamond prism was used as the waveguide. All spectra were recorded with a resolution of
2 cm in the wavelength region 4000-400 cm- by averaging 50 scans.

Elemental quantification of the La, Ce, Pr and Fe in the solutions used for metal addition to the
zeolites was performed using an ICP-OES spectrometer (Optima 8000, PerkinElmer). The REE
quantification is similar to the one described in Chapter 3, 3.2.4 Analytical quantification of REE.

The wavelength used for Fe was 238.204 nm with a radial plasma view.
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The chemical analysis of the catalyst was performed to quantify La, Ce, Pr, Fe, Si, Al and Na in
the solid samples (0.05 g). The samples were thermally treated at 500 <C for 12 h to remove the adsorbed
water and subsequently placed in a platinum crucible. Then, the melting agent was added (Li,B,0.:sample
= 15:1 by weight), and the alkaline fusion was carried out in a muffle furnace at 1000 °C for 40 min.
After cooling of the melt, the resultant fusion bead was transferred into a beaker and heated on a plate
at 80 °C after addition of 100 mL of 5% HNO; (all the samples were found to completely dissolve within
40 min). Finally, the solution was transferred into a volumetric flask (250 mL) and diluted to the desired
final volume with milliQ water. The resulting solution was analyzed with a 5110 Inductively Coupled

Plasma Atomic Emission Spectroscopy (ICP-AES) spectrometer (Agilent Technologies).

5.2.4.Fenton-like reaction

Catalytic runs were carried out in a semi-batch reactor at atmospheric pressure and 40 °C, under
continuous stirring (300 rpm), using a solution of 30 mg/L of tartrazine or of indigo carmine, at pH of
3.00 and a specific concentration of hydrogen peroxide (H.O,). The concentration of H,O, used for the
tartrazine was 90 mM, while for indigo carmine was 12 mM. The concentration of dyes, the pH and
temperature were fixed at optimal values determined in a preliminary evaluation of the degradation of
organic pollutants using similar zeolite-based LaFe catalysts [20]. The runs were divided into initial
screening (IS) and catalytic tests (CT). Once the assay started, samples were taken at fixed time intervals
and the reaction was stopped with the addition of an excess of NaHSO;, which instantaneously consumes
the unreacted H,0,. The suspension was centrifuged at 12000 rpm for 10 min, and the liquid was then
analyzed for the pollutant by UV-vis. The quantification was performed using a microplate
spectrophotometer Epoch 2 from Biotek, with the characteristic wavelengths (A..) at 427 nm and 610
nm for Tar and IC, respectively.

In order to select the best catalyst, an initial screening (IS) was carried out with sampling at the
beginning of the run and after 180 min, using a catalyst concentration of 0.8 g/L with 0.5 mL of H.,0, at
the respective concentration. The remaining conditions of the assay are equal to the ones described
above.

The catalytic tests (CT) were carried out with the REE/Fe-zeolite catalysts with liquid samples
taken at 0, 15, 30, 60, 90, 120, 180, 240 and 300 min, using a catalyst concentration of 0.8 g/L. The
effects of the H,0,load were assessed by using 5 or 0.5 mL at the respective concentration.

Usual Fenton-like reaction kinetics are described by a pseudo first-order model [24] that is used
to evaluate the parameters of the degradation of the dyes and its non-linear equation is described by Eq.

5.1:
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C —kx* m *

“to () (Eq. 5.1)

Co
C. (mg/L) is the concentration of the dye at a given time £ C, (mg/L) is the initial concentration of dye; 4
(L/(g*min)) is the rate constant; V (L) is the volume of the solution; W (g) is the mass of catalyst used for
the assay and t (min) is the time. Using Eq. 5.2, it is possible to simplify Eq. 5.1 to a more straightforward

form (Eq. 5.3), since W and V are constant during the reaction:

w

m=kx*(—) (Eq. 5.2)
%4

Ce —mxt

C_o =e (Eq. 5.3)

A linear form could be achieved according to the following equation:

Ce
In (—) = —m=x*t (Eqg. 5.4)
Co

5.2.5.Machine learning analysis

ML analysis was conducted using a table designed as DataFrame, with the different catalysts
produced as rows, while the different columns or features were filled with the REE and Fe concentrations
obtained by the catalyst chemical analysis, the ratio between these two concentrations and the Si/Al ratio.
Adding to that information, the dyes degradation reached in the IS and CT assays was also considered
as feature.

Supervised and unsupervised ML approaches were applied to all catalytic results. For the
unsupervised learner, the Principal Component Analysis, PCA, (method for reducing the dimensionality
of data, leading to an increased interpretation and minimizing information loss) was used and K-Means
clustering (division of the samples into groups or clusters that are more compatible with each other
accordantly to the studied conditions). For this analysis a scaling or normalization of the data is required
before using PCA and K-Means.

The supervised learner uses a classification to divide the tested catalysts into good or bad ones,
accordantly to their results. K-nearest neighbors classifier (KNN), Decision Tree Classifier, Random Forest
and Logistic Regressor Classifier were used to classify the samples. These classifiers are often used in a
binary system. In this study, a binary classification approach was employed to evaluate the performance
of each catalyst with respect to the degradation of the dye. Based on the obtained degradation results,

each dye was classified according to the percentage of conversion. A mean value taking into account the
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results obtained for different catalysts and experimental conditions, allows the preliminary selection of the
best catalysts. This approach enables the efficiently evaluation and comparison of the performances of
the catalysts in a standardized manner (Table 3.2).

To develop and evaluate the model's performance, the dataset was divided into two sets: a
training set (70% of the data), which contains known output and enables the model to learn how to
generalize and apply to new data, and a test set (30% of the data), which was used to evaluate the model's
prediction accuracy. The data was divided using a stratified approach, ensuring that both the training and

test sets had the same proportion of each class.

Table 5.2: Binary classification used for each REE/Fe-catalyst.

Degradation intervals, % | Degradation Classification| Classification means| Binary Classification
80 < Deg < 100 1
60 < Deg < 80 2 >4.75 1
40 <Deg< 60 3
20 <Deg< 40 4
<475 0
0<Deg<20 5

All tests were performed using Spyder (Python 3.9) and the required modules for the python

analysis as pandas, numpy, scikit-learn, matplotlib and seaborn.

5.2.6.Statistical analysis

The initial screening (IS) results were statistically analyzed using One-Way ANOVA, through which
all samples were compared between themselves. The catalytic tests (CT) results were analyzed using
Two-Way ANOVA. Bonferroni’'s multiple comparison test was used for the different comparisons
performed.

The tests were performed using the software Graph Pad Prism version 8.0.2 (Graph Pad Software,
Inc, San Diego, CA, USA). The results were considered significantly different only when the probability (o

value) was lower than 0.05, assuming a 95 % confidence interval.
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5.3. Results and Discussion

In order to select the best FAU catalyst and to compare with the MFl-based ones, Tar degradation
was carried out with the catalysts prepared from a solution with an initial concentration of La of 10 ppm.
In a previous work [10], NaX was used to remove REE from aqueous solutions and it was found that this
particular zeolite was an effective adsorbent [10]. For this reason, NaX prepared by impregnation in the
same experimental conditions used for the other REE/Fe-zeolite catalysts, is also included for evaluation

as a heterogeneous catalyst (in pellet or powder) for the Fenton-like reaction (Figure 5.1).
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Figure 5.1: Tar degradation in the presence of La,Fe,ZSM5 (MFI): Z15, prepared by ion exchange (=) and 71,
prepared by impregnation ( ); La,Fe,NaY (FAU), Z2, prepared by impregnation (===), La,Fe /NaX powder
(FAU), A3, prepared by impregnation (mmm), and La,,Fe,,NaX pellet (FAU), A7, prepared by impregnation (m=m).
Conditions of the reaction: 20 mg of catalyst/25 mL of a 30 ppm solution of Tar; 0.5 mL of H,0, 90 mM; pH=3;
T=40°C; t = 180 min.

The best results were obtained with the catalysts based on MFI structure (Z15 and Z1), followed
by NaY (Z2) and NaX (A3 and A7), as shown in Table $-5.1. The significant differences calculated by
the column analysis performed using One-Way ANOVA are shown in Table $-5.2. The last one, the
powder form (A3) favors the Fenton-like reaction in comparison with the pellets (A7), as the external mass
transfer limitations are reduced when the average size of the catalysts particles diminishes. The lower
degradation efficiency obtained for NaX was expected since this type of zeolite is mainly used for

adsorption processes [10] rather than for catalysis. Moreover, 72 (La,.Fe,,NaY) reached higher conversion
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than any of the NaX catalysts, as NaY zeolite is widely used in catalytic applications [36-38] since it
enhances the catalytic role of the supported metal. In addition, Z15 (La,Fe..ZSM5), prepared by the ion
exchange method, reached higher degradation efficiency than Z1 (La,Fe..ZSM5), prepared by the
impregnation method, probably due to fact that the metallic active sites are better distributed on the
internal surface area. Since NaY and ZSMb loaded with catalytic metals act as bifunctional catalysts,
enhancing the metal role within the desired reaction, they are expected to have advantage over NaX as
supports for heterogeneous catalysis. These last REE/Fe-zeolite catalysts were analyzed by FTIR (Figure

5.2).
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Figure 5.2: FTIR spectra of the REE/Fe-zeolite catalysts in the spectral region of 2000 to 450 cm™.

