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type amidoamine pour la flottation inverse du minerai de fer avec le potentiel d'éliminer le besoin d'un réactif dépresseur d'oxyde de fer
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This work describes, at the molecular level, the differences in adsorption between etheramine and amidoamine N-[3-(dimethylamino)propyl]dodecanamide, explaining the behavior of this amidoamine, which allows its use, without a depressant, for the flotation process of some ore iron slimes.

• Chapter 5 -Improving recovery of iron using column flotation of iron ore slimes

Forewords

About the structure of this thesis

This thesis presents studies concerning the adoption of a new reagent as collector for iron ore slimes concentration process by flotation, without depressant.

Except for the first chapter (which presents the context of the thesis) and the last chapter (which presents the final comments), this thesis is composed of scientific articles written during the development of studies in Brazil (at Vale Mining Company and CETEM -Mineral Technology Center) and France (University of Lorraine).

The First Chapter aims to emphasize the importance of this study, presenting information on the reduction of iron content in ores from the Iron Quadrangle region, in Brazil, over the years, with the consequent increase in the number of tailings dams. A brief literature review is presented to justify the scientific hypothesis to be studied.

The investigation of the scientific hypothesis presented in chapter 1 is carried out throughout the scientific articles presented in chapters 2 to 6. Chapters 2, 3, 5 and 6 have already been published, while chapter 4 refers to an article submitted and awaiting publication. A brief description of each article/chapter is presented below:

• Chapter 2 -The Characteristics of Iron Ore Slimes and Their Influence on The Flotation Process Minerals 2020, 10 (8), 675; https://doi.org /10.3390/min10080675 This paper shows the study of characterization of a typical iron ore slime, aiming to create a better understanding of its role on the iron ore concentration by flotation.

• Chapter 3 -New perspectives in iron ore flotation: use of collector reagents without depressants in reverse cationic flotation of quartz Minerals Engineering 170 (2021) 107004; https://doi.org /10.1016/j.mineng.2021.107004 This paper aims to propose a new amidoamine collector for iron ore reverse flotation with a potential of removing the iron oxides depressant. Ce travail décrit, au niveau moléculaire, les différences d'adsorption entre l'étheramine et l'amidoamine N- [3-(dimethylamino)propyl]dodecanamide, expliquant le comportement de cette amidoamine, qui permet son utilisation, sans dépresseur, pour le procédé de flottation de certaines boues de minerai de fer.

• Chapitre 5 -Optimisation de la récupération du fer par flottation sur colonne de boues de minerai de fer Minerals Engineering 158 (2020) 106608; https://doi.org /10.1016/j.mineng.2020.106608 Ce travail vise à évaluer la faisabilité technique de la concentration de deux échantillons de boues provenant de deux usines différentes opérant au Iron Quadrangle, par flottation sur colonne.

• Chapitre 6 -Tests de flottation des boues de minerai de fer utilisant une colonne et amidoamine comme collecteur, sans dépresseur Minerals 2021, 11 (7), 699; https://doi.org/10.3390/min11070699

Ce travail décrit les essais pilotes de flottation de boues de minerai de fer, avec une colonne de 500 mm de diamètre, fonctionnant en série avec l'installation industrielle, en adoptant l'amidoamine N- [3-(dimethylamino)propyl]dodecanamide comme réactif collecteur, sans dépresseur. L'objectif est de présenter la variabilité des caractéristiques des boues et de discuter l'effet sur l'efficacité du procédé des principaux paramètres de contrôle.

Le Chapitre 7 présente, en résumé, la comparaison entre deux procédés différents : la flottation des boues, présentée dans cette thèse, et la concentration magnétique. Ce sujet montre que, pour le cas spécifique de l'usine Vargem Grande 2, une voie de traitement appropriée pourrait être l'adoption de la flottation (avec amidoamine N- [3-(dimethylamino)propyl]dodecanamide comme étape rougher et de la concentration magnétique comme étape cleaner.

Présentation de la thèse avec commentaires sur les principaux sujets Ce chapitre a une particularité, car il peut être présenté sous forme de Conclusions ou de Résumé, au début ou à la fin de cette thèse. J'ai choisi de le présenter au début, en français.

L'objectif est de discuter, de manière simplifiée, une relation entre les thèmes abordés et de présenter les principales conclusions de cette thèse. Ce chapitre vise aussi, en quelque sorte, à souligner l'importance de développer de nouveaux réactifs pour la flottation du minerai de fer, afin, peut-être, d'initier de nouvelles recherches sur le sujet.

Dans le chapitre 1 de la thèse, il est indiqué que l'industrie minière du fer dans le Quadrilátero Ferrífero, au Brésil, est actuellement dans la phase, appelée par certains auteurs, la troisième vague et, en raison des caractéristiques du minerai de fer de la région, le processus de concentration est la flottation cationique inverse du quartz présent dans l'itabirite. La troisième vague de l'industrie minière du minerai de fer génère des conséquences indésirables, telles que des impacts environnementaux accrus associés aux barrages de résidus. Par conséquent, l'étude du processus de concentration contribuant à la réduction de la quantité de résidus miniers est très importante pour le progrès de l'industrie minière dans la région.

Les problèmes liés à l'utilisation de l'amidon dans certaines conditions spécifiques pouvant entraver le processus de flottation ont été discutés. Certains auteurs ont montré que l'amidon peut être adsorbé sur des surfaces de silicate contenant Fe-Mg-Al, ce qui nuit à la flottation. A des doses élevées d'amine et/ou d'amidon il est possible que des interactions entre ces réactifs se produisent, réduisant l'efficacité du procédé. D'autre part, certains travaux visant à développer de nouveaux collecteurs de flottation plus sélectifs, qui éliminent le besoin de dépresseurs, ont montré que certains réactifs, à tête polaire volumineuse, peuvent présenter un comportement sélectif dans la flottation de certains minéraux, en raison du phénomène d'empêchement stérique dû à la particularité de conformation moléculaire sur la surface des minéraux.

Ainsi, il a été proposé dans cette thèse de développer des études sur l'hypothèse scientifique que certains collecteurs, avec une structure moléculaire contenant une tête polaire volumineuse, peuvent améliorer la sélectivité de flottation de certains minerais de fer complexes. Compte tenu de la teneur en fer des boues de la région du Quadrilatère du Fer, de leur composition minérale (contenant d'autres minéraux en plus de l'hématite et du quartz, avec une présence importante de kaolinite) et la distribution granulométrique (générant une surface spécifique élevée, augmentant la consommation de réactifs et perte de fer dans les résidus par l'entrainement mécanique), on peut considérer ces boues comme un « minerai de fer complexe ». Afin de tester l'hypothèse scientifique, nous avons étudié l'amidoamine N- [3-(dimethylamino)propyl]dodecanamide comme collecteur. Le développement d'un procédé de flottation des boues de minerai de fer réduira la quantité de résidus ultrafins, augmentera la récupération métallurgique de l'usine et contribuera au remplacement des digues à stériles par des piles, puisque certaines études ont montré qu'il existe un ratio maximal entre les résidus ultrafins et les résidus de flottation, rendant viable le filtrage et l'empilement des résidus totaux.

Le chapitre 2 a été consacré à la discussion des effets néfastes des boues de fer sur la flottation inversée du quartz (les principaux effets se réfèrent à une consommation accrue de réactifs, une diminution de la sélectivité et de la stabilité de la mousse). Il a également été discuté du comportement de flottation anormal de la kaolinite, qui peut être expliqué selon la structure cristalline.

Un échantillon de boue de minerai de fer du quadrilatère de fer a été analysé, dont près de 91 % de l'alumine (principalement de la kaolinite) était distribuée dans la fraction granulométrique inférieure à 20 µm. Des tests de flottation ont montré que l'ajout d'amidon de maïs lors des tests de sédimentation du minerai augmentait la dépression de la kaolinite. Étant donné que la kaolinite est le principal minéral d'alumine dans les boues de minerai de fer de la région du quadrilatère de fer, sa présence peut affecter la flottation du quartz en raison de la dépression de la kaolinite par l'amidon de maïs. L'adsorption d'amidon à la surface de la kaolinite peut réduire la quantité d'amidon à adsorber sur l'hématite, augmentant la teneur en fer dans le rejet de flottation. La dépression de la kaolinite due à l'adsorption de l'amidon altère également la qualité du produit en raison de l'augmentation de la teneur en silice et en alumine dans le concentré de flottation. Ainsi, compte tenu d'un minerai de fer à forte teneur en kaolinite, augmenter le dosage d'amidon pour augmenter la dépression de l'hématite peut entraîner, par conséquent, la diminution de la sélectivité du procédé de flottation.

Autre problème important présenté dans ce chapitre concerne la distribution granulométrique des minéraux présents dans les boues de minerai de fer. Il a été possible de vérifier que l'hématite présente dans l'échantillon de boue étudié se concentre dans les fractions plus fines que les silicates (d50 de l'hématite était de 9 µm, tandis que le d50 des silicates est de 20 µm). La surface spécifique élevée de l'hématite dans les boues peut nécessiter des dosages d'amidon plus élevés dans le processus de flottation. De fortes doses d'amidon peuvent générer une dépression de la kaolinite et également une dépression du quartz due à la co-adsorption de l'amidon avec l'amine à la surface du quartz (de fortes doses de ces réactifs peuvent altérer le processus de flottation en raison de la formation de clathrates).

Par conséquent, les études réalisées au chapitre 2 ont démontré que l'hypothèse scientifique présentée au chapitre 1 (le développement d'un collecteur qui élimine la nécessité d'utiliser un réactif dépresseur dans la flottation cationique inverse du minerai de fer peut contribuer au développement d'un système de flottation des boues efficace) est une hypothèse appropriée.

Il est important de noter, cependant, que les résultats de concentration magnétique présentés au chapitre 2 ont montré que, même après trois étapes de d'épuisage, les résidus contenaient 17,06 % de Fe, indiquant une certaine association entre les minéraux de gangue et les minéraux de Fe. Par conséquent, la distribution granulométrique des minéraux de fer dans les boues et leurs associations avec les minéraux de gangue indiquent des défis et des difficultés à concentrer les boues de minerai de fer, même avec un collecteur sélectif.

Du chapitre 3 au chapitre 6, les études ont été basées sur l'analyse de l'amidoamine N- [3-(dimethylamino)propyl]dodecanamide comme réactif collecteur, sans dépresseur.

Le chapitre 3 s'est concentré sur les études fondamentales classiques liées à l'interaction entre les minéraux d'hématite, de quartz et de kaolinite avec l'amidoamine, l'amine et l'amidon.

Il a été discuté des résultats du potentiel zêta, des mesures d'angle de contact, des tests de flottation des minéraux purs et mixtes et de l'analyse FTIR. Bien que plus petits que les angles de contact de l'étheramine, les angles obtenus avec l'amidoamine à pH 8 et 10 ont montré que ce collecteur pouvait rendre la surface du quartz hydrophobe. Le potentiel zêta a augmenté de manière significative à pH 8 pour l'amidoamine, tandis que la variation du potentiel zêta pour l'étheramine était légèrement prononcé à pH 10. Ainsi, la plus grande différence dans le comportement d'adsorption entre les deux collecteurs se produit à pH 8 et 10 (cette différence s'explique par le pka de chaque réactif, alors que le pka d'étheramine est proche de 10, le pKa d'amidoamine est proche de 8).

Des essais ont montré qu'il est possible d'obtenir une flottation sélective du quartz dans le minerai de fer, sans dépresseur. Cependant, pour atteindre le même niveau de récupération obtenu avec le collecteur d'amines, il est nécessaire d'adopter un dosage plus élevé d'amidoamine que d'étheramine.

Les résultats de la spectroscopie infrarouge ont montré qu'une augmentation de la concentration en amidoamine n'a pas entraîné de changement significatif de l'intensité du pic (extension des bandes CH3 et CH2) pour le spectre de l'hématite, tandis que l'intensité du pic dans le quartz et la kaolinite a été significativement augmentée, ce qui signifie qu'il y a un effet inhibiteur de l'adsorption du réactif à la surface de l'hématite. Ainsi, l'amidoamine N- [3-(dimethylamino)propyl]dodecanamide est capable de favoriser la flottation sélective du quartz sans agent dépresseur, tel que l'amidon. Bien que le comportement de flottation de la kaolinite, adoptant l'amidoamine, soit similaire à celui de l'hématite, l'analyse du spectre FTIR était similaire à celle du quartz. La surface spécifique élevée couplée à la structure en double feuille peut être une explication de ce comportement. Par conséquent, ce réactif peut être une alternative avantageuse aux amines conventionnelles dans la flottation cationique inverse de boues de minerai de fer, en fonction de la quantité de kaolinite présente, car la teneur élevée en kaolinite peut également nuire à la sélectivité du minerai.

Une connaissance approfondie du mécanisme d'adsorption lié à cette amidoamine spécifique peut contribuer au développement d'une nouvelle classe de réactifs, plus efficace pour la flottation inverse du minerai de fer, réduisant ou éliminant le besoin d'un réactif dépresseur, contribuant également à la réduction de la perte de fer dans les résidus. Par conséquent, dans le chapitre 4, des études sur la modélisation moléculaire, comparant l'adsorption d'étheramine et d'amidoamine à la surface de l'hématite et du quartz, ont été menées pour expliquer le mécanisme présenté par l'analyse FTIR (chapitre 3).

Des études de modélisation moléculaire ont montré que, par rapport à la surface D2 de l'hématite, le comportement de sélectivité pour la flottation du système quartz-hématite avec l'amidoamine peut s'expliquer par la combinaison du « bouclier » formé par la coordination des molécules d'eau sur cette surface avec le grand volume moléculaire de tête de cette amidoamine, dû au méthyle lié à l'azote dans l'amine tertiaire, générant un empêchement stérique et entravant l'adsorption du réactif à la surface de l'hématite, même en considérant l'amidoamine protonée (pH 8,5). En ce qui concerne l'étheramine, l'adsorption du collecteur neutre est réduite par la coordination de l'eau à la surface de l'hématite-(D2), mais la molécule protonée (Etherammonium) peut pénétrer et se lier sur cette surface en raison de la force motrice électrostatique. Ainsi, l'analyse présentée au chapitre 4 a permis d'expliquer l'apparition d'empêchement stérique à la surface de l'hématite et l'absence de ce comportement à la surface du quartz. D'autres surfaces d'hématite n'ont pas été étudiées, par conséquent, selon les caractéristiques du minerai de fer, le comportement de sélectivité de cette amidoamine peut être différent.

Afin d'évaluer l'application industrielle de l'amidoamine sur la flottation des boues de minerai de fer, le chapitre 5 est dédié à l'étude de deux échantillons de des schlammes différents dans une colonne pilote de flottation. L'échantillon de boue contenant une plus grande quantité de kaolinite présentait les performances de flottation médiocres. Ces résultats sont conformes à l'analyse liée aux études fondamentales menées dans cette thèse. L'amidoamine a montré le potentiel d'un collecteur efficace, sans dépresseur, dans un procédé de flottation de boues pour l'échantillon avec le plus faible pourcentage de kaolinite.

Ces différents tests ont été effectués dans une installation pilote, ils n'ont donc pas pris en compte les variations dues au fonctionnement ou même la variabilité des caractéristiques des boues qui se produit dans une usine industrielle. Par conséquent, pour conclure sur l'application industrielle de l'amidoamine dans la flottation des boues de minerai de fer, sans dépresseur, il était nécessaire d'évaluer ses performances en fonctionnement en continu.

Ainsi, les études présentées dans le chapitre 6 ont démontré que, concernant une application industrielle de la flottation des boues de minerai de fer avec l'amidoamine N- [3-(dimethylamino)propyl]dodecanamide, sans dépresseur, la variabilité du processus altère significativement les résultats. L'influence des paramètres opérationnels ont été analysés et il a été possible de conclure que, à la différence des résultats obtenus dans un environnement contrôlé présentés dans le chapitre 5, il n'était pas possible de maintenir une efficacité de flottation acceptable pendant le fonctionnement en continu, en adoptant une seule étape de concentration. Ce travail permet déduire l'importance de la mise en oeuvre d'un système de contrôle automatisé de silice et de fer, ainsi que des contrôles automatiques des paramètres, tels que le débit de l'eau de lavage et le dosage des réactifs dans une éventuelle application industrielle.

Le chapitre 7 suggère la séparation magnétique comme une étape de relavage du concentré de flottation avec l'amidoamine N- [3-(dimethylamino) propyl]dodecanamide en permettant de générer un concentré de fer avec une teneur > 67 % Fe à partir des schlammes de l'usine de Vargem Grande 2. Ce chapitre présente des études exploratoires, qui pourraient etre considéré comme une perspective de cette thèse et devraient être approfondies.

Cette thèse s'est concentrée sur le comportement de sélectivité lié à l'amidoamine N- [3-(dimethylamino)propyl]dodecanamide dans la flottation de schlammes de minerai de fer composées essentiellement d'hématite et de quartz et représente une contribution modeste au développement de nouveaux collecteurs de flottation de minerai de fer .

Avec l'avancée de la technologie, l'utilisation d'outils informatiques prend une place de plus en plus importante dans les domaines de connaissances les plus variés, comme en témoigne l'utilisation de la modélisation moléculaire dans cette thèse, par exemple.

Le développement scientifique d'un sujet donné se fait par plusieurs mains. C'est une construction dans laquelle chaque chercheur place une brique pour construire des connaissances nouvelles et plus solides. Ainsi, il reste encore plusieurs questions liées aux recherches présentées dans cette thèse qui peuvent être approfondies, telles que : le comportement d'adsorption par rapport aux différentes tailles de particules minérales, l'influence du pourcentage de solides et des caractéristiques de mousse sur l'hydrodynamique et efficacité du processus. De plus, l'étude de l'optimisation des réactifs par des changements dans sa structure ou son mélange avec d'autres réactifs est un axe de recherche important à évaluer.