The characteristic bands of the pristine zeolite structures (FAU and MFI) dominate the spectra of
all REE/Fe-zeolite catalysts. The band characteristic of the d(H.0) vibration mode of absorbed water on
zeolite was identified at 1640 cm+, whereas the typical bands of the lattice vibrations of the framework
are evidenced in the 1330-450 cm® range [20,39-41]. The band at 960 cm is attributed to the
asymmetric stretching of Si-0 and Al-0 bonds belonging to SiO, and AlQ, tetrahedra [39-41], whereas
the bands at 670 cm* and near 750 cm* are related to the Si-O symmetric stretching and oscillations of
aluminosilicate oxygen tetrahedral chains [40,41]. The band at about 550 cm-® is attributed to the

symmetric stretching vibrations of bridge bonds Si-O-Si and bending vibrations of 0-Si-0 [42].
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The granulometry of the NaX pristine structures may have an impact over the spectra of A3
(powder) and A7 (pellets) while the catalysts preparation method seems not to influence the spectra of
the two ZSMb-based catalysts (Z1 and Z15).

In addition, the framework Si/Al ratio of the samples based on FAU structure can be determined

by FTIR analysis using the following Eq. 5.5 [42]:
x=3.857-0.00621Wpr (Eq. 5.5)

where x = (1+Si/Al)* and W, is the wavenumber at 500-650 cm, related to the vibrations of the FAU
lattice [42] (Table 5.3).

Table 5.3: Framework Si/Al ratios obtained from the FTIR analysis.

Label Samples  Framework Si/Al
NaY 2.80
NaX 1.64
A3 La,Fe,,NaX 1.44
A7 La,Fe, NaX 1.64
72 La,Fe NaY 2.49

The framework Si/Al values of FAU-based catalysts show that Z2 and A3 were the most affected
by the introduction of both metals, La and Fe. The reduction of the Si/Al ratio for A3 may be related with
the acid character of the metals solution. The powder form of A3, with larger surface area, makes it more
sensitive to its circumstances than A7 with a pelleted form and smaller specific surface area. The lower
degradation performance of A3 and Z2 is probably related to the impregnation method used in their
preparation, which affects more the zeolite structure than the ion exchange method. The impregnation
method results in a weak metal-support interaction and large metal sites are obtained, while ion exchange
reaches a finer metal dispersion [43], with reactional advantages. The larger metal sites resulting from
the impregnation method lead to a reduced conversion efficiency.

Based on the obtained catalytic results, ZSM5 and NaY structures were selected as the supports
to prepare the REE/Fe-zeolite catalysts for degrading Tar and IC through the Fenton-like reaction. Tar
degradation was carried out in the same reaction conditions as those in Figure 5.1 [20]. IC degradation
was instead performed using two different H,O, concentrations, 12 and 90 mM. It was proven (data not
shown) that a 7.5-fold increase in H,0, concentration is not justified, as it does not lead to any

improvement in degradation performance after 180 min of reaction.
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5.3.1.Selection of the best REE/Fe-zeolite catalyst using IS results

The results for the PCA analysis are shown in Figure $-5.1A, after the scaling of the DataFrame.
Two principal components, PCA 1 and PCA2 (variables created from the linear composites of the original
variables with the highest variance), were selected to build the PCA, and the same value was obtained
with the Knee Locator method [44]. The results obtained for PCA are shown in Figure 5.3A. These
results are shown in a biplot where the bottom x and left ) are used for samples distribution, while the

top xand right yare used for the distribution of the different features.
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Figure 5.3: Graphical distribution of the ML analysis for the different catalysts: A) PCA analysis; B) K-Means
algorithm. The IS and CT values are referred to initial screening and catalytical tests, respectively, for tartrazine

(Tar) and for indigo carmine (IC).

The cos of the angle between the analyzed features indicates their correlation. Values close to 1

(angle near 0r) indicate that features are directly correlated, values near -1 (angle near 180 indicate
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indirect correlation and values next to O (angle near 90¢) show no correlation. The CT for Tar and IC, the
IS for Tar and IS, the Si/Al ratio and the Fe/REE ratio seem to have some direct correlation between each
other. This positive correlation suggests that the ratios Si/Al and Fe/REE might have an influence on the
degradation of the tested dyes, foreseeing that the catalysts with higher ratios have better catalytic
properties. It is reported in different applications that catalysts with higher Si/Al ratio have a higher activity
and higher selectivity [45]. Apparently, there is no correlation with the preparation methods or with the
Fe concentration. Adding to that, a negative correlation between degradation and REE concentration in
the zeolites was found, suggesting that increasing concentrations of REE seem not to improve dyes
degradation. A higher amount of REE on the catalysts surface might not imply a better dye degradation,
just larger active sites not as efficient as smaller but more dispersed ones. The Fe concentration has a
positive correlation with the impregnation preparation method and a negative correlation with the ion
exchange, indicating that the catalysts produced by impregnation could have a higher Fe concentration
than the ones made via ion exchange. This higher quantity of Fe could be related to the selectivity of this
metal by the zeolite.

The catalysts group division based on the results of the PCA could be performed in diverse ways
and for that reason it was tested by K-Means algorithm, shown in Figure 5.3B. This analysis provided
four clusters based on the Elbow method, presented in Figure $-5.1B and confirmed by the Knee
Locator method. Group 1 consists in Z5, 77, 79, Z11, Z15 and Z16, group 2 in Z2, Z4 and Z17, group 3
in in Z1 and Z3 and finally, group 4 in Z6, Z8, Z10 and Z12. The groups 1 and 3 seem to be more
influenced by the values of Si/Al and Fe/REE ratios as well as by the results of the degradation tests for
both dyes. This suggests that these groups may include the best catalysts (possibly Z15, Z16 and Z3),
mainly due to the stronger influence of the degradation results of Tar and IC. Group 2 appears to be
primarily affected by the concentration of La and by the impregnation method, whereas in group 3 the
key determinants were the concentrations of Pr and Ce, along with the ion exchange method. Important
to mention that group 1 includes catalysts designed with all REE of interest, while group 3 and group 2
include only La catalysts and group 4 includes only Ce and Pr catalysts.

The combination shown in Figure 5.3 helps to perform a division between groups considering
the zeolite type and the preparation method. For example, the zeolite type division would consist of groups
1 and 3, both related to the higher Si/Al ratio, which is characteristic of the ZSM5 zeolite used as support
for these catalysts, while groups 2 and 4 should have a lower Si/Al, characteristic of NaY zeolite. The
preparation method division would consist in groups 2 and 3, as both used the impregnation method,

while groups 1 and 4 used the ion exchange protocol. It is important to mention that the preparation
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method division just includes the results for La catalysts, as this was the only REE involved in both
methods. Therefore, these observations will help to assess the extent of the possible differences between
the catalysts accordantly to the previously mention characteristics.

The dye degradation obtained with the catalysts based on the two zeolite types and the REE

concentration on the starting solution are highlighted in Figure 5.4.
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Figure 5.4: Degradation of Tar and IC using the REE/Fe-zeolite catalysts for A) La, B) Ce and C) Pr, after IS test.
The catalysts are divided into ZSM5 (MFI) with a REE concentration of: 10 mg/L () and 25 mg/L (mmm); NaY
(FAU) with a REE concentration of: 10 mg/L (mmm) and 25 mg/L (===). Conditions of the reaction: 20 mg of
catalyst/25 mL at 30 ppm of dye; 0.5 mL of 90 mM of H,O,for Tar and of 12 mM of H,0,for IC; pH=3; T=40 °C

and 3 h of reaction.

The best catalytic results for the degradation of both dyes by Fenton-like reaction were obtained
for ZSM5 used as support, as shown in Figure 5.4 and validated by the statistical differences presented
in Table $-5.3. Remarkably, in the case of IC degradation, the performance of the catalysts is similar
between La, Ce or Pr for the same support. The worst results considering these three metals were
obtained with the NaY supported catalysts, with a slight IC degradation enhancement with the supported

Ce or Pr (Table S$-5.3). Overall, these results confirm the observations described in Figure 5.3A, with
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a remarkable difference in the degradation of the dyes based on the zeolites used as supports of the
catalysts. This was shown in Figure 5.3A, where catalysts with higher Si/Al ratio will also promote a
higher conversion of the dyes in the IS and CT assays.