Chapter 1 -Contextualization In 2007, concerning the primary minerals products, iron represented about 87% of the Brazilian exportations (approximately US$ 19 billions). Approximately 49% of these products were destined for China. Most of the Brazilian iron ore production in this period originated from the region known as Iron Quadrangle, in the state of Minas Gerais (ANM, 2020).

The Iron Quadrangle comprises an area of approximately 7,000 km 2 , in the central portion of Minas Gerais. The abundant occurrences of Banded Iron Formations (BIF) have made this area the largest iron deposit in Brazil during the sixties and seventies [START_REF] Mapa | Dissertação Mestrado[END_REF].

The iron ore in this region is composed of hematite and itabirite. Itabirite is a laminated, metamorphosed iron formation of iron oxides (hematite, magnetite, martite), abundant in quartz, but very rarely containing mica and other accessory minerals [START_REF] Dorr | Geology and ore deposits of the Itabira District, Minas Gerais[END_REF].

It can be said that the history of iron mining in Brazil began in the Iron Quadrangle region. At the end of the 19th century, Pico do Cauê, located in Itabira, was mapped as the largest iron ore deposit in the world. The first stone block was extracted directly from the 1370meter peak by CVRD (in 2007, the company was renamed Vale) in October 1944. At the same time, the first mine equipment arrived in the city and, from that time to the present day, the extraction of iron ore in the Iron Quadrangle region can be divided into 3 waves [START_REF] Alexandrino | Estudo de caso: tecnologias e processos utilizados no tratamento de minérios de ferro de baixo teor[END_REF]:

• First wave (from 1942 to 1972): exploration of hematite, with iron content greater than 60%, which did not require complex industrial processes.

• Second wave (from 1972 to 2013): processing of friable itabirite (iron contents ranging from 50% to 60%) producing sinter feed and pellet feed. Concentration methods by magnetic separation, gravity concentration and flotation were introduced.

• Third wave (from 2013): processing of low-grade itabirite (iron content below about 42%). The main concentration process is flotation.

According [START_REF] Fiscor | Vale Launches Third Wave[END_REF], during the "third wave", mining companies seek to concentrate the unexploited or discarded itabirites in previous operations (second wave) through new iron ore beneficiation plants or modification on the existing plants through addition of grinding circuits.

The decline of the iron content in the world deposits is, mainly, due the substantial increase of the Chinese iron ore production, with iron content between 30% and 34% [START_REF] Mudd | The "Limits to Growth[END_REF]. It is noteworthy, however, that, with regard to Brazilian iron ore mines, the decrease in the iron content occurs mainly in the Iron Quadrangle. In this region, due to factors such as the increase in world demand for iron ore, infrastructure and existing workforce, new projects for beneficiation plants have emerged, including, more recently, projects for compact itabirite concentration. This means that the third wave of iron ore processing in Brazil takes place in Minas Gerais, while the iron ore processing plants located in the northern region of the country (Carajás Mineral Province) are still in the first wave, with iron ore content in the run of mine above 60%.

The Itabiritos Project, implemented by VALE, is the main example that resulted from the reduction of Iron Quadrangle deposits iron content. This project aimed to process itabirite with about 40% iron, through the construction of new plants or modification of existing beneficiation plants, in order to concentrate the material that was previously considered waste [START_REF] Alexandrino | Estudo de caso: tecnologias e processos utilizados no tratamento de minérios de ferro de baixo teor[END_REF], and had CAPEX estimated at US$ 5.5 billion with 65Mty of nominal production, of which 26 million representing a real increase in capacity.

Recently, it can be said that the fourth wave is starting in the Iron Quadrangle due to the new projects of dry iron ore concentration plants. These new plants will include dryers to reach ROM moisture below 1% and the concentration process will be carried out by dry magnetic concentrators. In this case, the introduction of a fourth generation of iron ore treatment plants is not correlated with the decrease in the iron content in the ore, but with issues related to the need to eliminate the use of tailings dams. In this way, the production of dry tailings would make it possible to replace these dams with piles.

Torquato have demonstrated the technical feasibility of filtering and disposing of the tailings from the Iron Quadrangle iron ore beneficiation plants in piles, if the ratio between ultrafine tailings and flotation tailings is not greater than 20/80 [START_REF] Torquato | MÉTODOS ALTERNATIVOS PARA DISPOSIÇÃO DE REJEITOS[END_REF]. Then, in some plants, it is necessary reducing the amount of ultrafine tailings (slimes) to obtain this proportion.

1.2. Tailings Dam -One of the biggest problems related to the Third Wave.

A negative aspect, considering the impacts caused by the mineral activity, is the "NIMBY syndrome" (acronym for the expression Not In My Back Yard), which, in the case of mining, means: "You can mine anywhere, but not in my yard" [START_REF] Gomes | Dissertação de Mestrado[END_REF]. The presence of tailings dams is an important factor that can potentiate this "NIMBY syndrome".

The low-grade iron ore concentration process increased the amount of material disposed in the Iron Quadrangle tailings dams, resulting in the need to build new structures. A survey prepared by [START_REF] Gomes | Dissertação de Mestrado[END_REF] showed that, in 2014, there were 15 mines in the Iron Quadrangle and about 111 million tons of tailings were produced during that year.

Tailings dams are structures for receiving tailings and discharges from the ore beneficiation process. Their construction (and factors ranging from the choice of location to the decommissioning process) is governed by specific environmental standards, in addition to economic, geotechnical, structural, social and safety criteria. The state of Minas Gerais has more than 200 tailings dams produced as a result of mining operations; almost 40% are related to the extraction of iron ore [START_REF] Gomes | Dissertação de Mestrado[END_REF].

In 2020, Vale Mining Company had 124 iron ore tailings dams, 82% of them located in the state of Minas Gerais (Vale, 2020). The material disposed in these dams are majorly constituted by slimes produced from the desliming process and by the tailings from some concentration process such as flotation or magnetic separation [START_REF] Aguiar | Monografia. Belo Horizonte[END_REF].

Figure 1 -Tailings dams owned by Vale in Brazil, by region. (Vale, 2020) A survey carried out in the 20 largest iron ore mines from Minas Gerais showed that, in 2015, to obtain around 264 million tons of products (Granulado, Hematitinha, Sinter Feed and Pellet Feed), approximately 300 million tons of waste were generated, 183 Mt of materials such as topsoil overburden (which are removed to gain access to mineral resources), and waste rock and 112 Mt (70 Mm³) of tailings (considering an average density of 1.6 t/m³) [START_REF] Heider | Beneficiation of iron ore by flotation -Review of industrial and potential applications[END_REF].

This high volume of tailings from iron mining has generated pressure on mining companies, in the sense of seeking solutions that minimize the resulting impacts reducing the risks of future accidents and disasters related with tailings dams [START_REF] Heider | Beneficiation of iron ore by flotation -Review of industrial and potential applications[END_REF].

In 2020, the National Mining Agency of Brazil (ANM) classified 22 ore tailings dams located in Minas Gerais as having a high risk of failure and high potential for damage in the event of failure (Table 1) and the total volume of material estimated in these dams was in around 650 million cubic meters (ANM, 2020). Brazilian mining companies have not yet achieved a successful method of reducing the environmental damage caused by mining activities while the volume of waste in the country grows exponentially as new ore treatment technologies are developed, also enabling the processing of ultrafine and low iron content ores [START_REF] Sant'ana Filho | Dissertação de Mestrado[END_REF].

According to [START_REF] Aguiar | Monografia. Belo Horizonte[END_REF], maximizing the recovery of mineral resources is revealed as the greatest and most noble engineering challenge for the present and the future of iron ore treatment.

According to [START_REF] Carvalho | Dissertação de Mestrado[END_REF], iron ores have, historically, shown little evolution in relation to other commodities in their beneficiation process. The decrease in iron content related to the greater dissemination of itabirites has resulted in an increased demand for beneficiation processes adapted to ores with low iron content [START_REF] Carvalho | Dissertação de Mestrado[END_REF]. Studies for the development of new low-grade iron ore processing routes should be concerned with environmental issues caused, for example, by the slimes generated by desliming stages before the flotation process.

Although the mining industry plays a very important role in generating wealth in Brazil, this activity can also represent a strong impact on the environment and these impacts have caused concern to the population and government agencies. Mining companies are looking for a way to increase the sustainability of their operations by improving mineral recovery by implementing new tailings concentration routes and replacing dams with tailings piles (adopting tailings filtration or, recently, developing the dry concentration process).

Among the tailings, the material that presents the greatest processing challenges is the ultrafine tailings (slimes). Therefore, the need for implementation of efficient recovery processes of the iron from ultrafine tailings goes beyond economic importance and covers, above all, issues related to sustainability (Nykänen, et al., 2018). According to [START_REF] Mudd | The Environmental sustainability of mining in Australia: key mega-trends and looming constraints[END_REF], the true sustainability of mineral resources is much more complex and involves exploration, technology, economics, social and environmental problems and the advancement of scientific knowledge.

Chemical and granulometric characteristics of Brazilian iron ore slimes

The deleterious effect of the slimes in the iron ore concentration process is quite widespread, but the understanding of the interaction mechanism of slime with ore is not unanimous in the literature and has been the subject of extensive debate [START_REF] Marques | Dissertação de Mestrado[END_REF].

According to Marques, as the iron content in the deposits is decreasing every day, grinding is increasingly necessary to obtain the liberation between gangue minerals and iron oxide minerals [START_REF] Marques | Dissertação de Mestrado[END_REF]. Grinding increases the amount of ultrafine particles generated in the plants, which means that more slimes will be sent to the tailings dams, therefore, concomitantly with the increase in low-grade iron ore, slimes generation tends to increase. The optimization of iron ore concentration processes, either through the implementation of new routes aimed at reducing iron in coarse tailings or through the development of new processes that allow the recovery of iron in the slimes, has become an increasingly important item for the feasibility of the mining industry in the Iron Quadrangle region.

The granulometric range of conventional iron ore flotation plants in the Iron Quadrangle is generally constituted of particles smaller than 150 micrometers (the range is around d85 to d95 depending on the plant), having previously been removed the particles smaller than 10 micrometers in the desliming process by hydrocyclones (to obtain the maximum around 5% of ultrafine particles in the flotation feed, there are about 30% to 60% of particles above 10 micrometers may be present in the slimes).

Due to the characteristics of the slimes and the use of hydrocyclones in the desliming process, there is a large amount of ultrafine iron particles in the slimes [START_REF] Aguiar | Monografia. Belo Horizonte[END_REF].

According to [START_REF] Wolff | A COMPARATIVE STUDY OF ULTRA-FINE IRON ORE TAILINGS FROM BRAZIL[END_REF], the amount of slimes varies from mine to mine and depends on the ore characteristics.

Marques (2013) analyzed 4 different iron ore slimes samples from Brazil during a study on the behavior of flotation of iron ore with slimes. The iron content in the slimes in these analyzes ranged from about 28% to approximately 53%. Queiroz (2003) analyzed, in the laboratory, the effect, in the reverse flotation, of the attrition and dispersion process in iron ore samples from the Alegria and Fábrica Nova mines (located in the Iron Quadrangle). He performed bench scale desliming tests adopting different pH and attrition time before desliming. Flotation tests were performed with underflow from these previously performed desliming tests. Depending on the conditions adopted in the attrition process, the iron content in the slimes varied from 28.71% to 50.85% and the percentage of mass in relation to the total mass varied from 3.85% to 14.46%. Several other studies about the Iron Quadrangle iron ore slimes have been carried out in recent years. For example, [START_REF] Oliveira | Dissertação de Mestrado[END_REF] studied the development of process routes to recover the iron contained in Conceição plant slimes (the average iron content in these slimes was about 41%).

As mentioned early, the slimes amount generated in the Iron Quadrangle region can vary considerably from one plant to another, depending on the mineralogical composition of the run of mine (ROM). According [START_REF] Guimarães | Dissertação de Mestrado[END_REF] the amount of slimes from the Vargem Grande 2 plant constituted about 19% of the ROM in 2011, representing a mass of 546 t/h of material containing about 42% Fe. The pilot tests results presented by [START_REF] Pinto | Dissertação de Mestrado[END_REF], referring to the compact itabirites of Jangada Mine plant, presented slimes mass partition values varying from 13.6% to 14.7%, depending on the comminution route adopted. 

Literature Review

Region

The iron ore beneficiation plants flotation feed from the Iron Ore Quadrangle region is basically constituted by particle size with d85 to d95 of around 0.15 mm. The main gangue mineral in Brazilian iron ores is quartz and the main concentration process adopted is reverse cationic flotation, requiring a previous desliming step to remove particles smaller than 10 microns (slimes), as the presence of these ultrafine particles impairs the flotation process (Filippov, et al., 2014).

The reverse cationic flotation is also adopted to reduce the silica content in the iron concentrate obtained through magnetic separation in other countries and, according Filippov et al., (2014), this is the most efficient upgrading process for simple systems composed of hematite/magnetite and quartz.

The amine adsorption mechanism on mineral surfaces is basically electrostatic and both, hematite and quartz, can be floated by this type of reagent, therefore, it is necessary to adopt iron oxide depressant reagents to obtain the necessary selectivity in the flotation process. These depressant reagents play a crucial role in selectively making the iron oxides hydrophilic and prohibiting them from reporting to the gangue-rich froth phase [START_REF] Swagat | A Review on the Application of Starch as Depressant in Iron Ore Flotation[END_REF].

In fact, it can be stated that, in the Iron Quadrangle mines, the reverse cationic flotation of iron ore is possible due to the action of the collector/depressant system. This means that it is not possible to obtain high quality concentrates with high metallurgical recovery without the use of a depressant. Therefore, currently, starch is as essential as the amine in this type of process.

Starches are the universal iron oxides depressants (Araujo, et al., 2005). Corn starch is the most used depressant in the reverse flotation of iron ore due to its availability, cost and low environmental impact [START_REF] Shrimali | Polysaccharide Depressants for the Reverse Flotation of Iron Ore[END_REF]. Thus, in Brazil, this type of starch plays an important role in the iron ore beneficiation plants (Kar, et al., 2013).

Starch Adsorption Mechanism

A depressant is considered effective if it can, selectively, inhibit collector adsorption onto undesired minerals without disturbing the floatability of the target minerals [START_REF] Urbina | Recent developments and advances in formulations and applications of chemical reagents used in froth flotation[END_REF]. However, depression is a complex phenomenon, in which adsorption is only one step, although being the most important one [START_REF] Pavlovic | Adsorption of starch, amylose, amylopectin and glucose monomer and their effect on the flotation of hematite and quartz[END_REF].

According to Peres et al. (1992) and Xia et al. (2009), the adsorption of starch on the hematite surface is due to hydrogen bonds, salt formation and electrostatic interactions. Liu-yin et al. (2009) have suggested that hydrogen bonding is the underlying adsorption mechanism for starches with the oxide minerals due to the presence of the hydroxyl group both in starch and mineral oxides. According to [START_REF] Balajee | Adsorption mechanism of starches in flotation and flocculation of iron ores[END_REF], the adsorption of starch in hematite is mainly due to the presence of a large number of hydroxyl groups on starch and hematite molecules surface, which facilitates non-selective hydrogen bonding and electrostatic attraction force. Based on Fourier transform infrared (FTIR) spectroscopy data, Severov et al. (2013) showed that starch can also adsorb on the quartz surface owing to the formation of hydrogen bonds between the hydroxyl groups of the polysaccharides and silanol groups presents on the quartz surface at pH 10.

Subramanian and Natarajan (1988) confirmed the partially irreversible adsorption of starch on hematite by application hot water in an autoclave for several minutes. The partial irreversibility suggested the involvement of non-electrostatic forces in the adsorption process.

These authors studied the effect of the temperature in the adsorption of the starch on the hematite surface. At a constant pH, the starch adsorption increased with an increase in the temperature. In general, the physisorption process is characterized by an exothermic heat of adsorption, and as a result, adsorption is expected to decrease with increasing temperature. In contrast, higher temperature favors the chemisorption due to faster reaction kinetics. Therefore, the temperature effect in the studies of Subramanian and Natarajan confirmed the chemical adsorption of starch on hematite [START_REF] Rath | A Review on the Application of Starch as Depressant in Iron Ore Flotation[END_REF]. Weissenborn, et al (1995) investigated the adsorption mechanisms of wheat starch on hematite. Spectroscopy results indicated that a complex was formed on the mineral's surface, but the existence of hydrogen bonds between the starch and the mineral surface has not been ruled out. Thus, the authors suggested the adsorption scheme illustrated in Figure 2. Copied from Weissenborn, et al (1995). The starch adsorption on quartz and hematite surfaces are different not merely in terms of the magnitude, but also in terms of the bonding strength. This is because the polysaccharides adsorption on the iron oxides and Fe-bearing silicates is mainly controlled by their chemical bonding with the iron in the mineral structure (Weissenborn, et al., 1995) (Filippov, et al., 2013); however, hydrogen bond is the main adsorption mechanism on the quartz surface. Thus, amine collectors can replace the starch molecules on the quartz surface because of their stronger electrostatic interactions with the negatively charged quartz surface.

Starch adsorbs extensively on hematite and to a lesser extent on quartz, but in some cases, the adoption of starch is not sufficient to obtain satisfactory selectivity in the flotation process. For example, the influence of clay minerals on the starch-hematite interaction cannot be ruled out and, similarly, the effect of starch on the collector action is also worth exploring [START_REF] Rath | A Review on the Application of Starch as Depressant in Iron Ore Flotation[END_REF]. Another important issue that influences the effectiveness of starch as a selective depressant is the presence of Fe-Mg-Al bearing silicates in the ore. According Veloso et al., (2018), the concentration of iron ore by flotation, when gangue minerals are composed of Fe-Mg-Al, is a challenge due to the depression of these minerals due to the presence of metal ions on the mineral surface, which can form a strong chemical complex with starch molecules used as iron oxide depressants.