Only one significant difference was found between 71 and Z16 (based on ZSM5 with different
preparation methods) for Tar degradation in what concerns the effect of the REE concentration, as shown
in Table S-5.4. The only difference suggests an improvement of the catalyst when using higher REE
concentration in the preparation solution by ion exchange. For IC, the catalytic results may be divided
into two groups. The first one includes the catalysts with Ce and with Pr. Only one significant difference
was found between 76 and Z8 (ZSMb) for the IC degradation with the increment of the REE concentration
in starting solution from 10 to 25 mg/L, as shown in Table $-5.4. The second group includes the
catalysts produced with La. Significant differences were found between Z1 and Z3 (based on ZSM5 by
impregnation with preparation solution concentration of 10 and 25 mg/L La, respectively), Z1 and Z16
(based on ZSM5 and prepared by the two methods, with preparation solution concentration of 10 and 25
mg/L La, respectively) and Z2 and Z17 (based on NaY with different preparation methods, different pH
approaches and with 10 and 25 mg/L La in the starting solution, respectively), in the IC degradation. In
the first two cases, higher concentration of REE implies an improvement in the dye degradation. The
same conclusion is not validated by the comparison between Z2 and Z17 as too many parameters are
affecting simultaneously the degradation mechanism.

It is possible to evaluate the differences between the tested REE, Figure 5.4. For the same
metal concentration in the starting solution and the same support, it can be seen that the conversions
obtained with La catalyst were the best for Tar. Five significant differences were found for Tar conversion
(four for ZSM5 and one for NaY), as shown by Table §-5.5. The significant differences between the La
catalysts Z15 and Z16 versus Ce or Pr supported on ZSM5, imply that the La catalysts reach higher
conversions during the IS assays than the other REE. The Z17 and Z8 NaY catalysts achieved low
conversions, but with significant differences, which could indicate an influence of the REE in the catalyst
performance. The preparation method, impregnation versus ion exchange, could also justify some
differences, but this hypothesis was not supported as there was no significant difference between Z17
and Z12, NaY catalysts with Pr. Regarding the IC conversion, nine significant differences were found (two
for ZSM5 and seven for NaY), as shown by Table $-5.5. The differences between the samples of La/Fe
supported on ZSMb, 71, confirm that this catalyst is not good for indigo degradation as shown in Figure

5.4. The detected differences are related not only with the REE but also with the catalysts preparation
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method. On the other hand, NaY catalyst with Pr reached better conversion than with La or with Ce. In
this case, these differences are more related with the REE rather than with the preparation method.

The last division shown in the PCA distribution, Figure 5.3A, regards the catalysts preparation
method. The evaluation of the importance of this parameter only includes La/Fe-zeolite catalysts, the only
ones prepared by the two methods, impregnation and ion exchange. NaY supported catalysts reached

low degradations, but they will be kept in this analysis to assess the influence of the preparation method.

The results are shown in Figure 5.5.
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Figure 5.5: IS conversion of the two dyes by La/Fe catalysts prepared by different methods. The catalysts are
divided into ZSM5 (MFI): impregnation () and ion exchange (mmm); NaY (FAU): impregnation (mmm) and ion
exchange (==m). Conditions of the reaction: 20 mg of catalyst/25 mL at 30 ppm of dye; 0.5 mL of 90 mM H,0, for

Tar and 12 mM H,0,for IC; pH=3; T=40 °C and 3 h of reaction.

The catalytic performance of Z3 (LasFe,,ZSM5 by impregnation), Z15 (La,Fe,ZSM5 by ion
exchange) and 716 (LasFe,ZSM5 by ion exchange) are very similar. The Z1 (La,Fe,ZSM5 by
impregnation) have significant differences compared to those catalysts for the IC degradation, as shown
in Table $-5.4 and Table $-5.6. For Tar degradation, those differences are more visible, with the best
catalytic results being obtained with the La/Fe-ZSM5 prepared by the ion-exchange method, Z15 and Z16
(Table S-5.6).

The NaY catalysts Z2 and Z4 provide better conversions with a significant difference when
compared with the Z17 (Table $-5.6), which suggest that in this case, the impregnation method

enhances the pollutant degradation, probably due to more REE/Fe in the catalyst, leading to an increase
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of ‘OH. However, the results obtained with the La/Fe-NaY catalysts are worse than the ones obtained
with ZMSb5 as support, as stated before.

The dye degradation results attained with La/Fe-ZSMb suggest that the ion exchange method for
the preparation the catalysts is better than the impregnation method. As previously stated, the
impregnation method is related to a weak metal support interaction and large metal sites are obtained
[43], while ion exchange reaches a finer metal dispersion [43], with reactional advantages.

The degradation dissimilarities are related to the different amounts of the metals added to the
zeolites depending on the preparation method. A chemical analysis by ICP-AES of the solid REE/Fe-zeolite

catalysts, after microwave assisted acid digestion, was performed (Table 5.4).

Table 5.4: Chemical analysis of the solid REE/Fe-zeolite catalysts.

Sample Label Si/Al REE (wt%)  Fe (wt%) Fe/REE
La,Fe,ZSM5 Z1 13.72 0.02 0.88 40.00
La,Fe,NaY 72 2.31 0.18 0.30 1.67
La,Fe,ZSM5 Z3 14.70 0.06 0.48 7.33
La,Fe, NaY Z4 2.30 0.47 0.73 1.55
La,Fe,ZSM5 Z15 14.57 0.04 0.85 20.50
La,Fe, ZSM5 Z16 14.59 0.04 0.66 16.00
La,Fe NaY Z17 2.50 0.52 0.84 1.63
Ce,Fe,ZSM5 Z5 15.06 0.02 0.43 20.00
Ce,Fe,NaY 76 2.40 0.17 0.42 2.50
Ce,Fe,ZSM5 77 14.90 0.04 0.46 10.50
Ce,;Fe,NaY Z8 2.37 0.42 0.56 1.35
Pr.Fe,ZSM5 79 15.02 0.02 0.39 17.00
Pr,Fe NaY Z10 2.38 0.11 0.63 5.80
Pr,.Fe . ZSM5 Z11 14.89 0.02 0.30 14.00
Pr,.Fe NaY Z12 2.35 0.21 0.59 2.80

As expected, the ZSM5 are more selective for iron than for REE and NaY reach higher metal
loading than the MFI structure, due to their lower Si/Al ratio, 2.80 for NaY compared to 15.00 for ZSM5,
which results in a higher ion exchange capacity of the FAU structure. In addition, the amounts of La and

of Ce in NaY are similar, with a ratio Fe/REE ranging from 1.67 to 1.55 for La and between 2.50 and

| 130



Chapter 5
Development of REE/Fe-zeolite catalysts for Fenton-like reaction Barros, 0. | 2023

1.33 for Ce, depending on the concentrations of the initial solutions. The same effect is not observed for
Pr on NaY, in which the ratio Fe/REE is higher than for the others REE, with 5.8 to 2.8 for a REE
concentration of 0.11 and 0.21 wt %, respectively. Independently of the REE used on the FAU structure,
a decrease in the total Si/Al ratio was registered in the samples prepared at pH 4.00 by impregnation
(Z2 or Z4) or by ion-exchange (Z6, 78, 710 and Z12) when compared to the respective pristine zeolite.
The sample Z17 prepared by ion-exchange without fixed pH shows a Si/Al ratio different from the pristine
NaY (Si/Al = 2.80), which confirms that the acidic media affect the FAU structure by dealumination,
especially the Fe solution with a pH of 3.37, while the pH of the La solution was 5.91.

The introduction of REE or Fe only slightly affects the MFI structure, especially in the case of Ce
(Z5 and Z7) or Pr (Z9 and Z11), since the total Si/Al ratio of these samples are very close to the pristine
zeolite, 15.00. The Si/Al ratio is more affected when the catalysts are prepared by impregnation (Z1 and
Z3). With the increase in La concentration in sample Z3, the ratio of Fe/REE significantly decreases. A
similar but not so severe effect was observed for the other REE, Pr (Z10 and Z12).

The REE adsorption on MFI structures, after 24 h assays, ranged between 23 and 35 % for La,
47 and 68 % for Ce, 24 and 38 % for Pr, of the original amount of the sorbates in solution, that could be
10 or 25 mg/L. FAU structures are even more efficient in adsorbing REE and Fe than MFI due to a lower
Si/Al ratio and therefore they are more adequate for cations with high charge density. The difference in
the ionic radius of sorbates: Fe* (0.63 A), La» (1.032 A), Ce> (1.01 A) and Pr= (0.99 A) justifies the
selectivity of both structures for Fe in detriment of REE.

In summary, there is a clear difference between the two zeolite structures and the REE/Fe-ZSM5
catalysts have the best degradation results with both dyes by Fenton-like reaction. Adding to that, there
is also a difference between the degradation achieved by the catalyst depending on the REE on its surface,
as La catalyst tends to reach better results than the ones containing Ce and Pr. The ion exchange
preparation method proved to be the best option for the REE/Fe-catalyst production. Finally, an increase
in the REE concentration in the staring solution for catalysts preparation seems not to be relevant, given
the similarity of the dye conversions for the same support and for same REE, with some exceptions. The
lack of significant differences of the pollutant conversion can justify the use of the starting solution with
the lowest concentration that allows an efficient degradation reaction.