According to [START_REF] Turrer | Tese de doutorado: Polímeros depressantes na flotação de minério de ferro[END_REF] it is expected that an excessive increase in starch dosage during the cationic reverse flotation of iron ore will increase the silica content in the concentrate due to the excess of this reagent, which would also act in the quartz depression.

The starch/amine ratio is also an important parameter that influences the flotation efficiency. Amine consumption tends to increase if the particle size of the flotation feed is reduced (more specifically, for the same ore, increasing specific surface results in increasing collector dosage) and, under some conditions, (starch composition, pH and reagent dosages)

starch and the collector interact with each other, forming clathrates, increasing, as consequence, the SiO2 content in the flotation concentrate (Aguiar, et al., 2017).

Partridge & Smith (1972) e Hendrix & Smith (1972) attributed the clathrates formation to the follow mechanisms: electrostatic attraction between RNH3 + and the starch molecule with negative charge, Van der Waals forces and hydrogen bonds. [START_REF] Aguiar | Dissertação de mestrado: CLATRATOS NA FLOTAÇAO CATIÔNICA REVERSA DE MINÉRIOS DE FERRO[END_REF] studied clathrate formations in the reverse cationic iron ore flotation and concluded that:

• The co-adsorption of starch and amine at the quartz-solution interface can be explained in terms of the clathrate formed between the starch in its helical form and the amine adsorbed inside the helices.

• The increase of amine and starch dosages favors the clathrate formation. The quartz floatability decreased from 95% to 35% due the increase of the amine dosage.

• At high pH levels, a progressive decrease in quartz floatability is observed.

• There was an increase in the quartz zeta potential with starch and amine adsorption under conditions that favored clathrate formation, when compared to the same conditions, without starch adsorption. Thus, it is believed that the drop in quartz floatability occurs due to the co-adsorption of starch and amine at the quartz-solution interface. (Filippov et al., 2013). The flotation process separation efficiency decreases when, as a part of the gangue minerals, there are Fe/Mg silicates because the surface properties of these silicates are similar to those of iron oxides, resulting in the non-selective action of depressants such as starch (Turrer & Peres, 2010) (Filippov, et al., 2010;Filippov, et al., 2013).

Detailed studies on reverse cationic flotation with iron ore samples from different deposits over the world (Brazil, Russia, Mexico) performed by Filippov and co-workers confirmed the inefficiency of starch when the silica content in the concentrate is controlled by Fe-Mg-bearing minerals such as amphiboles, epidote, chamosite, and diopside (Filippov, et al., 2010;Severov, et al., 2013;Veloso et al., 2018). The studies suggest that starch attaches to the amphibole surface not only by hydrogen bonding with the surface hydroxyls, but also through Table 6 shows that, while in Conceição Mine most of the iron (97.7%) was lost due to dragging flotation, in Pico Mine the main problem concerning the loss of iron in the tailings was the hydrophobization of iron oxides, being 65.4% of the iron in the flotation tailings reported for the hydrophobic phase (isooctane). Thus, even using starch as depressant, significantly loss of iron in the tailings can be occur in some industrial flotation plants. According to the author, the cause of the loss of iron in flotation tailings by true flotation could be an insufficient addition or inefficiency of the depression agent.

Amidoamines

Amidoamines were suggested and tested as effective agents for the flotation process, with diethylenetriamine monoamide being the most used compound (Friedli, 1990). These reagents are obtained by the reaction between polyamines and organic acids [START_REF] Baldoino | Tese de Doutorado[END_REF] and may provide several advantages for the flotation process, i.e., selectivity and cost reduction (Friedli, 1990).

In phosphate ore concentration processes, amidoamines are more tolerant toward sulphate ions. They are also inexpensive and have fewer complications due to possible overdosage (Friedli, 1990). The reverse cationic flotation of phosphate ores from Bayovar deposits with amidoamines showed better results when compared to those obtained using amines [START_REF] Baldoino | Tese de Doutorado[END_REF]. Amidoamines are the most suitable compounds in unfavorable conditions, such as temperature fluctuations (25-40 ºC), high concentration of electrolytes in the process water (ionic strength 0.71 mol/L), and variation in electrolyte concentration in the pulp caused by evaporation (2237 g/L of chloride) when sea water is used during the beneficiation process.

As reported in some studies, iron ore slimes are generally composed by other minerals in addition to iron oxides and quartz. Some slimes from the Iron Quadrangle in Brazil, for example, have considerable amounts of kaolinite in their composition. Kaolinite flotation is difficult to perform (i.e., with amines) owing to the structural properties of this mineral [START_REF] Xu | Effects of particle size and chain length on flotation of quaternary ammonium salts onto kaolinite[END_REF]. Kaolinite flotation studies carried out by Souza (2014) using manganese ore from the Azul mine, in Brazil, showed that amidoamine collector was more effective compared to etheramine collector. The best flotation result was obtained at 20% solids, pH>10, using a depressant dosage of 900 g/t (cornmeal or Fox Head G2241), and amidoamine dosage of 1360 mg/L (5333 g/t).

There are very few studies reporting the use of amidoamine molecules in iron ore flotation. However, they can be efficient quartz collectors in conventional iron ore reverse flotation, using starch as the depressant of iron oxides (Budemberg, 2016).

Amidoamine (N-[3(dimethylamino)propyl]dodecanamide)

The structure of the N- [3(dimethylamino)propyl]dodecanamide molecule (molecular formula: C17H36N2O is presented in the Figure 4: The chemical reaction, described by Budemberg (2016), for the synthesis of this amidoamine is shown in the Figure 5. The N- [3(dimethylamino)propyl]dodecanamide pKa value obtained according to the methodology described by Mhonde ( 2016) is about 8.2 (Figure 6). 

Development of Selective Collectors

As mentioned by [START_REF] Chen | Discovery of a novel cationic surfactant: tributyltetradecyl-phosphonium chloride for iron ore flotation: From prediction to experimental verification[END_REF], surfactants initially adsorb on mineral surfaces through electrostatic forces as individual ions; further, with the increase in the coverage of the surfactant on the mineral surface, steric hindrance gradually occurs. Budemberg (2016) analyzed and compared some different structures of amidoamines with commercial amines used in the iron ore flotation. The studies were carried out using the iron ore from the Alegria mine in the Iron Quadrangle region. One of the amidoamines tested was the N- [3(dimethylamino)propyl]dodecanamide and, according to the author, this amidoamine presents steric hindrance, resulting from the bonding between the methyl and amine groups (Figure 4).

The bench scale flotation tests results, when using the amidoamine N- [3(dimethylamino)propyl]dodecanamide, were very similar to those obtained using a commercial amine, however, the amidoamine dosage was higher than that of the conventional amine to obtain these similar results. The SiO2 content in the concentrate, obtained using the commercial amine, was 1.8%, with a loss of 11.03% Fe in the tailings at pH 9.5 and a collector dosage of 180g/t, compared to 1.85% of SiO2 in the concentrate, with a loss of 11.05% Fe in the tailings at pH 9.5 and an amidoamine dosage of 400g/t. For both tests carried by Budemberg, starch was used as depressant (600g/t) therefore, it was not possible to verify whether, by adopting this amidoamine in the absence of starch, it would be possible to obtain good results, with low iron content in the tailings, without significantly reducing the quartz floatability.

The high selectivity to float quartz in a mixture with magnesite, without depressant, due the steric hindrance was demonstrated by [START_REF] Liu | Effect mechanism of the isopropanol substituent on amine collectors in the flotation of quartz and magnesite[END_REF]. The authors used surface tension measurements, molecular dynamics simulations and density functional theory to investigate the effects of introducing an isopropanol substituent in amine collectors in the flotation process for a mineral system composed by quartz and magnesite. The results showed that introducing this isopropanol substituent in dodecyl amine (Figure 7) weakened the electrical properties of the polar groups and increased the cross-sectional size of these groups; this can decrease the electrostatic effect and increase steric hindrance, thereby improving the selectivity of the reagent, providing a high floatability of the quartz and low floatability of the magnesite. Analysis of the BHDA and DDA reagents on quartz, magnesite and dolomite flotation (Figure 8) showed that BHDA is more selective than DDA and these results were attributed to BHDA's relatively weaker electronegativity and stronger steric hindrance (Liu, et al., 2019).

Regarding the adsorption mechanism, the authors demonstrated that the density of oxygen atoms on the quartz surface (26.79μmol/m 2 ) was twice that was presented on the dolomite surface (12.43μmol/m 2 ) and four times that of the magnesite surface (6.74μmol/ m 2 ).

Thus, the oxygen atoms exposed on the surface not only affected the electronegativity of the mineral's surface, but also provided adsorption sites for hydrogen bonds. 

Scientific Hypothesis

Some authors have shown that the use of depressant can be harmful to the flotation process when gangue minerals have more complex mineralogy. The loss of iron in tailings by real flotation with conventional collectors (amines) was also demonstrated.

The main approaches for solving these issues focus on using new collector formulations or new alternative depressants such as guar gum (Turrer & Peres, 2010) humic acid (Dos Santos & Oliveira, 2007;Veloso, et al., 2018), lignosulfonate, and carboxymethyl cellulose (Turrer & Peres, 2010;Veloso, et al., 2020), leading to better flotation selectivity between hematite and silicates. However, the alternative depressants tested inhibited flotation of quartz owing to physical adsorption on their surfaces (Turrer & Peres, 2010).

The investigations on new flotation collectors, more selective, may contribute toward unlocking new iron ore resources related to primary deposits with complex gangue mineralogy (i.e., Fe-bearing silicates, kaolinite) or processing of old tailings with high degrees of alterations.

Regarding some iron ore slimes, it is possible to infer that:

• Due to the high specific surface of slimes, high dosages of reagents may be necessary for satisfactory adsorption on mineral surfaces. However, high dosages of starch and amine may also result in reduced efficiency in the flotation process.

• Some iron ore slimes have more complex mineralogy than conventional flotation feed, mainly due to clay minerals in their composition, such as kaolinite.

Considering that high dosages of starch or high starch/amine ratio may result in a reduction in the efficiency of the flotation process, the search for more selective collectors, which do not require the adoption of a depressant, can also contribute to the development of a viable flotation process for iron ore slimes.

Some authors have shown that the N- [3(dimethylamino)propyl]dodecanamide has potential to be a quartz collector (Budemberg, 2016) and kaolinite collector [START_REF] Souza | Dissertação de Mestrado[END_REF], using depressant in the flotation process. However, considering that this reagent also has a molecular structure with a bulky polar head that can generate steric hindrance, the scientific hypothesis to be presented in this doctoral thesis is that the amidoamine N- [3 (dimethylamino)propyl]dodecanamide can be adopted in some flotation process (mainly, iron ore slime flotation) without the need for a depressant.

Purpose of this PhD Thesis

Considering what has been exposed so far, this thesis aims to contribute to increasing the environmental sustainability of iron ore processing plants, generating knowledge that can assist in the development of more selective collector reagents for iron ore flotation, with the possibility to eliminate the need for depressants.

The development of a collector for cationic reverse flotation of iron ore that does not require the use of depressants can contribute to obtaining concentrates, via flotation, from ores with complex gangue or even from slimes that are currently disposed in tailings dams. The loss of iron by hydrophobization in the existing Iron Quadrangle flotation plants may also be reduced.

As mentioned earlier, amidoamine N- [3(dimethylamino)propyl]dodecanamide was chosen to be studied as a flotation collector, without depressant due to the voluminous polar head group in its molecular structure.

Regarding the type of sample to be studied together with this collector, it was to evaluate the use of this reagent in iron some ore slimes samples from the Iron Quadrangle. As presented throughout this chapter, the main justifications for studying the slime concentration with this amidoamine are:

• Issues related to tailings dams in the Iron Quadrangle due to the increase in the volume of tailings generated in the "third wave" of iron ore processing plants.

• The high iron content in these slimes.

• The need to reduce, for some plants, the ratio between sludge and flotation tailings to less than 20/80 in order to allow the replacement of dams by piles, filtering the total tailings.

It is important to highlight that the choice of a suitable reagent is not the only factor that needs to be considered for developing a flotation process. Mainly considering the particle size distribution of the mineral samples to be studied in this thesis, studies on hydrodynamic issues also need to be carried out (Fornasiero & Filippov, 2017). However, to determine the ideal hydrodynamic conditions, it is first necessary to develop reagents that make the process viable. Abstract: The flotation has been successfully applied to process the iron ore for the particle size (Ps) from 10 µm up to 150 µm. The presence of the slimes (Ps < 10 µm) is harmful on the reverse flotation of quartz, so they are usually prior removed by hydrocyclones. The main effects of the presence of slimes on the flotation are related to the increase on reagents consumption, the froth stability, and decrease on the selectivity. The lower floatability of coarse quartz particles (+74 µm) combined with the presence of slimes, even in small quantities, drastically affect the flotation response. This paper shows a study of characterization of a typical iron ore slime, aiming to create a better understanding of its role on the concentration by flotation. The main characteristics of typical slimes from the Iron Ore Quadrangle in Brazil are the presence of almost 70% of hematite, 25% of quartz, and 5% of kaolinite, as the main silicates gangue minerals. Furthermore, the particle size distribution revealed that 80% of the hematite and the kaolinite are below 20 µm. The affinity between the ultrafine kaolinite of the slimes with the corn starch is harmful to the reverse flotation of quartz, as the starch has an important depressing action over the hematite. The presence of 20% of hematite -20 µm decreased the recovery to the froth of quartz + 74 µm from 97% to 62%, where the slimes coating seems to be the main responsible.
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Introduction

The flotation of iron ores is performed in circuits that consist of mechanical cells, columns, or a combination of both types of machines. The feed consists of particles in the size range between 10 µm and 150 µm [1]. The slimes (fraction < 10 µm) are removed in hydrocyclones and the top size is limited to 5% to 10% > 150 µm. This wide range of particles size impairs process selectivity due to the possible differences in behavior concerning properties, such as hydrophobicity, specific surface area, weight, etc. [2]. Understanding the characteristics and behavior of the slimes is of fundamental importance on the iron ore flotation industry, as the operational conditions can be better adjusted to maximize Fe recovery and product quality [3]. The harmful effects of iron slimes on the reverse flotation of quartz have been known since the beginning of its operation [1]. The main effects refer to the increase of reagents consumption, the lower selectivity and the froth stability [4]. The removal of iron ore slimes using hydrocyclones was introduced with the USBM process [5]. Investigations that were carried out by Lima and coworkers for different iron ores from the Iron Quadrangle in the Southeast of Brazil indicated that the by-pass levels on the desliming hydrocyclones lower than 4% did not affect the flotation recoveries or the quality of the concentrates [6]. The results of this study indicated that the specific surface area with different bypass levels can explain the flotation response on the presence of slimes. Filippov and coworkers reported the effect of desliming in wet magnetic separation, applied to tailings from magnetite ores processing, at the Mikhailovsky plant in Russia [7]. The authors demonstrated that desliming at 10 µm reveals higher mass pull and lower iron grades when desliming at 20 µm. Despite 10% higher mass pull at 10 µm, cutting at 20 µm have shown a dramatic increase on the flotation selectivity.

Table 1 shows the effect of the desliming size on the flotation response.

Table 1. Influence of desliming on the reverse cationic flotation of hematite containing tailings of magnetic separation from magnetite ore at the Mikhailovsky plant, Russia [6]. Al2O3 and enhance the flotation selectivity while using amines and starch [8]. Ma and coworkers observed that starch adsorption in kaolinite is pH dependent, with starch adsorption decreasing with increasing pH from 7 to 10.5 [9] at pH 10.5, increasing ionic strength significantly enhances the adsorption density of starch on kaolinite. Weissenborn and coworkers studied the optimization of selective flocculation of ultrafine iron ore aiming the increase of Fe content in tailings samples where kaolinite was the main gangue mineral [10].

The results indicated the possibility to increase the Fe content from 46.6% to 57%. Wheat starch was the most appropriate selective flocculant. The recovery of all minerals was very sensitive to changes in flocculation conditions, and careful control of the many process variables was required in order to achieve optimum recovery. Xu and coworkers evaluated the floatability of kaolinite in different sizes and with different chain length collectors [11]. The anomalous flotation behaviour of kaolinite has been explained based on crystal structure considerations.

The results showed that fine kaolinite particles have more edges to adsorb fewer cationic collectors than that of coarse kaolinite particles, which is responsible for the poorer floatability of fine kaolinite. Dey and coworkers evaluated the concentration of Indian iron ore slime using column flotation [12]. A sample with 16% passing in 25 µm size fraction containing 58.7% Fe, 5.2% SiO2, and 4.9% Al2O3 was used during the investigations in a column of 7.5 cm diameter and 3 m height. The tests of direct flotation were carried out using a pulp with 10% of solids (w/w), sodium silicate as depressant, MIBC as frother and sodium oleate as collector. A concentrate with 62% Fe and 59% yield was produced using 2.5 kg/t of collector at 0.5 cm/s of superficial air velocity. Slimes have higher surface area, which increases the reagent consumption and they can increase flotation residence time resulting in high froth volumes [13].

Lima and coworkers evaluated the effect of the by-pass on the reverse flotation of quartz for samples with different mineralogical compositions [6]. The specular hematite sample was affected by the increase of by-pass level from 4% to 6%, on the contrary of the goethite/porous hematite sample, which was not affected when the by-pass level increased from 2% to 8%. This study showed the higher specific surface area of the specular hematite sample with 6% of bypass can be the cause of the higher grade of SiO2 on the concentrate, as reported in Table 2.

Table 2. Effect of the specific surface area on the flotation behavior of iron ores presenting different mineralogical compositions [6]. Bandini and coworkers analyzed the effect of colloidal iron ore slime on the flotation of galena and quartz particles by coatings [14]. These authors investigated the formation of iron ore slime coatings and methods for their removal, using quartz as a model for deslimed galena, since it shows similar surface electrical properties and slime particle adsorption characteristics.

The use of pH control alone was ineffective in removing iron oxide slime coatings from galena or quartz. By increasing the pH to 10, both iron oxide and galena/quartz particles become negatively charged; however, there is still an energy barrier to overcome for slime detachment.

Combining pH control with high shear mixing or sonication removed rapid and completely the iron ore slime coatings. Rulyov and coworkers evaluated the microflotation of particles below 1 µm. The use of 40 µm bubbles and the coagulation or flocculation of particles to reach 7 µm were necessary to increase their recovery [15]. The presence of slimes in the beneficiation plants of the Iron Ore Quadrangle in Brazil have increased even more, reaching almost 40 millions of tons per annum. Understanding the harmful effect of these slimes on the iron ore flotation is a challenging and it can be useful to develop alternatives to increase the Fe recovery on the beneficiation plants.

Materials and Methods

Samples

This study was carried out using eight samples, as described in Table 3 Table 3. General characteristics of the samples. Malvern, Malvern, UK). The mineralogical composition of sample 1 was determined using an X-ray diffraction technique and the automated scanning electron microscope (QEMSCAN® system) with a tungsten source from the FEI company (Hillsboro, OR, USA). The iDiscover software (everly Hills, CA, USA) was used for the measurements and the data processing. The PMA (Particle Mineral Analysis) analysis model was used. The QEMSCAN® was operated using a voltage acceleration of 15 kV and a current of approximately 5 nA. For the X-ray diffraction, the samples were pressed and analyzed in a PANalytical X-ray diffractometer (Empyrean model) while using a Co tube. The crystalline phases were identified and interpreted by the High Score Plus software (Malvern Panalytical, Worchestershire, UK) and the mineralogical composition was quantified by the Rietveld method.

Results and Discussion

The chemical analyses and size distribution of the iron ore slime, sample 1 are shown in Table 4 and Figure 1, respectively. The typical iron ore slime is about 95% passing in 37 µm, 45% passing 10 µm, and 17% passing 3.2 µm. By combining the sieving analysis with the XRF results, it was possible to estimate the distribution of Fe, Si, and Al in the different size fractions, as shown in Figure 2.

It was possible to observe that the majority of the iron (87%) is present in the fine particle size fractions (-20 µm), which are susceptible to report to the tailing by entrainment when performing reverse cationic flotation. At the same way, almost 91% of the Al (mainly kaolinite) is distributed in the size fraction below 20 µm, with low floatability behavior as reported by Xu and coworkers [11]. On the contrary, 58% of Si is below 20 µm The mineralogical analyses are reported in Figure 3, where hematite is the main iron mineral, Minerals and quartz and kaolinite are the main gangue minerals. Figure 5 shows the comparative of PSD between the iron ore slime (sample 1) and the products (samples 1A and 1B) obtained after several stages of magnetic concentration and Table 5 show the comparative chemical analyses between them. The hematite of the slime (sample 1A) is much finer than the silicates (1B), in accordance with the size distribution of Figure 2. D50 of hematite is 9 µm, while d50 of the silicates is 20 µm. It was deduced that the iron oxide minerals (hematite) present on the slime sample are much finer than the gangue minerals (silicates). Moreover, after three stages of cleaning with the magnetic separator, the tailings product contains 17.06% Fe, indicating some association between gangue minerals and Fe minerals. The finer size distribution of the Fe minerals and their associations with the gangue minerals indicate the challenges and difficulties to concentrate the iron ore slimes and the maximum yielded recovery expected was evaluated as 55%. Lima and coworkers calculated the degree of entrainment for Fe in different size fractions using an empirical correlation with the water recovery for the rougher, cleaner, and recleaner industrial cells [16]. The results showed that particles smaller than 20 µm show high entrainment degree, therefore the iron oxide minerals present on the slimes can be easily lost by entrainment, as almost 80% are lower than 20 µm, as shown on the Figure 2.

Table 6 shows the results of the sedimentation tests with the iron ore slime (sample 1), indicating that the corn starch promotes the concentration of Al2O3 to the underflow.

When considering that kaolinite is the main aluminium oxide mineral in the iron ore slime, the increase of the Al2O3 content to the underflow in the presence of corn starch, can indicate its adsorption on the kaolinite surface. This behavior indicates that the presence of slimes can affect the flotation of quartz by the depression of kaolinite with the corn starch damaging the hematite depression. As the main mechanism of interaction in cationic reverse flotation of quartz is electrostatic, the lack of depression can lead the hematite to be floated by the collector.

The underflows obtained in the sedimentation tests, with different Al2O3 contents were submitted to standard bench scale flotation tests. The results of the tests can be seen in the Table 7, where higher percentage of Al2O3 on the feed (underflow) negatively affected the quality of the flotation concentrate. The Al sites of the kaolinite seems to interact with the starch while the Si sites can be free to interact with the collector. This behavior can reduce the floatability of quartz particles, as shown in the results of Table 7. Figure 6 shows the combined effect of the distribution of SiO2 in the +74 µm fraction and the presence of slimes on the flotation response, regarding the % of SiO2 in the concentrate. These tests were realized with samples 2A, 2B, and 2C (desliming feeds). The flotation response is drastically impacted with the combination of higher SiO2 distribution in the +74 µm fraction, even for small quantities of slimes, as indicated on the Figure 6. An increase from 1.0% to 3.0% of slimes can lead to a drop of almost 10% in the iron grade in the concentrate. The presence of slimes can adsorb part of the available collector, resulting in insufficient hydrophobicity of the coarse quartz, causing a dropback phenomenon.

This behavior is in accordance with the studies conducted by Fugen and coworkers, where the presence of ultrafine particles (-10 µm) caused the high consumption of reagents due the high total surface area and also a high number of these particles to adsorb the collector (when compared to the same mass of coarse particles). An excessive consumption of collector by the finer particles could lead to incomplete coverage of the coarser particles surfaces by this collector [17]. Another hypothesis is slime coating of small kaolinite particles on the coarse quartz surface inhibiting the collector adsorption or/and the interaction between quartz particles and bubbles. The mechanism of coatings can be controlled by the electrostatic interactions with the kaolinite particles because of the face-edge structure kaolinite [9]. Additionally, the coating may be enhanced by the bridging effect of the Ca 2+ and other metallic cations [18]. The original size distributions of samples 4 and 5 (pure hematite and pure quartz) are shown in Figure 7.

The flotation tests were realized with the mixtures: 80% +74 µm quartz/20% +20 µm hematite and 80% +74 µm quartz/20% -20 µm hematite.

Figure 7. PSD of the pure samples of hematite and quartz (samples 4 and 5).

The harmful effect of slimes on the reverse flotation of quartz can also be observed on the results of Figure 8, where adding 20% of the -20 µm hematite reduced the floatability of the coarse quartz particles (+74 µm) from 98% to 62%. On the other hand, the same amount of +20 µm hematite particles did not affect the floatability of these quartz particles. According to the results of Figure 4, 87% of the hematite in the slime is below 20 µm, which enhances its effect on the floatability of quartz. These ultrafine particles of hematite can adsorb a large amount of the collector, causing less hydrophobicity of the quartz particles. The other hypothesis to explain the harmful effect of the fine hematite (-20 µm) on the floatability of the coarse quartz is the slime coating, as in the study of Bandini and coworkers [14]. At pH 10.5, both particles are negatively charged, however there is still an energy barrier to overcome for slime detachment. When considering that the 2 hematite fractions showed almost the same recovery to the froth, but only the finer (-20 µm) decreased the recovery of quartz to the froth, slime coating seems to be the responsible for this harmful effect.

Figure 8. Effect of +20 µm and -20 µm hematite on the floatability of +74 µm quartz (100 g/t of etheramine 7100 by Clariant, 500 g/t corn starch, and pH 10.5).

Conclusions

Typical slimes from the Iron Ore Quadrangle in Brazil present composition around 70% of hematite, 25% of quartz, and 5% of kaolinite as the main silicate minerals. More than 80%

of the hematite and the kaolinite are below 20 µm. Some silicates appear as disseminated particles smaller than 2 µm. The addition of corn starch during sedimentation tests with desliming feed increased the kaolinite depression, which negatively affected the reverse flotation of quartz, possibly by the interaction's sites Si-amine-quartz-sites Al-depressant.

100% (Quartz +74m) (100%) 80% (Quartz +74m) 20% (Hematite -31m+20m) 80% (Quartz +74m) 20% (Hematite -17m+11m) +20m -Hematite -20m -Hematite +74m -Quartz
Moreover, the depressant adsorbs on this silicate minerals surfaces and enhances the harmful effect to the flotation response. The lower floatability of coarse quartz particles (+74 µm) combined with the presence of slimes, even in small quantities, drastically impacted the flotation response, which was also observed when hematite particles below 20 µm, in concentration similar to the desliming feed, reduced the floatability of coarse +74 µm sized particles of quartz from 97% to 62%. The development of new collectors without the use of traditional depressant might be an opportunity to recover the Fe minerals in the slimes. The effect of kaolinite surface sites and its implication to reagent adsorption is mandatory for a better understanding of the slime effects on cationic reverse flotation of quartz.

Chapter 3 -New perspectives in iron ore flotation: use of collector reagents without depressants in reverse cationic flotation of quartz removing the iron oxides depressant. The contact angle and electrophoretic mobility measurements as well as the flotation experiments were performed on the pure quartz, kaolinite and hematite samples to compare their effect with the etheramine which is widely used as collector in reverse flotation of iron ores. Infrared spectroscopy was performed to study the adsorption of the amidoamine collector on the surface of the minerals studied. Amidoamine collector showed a significant selectivity towards quartz while the flotation of hematite and kaolinite were inhibited at pH 10 without the presence of a depressant. The high recovery of quartz to floated was explained by increased contact angle from 10˚ to about 50˚ without significantly impacting the contact angle measured on the hematite (9.4˚ to 17˚). Steric hindrance caused by the structure of the N- propyl] dodecanamide collector on the hematite surface is the most suitable hypothesis concerning the high selectivity regarding the iron ore reverse flotation process.

Keywords: Iron ore, flotation, amidoamine, quartz, kaolinite, hematite

Introduction

The flotation processes performed in the main iron ore beneficiation plants located in the Iron Quadrangle region (Brazil) consist of flotation of natural fine particles (below 0.15 mm, without grinding) or flotation of all the material after grinding using ball mills (run of mine). In both cases, the flotation process adopted is a reverse cationic process with a preliminary desliming stage of flotation feed to remove materials with particle sizes below 10 μm (slimes) that are harmful to the iron ore flotation process (Filippov et al., 2014).

The reverse cationic flotation is also largely used to reduce the silica content in the iron concentrate obtained through magnetic separation. It is the most efficient upgrading process for simple systems composed of hematite/magnetite and quartz (Araujo et al., 2005;Filippov et al., 2014). However, its separation efficiency decreases when as a part of the gangue minerals there are Fe/Mg silicates. These Fe/Mg bearing gangue minerals cause a reduction in the flotation efficiency because their surface properties are similar to those of iron oxides, resulting in the non-selective action of depressants such as starch (Filippov et al., 2010;2013).

Studies performed on the flotation of quartz with etheramines as collectors showed the efficient depression of iron oxides by starch molecules from different sources (such as corn and potato) (Araujo et al., 2005;Kar et al., 2013). However, detailed studies on reverse cationic flotation with iron ore samples from different deposits over the world (Brazil, Russia, Mexico) performed by Filippov and co-workers confirmed the inefficiency of starch when the silica content in the concentrate is controlled by Fe/Mg bearing minerals such as amphiboles, epidote, chamosite, and diopside (Filippov et al., 2010;Severov et al., 2016;Veloso et al., 2018). The main approaches for solving these issues focus on using new collector formulations (Filippov et al., 2010) or new alternative depressants such as guar gum (Turrer and Peres, 2010), humic acid (Dos Santos and Oliveira, 2007;Veloso et al., 2018), lignosulfonate, and carboxymethyl cellulose (Turrer and Peres, 2010;[START_REF] Veloso | Adsorption of polymers onto iron oxides: Equilibrium isotherms[END_REF], leading to better flotation selectivity between hematite and silicates. However, the alternative depressants tested inhibited flotation of quartz owing to physical adsorption on their surfaces (Turrer and Peres, 2010). Based on Fourier transform infrared (FTIR) spectroscopy data, Severov et al., (2013) showed that starch can also adsorb on the quartz surface owing to the formation of hydrogen bonds between the hydroxyl groups of the polysaccharides and silanol groups presents on the quartz surface at pH 10. Direct adsorption studies confirmed similar adsorption densities on the surfaces of Febearing silicates (pargasite) and quartz, with magnetite also showing high adsorption density (Filippov et al., 2013). However, starch adsorption on quartz and hematite is different not merely in terms of magnitude but also in bonding strength. This is because the adsorption of the polysaccharides on the iron oxides and Fe-bearing silicates is controlled by their chemical bonding with the iron in the mineral structure (Weissenborn et al., 1995;Filippov et al., 2013); however, hydrogen bonding is the main adsorption mechanism on the quartz surface. Thus, amine collectors can replace the starch molecules on the quartz surface because of their stronger electrostatic interactions with the negatively charged quartz surface supported by lateral chainchain interactions. Strong interactions of starch and other depressants on the Fe-bearing mineral surface through covalent bonding between the iron atoms and hydroxyl groups of the depressants lead to increased hydrophilic behaviour of such silicates when amines are used as flotation collectors. Hence, the investigations on new flotation collectors can contribute toward unlocking new iron ore resources related to primary deposits with complex gangue mineralogy (i.e., Fe-bearing silicates, kaolinite) or processing of old tailings with high degrees of alterations.

Amidoamine collectors were suggested and tested as effective agents for the flotation process, with diethylenetriamine monoamide being the most commonly used (Friedli, 1990). This type of reagent is obtained by the reaction between polyamines and organic acids.

Amidoamines provide several advantages for the flotation process, i.e., selectivity and cost reduction (Friedli, 1990). In phosphate ore concentration processes, amidoamines are more tolerant toward sulphate ions. They are also inexpensive and have fewer complications due to possible overdosage (Friedli, 1990). There are very few studies reporting the use of amidoamine molecules in iron ore flotation. However, they can be efficient quartz collectors in conventional iron ore reverse flotation using starch as the depressant of iron oxides.

Amidoamine-based collectors are suitable candidates for developing efficient iron ore slime flotation processes. As reported in earlier studies, iron ore slimes are generally composed of other minerals in addition to iron oxides and quartz (Lima et al., 2020). Some slimes from the Iron Quadrangle in Brazil, for example, have considerable amounts of kaolinite in their composition.

The choice of reagent is not the only factor considered for developing an iron ore slime flotation process. It is also necessary to determine the ideal hydrodynamic conditions for these processes (Fornasiero and Filippov, 2017). However, to determine the hydrodynamic conditions, it is first necessary to develop reagents that make the process viable. There are some shortcomings in the industrial flotation process with amine collectors. These shortcomings worsen the flotation indexes, resulting in low collectability, poor selectivity, large cohesive bubbles, and sensitivity to slime presence (Liu, et al., 2019).

In this study a comparison between a new amidoamine collector N- propyl]dodecanamide) with etheramine and oleate collectors in the flotation of pure minerals such as hematite, quartz and kaolinite is presented and discussed. The study was done with the focus on developing alternative routes that will allow the concentration of iron ore by flotation without a depressant reagent.

Materials and methods

Minerals and reagents

Pure quartz, kaolinite, and hematite mineral samples were used in this study. The kaolinite sample (Morbihan) was provided by Société Nouvelle d'Exploitation des Kaolins du Morbihan, the quartz sample was provided by Sibelco and the hematite sample was provided by Minerama.

The quartz and hematite samples were crushed using jaw and gyratory crushers. The size of hematite was reduced to flotation size (d90 = 100 μm) using a laboratory ball mill. To avoid surface contamination of the silicates, they were milled using a ceramic ball mill to obtain sizes below 100 μm. The size distributions of the mineral samples used for this study are presented in Fig. 1.

XRD analysis results show the purity of the obtained products (Fig. 2).

The flotation performance of three collectors (etheramine, oleate, and N- propyl]dodecanamide) was evaluated through kinetic flotation tests, performed with pure mineral samples of hematite, quartz, and kaolinite and mixtures of these minerals. From this point on, the collector N- propyl]dodecanamide will be referred to as "amidoamine".

Additionally, the reagents used are listed in Table 1.

X-Ray fluorescence (XRF) analysis

XRF analysis was performed by using a Thermo Fisher Scientific Niton XL3t XRF Analyser, with objective to analyze the percentage of elements in the products obtained during flotation. The measurements were performed using the four filters available in the analyzer, with each filter operated for 30 s (total measurement time of 120 s) and the 'Cu-Zn' mode selected. For representative purposes, three measurements were performed for each sample. The R2 value obtained (0.983) shows a satisfactory fit of the equation to transform Fe measurements by XRF into ICP-MS measurements. The XRF measurements have relatively small deviations from the ICP-MS results (roughly ± 0.5%). All the XRF measurements were corrected using the correlation equation given in Fig. 2.

Modified water

To simulate conditions similar to those in itabirite concentration plants in the Iron Quadrangle, mineral salts were mixed in the water. This modified water was used in the fundamental studies and flotation tests Table 2. 

Na 9.40×10 -2 Na2SO4 2.91×10 -1 K 1.01×10 -3 KCl 1.93×10 -3 Mn 1.42×10 -4 MnSO4.H2O 4.36×10 -4 Al 1.12×10 -4 Al2(SO4)3.18H2O 1.31×10 -3 Fe 1.39×10 -3 FeCl3.6H2O 6.71×10 -3 Ca 1.16×10 -4 CaCl2.2H2O 4.25×10 -4 S/(SO4) 2- 9.21×10 -2 / 1.22×10 -1 (SO4) 2- 4.73×10 -2
Ionic strength (mol/L) 4.75×10 -3 Ionic strength (mol/L) 3.19×10 -3

Contact angle measurements

Contact angle measurements using a DSA25 Shape Analyser (Krüss) for each reagent and dosage were performed.