Combining these pieces of information, it may be concluded that within the tested possibilities
the best catalysts is the La/Fe-ZSM5 produced via the ion exchange method, with the minimal amount,

10 mg/L, of REE that promotes the dye degradation. The collected data will allow to evaluate the
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performance of Machine Learning classification algorithms and their ability to correctly identify the best
REE/Fe-zeolite catalyst, based on accurate information.

Each sample was considered using a binary classification, where O corresponds to a bad
performance, while 1 is regarded as a good one. The binomial classification was carried out in agreement
with Table 3.2 and the results were added to the previous data frame. This classification resulted in two
REE/Fe-catalysts with a classification of 1, while the rest had a classification of 0. Then, the classification
was carried out using KNN, Decisions Trees, Random Forests classifiers and Logistic Regression. The
results for the different classifiers are shown in Figure 5.6.

A

Figure 5.6: Classification of all different REE/Fe-zeolite catalysts using ML algorithms: A) KNN classifier, Decision
Tree classifier and Logistic Regression B) Random Forest classifier. The 1 represent a good catalyst, while the 0 is
a bad catalyst accordantly to the evaluation performed. The different colors, violet and orange, represent the zone

of a good or bad catalyst, respectively.
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The KNN Classifier, Figure 5.6A, selected one neighbor (n_neighbors) accordingly to the
accuracy values for both training and test sets, as shown in Figure $-5.1C. The Decision tree (Figure
5.6A) used a random state of 20, the Random Forest (Figure 5.6B) used 10 for n estimators with the
same random state and the Logistic Regression used the same random state (Figure 5.6A). For the
classifiers, it is crucial to avoid overfitting concerning the training set, as it is for the learning process. A
suitable generalization of the model from the training set should be validated by the test set in order to
obtain a good classification for new and unseen data. Overall, the classifiers were able to separate the
two best catalysts from all the tested ones, by using the data relating each catalyst to its classification.

Initially, each classifier was evaluated with the respective scores related to the accuracy of the

values under consideration (xand yvalues of training and test data), as shown in Table 5.5.

Table 5.5: Scores obtained for the different classification algorithms.

Classifier ANN Decision Tree Random Forest  Logistic Regression
Training score 100 % 100 % 80 % 90 %
Test score 100 % 100 % 90 % 100 %

The scores obtained for the different classifiers are mainly 100 % except for Random Forest and
for Logistic Regression, this one for the training set, which is a good result considering that three over
four classifiers presented 100 % of accuracy in the test set and two over four reached 100 % for the
training set. An evaluation was performed using the classification report, which gives a summary of
percentages values of precision, recall and f1-scores (Table 5.6). The precision is related to the accuracy
of making good predictions, the recall is the value of the correctly identified positive predictions and the
fl-score is the harmonic mean of the precision and recall. Another vital metric to assess the classification
used is the confusion matrix. For this evaluation, the real classification from the binary classification

()._real) and the predicted classification ()/_preqd) calculated from the model were used.

Table 5.6: Classification of catalysts by classifier algorithms for the test set. The results include precision, recall

and fl-score.

Classifier KNN Decision Tree Random Forest | Logistic Regression

Catalyst classification Bad Good Bad Good Bad Good Bad Good

Precision] 100 100 100 100 80 0 100 100
recall 100 100 100 100 100 0 100 100
fl-score | 100 100 100 100 89 0 100 100

Model

Performance
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All classifiers, with the exception of Random Forest, presented a 100 % score for the precision,
recall and fl-scores of the prediction advanced by the model. All classifiers tested are very similar, except
for Random Forests, and the overall result is shown in Figure 5.7. For the best models there were

identified only true positives (the model predicted it was true, and it was actually true) and true negatives

(the model predicted it was false and it was actually false).
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Figure 5.7: Confusion matrix for the test data for KNN, Decision Tree and Logistic Regression (A) and Random

Forests (B). The values shown refer to the fraction of the true correct predictions (when the model got it right) and

false incorrect predictions (when the model got it wrong).
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This evaluation verified that two of the 15 REE/Fe-zeolite catalysts were selected as the best
ones, namely 715 (La,Fe,ZSM5) and Z16 (La,Fe,.ZSM5). These catalysts were prepared with ZSM5, as
Figure 5.4 indicates this zeolite is the best support and shows that La is the best REE of the three tested
for the catalytic reaction. From Figure 5.4, 10 and 25 mg/L were the initial solution concentrations
selected for that support, confirming that there is no difference between the two in terms of pollutants
degradation. Finally, these catalysts were prepared by the ion exchange method, as it was the best
method for ZSM5, as shown in Figure 5.5.

The Pearson correlation was calculated to evaluate the relation of the different features used and

to see how they correlate with each other, and the results are displayed as a heatmap, Figure 5.8.
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Figure 5.8: Heatmap representing the Pearson correlation between the different features considered on the

degradation assays. The left scale represents the different correlation values and the respective colors.
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The results of Figure 5.8 display three important relations, one of them being that the correlation
between the IS and CT results of both dyes is greater than 0.70. This suggests that a good catalyst would
have good conversions in the tested assays. The Si/Al ratio and Fe/REE ratio have a high positive
correlation (between 0.7 and 0.9) [46], suggesting that supports with higher Si/Al ratio, namely the ZSM5,
will tend to prefer Fe over REE. The same high positive correlation is found between the Si /Al and the
overall results for IS and CT, supporting that the ZSM5 zeolite was the best support used to build the
catalysts. The Fe/REE ratio seemed to have moderate positive correlation (between 0.5 and 0.7) [46]
with the results from IS and from CT, suggesting that it could be expected a better conversion of the
tested dyes with higher values of Fe/REE ratio. The Fe/REE ratio have a low negative correlation (between
- 0.3 and - 0.5) [46] with the REE concentrations used, as expected since the higher REE concentrations
the smaller Fe/REE. In opposition, the Fe/REE have a low positive correlation (between 0.3 and 0.5) [46]
with the Fe concentration, as expected. The CT and IS correlation with the La concentration is low
negative, but with Ce and with Pr is negligible (between — 0.3 to 0.0) [46]. A more positive correlation
between the CT and IS results and the La concentration could be expected, as the best conversions were
obtained with this REE, however negative correlation could suggest that lower concentration can lead to
higher degradations. There is a very high negative correlation (-0.9 to -1.0) [46] between the impregnation
method and the ion exchange method. This is totally expected since the catalysts were made using one
of the two procedures. Finally, the vast majority of the other correlations are negligible, as the values
range between 0 and 0.3 or between 0 and -0.3 [46].

The ML algorithms are an important tool that allowed us to determine the main influences on
each produced catalyst performance by using 12 features. It was possible to develop a classification
model that successfully predicted the classes of unseen data and this is an important asset in selecting
the best catalyst. Finally, it is possible to improve these models by increasing the number of characteristic
features, a larger data collection (in this case, more catalysts) and by testing different algorithm
parameters. These changes can lead to an improved model, which can provide a better understanding of
the processes under consideration and the selection of the best solutions for the purpose. On the other
hand, improving the data frames with more features may lead to the successful application of regression
models, which could help to predict the degradation of untested catalysts or even some other
characteristics.

715 (La,Fe,ZSM5) and 716 (La.sFe,.ZSM5) catalysts were used in kinetic studies, assessing the

effect of La concentration on the catalyst performance over time.
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5.3.2.Catalytic tests (CT)

The catalytic tests with 0.8 g/L of REE/Fe catalysts (Z15 and Z16) and within 300 min of reaction
were carried out in two parts. First, the effect of the hydrogen peroxide concentration in the reaction was
evaluated by the addition of two different volumes of H,0, at specified concentrations, 0.5 and 5 mL for
90 mM or 12 mM, during the Fenton-like degradation of the dyes, shown in Figure 5.9. In the second
part, a kinetic model was established for the best REE/Fe-ZSM5 catalysts for dyes degradation by Fenton-

like reaction.
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Figure 5.9: Conversion by Fenton-like reaction over time of Tar (A) and of IC (B) using the selected catalysts (Z15
and Z16) and the controls. The degradation assisted with 0.5 mL of H,0, is represented with a full line, while the
reaction with 5 mL of H,0,used a dashed line. Conditions of reaction: 200 mg of catalyst/250 mL at 30 ppm of
dye; 0.5 mL or 5 mL of 90 mM H,0, for Tar and 12 mM H,0,for IC; pH=3; T=40 °C and 300 min of reaction.
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The dyes were degraded using the selected catalysts in the presence of H.O, (Figure 5.9). As
expected, bigger volumes of H,0, enhance the degradation of the dyes (Table $-5.7). The best conditions
for the degradation of the dyes (Table $-5.8) were identified. Z15 (La,.Fe,.ZSMb) and Z16 (LaFe,.ZSMb)
catalysts differ in the La concentration in the preparation solution used and, therefore, in the amount of
La ion-exchanged with the zeolite, justifying the eventual differences observed in the catalytic
performances, but in fact, both samples have similar catalytic performance with no significant difference,
as shown in Table S-5.8Table S-5.8.