Prior to the start of contact angle measurements, the samples of the minerals were polished and the exposed surface was carefully cleaned through immersion in aqua regia (HNO3 1:3 HCl, in a molar ratio) solution. Thereafter, the sample was subjected to ultrasound emissions for five minutes and intensively washed with ethanol and distilled water. Therefore, this cleaned polished mineral plate was conditioned for five minutes with the depressant, one minute with the etheramine collector, and ten minutes with the amidoamine collector. The conditioning times followed were the ones recommended by the reagent supplier, since they raise the concern that the new amidoamine collector provided was less soluble than etheramine. Consequently, a longer conditioning time was followed to ensure the adsorption efficacy. It is important to mention that even though the recommendations from the provider were followed, it was not observed any differences in the contact angle measurements when applying a conditioning time of one and ten minutes.

The pH was adjusted with sodium hydroxide or hydrochloric acid, when necessary. The contact angle measurements were performed in triplicate for each reagent, dosage, and pH analyzed, and the average values were calculated.

These measurements were performed using only etheramine (dosage of 50, 75, 100, and 200 mg/L), only amidoamine (dosage of 50, 75, 100, and 200 mg/L), etheramine with starch (75 mg/L of collector and 215 mg/L starch), and amidoamine with starch (75 mg/L of collector and 215 mg/L starch). A reference measurement with only water was also performed. All the tests were performed at 3 different pH levels: 8, 10, and 11.

Zeta potential

Zeta potentials of hematite, quartz, and kaolinite were obtained through electrophoretic mobility measurements using a Zetasizer Nano (ZS90) system (Malvern Panalytical). The tested reagents were ether-amine, amidoamine, and corn starch. NaOH and HCl were used as pH modifiers. The pure minerals were comminuted below 37 μm and the size was reduced below 5 μm in an agate mortar. A small amount of the mineral powder was then conditioned

with the reagent at a fixed concentration in a beaker and an aliquot of the supernatant solution with the mineral particles was analyzed under the following conditions:

• Without reagents

• With etheramine (75 mg/L)

• With amidoamine (75 mg/L)

• With etheramine (75 mg/L) + starch (0.25 mg/L)

• With amidoamine (75 mg/L) + starch (0.25 mg/L) Evaluations under each of the above conditions were conducted at pH 8, 10, and 11. All zeta potential tests were performed three times for representative purposes.

Flotation

The flotation efficiency of three collectors (etheramine, oleate, and amidoamine) was evaluated through kinetic flotation tests, performed with pure mineral samples of hematite, quartz, and kaolinite and the mixture of these minerals. The reagents used are listed in Table 1.

Each flotation test was performed with 30 g of mineral sample (pure or mixed) in 15% solids content in a Minimet self-aerated flotation machine with a 400 mL cell. All flotations tests were performed three times for representative purposes. The flotation tests using a single mineral system were performed to better understand the specific interactions of the tested reagents with a specific mineral. In the first stage of testing, pure samples of quartz, hematite and kaolinite were floated at pH 10 and using 50, 100, 200, 300 and 400 g/t of amidoamine to determine the best dosage to perform flotation with this collector. After assessing the best dosage, the pH was varied to 11, 10, 9, 8 and 6.5 to assess the effect of pH on the collector's performance.

In the second stage of testing, pure samples of quartz were floated at pH 10 using etheramine, amidoamine, and etheramine with starch. Pure samples of kaolinite were floated using etheramine, amidoamine, etheramine with starch at pH 10, oleate at pH 7.5, and oleate at pH 10. Pure samples of hematite were floated using etheramine, amidoamine, etheramine with starch, and oleate at pH 10. The tests with the mineral mixtures (hematite-quartz; hematitekaolinite) were performed at pH 10.

After performing the tests with pure mineral systems, the single-mineral flotation system was changed to a two-mineral system to understand the specific impacts that the presence of quartz and kaolinite could have on the flotation of hematite. The mass distributions in terms of hematite minerals and quartz were set with the objective of replicating the mass ratios of some itabirite ores from the Iron Quadrangle. Consequently, a distribution comprising 85% hematite and 15% quartz was selected to study the separation efficiency between quartz and hematite. Additionally, a mineral mixture composed of 85% hematite and 15% kaolinite was used for the two-mineral flotation system.

For the tests using etheramine, amidoamine , oleate, and starch, a conditioning time of 5 min was used. Flotation was performed at pH 10 with dosages of 300 g/t (this dosage was determined by the studies that will be shown later) for the three collector reagents and 1000 g/t for starch. However, for the tests with oleate, additional tests were conducted at pH 7.5 when studying the impacts of hematite with kaolinite.

The test parameters are described in Table 3.

Infrared measurements

Infrared spectroscopy was performed to study the adsorption of the amidoamine collector on to the surface of minerals such as hematite, quartz and kaolinite. Two types of samples were prepared for IR analysis:

• pure minerals, which were treated with water

• minerals treated with a collector solution at different collector concentrations at pH 10 Infrared (IR) spectra were measured using a laboratory Fourier transform infrared spectrometer (BRUKER IFS 55), equipped with a large-band mercury cadmium telluride (MCT) detector cooled at 77 K. Before the analysis, 2g of pure minerals (hematite, quartz and kaolinite) with a granularity of 20-40 μm was conditioned. The conditioning lasted 60 min and was performed in a 50 mL solution of distilled water, 25˚C and collector at pH 10 (adjusted to pH 10 by addition of NaOH).

The total concentration of amidoamine collector was varied from 10 to 5.10 -3 Mol per litre. After agitation, the slurry was filtered, and the liquid phase was rejected. Then, the solid phase of minerals samples was washed five times with 50 mL of deionized water at pH 10, filtered and dried in a desiccator. When dried, samples were sent immediately for analysis.

Sample preparation for this analysis involved mixing 50 mg of sample with 280 mg of potassium bromide (KBr). All the diffuse reflectance (DRIFT) spectra are recorded with a 2 cm -1 spectral resolution. Each sample was scanned 200 times, duration of the analysis was 90

s. The influence of atmospheric water was subtracted. Although smaller than the contact angles for etheramine, the angles obtained with amidoamine at pH 8 and 10 showed that this collector could hydrophobicise the quartz surface to promote its flotation, considering the analyzed dosages.

Results and discussions

The adsorption of the collectors on the mineral surface is dependent on pH, therefore the values of the contact angle depend on the collector's pKa. The molecular structure of the collector is also an important factor affecting the contact angle. The favorable arrangement of adsorbent species due to the collector-collector interactions, for example, can generate different The results presented in the Fig. 4 and Fig. 5 allow to deduce a higher surfacehydrophobization with etheramine compared to amidoamine for all concentrations tested. The contact angle values depend on the collector concentration. On contact with water, the minerals showed a contact angle of approximately 10˚. This angle increases with the introduction of the collector, towards angles that range from 31˚ to 72˚. For both amidoamine and etheramine there was a tendency that higher dosages caused a subsequent drop in the contact angle. It was possible to observe that the optimal collector dosages were about 75 mg/L for etheramine and between 50 and 75 mg/L for amidoamine. This optimum range varies depending on the reagent structure and pH. In this case, a possible reason for the decreases in the contact angles at high collector dosages was due to the formation of a collector double layer on the mineral surface and/or micelle formation.

At pH 11, the lowest contact angles are observed for both collectors. Regarding the etheramine and its interaction with quartz at pH 11, the contact angle reduction was due to the increase in the RNH2 molecules, which decreased the adsorption of the collector owing to the low electrostatic forces.

Fig. 5 presents the contact angles obtained as the result of the interactions between hematite and etheramine with and without starch (a), and the interactions between hematite and amidoamine with and without starch (b). It was observed that when using etheramine without a depressant, the contact angle obtained was between 34 and 36˚ (pH 8 and 10), i.e., a hydrophobicity level allowing the flotation of hematite. The contact angle decreased to 13˚ at pH 11 showing that at this pH, hematite was not hydrophobized enough to promote its flotation.

However, when considering the results obtained in Fig. 4, which showed that the contact angle measured for both etheramine and amidoamine on quartz was also the lowest at pH 11, it can be concluded that pH 11 was not optimal to promote the selective separation between hematite and quartz. On the other hand, the contact angle on the hematite sample with amidoamine changed negligibly, remaining below 20.

The contact angles measured for the hematite conditioned in 215 mg/L of starch solution were close to 10˚, indicating efficient surface hydrophilisation, which is consistent with previously reported results regarding starch adsorption on hematite surfaces (Araujo et al., 2005;Kar et al., 2013;Severov et al., 2013). A considerable distinction was observed when comparing the contact angles measured in the presence of starch and etheramine versus the angles obtained in the presence of starch and amidoamine.

At pH 8 the contact angle measured using only etheramine dropped with the addition of starch (from 37 to 11˚ ). On a smaller scale, the same decreasing effect was observed with amidoamine upon the addition of starch, with the contact angle dropping from 17 to 9˚. At pH 10, in the presence of only etheramine the contact angle measured was about 34˚, with the addition of starch the angle dropped to about 10˚. At the same pH, the contact angle measured using solely amidoamine was about 12˚, which with the addition of starch remained at about 12˚. This shows that, for etheramine, the presence of starch is crucial to impeach the hydrophobization of the hematite surface. Contrary to what was observed for etheramine, the collector amidoamine showed a similar contact angle with and without starch, especially for pH 10 and 11. This similarity indicates that starch is not required to perform a selective flotation between quartz and hematite when using amidoamine at pH 10. The interaction of quartz with amidoamine after conditioning with starch showed that the contact angles increased slightly at pH 10 compared to those with no starch at the same collector dosage but dropped significantly at pH 11, as observed in Fig. 6. ). Diversely, for hematite the low dosage with ethereamine was not sufficient to cover the hematite surface, leaving exposed negative surface charges (-15.3 mV) that were only neutralized by the higher starch dosage 215 mg/L, reversing the hematite surface charge to + 1.72 mV (Fig. 7c). By comparing Fig. 7 to Fig. 8 it can be observed that the surface charges resultant from the amidoamine adsorption onto quartz were more negative, meaning that higher dosages of this collector should be evaluated for denser surface coverage.

Similar to the contact angle studies on the quartz and hematite surface, the collector dosage selected to analyze the zeta potential was 75 mg/L. Both etheramine and amidoamine modified the surface charge of hematite, quartz, and kaolinite (Figs. 9, 10 and 11). The zeta potential values observed for hematite and quartz agreed with previously reported results obtained using pure water and in the presence of etheramine (Filippov et al., 2010;Veloso et al., 2018).

Increases of approximately 25 and 15 mV in the positive surface charge were observed for hematite in the presence of etheramine at pH 8 and 10, respectively, when compared to the reference (hematite without reagent) (Fig. 7a). These findings are consistent with the trends and values observed by Filippov et al. (2010). The zeta potential increased by approximately 55 mV when hematite was conditioned with amidoamine at pH 8.

The increase in the zeta potential at pH 8 and 10 in the presence of etheramine and amidoamine for quartz and kaolinite (Fig. 10 and Fig. 11) when compared to that of the reference (without reagent) can be explained by the negative charge compensation due to the adsorption of collectors through the amine groups. However, the zeta potential increased significantly at pH 8 for amidoamine, whereas the zeta potential variation for etheramine was slightly pronounced at pH 10. The values of the zeta potentials were similar for both the collectors at pH 11. This shows that the biggest difference in the adsorption behaviour between both collectors occurs at pH 8 and 10, a similar result that was already observed and discussed based on the contact angle studies in section 3.1. The proximal values of the zeta potentials for the amine at pH 11 in all the tested minerals can be explained by the pK values close to 10.5, observed for the amine collectors [START_REF] Smith | Mechanisms of dodecylamine flotation of quartz[END_REF]. The decreased concentration of the ionic forms of the collectors decreases their adsorption on the mineral surface at an alkaline pH higher than 10.5.

The surface charge values of hematite and kaolinite in the presence of starch and etheramine are slightly higher than those obtained only using etheramine. These results confirm the different adsorption behaviours of starch on kaolinite and quartz. They corroborate the findings of Ma and Bruckard (2010), explaining that the adsorption behaviour of starch on the quartz surface cannot be extrapolated to that on kaolinite in reverse cationic flotation of iron ores. The adsorption of starch on the hematite surface is controlled by hydrogen bonding and chemical complexation (Weissenborn et al., 1995). The adsorption density of starch on the quartz surface is lower than that on the hematite surface and is controlled by hydrogen bonding (Filippov et al., 2013). Thus, depending on the hydrolysis of the surface groups, the adsorption of starch may lead to additional surface charge compensation.

Another hypothesis for this phenomenon observed in quartz with etheramine and starch could be the formation of clathrates (Aguiar et al., 2017). The complexes between starch and etheramine can lead to higher adsorption of etheramine on the quartz surface, contributing to the reduction in the zeta potential. However, the intermolecular hydrogen bonding between the amylose chains and hydroxyl groups of the glucose molecules in starch leading to helicoid formation and then to starch-amine clathrate aggregates is observed only at higher starch concentrations. According to Khosla and Biswas (1984), free starch molecules are adsorbed at the active sites of the mineral surface until saturation is reached. In this case, starch adsorption resulting in clathrate formation will not follow the linear pattern observed in the experimental data provided by Filippov and co-workers (Filippov et al., 2013). Thus, another explanation for this phenomenon is that starch can co-absorb at the quartz-solution interface, in association with etheramine.

The presence of starch did not considerably change the zeta potential of any of the minerals with amidoamine. The results presented in this section in combination with the contact angle measurements suggest that amidoamine is a potential collector for iron ore beneficiation, specifically because it can promote the selective flotation of quartz and hematite without a depressant. The following section presents the findings of the flotation experiments performed with the pure minerals and mineral mixtures. 

Flotation of pure minerals

Table 4 shows the results of the flotation tests with a single mineral system: hematite, quartz, and kaolinite at pH 10 at 50, 100, 200, 300 and 400 g/t of amidoamine. The results showed that at the dosages of 50 and 100 g/t no hematite was recovered to the floated product. The maximum hematite recovery (12% recovery) was achieved when dosing 400 g/t of collector. Contrarily to hematite, quartz reported to floated product at 50, 100 and 200 g/t, achieving 18, 43 and 70% recovery respectively. Kaolinite started to report to the floated product at 300 g/t, achieving 10% recovery at 400 g/t.

Based on the results presented in Table 4 and discussed above, the dosage of 300 g/t was selected to perform the future flotation studies. This dosage was selected since at 300 g/t the hematite recovery to floated product was still considerably close to 0% (app. 1% recovery)

while the recovery of quartz was at 89%. In the other words, this dosage could promote a selective flotation of quartz while providing lower losses of hematite to the floated product.

Table 5 shows the results of the flotation tests with a single mineral system: hematite, quartz, and kaolinite at 300 g/t of amidoamine at pH 6.5, 8, 9, 10 and 11. The results show that the recovery of quartz was higher at more low pH values. The recovery of quartz was the lowest at pH 11 (44%), increasing to 89% at pH 10, to 94% at pH 9 and to 100 % at pH 8. Hematite recovery to floated increased by about 8% when the pH value decreased from 10 to 9. Hematite reported a relatively constant recovery to the floated product (10 to 13%) at pH 9, 8 and 6.5. Kaolinite recovery was the highest at pH 6.5, with 6% recovery.

The decrease in the flotation response of the quartz at pH11 is in perfect agreement with the contact angle measurements and can be related to pKa ≈ 8.2 value (communicated by Clariant) when the molecular forms of collectors dominate in the solution with less adsorption capacity on the negatively charged mineral surface.

Based on the results summarized in table 5, the value of pH 10 was adopted to continue the future flotation studies because it was the pH value that reported the lowest loss of hematite to the floated product (app 1% recovery) while providing a recovery of quartz of 89%.

Hematite

The flotation kinetics curves for hematite obtained using the etheramine, etheramine with starch (reverse cationic flotation), amidoamine and oleate at pH 10 are presented in Fig. 12.

Figure 12 -Hematite recovery in bench-scale tests using etheramine, etheramine with starch, oleate and amidoamine at pH 10.

Both oleate and etheramine (without starch) promoted hematite flotation (Fig. 12).

Oleate enabled greater mass recovery in the floated product for the same specific dosage at 300 g/t. The pure hematite flotation tests performed with amidoamine as the collector showed that no hematite was floated. This absence of hematite flotation is in accordance with the contact angle measurements for hematite with amidoamine. Moreover, when comparing the hematite recovery to the floated fraction by etheramine (68%) versus the recovery obtained with etheramine and starch (0%) it becomes visible that the presence of starch was essential to inhibit the flotation of hematite by etheramine, contrary to amidoamine which did not require the addition of starch to inhibit hematite flotation.

Kaolinite

The flotation kinetics curves for pure kaolinite obtained using the etheramine, etheramine with starch (reverse cationic flotation), amidoamine and oleate at pH 10 are presented in Fig. The etheramine floated 51% of kaolinite, a result that remained relatively unchanged upon the addition of starch. The floatability obtained when using etheramine can be explained by the high specific surface area of the kaolinite, which may require higher doses of the collector. Some studies have reported that kaolinite has characteristics that pose challenges during concentration through cationic collectors, such as amines. The kaolinite crystal system has an anisotropy that causes it to behave in a manner opposite to that of quartz in terms of the pH dependence on cationic flotation (Xu et al., 2015). The flotation of the fine kaolinite particles is also impacted by the increased number of edges to adsorb the amines in a cationic form which decreases adsorption layer density.

When varying the pH to obtain more alkaline values, the negative surface charges of the oxides and silicates are enhanced, thereby increasing the adsorption of the cationic collector and, consequently, the floatability of the mineral. Ma et al., (2009) reported that the flotation behavior of quartz cannot be extrapolated to that of kaolinite owing to the face-edge structure of kaolinite. Kaolinite is an aluminosilicate that has two different surfaces parallel to the (001) plane in its structure: a (001) plane formed from the tetrahedral sheet (SiO4) and the second plane formed from the AlO6 octahedron [START_REF] Liu | Significance of particle aggregation in the reverse flotation of kaolinite from bauxite ore[END_REF]. At an alkaline pH, preferential adsorption occurs at the SiO4 basal plane. Hydrophobic aggregation seems to occur owing to the chain-chain associations between collector molecules adsorbed at the SiO4 basal plane.

Consequently, the (001) planes of AlO6 are exposed, thus reducing the floatability of kaolinite (Xu et al., 2015). The basal plane of SiO4 exhibits a strong affinity for cationic collectors and is responsible for kaolinite flotation, whereas the AlO6 plane has limited interactions with cationic collectors and remains hydrophilic (Yuehua et al., 2004). Thus, preliminary conditioning with starch does not impact kaolinite flotation because of two competing phenomena: hydrogen bonding between the hydroxyl groups of starch and alumina tetrahedron and repulsion between anionic starch molecules and negatively charged basal planes of the silanol surface (Ma and Bruckard, 2010).

Oleate did not promote the flotation of pure kaolinite at pH 10. At pH 7.5, it could enable flotation of approximately 20% of the kaolinite at a dosage of 300 g/t. Owing to the anisotropic structure of kaolinite, the zeta potential on the surface of each plane varies differently in relation to the pH. The isoelectric point of the AlO6 face is between pH 6 and 8 and the same for the SiO4 face is observed at approximately pH 4 (Gupta and Miller, 2010). As oleate is an anionic collector, physical adsorption seems to occur at pH 7.5 because the surface charge of the AlO6 face in kaolinite is positive. However, the mass recovery is low (23%) at a dosage of 300 g/t.

At pH 10, no flotation occurred owing to physical adsorption because of the high hydroxyl ion concentration. Thus, the amidoamine at dosage of 300 g/t did not promote a significant kaolinite recovery to the floated product.

Quartz

The flotation kinetics curves for pure quartz obtained using each reagent are presented in Fig. 14. Etheramine (300 g/t) + Starch (1000 g/t)

Amidoamine (300 g/t)

The quartz recovery obtained when only using amine is considerably similar to the recovery obtained when using amine with starch, meaning that starch had virtually no depression effect on quartz flotation. Literature suggests that a lack of quartz depression does not mean that there is no adsorption of starch to the surface of quartz (Filippov et al., 2013).

Several authors reported starch adsorption on hematite and not on quartz surface [START_REF] Balajee | Adsorption mechanism of starches in flotation and flocculation of iron ores[END_REF][START_REF] Cooke | The effect of certain starches on quartz and hematite suspensions[END_REF][START_REF] Peres | Depression of iron oxides with corn starches[END_REF]. [START_REF] Pavlovic | Adsorption of starch, amylose, amylopectin and glucose monomer and their effect on the flotation of hematite and quartz[END_REF] showed a decrease in the floatability of quartz in the presence of starch while the flotation of hematite flotation was depressed. Moreover, the adsorption studies performed with different polysaccharides led to conclude about the starch adsorption on the hematite, quartz and other silicates [START_REF] Pavlovic | Adsorption of starch, amylose, amylopectin and glucose monomer and their effect on the flotation of hematite and quartz[END_REF][START_REF] Dogu | Separation of dark-colored minerals from feldspar by selective flocculation using starch[END_REF]Arol, 2004, Filippov et al., 2013). However, the starch adsorption on the quartz was difficult to confirm using the surface sensitive techniques, i.e., infrared spectroscopy. [START_REF] Pavlovic | Adsorption of starch, amylose, amylopectin and glucose monomer and their effect on the flotation of hematite and quartz[END_REF] suggested that the very intense IR absorption bands of quartz in the same wavenumber area where important carbohydrates bands occur makes the detection of the polysaccharides difficult. Severov et al.

(2013) and Filippov et al. (2013) agreed that hydrogen bonding is difficult to confirm from the IR spectra because starch molecules are capable of forming intramolecular hydrogen bonds.

However, analyzing the vibration band of the other involved groups (C-O stretch and C1/H deformation) they have proved the hydrogen bonding on the quartz from the FTIR spectra.

The amidoamine collector promoted quartz flotation. However, for the same collector dosage of 300 g/t, etheramine achieved a higher mass recovery. The mass recovery when only using etheramine was almost 100% after 6 min of flotation versus 88% recovery with amidoamine.

The results showed that at the dosages of 50 and 100 g/t no hematite was recovered to the floated product. Hematite started to report to the floated product at 200 g/t (1% recovery), with recovery reaching 12% when dosing 400 g/t of collector.

Flotation of mineral mixtures

Mixture: 85% hematite and 15% quartz

The flotation kinetics curves for the hematite-quartz mixture are presented in Fig. 15. The results presented in Fig. 15 agree with those available in the literature (Araujo et al., 2005) indicating that a depressant is necessary for quartz during direct flotation of hematite with oleate to obtain adequate selectivity in the concentration process. For recovering approximately 100% of the hematite in the froth product with oleate, a recovery of approximately 45% was achieved for quartz as well.

Similarly, a depressant was found to be required for hematite during quartz flotation using amine collectors to achieve adequate selectivity in the concentration process. When using only etheramine almost 100% of the quartz and 50% of hematite reported to the froth product.

The hematite recovery to the floated fraction by etheramine dropped to 3% upon the addition of starch. b.

The reverse flotation of quartz using amidoamine reported satisfactory results without the addition of starch. This collector enabled 100% recovery of quartz to the floated fraction, whereas approximately 94% of the hematite was not floated. One of the possible reasons for the rejection of approximately 6% iron content when using amidoamine in the flotation process may be due to hematite dragging in the froth during the flotation of quartz (entrainment and entrapment).

A considerable selectivity was attained by using amidoamine as collector without any depressant. The starch has an unselective flocculation effect of particles under 5 μm (Weissenborn et al., 1995). In conventional operations of iron ore beneficiation by flotation, the flotation feed is deslimed to remove the 10 μm fraction prior to flotation (Filippov et al 2014), thus the unselective flocculation effect of starch does not affect the flotation selectivity.

Contrary to what occurred in this study, where the pure mineral samples used for the flotation tests were not deslimed. Therefore, it could be stated that by using amidoamine, additionally to eliminating the necessity of a depressant agent in the reverse flotation of iron ore may as well eliminate the necessity of having a desliming stage before the flotation process.

Fig. 16 shows that higher specific dosages (g/t SiO2) of amidoamine improved the recovery of quartz, reaching 100%. The results of the flotation tests conducted for a mixture of pure minerals indicate that is possible to obtain selective flotation of quartz in the reverse approach without a depressant. However, to reach the same recovery level as that achieved using the amine collector, it is necessary to use a higher dosage of amidoamine than etheramine.

Figure 16 -Quartz recovery using amidoamine on pure quartz sample and in hematite-quartz mixture at pH 10.

Mixture: 85% hematite and 15% kaolinite

The flotation kinetics curves for the hematite-kaolinite mixture are presented in Fig. 17. Regarding the direct flotation of hematite with oleate, at pH 10, approximately 95% hematite and (Fig. 17a) 16% kaolinite were recovered (Fig. 17b). The oleate collector showed good selectivity, indicating the possibility of direct flotation (considering the hematite/kaolinite composition) without using depressants.

In the reverse flotation of kaolinite with etheramine without a depressant, 57% of the kaolinite mass was floated (Fig. 17b), whereas approximately 7% of hematite mass was floated (Fig. 17a). The use of starch reduced kaolinite recovery to 43% to the floated fraction (Fig. 17b), maintaining the hematite recovery at 7% (Fig. 17a).

The results obtained for the flotation of pure hematite and hematite-kaolinite mixture using the etheramine collector are shown in Fig. 18.

The recovery of iron oxide reduced from 68% to approximately 7% in the presence of 15% kaolinite. The presence of kaolinite appears to inhibit the cationic flotation of hematite by the etheramine. As mentioned previously, the SiO4 face on kaolinite is capable of adsorbing etheramine, but the flotation of kaolinite is hampered by an anisotropy in its structure.

When compared to pure kaolinite flotation, the kaolinite recovery after 6 min of flotation showed an increase from 51% (pure kaolinite flotation) to 57% (kaolinite flotation in the hematite-kaolinite mixture), as shown in Fig. 19. However, although the total collector dosage was the same in both tests, the specific dosage of the collector (g/t kaolinite) varied from 300 g/t (pure kaolinite sample) to 2000 g/t (hematite-kaolinite mixture).

For the results obtained using amidoamine with the hematite-kaolinite mixture, the same results as those obtained in the pure mineral flotation tests were obtained; that is, the amidoamine collector did not float kaolinite and hematite at a dosage of 300 g/t. Ethermine (300 g/t) Etheramine (300 g/t) + Starch (1000 g/t) Oleate (300 g/t) Amidoamine (300 g/t)

a. Figure 19 -Kaolinite recovery in the flotation tests using kaolinite and hematite-kaolinite mixture using etheramine collector.

Infrared measurements

Three types of samples were analyzed: 1) pure amidoamine, 2) pure minerals (hematite, quartz and kaolinite), and 3) minerals after the addition of amidoamine. Fig. 20 shows the FTIR spectra obtained for amidoamine N- propyl]dodecanamide. The FTIR spectra obtained for hematite, quartz, and kaolinite, before and after the interaction with three distinct dosages of the amidoamine collector are presented in Figs. 21, 22 and 23 respectively.

The characteristics bands (cm -1 ) identified for the amidoamine collector (Fig. 20) were: 3307,3081,2921,2852,2814,2763,1640,1548,1466,1377,1263,1042,840,720.

The spectra obtained for the amidoamine collector showed two main domains of absorbance (Fig. 20). The first domain is located between 2700 and 3300 cm -1 (Tables 6 and7), characteristic of the C-H and NH bond vibrations. The four peaks at 2852 cm -1 , 2921 cm -1 , 2956 cm -1 , 2814 cm -1 respectively correspond to the asymmetric elongation vibrations of the group (νs(CH2)), (νas(CH2)), (νas(CH3)) in the hydrocarbon chain and the symmetric stretching (νs(CH)) of carbon bound to nitrogen (C-H)-N. The peaks at 3307 and 3081 cm -1 corresponds to the stretching and harmonic vibration of NH of amidoamine collector respectively.

The second domain is located between 1640 and 600 cm -1 . In this region, the FTIR spectra showed a strong absorption band at 1640 cm -1 , which is characteristic of C = O amide.

The peak 1548 correspond to the angular deformation of NH while the peak at 1466 cm -1 to asymmetric bending of CH3 + scissoring (in-plane symmetric bending) of CH2 and 1377 cm -1 -symmetric bending of CH3. After interaction with amidoamine, new bands at around 2921 and 2852 cm -1 for kaolinite, around 2923 and 2852 cm -1 for quartz and 2923 and 2852 cm -1 for hematite were assigned to the stretching bands of -CH3 and -CH2 groups in amidoamine when the concentration of the collector increases (Table 7). The bending and stretching vibration of N-C bonds of amidoamine appeared at 1466 cm -1 for kaolinite and 1466 cm -1 for quartz, respectively.

Figure 20 -The FTIR spectra obtained for the amidoamine N- propyl] dodecanamide collector. 

Adsorbance

Wave length (cm-1) Amidoamine Figure 21 -FTIR spectra of hematite before (1) and after interaction with amidoamine (2, 3, and 4).

Figure 22 -FTIR spectra of quartz before (1) and after interaction with amidoamine (2, 3, and 4). values where both two mineral surfaces display negative charges. Fig. 24 shows the amidoamine N- propyl]dodecanamide chemical structure.

The amidoamine N- propyl]dodecanamide molecule structure has a bond between the methyl and amine groups in the hydrophilic head of this reagent, which significantly increases the volume of the polar head in comparison with those of more conventional cationic collectors such as etheramine and makes this molecule more susceptible to steric hindrance effects (Fig. 24). Similar effects were demonstrated and reported previously by Filippov and co-workers when an aliphatic iso-alcohol reagent was used in combination with anionic collectors for calcium minerals flotation [START_REF] Filippov | Synergistic effects in mix collector systems for non-sulfide mineral flotation[END_REF][START_REF] Filippova | Synergetic effect of a mixture of anionic and nonionic reagents: Ca mineral contrast separation by flotation at neutral pH[END_REF][START_REF] Filippov | The role of a fatty alcohol in improving calcium minerals flotation with oleate[END_REF] and with cationic collectors for reverse iron ore and silicates flotation (Filippov et al., 2010;[START_REF] Filippov | Selective flotation of silicates and Ca-bearing minerals : the role of non-ionic reagent on cationic flotation[END_REF][START_REF] Filippov | Flotation process for recovering feldspar from a feldspar ore[END_REF]. The results obtained in our work agree with the effect demonstrated by Liu et al. on the reverse flotation of quartz and hematite in relation to the performance of a collector with high steric hindrance (Liu et al., 2020). The results reported show that the increase in the steric hindrance improves the selectivity in relation to the cationic reverse flotation of these minerals.

The infrared spectra presented in Figs. 21 to 23 showed no difference in the adsorption behavior of the amidoamine collector at a low concentration of 10 -4 M/L, what is consistent with the zeta potential measurements (Fig. 8).

The intensity of peaks related to the stretching bands of CH3 and CH2 is the same or slightly higher on the hematite than in quartz and kaolinite. However, the peaks intensity increases significantly on the quartz and kaolinite for the concentration of 5.10 -3 M/L of the collector (Figs. 22 and 23), pointing to a higher quantity of adsorption of the collector on silicate minerals, such does not occur for hematite (Fig. 21). This difference in adsorption behavior is responsible for the selective flotation of quartz from hematite.

For quartz and kaolinite, the more intense peaks may be explained by the specific adsorption on the more negatively charged silicate minerals surface defined by the silica tetrahedron.

Since for this amidoamine collector the structure of the adsorption layer is controlled by the collector concentration, there is a hindrance effect for hematite. Such hindrance effects can be caused by characteristic as for example, molecular arrangements or interactions promoted by hydrogen bonding and/or electrostatic forces.

An increase in collector concentration leads to the increased quartz recovery due to the increased quantity of the collector deduced from the higher peak intensity (Fig. 16), while the flotation of hematite does not occur or is very low (Fig. 15a). However, the flotation behavior of kaolinite is similar to those of hematite while the CH3 and CH2 peaks intensity is similar to the spectrum of quartz. The high specific surface area coupled with double sheet structure may be an explanation for this behavior (Ma and Bruckard, 2010;Xu et al., 2015).

Conclusions

Contact angle measurements showed no significant hydrophobization of the hematite surface with N- propyl] dodecanamide, despite the zeta potential studies showed a certain level of adsorption of this amidoamine on the hematite surface. The flotation studies corroborated with the interpretation made from the contact angle measurements by showing a low floatability for hematite and kaolinite while a total flotation of the quartz was observed.

The infrared spectroscopy results showed that an increase in amidoamine concentration did not result in a significant variation in peak intensity (stretching bands of CH3 and CH2) for hematite while the peaks intensity on the quartz and kaolinite were increased significantly.

The most adequate hypothesis for the mechanism responsible for the selective flotation of quartz with N- propyl]dodecanamide (without starch) is a hindrance effect due to the intermolecular interactions controlled by the collector concentration.

The new amidoamine collector was able to promote a selective flotation of quartz from hematite without a depressant agent, such as starch. Therefore, this reagent can be an advantageous alternative to conventional amines, currently used in reverse cationic flotation of iron ores.

Understanding the adsorption mechanism of this specific amido-amine may contribute to the development of a new class of collecting reagents, more effective for reverse iron ore flotation, reducing or eliminating the need for the depressant reagent, also contributing to a decrease of iron loss to tailings. 
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Introduction 1.Nomenclatures and abbreviations

In this study, the following nomenclatures / abbreviations were adopted:

• CC -Collector-collector • CM -Collector-mineral • CMD -Classical Molecular Dynamics • D1 -Domain 1 • D2 -Domain 2
• ECC -Collector-collector interaction energy

• ECM -Collector-mineral interaction energy

• HB -Hydrogen Bond • H -Hematite • Q -Quartz • MD -Molecular Dynamics • STD -Standard Deviation
• Etheramine -3-dodecoxypropan-1-amine, also known as Laurixamine.

• Amidoamine -N- [3-(dimethylamino)propyl]dodecanamide, also known as Lauramidopropyl dimethylamine

Development of new more selective collectors in the iron ore flotation

The cationic reverse flotation of quartz is one of the most common techniques for the concentration of iron ores by flotation (Araujo et al., 2005;Filippov et al., 2014). The first applications of reverse cationic flotation relied upon the usage of fatty amines, later replaced by the more efficient etheramines. The adsorption mechanism involved in the cationic flotation of quartz is governed by electrostatic interactions between the mineral surface and the collector's polar head. Since this type of flotation was adopted in the iron ore plants, no significant advances were observed in the reverse cationic flotation and, to obtain selectivity in the process containing quartz and hematite, polysaccharides as depressants for iron-containing minerals are used (Filippov et al., 2014).

The two main reasons for iron loss to the froth in reverse cationic flotation are the entrainment (hydrodynamic dragging) and true flotation. Loss by true flotation is majorly attributed to failures in the conditioning processes of the target iron minerals by starch [START_REF] Nykänen | True flotation versus entrainment in reverse cationic flotation for the concentration of iron ore at industrial scale[END_REF].