As the select REE/Fe-ZSMb5 catalysts and H,0, have an important role in the degradation of the
dyes by Fenton-like reaction, it would be interesting to examine the reaction rate. For that, the fitting
parameters of the pseudofirst order model were obtained taking in account 50 % of the dyes degradation
using the two selected catalysts. The non-linear and linear equations were used to fit the data with reduced

errors. The results are shown in Table 5.7Table 5.7.

Table 5.7: Kinetic results for the degradation of both dyes using the non-linear (eq. 1) and the linear (eq. 4) forms

of the pseudo-first order model equation.

Dye Tar IC

Catalyst Z15 Z16 Z15 Z16

df 25 27 23 19
= k 0.0035 0.0039 0.0054 0.0073
é R: 0.9556 0.9500 0.9550 0.9777
é Sy.x 0.0299 0.0371 0.0344 0.0237
SSR 0.0224 0.0371 0.0273 0.0107

dfe 25 27 23 19
k 0.0039 0.0046 0.0039 0.0046
g R: 0.9651 0.9645 0.9551 0.9776
N Sy.x 0.0351 0.0433 0.0472 0.0332
SSR 0.0307 0.0505 0.0511 0.0209

=degrees of freedom; *k (L/(g*min));cstandard deviation of the residuals; ¢sum of squares due to regression.

The very good values of the R2 for Tar or IC degradation were obtained from both forms of the
equation, being very similar for Z15 and Z16 in the case of Tar and Rz for Z15 is inferior to Rz for Z16 in
the case of IC . Therefore, the standard deviation of the residuals, Sy.x, and the sum of squares due to

regression, SSR, were used to distinguish the fitting, since the Rz are very similar. The value of Sy.x was
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calculated from the fitting parameters using GraphPad Prism 8, while SSR was calculated from the Sy.x

value using equation 5.6.
SSR = (n—K) = Sy.x? (Eq. 5.6)

In here, n-A'is the number of degrees of freedom of the regression.

Considering the Rz, Sy.x and the SSR results, the non-linear form of the pseudo-first order model
seems to fit better the experimental data than the linear form.

The highest values of the rate constant, 4, are observed for Z16 catalyst for both dyes. The main
difference between 715 and 716 for the IC degradation is that the Z16 catalyst required 30 min less than
715 to reach a degradation near 50 % (Figure 5.9). The high kinetic constant is mainly related to the
presence of the La* and Fe* in the zeolite, which favors the formation of HO- radicals responsible for

dyes degradation.

5.4. Conclusions

Several REE/Fe-zeolite catalysts based on two zeolitic structures, FAU or MFI, were prepared and
evaluated on Fenton-like reaction for the degradation of Tar and IC dyes. The selection of the best catalyst
taking into account different parameters was achieved by machine learning approaches. La* together
with Fes and supported on a MFI zeolite structure prepared by ion-exchange reached the best catalytic
results. Unsupervised ML tools like PCA and K-Means were a crucial help to visualize and to form clusters
according to the best zeolite structure, the best REE used and the best synthesis method. The classifiers
from the ML proved to be helpful in narrowing the number of catalysts from fifteen to only two, for the
selection of the best one. The catalyst La,Fe,.ZSMb, 715, produced via the ion exchange method, was

the one selected by ML with a significant dyes degradation efficiency by Fenton-like reaction.
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5.6. Supplementary material

Table S-5.1: Conversion results with respective errors for tartrazine (Tar) and Indigo Carmine (IC) for the initial
screening assays (IS) and the catalytic tests (CT). Conditions of the reaction: 20 mg of catalyst/25 mL at 30 ppm
of Tar; 0.5 mL of 90 mM H,0,; pH=3; T=40 °C and 3 h of reaction for IS and 5 h for CT. The same conditions for
the IC for both IS and CT, with the exception of the H,O, concentration used, which was 12 mM.

Tar IC
Samples Label
IS (%) CT (%) IS (%) CT (%)

La,Fe NaX A3 16.7+£0.8 0 0 0
La,Fe, NaX A7 52+23 0 0 0
La,Fe ZSM5 71 498 +4.5 93.5+0.2 93.2+05 98.9+0.7
La,Fe, NaY z2 19.5+04 0 17.2+2.1 0
La,Fe ZSM5 73 525+ 4.6 97.1+0.3 99.4+0.5 99.1+05
La,Fe, NaY Z4 28.1+06 0 139+24 0
La,Fe ZSM5 715 98.5+0.5 83.5+0.5 99.9 +0.1 98.6 + 0.6
La,.Fe ZSM5  Z16 84.0+0.3 85.5+0.3 99.2+0.3 0
LaFe Nay 717 39+06 0 50+1.0 0
Ce,Fe ZSM5 75 57.2+7.8 89.8+0.4 98.8+0.2 98.3+0.6
Ce,Fe, NaY Z6 11.0+64 0 27.7+09 0
Ce,Fe ZSM5 77 62.2+0.6 0 99.2+04 0
Ce,Fe, NaY Z8 24.0+ 8.8 0 39.2+£09 0
Pr,Fe ZSM5 79 59.7+0.9 86.9+0.9 99.8 +0.1 99.2+0.6
Pr.Fe,NaY 710 25.0+7.7 0 40.7 £ 1.0 0
Pr.Fe ZSM5 711 57.0+2.5 87.1+0.4 | 100.0+0.0 | 98.2+0.8
Pr.Fe,NaY 712 16+29 0 419+ 1.7 0

| 142



Chapter 5
Development of REE/Fe-zeolite catalysts for Fenton-like reaction Barros, 0. | 2023
Table $-5.2: One Way ANOVA results of the comparison with the catalysts based in ZSM5. NaY and NaX zeolites

are in the same conditions for the degradation of Tar. The 95 % confidence interval of the difference is also included

as 95.00% Cl of diff.

Bonferroni's multiple comparisons test Mean Diff 95% CI of diff Significant
La,Fe,ZSM5 - 71 vs. La,Fe, NaY - 72 26.96 15.63 to 38.29 Yes (***)
La,Fe, ZSM5 - 71 vs. La, Fe, NaX - A3 29.79 18.46t0 41.12 Yes (****)
La,Fe,ZSM5 - Z1 vs. La,Fe NaX - A7 41.29 29.96 10 52.62 Yes (***%)
La,Fe ,ZSM5 - Z1 vs. La,Fe  ZSM5 - Z15 -51.99 61.47 t0-42.51 Yes (***%)
La,Fe,NaY -Z2 vs. La,Fe, NaX - A3 2.835 -9.578 to 15.25 No (ns)
La,Fe,NaY - 72 vs. La,Fe,NaX - A7 14.33 1.91910 26.74 Yes (*)
La, Fe,NaY -Z2 vs. La,Fe ZSM5 - 715 -78.95 -89.70 t0 -68.20 Yes (***%)
La,Fe,NaX - A3 vs. La,Fe, ,NaX - A7 11.5 -0.9166 to0 23.91 No (ns)
La,Fe,NaX - A3 vs. La,Fe ZSM5 - 715 -81.78 92.53t0-71.03 Yes (***%)
La,Fe,NaX - A7 vs. La,Fe,ZSM5 - 715 93.28 -104.0 t0 -82.53 Yes (***%)
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Figure $-5.1: Elbow method to select the best option for PCA (A), K-Means (B) and accuracy for the training and

test sets for the K-Neighbors Classifier (C).
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Table S$-5.3: One Way ANOVA results using Bonferroni's multiple comparison tests with the REE/FE-catalysts

based in NaY or in ZSM5 for the same REE. These tests were performed for both dyes. The 95 % confidence interval

of the difference is also included as 95.00% CI of diff.

Dye Bonferroni's multiple comparisons test Mean Diff 95% ClI of diff Significant
La,Fe,ZSM5 - 71 vs. La,Fe NaY - 72 26.96 5.729 t0 48.18 Yes (**)
La,Fe, ZSM5 - Z1 vs. La,Fe, NaY - Z4 18.43 -2.796 to 39.66 No (ns)
La Fe, ZSM5 - Z1 vs. La,Fe, NaY - Z17 42.62 24.861060.38  Yes (***¥)
La,Fe,NaY - Z2 vs. La,Fe ZSM5- Z3 -32.98 54.20t0-11.75  Yes (****)
La,Fe,NaY - Z2 vs. La,Fe ZSM5 - Z15 -78.95 99.09t0-58.81  Yes (****)
La,Fe,NaY - Z2 vs La,Fe, ZSM5-Z16 64.46 -84.60t0-44.32  Yes (****)
La,.Fe,ZSM5 - Z3 vs. La,Fe, NaY - Z4 24.45 3.223 to 45.68 Yes (%)
La,.Fe,ZSM5 - Z3 vs. La,Fe, NaY - 217 48.64 30.881t066.40  Yes (***¥)
° La,.Fe,NaY - Z4 vs. La,Fe ZSM5- 715 -70.42 90.56 t0-50.28  Yes (****)
% La,.Fe,NaY - Z4 vs. La,Fe ZSM5- 716 -55.93 -76.07 t0-35.79  Yes (****)
% La,Fe,ZSM5-Z15 vs. La,Fe NaY -Z17 94.61 78.17t0 111.1  Yes (****)
a La,Fe ZSM5-Z16 vs. La,.Fe, NaY - Z17 80.12 63.681096.56  Yes (")
Ce,Fe ,ZSMb- Z5 vs CeFe, NaY - Z6 46.21 249910 67.44  Yes (****)
Ce,FeZSM5 - Z5 vs. Ce,Fe NaY - Z8 33.2 11.98t0 54.43  Yes (***%)
Ce,Fe,NaY - Z6 vs. Ce,.Fe, ZSM5 - Z7 -51.16 72.38t0-29.93  Yes (***¥)
Ce,.Fe ZSM5 - 77 vs. Ce,Fe NaY - Z8 38.14 16.92t0 59.37  Yes (***%)
Pr.Fe,ZSM5- Z9 vs. PrFe, NaY - Z10 347 15.721t0 53.69  Yes (***¥)
Pr.Fe,ZSM5- Z9 vs. Pr,Fe, NaY - Z12 43.65 24.67 10 62.64  Yes (****)
Pr.Fe,NaY - Z10 vs Pr,Fe ZSM5- Z11 -32 50.991t0-13.02  Yes (****)
Pr,.Fe,,ZSM5- 711 vs. Pr,Fe NaY - Z12 40.95 21.97t059.94  Yes (****)
La,FeZSM5 - 71 vs. La,Fe, NaY - 22 75.93 72.451079.41  Yes (***%)
La,Fe ZSM5 - 71 vs. La,Fe NaY - Z4 79.3 75.821082.78  Yes (****)
La,Fe ZSM5 - Z1 vs. La,Fe NaY - 717 88.12 84.641t091.60  Yes ()
La,Fe,NaY - Z2 vs. La,Fe, ZSM5- 73 -82.17 -85.65t0-78.70  Yes (****)
La,Fe,NaY - 72 vs. La,Fe ZSM5 - 715 -82.72 -86.20t0-79.24  Yes (****)
La,Fe,NaY - 72 vs La,.Fe, ZSM5- 716 -81.99 -85.47 to-78.51  Yes (****)
La,Fe ZSM5 - Z3 vs. La,Fe NaY - 74 85.55 82.07 10 89.03  Yes (***¥)
o La,.Fe ZSM5 - Z3 vs. La,Fe NaY - Z17 94.37 90.89t097.84  Yes (**)
é La,Fe NaY - Z4 vs. La,Fe ZSM5- 715 -86.09 -89.57 t0-82.61  Yes (****)
S La,Fe NaY - Z4 vs. La,Fe ZSM5- 716 -85.36 -88.84t0-81.88  Yes (****)
S La,Fe ZSM5-Z15 vs. La,Fe,NaY -Z17 9491 91.43t098.39  Yes (**)
2 La,Fe ZSM5-Z16 vs. La,Fe, NaY - Z17 94.18 90.70t0 97.66  Yes (")
Ce,Fe,ZSM5- Z5 vs Ce Fe, NaY - Z6 71.05 67.57 to 74.53  Yes (***¥)
Ce,Fe, ZSM5 - Z5 vs. Ce,Fe,NaY - Z8 59.6 56.121063.08  Yes (****)
Ce,Fe,NaY - Z6 vs. Ce,Fe, ZSM5 - Z7 -71.53 -75.01t0-68.05  Yes (****)
Ce,.Fe, ZSM5 - 77 vs. Ce,Fe, NaY - 78 60.08 56.60t0 63.56  Yes (****)
Pr.Fe ,ZSM5- 79 vs. PrFe NaY -Z10 59.16 55.68 to 62.64  Yes (***¥)
Pr.Fe ZSM5- 79 vs. Pr,.Fe ,NaY - 212 57.91 54.43t061.38  Yes (***)
Pr.Fe,NaY - Z10 vs Pr,Fe ZSM5- 711 -59.32 62.80t0-55.84  Yes (***%)
Pr,.Fe ,ZSM5- 711 vs. Pr,Fe, ,NaY - Z12 58.06 5458 to 61.54  Yes (***¥)
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Table S-5.4: One Way ANOVA results for the degradation comparing the different REE concentrations of the

starting solutions tested. The 95 % confidence interval of the difference is also included as 95.00% CI of diff.

Dye

Tartrazine

Indigo carmine

Bonferroni's multiple comparisons test ~ Mean Diff 95% ClI of diff Significant
La,Fe ZSM5 - 71 vs. La,Fe ZSM5-73  6.019  -25.01t0 12.97 No (ns)
La,Fe,ZSM5 - 71 vs. La,Fe ZSM5- 716 -37,5 55,26 t0-19,74  Yes (****)
La,Fe,NaY -Z2 vs. La,Fe,NaY - Z4 -8.525 -31.78t0o 14.73 No (ns)
La,Fe,NaY -Z2 vs. La,Fe NaY-717 15.66 -4.477 to 35.80 No (ns)
La,Fe ZSM5- Z15 vs. La,Fe, ZSM5- 716  14.49 -1.953 10 30.93 No (ns)
Ce,FeZSM5 - Z5 vs. Ce,Fe ZSM5-77  -4.941 -23.931t0 14.05 No (ns)
Ce,Fe NaY - Z6 vs. Ce,Fe NaY - 78 -13.01 -36.26 t0 10.24 No (ns)
Pr,Fe . ZSM5- Z9 vs. Pr,Fe, ZSM5 - Z11 2.7 -16.29t0 21.69 No (ns)
Pr,Fe,NaY - Z10 vs. Pr,Fe, NaY - Z12 8.95 -10.04 t0 27.94 No (ns)
La,Fe ZSM5 - 71 vs. La,Fe ZSM5-73 6244  9.722t0-2.765  Yes (****)
La,Fe ZSM5 - 71 vs. La,Fe ZSM5-716 6,057  -9,53610-2,579  Yes (****)
La,Fe,NaY -Z2 vs. La,Fe NaY - 74 3.373 -0.1053 t0 6.851 No (ns)
La,Fe,NaY - Z2 vs. La,Fe,NaY - Z17 12.19 8.7131t0 15.67  Yes (***¥)
La,Fe ZSM5- Z15 vs. La,Fe, ZSM5-716 ~ 0.733 2.74510 4.211 No (ns)
Ce,FeZSM5 - Z5 vs. Ce,Fe ZSM5-77  -0.4804  -3.959 to 2.998 No (ns)
Ce,Fe NaY - 76 vs. Ce,Fe NaY - 78 -11.45 -14.93t0-7.969  Yes (****)
Pr.Fe.,ZSM5- 79 vs. Pr,Fe, ZSM5-711  -0.1576 -3.636 10 3.321 No (ns)
Pr,Fe,NaY - Z10 vs. Pr,Fe, NaY - Z12 -1.256  -4.734t02.222 No (ns)
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Table S-5.5: One Way ANOVA results for the degradation comparing the different REE for the same support and

the same REE concentration. The 95 % confidence interval of the difference is also included as 95.00% CI of diff.

Dye Bonferroni's multiple comparisons test Mean Diff, ~ 95,00% CI of diff, Significant
La,Fe,ZSM5 - Z1 vs. Ce,Fe,ZSM5- 75 -10,75 29,74 10 8,233 No (ns)
La,Fe,ZSM5 - 71 vs. PrFe,ZSM5 - 79 -13,18 -32,16 10 5,810 No (ns)

La,Fe,NaY -Z2 vs. Ce, Fe,NaY -76 8,504 -14,75 to 31,76 No (ns)

La,Fe,NaY -Z2 vs. Pr, Fe,NaY-Z10 -5,431 -26,66 to 15,80 No (ns)

La,.Fe, ,ZSM5- Z3 vs. Ce,.Fe, ZSMb5- Z7 9,675 28,66 10 9,311 No (ns)

La,Fe ,ZSM5- Z3 vs. Pr,.Fe, ZSM5 - 711 -4,458 23,44 t0 14,53 No (ns)

La,,Fe,NaY - Z4 vs. Ce,Fe,NaY - Z8 4,018 -19,24 t0 27,27 No (ns)

o La,Fe,NaY - Z4 vs. Pr,Fe, /NaY - 712 12,04 9,184 to 33,27 No (ns)
% La,Fe,ZSM5 - 715 vs. Ce Fe ,ZSM5 - Z5 41,24 -59,00 to -23,48 Yes (****)
% La,Fe,ZSM5 - Z15 vs. PrFe ZSM5 - 79 -38,81 -56,57 t0 -21,05 Yes (****)
~ La,.Fe,ZSM5 - 716 vs. Ce,Fe,ZSM5 - 77 21,81 -39,57 to -4,046 Yes (**)
La,Fe ,ZSM5 - 716 vs. Pr,Fe,ZSM5 - 711 -27,02 44,78 t0 9,264 Yes (**%)