The separation efficiency in iron ore flotation decreases when part of the gangue minerals is composed by Fe/Mg bearing silicates. This loss of selectivity occurs because these gangue minerals have surface properties similar to iron oxides in the cationic flotation process, making the depressants non-selective (Filippov et al., 2010;Filippov et al., 2013;Severov et al., 2013;Veloso et al., 2018). Thus, the development of more selective collectors, capable of reducing or eliminating the need for the use of depressant reagents, can contribute to increase the metallurgical recovery and the quality of the product in the current beneficiation plants and in new projects aimed at more complex ores. Quartz and hematite's symmetry do not present a perfectly weaker plane, so they cleave in many different positions. The planes (100) or ( 010) and ( 101) of quartz and (001) of hematite are usually considered the most common. These facets present yet different possible terminations [START_REF] Liu | Surface acidity of quartz: Understanding the crystallographic control[END_REF][START_REF] Lützenkirchen | Structure-charge relationship -The case of hematite (001)[END_REF]. Hematite (001) possesses mainly two coexistent distinct surface stoichiometries which differ mainly by the exposed atoms [START_REF] Kiejna | Mixed termination of hematite (α-Fe2O3)(0001) surface[END_REF][START_REF] Lützenkirchen | Structure-charge relationship -The case of hematite (001)[END_REF][START_REF] Tanwar | Fe(II) adsorption on hematite (0 0 0 1)[END_REF][START_REF] Trainor | Structure and reactivity of the hydrated hematite (0001) surface[END_REF]. When the surface presents an oxygen termination it is called Domain 1 (D1), often represented by (O3-Fe-Fe-R); it has an analogue crystal structure to that of the alumina face of kaolinite, characterized by doubly coordinated hydroxyl ions.

When the surface presents an iron termination it is called Domain 2 (D2), that when exposed to the environment is immediately coordinated by water. This surface is often represented by (O3-Fe-O3-R) or (Fe-O3-Fe-R). The literature emphasizes their difference in pH response, while the D2 surface develops charges, the D1 surface is almost inert in a wide range of pH values [START_REF] Lützenkirchen | Structure-charge relationship -The case of hematite (001)[END_REF]. [START_REF] Liu | Surface acidity of quartz: Understanding the crystallographic control[END_REF] studied the acid-base characteristics of quartz. The (100) surface of quartz has two possible terminations denoted Alpha (α) and Beta (β). The α termination contains only Q2 Si and therefore, geminal silanols. The β termination contains Q3 Si, and vicinal silanols. Each type of silanol has a different pKa value, so that as pH increases, the silanols on the (100)-β surface first dissociate, and then the germinal silanols on the (100)-α surface and the silanols on (101) facets.

Amidoamine Flotinor 5530

Amidoamines are substances that contain one or more amide groups as well one or more amine functions (Friedli, 1990). The amidoamine studied in this work is the Flotinor 5530, designed by Clariant, synthetized from vegetable sources. Flotinor 5530 (200 g/t), at pH 10.5, to achieve a final concentrate containing 62.3% Fe, 3.3% SiO2 and Fe recovery up to 93.2% (feed with 45.2% Fe, 28.6% SiO2). The addition of starch (1152 g/t) did not significantly alter the results obtained when only dosing Flotinor 5530. With the addition of starch, the concentrate obtained had a Fe and SiO2 grade of 62.5% and 4.7%, respectively. These results show that, contrary to conventional amines, the studied amidoamine collector (Flotinor 5530), concerning the iron ore slimes flotation, did not require the action of an iron depressant such as starch to inhibit iron loss by true flotation (Matiolo et al., 2020;[START_REF] Filippov | Iron ore slimes flotation tests using column and amidoamine collector without depressant[END_REF]. The authors also showed that the results obtained with amidoamine are competitive with those obtained by the conventional reverse cationic route (amine with iron depressant). When using etheramine and starch the best concentrate grade obtained was 59.2% Fe, 5.8% SiO2 with a recovery of 71.5% Fe.

The works presented by these authors show the possibility to concentrate iron ore slimes, without the employment of depressant agent to inhibit the flotation of target iron oxide minerals but did not aim to explain the interaction mechanism between the amidoamine collector with the minerals present in the samples (e.g., interactions with hematite and quartz).

In other words, there is a knowledge gap in terms of the mechanism of adsorption of this collector and the reason for its selectivity. To tackle this knowledge gap, molecular simulations were done and presented in this study with the goal of explaining the differences between a more conventionally used silicate collector (etheramine) and the amidoamine Flotinor 5530, to contribute to the understanding of the mechanism of adsorption of each type of collector.

Hydrogen bonds, interaction energies and spatial arrangement of these collectors, both at infinite dilution adsorption and in adsorption layers were analyzed to understand the causes, at a molecular level, of the selective iron ore slimes flotation performance of the reported amidoamine.

The main molecule that constitutes the reagent Flotinor 5530 is Lauramidopropyl dimethylamine, better known as N- [3-(dimethylamino)propyl]dodecanamide (molecular formula C17H36N2O) and its chemical structure model is shown in Fig. 1. Budemberg (2016) studied the use of amidoamines in iron ore flotation, but these studies were carried out with starch and were not intended to develop a new depressantless flotation process, but rather to find new collectors in conventional iron ore flotation. The studies were carried out with ore from the Alegria mine, in the Iron Quadrangle region (Brazil). One of the amidoamines tested was N- [3(dimethylamino)propyl]dodecanamide. Bench scale flotation test results using this amidoamine were very similar to those obtained with a standard reagent (ether monoamine), but the amidoamine dosage was higher than the standard collector to obtain similar results. The different minerals and surface terminations present different types of surficial groups, crystal structure, charging states and molecular surface roughness. These characteristics can help explain the action of flotation reagents [START_REF] Cao | Effects of grinding media on the flotation performance of cassiterite[END_REF][START_REF] Leal Filho | Molecular modelling of reagents for flotation processes[END_REF]Liu et al., 2021a,b). This can be well evaluated by using computational methods. Molecular modeling has been extensively used in recent years for the understanding of key mechanisms of mineral related processes. The different computational approaches can prove very impacting for determining all sorts of bulk and interfacial phenomena [START_REF] Foucaud | A review of atomistic simulation methods for surface physical-chemistry phenomena applied to froth flotation[END_REF]. Molecular Dynamics (MD) is a computational simulation method which describes the solution of Newton's equations of motion for a set of molecules [START_REF] Allen | Computer simulation of liquids[END_REF]. The equations are numerically integrated into small time intervals and the forces of interaction between the particles are calculated. In classical molecular dynamics (CMD), these interactions come from expressions called force fields, which define the energetic potential in the particle system. All sorts of energetic, dynamic and structural information can be obtained from the results of such simulations. Many studies in recent literature have used such techniques to investigate flotationrelated phenomena with success [START_REF] Filippov | New reagent formulations for selective flotation of scheelite from a skarn ore with complex calcium minerals gangue[END_REF][START_REF] Foucaud | A review of atomistic simulation methods for surface physical-chemistry phenomena applied to froth flotation[END_REF][START_REF] Foucaud | Molecular Insight into Fatty Acid Adsorption on Bare and Hydrated (111) Fluorite Surface[END_REF][START_REF] Leal Filho | Molecular modelling of reagents for flotation processes[END_REF]Liu et al., 2020b;[START_REF] Rai | A molecular dynamics study of the interaction of oleate and dodecylammonium chloride surfactants with complex aluminosilicate minerals[END_REF] and this field of literature has been growing exponentially [START_REF] Foucaud | A review of atomistic simulation methods for surface physical-chemistry phenomena applied to froth flotation[END_REF]Silva et al., 2021b). Among the most important adsorption properties that can be measured in MD simulations are hydrogen bonding, spatial arrangement and interaction energies.

Methodology

Measurement of the pKa

The pH point at which the concentration of ionic and molecular species is equal defines the pKa value. This work aims to explain the main adsorption mechanism for the amidoamine Flotinor 5530 at pH close to 8.5 and to 10.5, therefore it is necessary to determine the pKa for this reagent to know the species predominant at each pH studied.

The pKa value for the etheramine was evaluated by Filippov and co-workers to be slightly lower than for primary amine but close to 10 (Severov et al., 2016).

The pKa of amidoamine was determined using the methodology proposed by Mhonde (2016). Thus, potentiometric acid-base titrations of the collector solution with a NaOH titrant solution were performed and the curve of the first derivative (ΔVolume of NaOH/ΔpH) was plotted by pH (Fig. 2). The point on the pH axis with the highest peak on this curve represents the approximate pKa value.

The pKa measurements of Flotinor 5530 were performed in triplicate and the average value obtained was 8.2. Therefore, at pH 10.5, the molecular (neutral) species are predominant for this reagent, while at pH 8.5 the speciation is close to 50% neutral and 50% cationic (protonated). 

Systems Modeling

The chemical structures of the collectors were drawn and pre-optimized in Avogadro [START_REF] Hanwell | Avogadro: an advanced semantic chemical editor, visualization, and analysis platform[END_REF]. As said before, the amidoamine studied here is N- [3-(dimethylamino)propyl]dodecanamide (molecular formula C17H36N2O) and the etheramine is 3-dodecoxypro-pan-1-amine (molecular formula C15H33NO). Minerals' unit cells and general information were obtained from Crystallography Open Database (COD) (2020), Mineralogy Database (2020) or Mindat.org-Mines (2020). Fig. 3 shows the crystal structures of Hematite (H) [START_REF] Blake | Refinement of the Hematite Structure[END_REF] and Quartz (Q) [START_REF] Levien | Structure and Elastic Properties of Quartz at Pressure[END_REF]. The cells were then multiplied and cleaved as described in Fig. 3 Two studies were conducted in parallel to tackle two fundamental aspects of collector action (Fig. 4), which are, physically speaking: the adsorption of collectors at minerals surfaces and the development of a stable adsorption layer. At the first stage, called Study 1, a single collector molecule/cation was simulated at the solid-liquid interface to measure collector-surface affinity at varying degrees of surface charging, varying from neutral to 25% ionized which is based on the observation that quartz is approximately at this ionization degree at a pH close to 10.5 [START_REF] Emami | Force Field and a Surface Model Database for Silica to Simulate Interfacial Properties in Atomic Resolution[END_REF][START_REF] Lowe | Calculation of surface potentials at the silica-water interface using molecular dynamics: Challenges and opportunities[END_REF]. These simulations account for the different microstates these mineral surfaces can present, since not always the surface charge developed with pH will be perfectly homogenous across the surface domains.

At the second stage, called Study 2, 30 reagent molecules/cations were assembled over the mineral surface to study the stability of the adsorption layer. Protonation states were defined in such a way to simulate pH close to 8.5 and 10.5. This number of molecules/cations was chosen after tests because it is close enough to a state of a perfect adsorption monolayer of classic surfactants [START_REF] Dynarowicz-Latka | Modern physicochemical research on Langmuir monolayers[END_REF][START_REF] Ganguly | Role of tail-tail interactions versus headgroup/subphase interactions in the pressure-area isotherms of fatty amines at the air-water interface. 1. Influence of subphase acid counterions[END_REF][START_REF] Wood | Comparative Adsorption of Saturated and Unsaturated Fatty Acids at the Iron Oxide/Oil Interface[END_REF]. Thus, in order to understand the predominant adsorption mechanism for each type of reagent, for the sake of simplicity, amidoamine was considered only in the neutral state at pH 10.5 and at 50%/50% neutral/cation proportion at pH 8.5, while etheramine was considered fully protonated at pH 8.5 and a mixture of 50% neutral and 50% cationic at pH 10.5, since amines in general have a higher pKa [START_REF] Scott | Diamine Flotation of Quartz[END_REF] than amidoamine studied in this work (8.2). Rectangular boxes were modeled under 3D periodic boundary conditions (PBC). The mineral surfaces, collector molecules/cations, 1000 water molecules and Na + and Cl -counter ions, when needed, were assembled into the simulation systems using GEMS-Pack [START_REF] Silva | GEMS-Pack: A Graphical User Interface for the Packmol Program[END_REF] and PACKMOL [START_REF] Martínez | PACKMOL: A package for building initial configurations for molecular dynamics simulations[END_REF]. Fig. 5 shows the general scheme of the interfacial systems.

Figure 5 -General schemes for the two types of systems used in MD simulations.

Molecular Dynamics Simulations

The SPC [START_REF] Berendsen | The missing term in effective pair potentials[END_REF], CVFF [START_REF] Dauber-Osguthorpe | Structure and energetics of ligand binding to proteins: Escherichia coli dihydrofolate reductase-trimethoprim, a drug-receptor system[END_REF] and CLAYFF [START_REF] Cygan | Molecular Models of Hydroxide, Oxyhydroxide, and Clay Phases and the Development of a General Force Field[END_REF][START_REF] Kerisit | Water structure at hematite-water interfaces[END_REF] force fields were used to model these interfacial systems. They use an energy expression based on intramolecular bonded terms (bonds, angles, dihedrals) and non-bonded terms (electrostatics and van der Waals); these are described by Equations 1-3:

𝐸 𝑡𝑜𝑡𝑎𝑙 = 𝐸 𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 + 𝐸 𝑣𝑑𝑊 + 𝐸 𝑖𝑛𝑡𝑟𝑎𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 (1)
Where Etotal is the total potential energy, Ecoulombic is the electrostatic energy, EvdW is the Van der Waals energy and Eintramolecular is the sum of intramolecular energy terms. The electrostatic energy is given by Coulomb's law:

𝐸 𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 = 𝑒 2 4𝜋𝜀 0 ∑ 𝑞 𝑖 𝑞 𝑗 𝑟 𝑖𝑗 𝑖 * 𝑗 ( 2 
)
Where rij is the distance between atoms i and j, qi and qj are their atomic charges, e is the electron charge, ε0 is the dielectric permittivity of vacuum. The Van der Waals energy is given by the conventional Lennard Jones potential, which is composed of a short-range nuclear repulsion term and an attractive London dispersion term:

𝐸 𝑣𝑑𝑊 = ∑ 𝐷 0,𝑖𝑗 [( 𝑅 0,𝑖𝑗 𝑟 𝑖𝑗 ) 12 -2 ( 𝑅 0,𝑖𝑗 𝑟 𝑖𝑗 ) 6 ] 𝑖 * 𝑗 (3) 
Where Do,ij and Ro,ij are the energy and distance parameters of the Lennard Jones potential. Standard Lorenz-Berthelot combination rules, 12 Å cutoff for Lennard Jones interactions and PPPM method for long range electrostatics were used. The CLAYFF model does not include specific typing and charges for ionized mineral groups. As such, a specific strategy was needed to describe the states of surface deprotonation. For this, the following methodology was used: when deprotonating an OH group (removing H atom), a charge deficiency of -0.425 is created, and it is necessary to complete this negative charge with -0.575 to reach the charge of -1.00e. That extra charge was then redistributed between the deprotonated O-and the two closest neighboring bonded atoms. This strategy was based on that of [START_REF] Butenuth | Ab initio derived force-field parameters for molecular dynamics simulations of deprotonated amorphous-SiO2/water interfaces[END_REF], who studied deprotonated silica surfaces, with the difference of redistributing the charge in a weighted way among neighboring atoms. Here, for simplicity, the redistribution was homogeneous, similar to the methodology of [START_REF] Garley | Adsorption and Substitution of Metal Ions on Hydroxyapatite as a Function of Crystal Facet and Electrolyte pH[END_REF], in which they redistributed charges of neighboring oxygen according to ion substitution).

Molecular dynamics simulations were carried out using LAMMPS (Plimpton, 1997).

The simulations were performed in the canonical ensemble NVT (constant number of particles, volume and temperature) at 298 K using the Nosé-Hoover thermostat [START_REF] Evans | The Nose-Hoover thermostat[END_REF].

The SHAKE algorithm [START_REF] Ryckaert | Numerical integration of the cartesian equations of motion of a system with constraints: molecular dynamics of n-alkanes[END_REF] was used to freeze bonds to hydrogens and the water and hydroxyl angles. This procedure enables increasing the time step dt from 1 fs to 2 fs.

A total simulation time of 6 ns (3x10 6 steps) for Study 1 and of 8 ns (4x10 6 steps) for Study 2

were used by means of the following protocol:

• Minimization: optimization of the initial geometry to relax to a point of minimum local energy. A cascade of methods in the form Steepest Descent → Conjugate Gradients → Newton → Steepest Descent was used, starting from a convergence criterion of 1.0e-10 and ending at 1.0e-20 , for forces and energies.

• Thermalization: First stage of molecular dynamics; a temperature ramp takes the system gradually from 150 K to the target temperature of 298 K over 2000 ps (106 steps).

• Equilibration: The system adapts to the objective temperature and relaxes, coming into equilibrium for another 2000 ps.

• Production: After equilibration, another 2000 ps (Study 1) or 4000 ps (Study 2) of simulation were used to sample the properties to be measured.

Analysis

Avogadro [START_REF] Hanwell | Avogadro: an advanced semantic chemical editor, visualization, and analysis platform[END_REF], VMD [START_REF] Humphrey | VMD -Visual Molecular Dynamics[END_REF], TRAVIS [START_REF] Brehm | TRAVIS-A free analyzer for trajectories from molecular simulation[END_REF][START_REF] Brehm | TRAVIS -A free analyzer and visualizer for monte carlo and molecular dynamics trajectories[END_REF] and in-house scripts (developed by CETEM/Labmol -Molecular Modeling Laboratory) were used for visualization, manipulation, and further analyses. The analysis methodology was based on the evaluation of collector-mineral interaction energies (ECM), collector-collector interaction energies (ECC), 1-D concentration profiles perpendicular to the surface, ρ(z), hydrogen bond (HB) analysis and angular distribution of adsorbed collectors.

For Study 1, the interaction energies were used to calculate selectivity indexes of the form E_QTZ/E_HEM and (E_QTZ -E_HEM)/E_QTZ . It was evaluated a general average case, using the average of ECM for each collector with hematite (EHEM) and quartz (EQTZ) and also worst and best-case scenarios, in which the values of EQTZ and EHEM were chosen from four groups, respective to the four types of surfaces, namely Q (100)-α, Q (100)-β, H (001)-D1 and H (001)-D2. In best-case scenarios the lowest (more negative, more favorable) average value of ECM out of Q (100)-α and Q (100)-β, and the highest value between H (001)-D1 and H (001)-D2 were chosen. In the worst-case scenarios, the highest value for quartz was used together with the lowest value of hematite. This was done separately for the cases of pH ~ 10.5 and pH ~ 8.5.