La,.Fe /NaY - Z17 vs. Ce,Fe, NaY - Z8 20,17 0,02945 to 40,31 Yes (*)

La,.,Fe,NaY - 717 vs. Pr,.Fe, ,NaY -Z712 12,14 -5,619 t0 29,90 No (ns)

Ce,Fe, ZSM5- 75 vs. PrFe ZSM5- 79 2,423 21,41 t0 16,56 No (ns)

Ce, Fe,NaY - 76 vs. Pr, Fe,NaY-710 -13,94 -35,16 t0 7,293 No (ns)

Ce,.Fe,ZSM5 - 77 vs. Pr,Fe, ZSM5 - 711 5,218 -13,77 10 24,20 No (ns)

Ce,Fe NaY - Z8 vs. Pr,Fe,NaY -712 8,026 -13,20 to0 29,25 No (ns)
La,Fe,ZSM5 - 71 vs. CeFe, ZSM5- 75 -10,75 29,74 10 8,233 Yes (****)
La,FeZSM5 - 71 vs. Pr,Fe,ZSM5 - 79 -13,18 -32,16 10 5,810 Yes (****)
La,Fe,NaY - Z2 vs. Ce, Fe, NaY - 76 8,504 -14,7510 31,76 Yes (****)
La,Fe,NaY - Z2 vs. PrFe, NaY -Z10 -5,431 -26,66 to0 15,80 Yes (****)

La,.Fe ,ZSM5- 73 vs. Ce,.Fe,.ZSMb- 77 9,675 28,66 10 9,311 No (ns)

La,Fe ZSM5- 73 vs. Pr,.Fe, ZSM5 - 711 -4,458 23,4410 14,53 No (ns)
° La,Fe,NaY - 74 vs. Ce,Fe, NaY - 78 4,018 -19,24 10 27,27 Yes (****)
g La,.Fe,NaY - Z4 vs. Pr,Fe, /NaY - 712 12,04 9,184 10 33,27 Yes (****)

g La,Fe,ZSM5 - 715 vs. Ce,Fe,ZSM5 - 75 41,24 -59,00 to -23,48 No (ns)

S La,Fe,ZSM5 - 715 vs. PrFe,ZSM5 - 79 -38,81 -56,57 t0 -21,05 No (ns)

E La,Fe ,ZSM5 - 716 vs. Ce,Fe,ZSM5 - Z7 21,81 -39,57 to -4,046 No (ns)

La,Fe ,ZSM5 - 716 vs. Pr,Fe, ZSM5 - 711 27,02 44,78 t0 9,264 No (ns)
La,Fe,NaY - Z17 vs. Ce,Fe, NaY - 78 20,17 0,02945 to 40,31 Yes (****)
La,Fe,NaY — 717 vs. Pr,.Fe, NaY - 712 12,14 -5,619 t0 29,90 Yes (****)

Ce,Fe,ZSMb- 75 vs. PrFe,ZSM5- 79 2,423 21,41 10 16,56 No (ns)
Ce,Fe,NaY - 76 vs. Pr,Fe NaY -Z10 -13,94 -35,16t0 7,293 Yes (****)

Ce,Fe,,ZSM5 - 77 vs. Pr,Fe, ZSM5 - 711 5,218 -13,77 t0 24,20 No (ns)

Ce,Fe,NaY - Z8 vs. Pr,Fe,NaY-712 8,026 -13,20 to0 29,25 No (ns)
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Table S-5.6: One Way ANOVA results for the degradation comparing the different preparation methods for La on
both supports. The 95 % confidence interval of the difference is also included as 95.00% CI of diff.

Dye Bonferroni's multiple comparisons test Mean Diff. 95,00% Cl of diff. Significant
La,Fe, ZSM5 - 71 vs. La,Fe ZSM5- 715 -51,99 60,70 t0 -43,29 Yes (****)

o La,FeZSM5 - 71 vs. La,Fe,ZSM5- 716 -37,5 -46,21 10 -28,80 Yes (****)

N La,.,Fe,ZSM5 - Z3 vs. La,Fe ZSM5- 715 -45,97 -54,68 10 -37,27 Yes (****)

E La,.Fe ZSM5 - Z3 vs. La,.Fe,ZSM5- 716 -31,48 -40,19 10 -22,78 Yes (****)
La,Fe,NaY - Z2 vs. La,Fe,NaY -Z17 15,66 5,791 to 25,53 Yes (***)

La,.Fe NaY-Z4 vs. La,Fe NaY-Z17 24,19 14,32 to 34,06 Yes (****)

° La,Fe, ZSM5 - 71 vs. La,Fe ZSM5- 715 6,79 -10,54 10 -3,041 Yes (****)
g La,FeZSM5 - 71 vs. La,Fe,ZSM5- 716 6,057 9,806 to -2,309 Yes (***)
S La,.,Fe,ZSM5 - Z3 vs. La,Fe ZSM5- 715 0,5464 -4,295 1o 3,202 No (ns)
& La,.Fe ZSM5 - 73 vs. La,Fe,ZSM5- 716 0,1865 -3,562 to0 3,935 No (ns)

2 La,Fe,NaY - Z2 vs. La,Fe,NaY -Z17 12,19 8,443 10 15,94 Yes (****)

La,Fe,NaY - Z4 vs. La,Fe NaY -Z17 8,818 5,070 to 12,57 Yes (****)

Table S-5.7: Two Way ANOVA results from the comparison between the different volumes (0.5 or 5 mL) of H,0,.
The H,0, concentration for the Tar degradation was 90 mM, while for IC was 12 mM. The 95 % confidence interval

of the difference is also included as 95.00% CI of diff.

Dye Bonferroni's multiple comparisons test Mean Diff. ~ 95.00% Cl of diff.  Significant
%) Control = 0.5 mL of H,0, vs. Control -5 mL of H,0, -6.61 -10.68 to -2.542 Yes (***¥)
g Z15-0.5 mL of H,0, vs. Z15 -5 mL of H,0, -18.64 -34.45 10 -2.830 Yes (**)
= 716 -0.5mL of H,0, vs. Z16 -5 mL of H,0, -20.75 -36.94 to0 -4.552 Yes (**)

) &l Control - 0.5 mL of H,0, vs. Control -5 mL of H,0, -14.51 -27.541t0-1.481 Yes (*)

= % Z15-0.5 mL of H,0, vs. Z15 -5 mL of H,0, -26.11 -47.33 10 -4.898 Yes (**)

© 716 -0.5 mL of H,0, vs. Z16 -5 mL of H,0, -32.74 -53.92t0-11.57 Yes (***)

Table S-5.8: Two Way ANOVA results from the comparisons between the control and the catalysts for the same
volume (5 mL) of H,0,. The H,0, concentration for the Tar degradation was 90 mM, while for IC was 12 mM. The

95 % confidence interval of the difference is also included as 95.00% CI of diff.

Dye Bonferroni's multiple comparisons test Mean Diff.  95.00% ClI of diff.  Significant?
% Control -5 mL of H,O,vs. Z15 -5 mL of H,0, -19.32 -34.83t0-3.816 Yes (**)
g Control -5 mL of H,0,vs. Z16 -5 mL of H,0, -21.98 -37.86t0-6.110 Yes (**)
e 715 -5 mL of H,0, vs. Z16 -5 mL of H,0, -2.661 -23.56 10 18.23 No (ns)

Control - 5 mL of H,0,vs. Z15 - 5 mL of H,0, -14.68 -37.71 t0 8.338 No (ns)
Control - 5 mL of H,0,vs. Z16 - 5 mL of H,0, -20.79 -43.77 t0 2.190 No (ns)
Z15-5mL of H,0vs. Z16 - 5 mL of H,0, -6.108 -33.73t021.51 No (ns)

Indigo
Carmine
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Chapter 6 - Final Remarks

This chapter contains the principal conclusions drawn from the work described in the previous

chapters and proposes recommendations/suggestions for further research.
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6.1. General conclusions

Rare earth elements (REE) are a crucial group of valuable elements used in diverse and relevant
applications in our daily lives. Zeolites are crystalline microporous aluminosilicates that can be used as
adsorbents and catalysts. These materials can suffer surface treatments to increase their ion exchange
and adsorbent capacities. Adsorption processes have been extensively used to remove different pollutants
from wastewater, such as heavy metals. This process is simple and competitive with high recovery
efficiency, availability of a wide range of sorbents and effective with low pollutant concentrations.
Heterogeneous catalysis involves solid materials while the reactants can be in liquid state and it has been
applied in Advanced Oxidation Processes (AOP). AOPs are an emerging technology, and within them the
Fenton reaction allows different organic pollutants to be oxidized into non-toxic products. Machine learning
(ML) is an evolving branch of computational algorithms widely used in diverse fields.

In Chapter 3, the REE adsorption capacities of the FAU (13X) and LTA (4A) zeolites were tested
after surface chemical treatments by acid and base solutions. The different zeolites were characterized,
which led to the conclusion that the chemical modifications performed in the zeolites were only at the
surface. From the comparison of the results obtained from the modified zeolites and the controls used, it
could be possible to see that the acid treatments for the FAU did not improve the natural adsorption
capacity of the zeolite. In some cases, a significant difference was found between the controls and the
modified zeolites. On the other hand, the alkali treatment for both tested zeolite structures (Z13X and
Z4A) led to an enhancement of the REE removal from aqueous solutions. The zeolite ZX_NaOH 0.1 M
(FAU 13X treated with an alkali solution of NaOH 0.1 M) removed over 80 % of each tested REE in the
solution, except for Ce, and it was closely followed by the ZX_KOH 0.1 M (FAU 13X treated with an alkali
solution of KOH 0.1 M). The previous zeolites were selected and used in the follow-up assays. Regarding
the LTA zeolite, the ZA_NaOH 0.5 M (4A treated with an alkali solution of NaOH 0.5 M) removed over 80
% of each tested REE, except for La and Ce. However, for the LTA zeolite, there might be some possible
precipitation of the REE and this ended its use in the leaching tests. The ML algorithms were used to test
their applicability to these systems, to obtain different insights from the collected experimental data and
to have a better understanding of the overall process. All modified zeolites were used. In unsupervised
learning, it was possible to apply the PCA and K-Means algorithms, which identified the characteristics
that influenced the most the modified zeolites and associated them in groups according to those
characteristics. In supervised learning, a classification algorithm was applied to train a model that
correctly selected the best modified zeolites accordingly to their REE removal capacity and the results

from the classification agreed with those obtained in the adsorption assays. At the same time, a regression
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model was successfully tested that used the C/C, of one REE to predict the C/C, of the other tested REE.
In the desorption of the REE, it was shown that water leaching is ineffective, as the recovery was less than
5 % of the tested REE after 3 h. Regarding the acid leaching, the best recoveries were achieved at 0.5 h.
The selected modified FAU presented a statistically significant improvement in the recoveries compared
to the control zeolites. HNO; eluent at 0.10 M was selected for further assays because it presents good
recoveries and is a weaker acid when compared to the others tested. The zeolite ZX_NaOH 0.10 M
presented the best parameters in the tested kinetic models, showing an overall improvement in capacity
and rate compared to the untreated zeolites. Therefore, this designed sorbent can be used in continuous
flow assays to test its capacity for adsorption and desorption for REE recovery from wastewater.

In Chapter 4, the assays were carried out using the modified zeolite selected from Chapter 3,
ZX_NaOH 0.10 M (designed only as ZX_NaOH) and an untreated zeolite (Z13X) as control. In the
adsorption assays it was possible to remove between 65 and 90 % of the total amount of REE during the
4 adsorption - desorption cycles. Adding to that, a decrease in the removal per cycle of adsorption was
observed. In terms of desorption, only 20 % of the total REE entrapped in the zeolite was recovered for
each 4 desorption cycle. For each cycle, a reduction of the recovery explained the poorer results in the
adsorption tests. After comparing the HNO,/ zeolite ratio from the batch assays (Chapter 3) with the
same ratio used in the continuous flow assays, a 43-fold difference was identified and the HNO,/ zeolite
ratio was increased. It was possible to recover over 80 % of each REE, after 3 h leaching. As expected,
this improvement showed a statistical difference from the results of the previous 4 cycles, demonstrating
an improvement in the REE recovery in the continuous flow assays. The eventual bed washing with NaOH
0.01 M also showed no improvement in the overall efficiency of the process and no REE leaching was
detected.

ML algorithms can be successfully applied to continuous flow assays. The unsupervised learning
allowed the evaluation of the influence of each characteristic using PCA and the grouping of the different
conditions using K-Means. The classification results from the supervised learning showed that none of
the tested conditions improved compared to the others for the overall analysis. The exception was the
desorption analysis using all cycles, including the maximized one, which was the best overall, as expected
from the desorption results analysis. The heatmap results from the regression suggest that it is possible
to develop a model that allows the prediction of the REE concentrations for the adsorption and desorption
of the different tested REE, using the values of one of them. From all results, there is a lack of significant

differences between the zeolites tested, Z13X and ZX_NaOH, opposite to what was observed in the batch
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assays (Chapter 3). This suggests that the chemical pre-treatment might not be justifiable in the
continuous flow assays.

In Chapter 5, several REE/Fe zeolite catalysts were produced based on two zeolitic structures,
FAU (NaX and NaY) and MFI (ZSM5) and evaluated on Fenton-like reaction for the degradation of tartrazine
or indigo carmine dyes in liquid phase. An initial tartrazine degradation was performed to compare the
different La/Fe zeolite catalysts produced from the three types of zeolites used and it was shown that the
NaX zeolite do not have any catalytical properties, as expected. This also helped to explain why different
zeolites were used in this research. Overall, the NaY catalysts had higher concentrations of REE than the
ZSMb5 catalysts, due to the different Si/Al ratios. However, the initial screening assays for both tartrazine
and indigo carmine showed that the NaY catalysts had a lower degradation activity for both dyes when
compared to those produced with ZSM5. In addition, between the different tested REE (La, Ce and Pr),
the catalysts loaded with La achieved better degradation for tartrazine than the ones produced with Ce or
Pr. At the same time, for indigo carmine, the results were very similar for the catalysts produced with
ZSMb5. Finally, it was also possible to assess the La/Fe ZSM5 catalysts preparation, comparing the ion
exchange method, that allowed higher degradation ability, with the impregnation one. The conjugation of
these results led to the conclusion that La* together with Fe* and supported on MF| zeolite structure
prepared by ion exchange, reached the best catalytic results. The best catalysts were Z15 (La,Fe..ZSM5
by ion exchange) and Z16 (La,Fe..ZSM5 by ion exchange), with degradations over 80 % for tartrazine and
nearly 100 % for indigo carmine. ML tools were also successfully implemented in this analysis, where
unsupervised learning (PCA and K-Means) helped visualize and form clusters according to the best zeolite
structure, the best REE used and the best synthesis method. The classifiers from the supervised learning
proved to help narrowing the number of catalysts from fifteen to only two for selecting the best degradation
promoter. The kinetics modelling was very similar for Z15 (La,Fe,.ZSM5 by ion exchange) and for Z16
(LasFeZSMb5 by ion exchange), from which Z15 was selected as the best catalyst for the degradation of

the tested dyes. This demonstrated that the use more of La to produce the Z16 catalyst is unjustified.
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6.2. Future work

Further work is yet to be done to better understand and develop the full potential of these systems,

in the adsorption or in the catalysis perspectives.

The sorption assays in batch and continuous flow assays can be further developed by:

>

Using other types of zeolite structures with and without chemical modifications, using the
same or different chemicals for the modification to evaluate the influence of these
modifications in the REE adsorption in batch assays.

Characterizing the resulting zeolites with other techniques such as X-ray diffraction (XRD)
and N, adsorption isotherms fittings as Brunauer-Emmett-Teller (BET) to determine specific
surface areas and pore volumes.

Quantifying the Al and Si in the solid matrices during the adsorption and desorption assays
should be performed as it could help to identify an eventual dealumination or not by the
chemical treatments.

Testing the use of different microorganisms in biosorption assays to assess their capacity
of REE retention. The best suitable microorganisms can be grown in supported biofilm on
the best suitable modified zeolite and this combination should be tested in continuous flow
assays.

Optimizing the eluent nature and concentration in terms of leaching efficiency and zeolites
degradation minimization.

Testing the adsorption after the optimized desorption steps in the continuous flow assays
to improve the overall process.

Selecting the best concentrations of the NaOH for the eventual bed washing between the
desorption and the adsorption steps in the continuous flow assays.

Further developing the ML models with more critical features (from the characterization),
with more data and even with different and optimized algorithm parameters so it could be
possible to promote a better understanding of the process and, therefore, an improved
model for the batch assays.

Applying and developing the regression models considering the optimizations performed

in the batch assays for the REE concentration prediction in the continuous flow assays.
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Il The catalysts assays can be further developed by:

» Producing more catalysts with different relevant characteristics with possible chemical or
physical modification with an extended characterization of the produced material by X-ray
Photoelectron Spectroscopy (XPS), for example.

» Assessing the degradation of different dyes (with or without combinations of them),
different organic pollutants, such as polycyclic aromatic hydrocarbons (PAH), persistent
organic pollutants (POP) and emerging organic contaminants (EOC).

> As for the sorption processes, improving and developing the ML models, especially models
that predict the catalytic capacity of pollutant degradation. It would be interesting to
establish a correlation between some catalyst characteristics and the degradation of

specific pollutants.
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