Results

Study 1 -Single collector adsorption

It is noticeable that some of the collectors were transferred to the liquid-vapor interface, even though they were placed at the solid-liquid adsorption position a priori. This result shows that, for these cases, the adsorption on the mineral has a weak driving force, so that it does not persist even though it was forced at first. The cases in which such a phenomenon occurred were for neutral etheramine at quartz (100)-β -(0e), quartz (100)-α -(-1e) and hematite (001)-D2 -(0e) as shown by Figure 6-a-c.

It is possible to infer, at least qualitatively, that etheramine in neutral form, in general, tends to be more at the liquid-vapor interface than in solution or at the solid-liquid interface.

Such result is in line with a classic flotation heuristic that says that operational pH  collector's pKa is optimal because the cationic half acts as collector, while the neutral half acts as frother [START_REF] Drzymala | Classification of Flotation Frothers[END_REF][START_REF] Kapiamba | The effects of partially replacing amine collectors by a commercial frother in a reverse cationic hematite flotation[END_REF]Matos et al., 2021;[START_REF] Zhou | Frothing Properties of Amine/Frother Combinations[END_REF]. This aspect related to the liquid-vapor interface can be further explored in relation to the frothing properties of collector reagents.

Table 1 presents Amidoamine, in neutral form, shows more attraction for surfaces than neutral etheramine, mainly for quartz surfaces. Charged surfaces strongly adsorbed the protonated collectors, as expected, by the electrostatic driving force. Their main adsorption configurations are shown in Fig. 6 d-i. This fact is even more evident in the simulated systems with higher It is worth noting that, the amidoamine in neutral form interacts favorably with quartz and that behavior is increased with higher surface ionization. Such behavior seems contradictory since there is no net charge electrostatic driving force. In fact, if electrostatics were to play an important role, would be by repulsion, since the strongest partial charges of the amidoamine are in its carbonyl and tertiary amino groups, both of negative sign (-0.38 in O and -0.66 in N). Furthermore, such groups are highly hydrophilic, and do not favor from leaving their water coordination to coordinate to the surface hydroxyls most of the time. We can only infer that the main force that drives the neutral amidoamine binding to quartz is the van der Waals force. In fact, by inspecting the trajectory results, we observed in the adsorption modes shown in Fig. 6-f-i that most of the amidoamine-quartz contact is made by the hydrocarbon portion, especially the methyl groups of the amidoamine head as in Fig. 6-f.

Study 2 -Adsorption Layer Stability

Interaction Energies

The results show that, while ECM is stronger for etheramine, ECC favors neutral amidoamine and is highly repulsive for the cases presenting cationic species. Since the adsorption layer of etheramine is composed of neutral molecules and cations at pH ~ 10.5 and mainly of cations at pH ~ 8.5, the latter repel each other, while for neutral amidoamine (pH ~ 10.5) they attract each other not only by vdW tail-tail interactions, but mostly because of amide groups HBs as shown later in the text. Even at pH ~ 8.5, in which there is 50% cationic amidoamine, the collector-collector repulsion is weaker in quartz than it is for etherammonium.

As already observed in the previous section, etherammonium, followed by protonated amidoamine, binds better to the negatively charged quartz surfaces because of electrostatic attraction, and this also reflected in the ECM interaction energy calculated in this section.

An important observation is that protonated amidoamine interacts less intensely with hematite and more strongly with quartz than the etherammonium. This may be related to a steric hindrance due to the combination of the bulky group of the amidoamine head with the coordinating water on hematite-(D2) surface, as will be shown in following sections. Table 3 shows the summary of these interaction energies, which account for the total interaction energy (coulomb and vdW). Figure 7 shows the concentration profiles along the surface normal vector, ρ(z) (direction z). They show that etheramine/ammonium adsorb by the charged polar head, as expected. It also shows that there is inversion of these collectors at the adsorption layer.

Etheramine population is majorly inverted at Quartz (100)-α and display less inversion at the other surfaces.

Etherammonium, on the other hand, displays significative inversion in all cases, and this phenomenon is more pronounced for hematite cases, as seen by the height and width of the peaks (red and dark red curves). An important finding is that amidoamine also adsorbs mostly by the head, not the amide group. That is actually consistent with the fact that the dominating character of the amide group is associated with the highly electronegative carbonyl group.

It is noticeable that both quartz surfaces show similarity between their peaks of collector's head group at pH ~ 10.5 (dark blue and dark red curves), both high and near peaks, while hematite (100)-D2 shows a difference of ~ 3.5 Å between etherammonium and amidoamine head peaks. This difference is due to a shielding effect promoted by hematite's coordination water groups at the surface that hinder the approximation of weak adsorbates and even of charged amidoamine.

Quartz (100)-α shows the broadest headgroup peaks which is probably related to its more irregular surface, denying homogeneous surface accessibility to the collectors.

For the results of pH ~ 8.5, we can note that protonated amidoamine also presents significative inversion. The peaks of their protonated head group (dark green curve) are more distant to the surface than etherammonium headgroup at hematite D2, but closer at both quartz surfaces. Once more, coordinating water shields amidoamine, even in cationic form, mostly because its head group is too large to penetrate the water layer.

The head groups peak followed by the middle chain groups peak represents a more organized adsorption layer. This is observed in all cases for neutral and protonated amidoamine and for etherammonium. For etheramine, the head and middle group profiles are overlapping (yellow and dark yellow curves), which indicate a very disordered structure and the formation of hydrogen bonds between the ether and amine groups in the middle of the adsorption layer, as will be shown further in the text. 

Surface Normal Angle Profiles

The angular distribution profiles in Figure 8 show that amidoamine is much closer to an angle perpendicular to the surface than etheramine since it is closer to 0, distancing from the surface normal vector. The neutral etheramine shows a very dispersed profile, while the cationic form presents an inversion, part of the cations is pointing towards the surface and part towards the solution.

That behavior is seen for all cationic species. The disorganization of neutral etheramine entails less adsorption layer stability while the inversion of etherammonium generates a less hydrophobic character, two factors that hinder flotation. Neutral amidoamine profiles display much less dispersion and virtually no inversion.

Summarizing, by comparing the systems with 50/50 % of neutral/cation population (etheramine/etherammonium at pH 10,5 and amidoamine/amidoammonium at pH 8,5), we see that both collectors display significative inversion in their protonated form, but in neutral form, etheramine tends to be dispersed in very disorganized way, while amidoamine is organized and present low dispersion and almost no inversion.

Hydrogen Bonds

The hydrogen bond (HB) analysis shows that the amide group is responsible for establishing a stable HB network between the amidoamine molecules. While the tertiary amine head points toward the surface, the amide group, far by three carbons, connect to one another.

The amide hydrogen donates to the next molecule's amide oxygen, creating a continuous and organized framework. It stands out that etheramine/ammonium forms many HBs, but they are either at the mineral surface or at the solution interface, while amidoamine's HBs are mostly inside the collector layer. Fig. 9 shows the hydrogen bond structure in the simulated systems and Table 4 shows the HB counts. It is noteworthy that etheramine, especially when protonated, is a better HB donor than amidoamine. In fact, it forms more hydrogen bonds than the amidoamine molecules, but the crucial difference is that all HB donor potential is in the polar head, which is responsible for adhering to the surface. The etheramine topological equivalent functional group of the amide in amidoamine is the ether group, which is a HB acceptor that actually forms HBs with amine headgroups. But this HBs are not beneficial, since they require the amine/ammonium headgroups to be away from the surface, contributing to layer disorganization and inversion, as can be seen in Fig. 9. Also, as the adsorption layers form, there starts to exist a neighborhood of ether groups, which have negative partial charge and repel each other. Contrastingly, for amido-amine, as the layers start to form, the amide groups form HB to each other, creating the exact opposite type of interaction.

It is noticeable that surface OH groups act as HB donor to amidoamine head group nitrogen, which acts as HB acceptor. For etheramine/ ammonium, it is mainly the opposite, the head group acts more as HB donor and the minerals as HB acceptors. This behavior is noticeable when comparing Fig. 9-b and Fig. 9-e.

Quartz (100)-α surface entraps more water, especially with etheramine/ammonium. This entrained water finds easier access because of this surface's higher roughness and irregular topography. This water seeks to balance the high electrostatics in the interface. Hydrogen bonds color code by HB donor: water -cyan; non-water: oxygen -red, nitrogenblue. Atom color code: hydrogen -white, oxygen -red, nitrogen -blue, carbon -cyan, siliconyellow, iron -pink.

Conclusion

The molecular dynamics simulations showed the adsorption difference between etheramine and amidoamine.

The single collector adsorption simulations showed that amidoamine has a much higher affinity for quartz than for hematite, indicating selectivity.

The amidoamine N- [3-(dimethylamino)propyl]dodecanamide, in the neutral state (pH 10.5), presents sufficient mineral-collector interaction energy to start the adsorption process on the quartz surface. The amide group in this collector structure plays important role for the hydrogen bonding stabilization of the adsorption layer, thus the collector-collector interaction energy contributes to organize the amidoamine on the quartz surface.

The etheramine ether middle chain groups repel each other and cannot link themselves by hydrogen bonds at pH 10.5. To form HB and stabilize the adsorption layer, the amine/ammonium headgroups must escape the surface plane to act as HB donors for ether, and as such lose the same interaction, they would otherwise be developing with the surface atoms.

Thus, the etheramine does not have the same ability to organize itself on the mineral's surface, presenting much higher levels of inversion and disorganization, with the head facing the opposite direction of the mineral surface, towards the solution.

The selectivity behavior for the quartz-hematite system flotation with amidoamine can be explained by the combination of the "shield" formed by the coordinating water molecules on the surface D2 of the hematite with the large molecular volume of amidoamine head group, due the methyl bonded to nitrogen in the tertiary amine, generating steric hindrance and impairing the adsorption on hematite-(D2) surface, even considering the protonated amidoamine (pH 8,5).

In relation to etheramine, the neutral collector adsorption is impaired by the coordinating water on the hematite-(D2) surface, but the protonated molecule (etherammonium) can penetrate and bind on this surface due the electrostatic driving force.

Hematite-D1 barely shows any collector affinity when comparing to the other surfaces. Furthermore, the properties of the froth generated by this amidoamine and its effect on flotation also need to be investigated in further studies.

Changes in mineral surface characteristics due to aging and/or different textures contribute to explain some experimental behaviors, such as obtaining different degrees of recovery and selectivity in flotation in relation to the size distribution or lithology of iron ore, for example. Therefore, is also recommended that further simulations and analyzes be conducted to explore collector-collector interactions and collector adsorption behavior in other mineral planes, regarding the system quartz-hematite, mainly for hematite surfaces.

Chapter 5 -Improving recovery of iron using column flotation of iron ore slimes on a deep fundamental study of the collector-depressant mechanism interaction with the ironbearing and gangue minerals, especially in those ores with a high amount of alumina-containing minerals. Considerations about the effect of bubble generator device to flotation columns and its impact on the metallurgical performance are also discussed regarding to application at industrial scale to slimes concentration.

Introduction

Froth flotation has been established as an efficient method to remove impurities from iron ore in half a century's practice around the world. Reverse cationic flotation is currently the most widely used flotation route (Houot, 1983;Araujo et al., 2005;Ma et al., 2011;[START_REF] Ma | Froth flotation of iron ores[END_REF]Filippov et al., 2014). Brazil is the third largest producer of iron ore concentrates, yielding in 2017 around 453 million with 63.7% average iron grade (ANM, 2018) from which 60% are estimated to be produced by the froth flotation technology. According to [START_REF] Lima | The infrared spectra of amine collectors used in the flotatation of iron ores[END_REF], the most common route used by far for flotation of Brazilian itabirite ores was cationic reverse flotation, where quartz is recovered from the froth and iron oxides remaining in the pulp phase.

The typical feed to a flotation system in the iron ore industry consists of particles in the size range between 10 µm and 300 µm. The slimes fraction (< 10 µm) is removed using hydrocyclones prior to flotation and the top size is limited to 5-10% greater than 150 µm.

Flotation is performed in circuits consisting of mechanical cells, columns, or a combination of both types (Lima et al., 2016). Etheramines are employed as quartz collectors and gelatinized corn starch used as iron oxides depressants (Araujo et al., 2005). The reverse cationic flotation route was developed by the USBM in Minnesota and the importance of desliming before the reverse cationic flotation of iron ores was reported by Clemer in the 40s (Clemmer, 1947). A high grade of fines increases the required cationic collector dosage and reduces the selectivity.

However, iron metal losses in the desliming stage are very high which is a problem observed in iron ores treatment in India [START_REF] Thella | Recovering Iron Values From Iron Ore Slimes Using Cationic and Anionic Collectors[END_REF](Thella et al., , 2012;;[START_REF] Rao | Effectiveness of sodium silicate as gangue depressants in iron ore slimes flotation[END_REF][START_REF] Singh | Recovery of iron minerals from Indian iron ore slimes using colloidal magnetic coating[END_REF]Dey et al., 2015), Brazil (Rocha et al., 2010;Sales, 2012;[START_REF] Castro | Production of pellet feed from slimes[END_REF] and Russia (Filippov et al., 2010). In Brazil, the generation of iron ore slimes is estimated to be 20-40% by weight of the total iron ore mined. Taking into account the present magnitude of the iron ore slimes generated annually and accumulated over the years, it can be considered a national resource in the iron and steel industries if properly beneficiated using innovative technology.

Table 1 summarizes the main technological and scientific studies focused on recovery of iron bearing minerals from slimes.

The main alternatives to treat the slimes fraction include selective flocculation [START_REF] Tammishetti | Selective Flocculation of Iron Ore Slimes_ Results of Successful Pilot Plant Trials at Tata Steel[END_REF]Kumar andMandre, 2016, 2017;[START_REF] Panda | Recovery of Ultra-Fine Iron Ore from Iron Ore Tailings[END_REF], a combination of hydrocyclones and froth flotation [START_REF] Thella | Recovering Iron Values From Iron Ore Slimes Using Cationic and Anionic Collectors[END_REF](Thella et al., , 2012;;Ma et al., 2011Ma et al., , 2009;;[START_REF] Rao | Effectiveness of sodium silicate as gangue depressants in iron ore slimes flotation[END_REF][START_REF] Castro | Production of pellet feed from slimes[END_REF]Lima et al., 2016;[START_REF] Praes | Recovery of Iron Ore Tailings by Column Flotation[END_REF]Dey et al., 2015) and a combination of hydrocyclones and magnetic separation [START_REF] Huls | Characterization and processing of iron ore slimes for recovery of iron values[END_REF][START_REF] Rao | Recovery of Iron Values from Iron Ore Slimes of Donimalai Tailing Dam[END_REF]. [START_REF] Kumar | Characterization and Beneficiation of Iron Ore Tailings by Selective Flocculation[END_REF] evaluated the selective flocculation to treat iron ores slimes applying polyacrylamine and guar gum as a flocculant and sodium hexametaphosphate as a dispersant.

The results indicated that selective flocculation enhanced the Fe grade from 58.2% to 64.6%

and an Fe recovery of 66.3% using polyacrylamine as a flocculant whereas when guar gum was used the iron grade was 63.2%, achieving a recovery of around 68%. [START_REF] Panda | Recovery of Ultra-Fine Iron Ore from Iron Ore Tailings[END_REF] carried out a study on the application of the selective flocculation process for the beneficiation of synthetic mixtures of iron ore and kaolinite as well as iron ore tailings. Results showed that it was possible to achieve 65.78% of Fe, with 2.65% Al2O3 and 3.66% SiO2 in the concentrate using a synthetic mixture feed and more than 60% of Fe was obtained from natural iron ore tailings. In Brazil, a great number of researchers and engineers have been making efforts towards iron ore slimes concentration. Rocha et al. (2010) carried out studies with slimes samples with the currently produced slimes as well as slimes that will be generated in the future.

It was observed that a reverse cationic column flotation process using a high depressant dosage was selective, yielding high grade concentrates with low impurity grades at high levels of iron recovery. For the future ROM, results indicated that high collector dosages were not required.

At 1000 g/t starch and 30 g/t amine dosages, an ultrafine concentrate was achieved at a silica grade under 1% and a silica + alumina grade under 2%, adequate for making direct reduction pellets. The mass and iron metallurgical recoveries reached, respectively, 41.7% and 80.5% in the flotation stage, and 17.9% and 33.4% in the global desliming and flotation process. The high process selectivity yielded tailings assaying 12% iron in a single rougher stage. The controlled use of wash water was essential for the removal from the froth of entrained fine iron minerals particles. The beneficiation of iron ore slime in the Brazilian scenario is a challenging task as it contains a significant amount of silicates, goethite and clay minerals (kaolinite and gibbsite) [START_REF] Lima | Characterization and concentration by selective flocullation/magnetic separation of iron ore slimes from a dam of Quadrilátero Ferrífero -Brazil[END_REF]. The iron ore slime could be a material generated during the desliming stage (overflow) containing particle sizes of approximately 99% < 45 μm, 25% > 10 μm, 45% < 5 μm and 15% < 1 μm, 3% of solids by weight and between 35% and 45% of Fe.

The high surface area and high impurity content associated with this particle size class make it difficult to treat by a conventional flotation equipment (Sivamohan, 1990, Lima et al., 2016).

Primary etheramines and etherdiamines have been the dominant collectors for the flotation of iron ore since their introduction in the 6s (Houot, 1983;Araujo et al., 2005). Quartz is floated with etheramines (R-(OCH2)3-NH2) partially neutralized with acetic acid. The degree of neutralization is an important parameter. If on the one hand higher degrees enhance the collector solubility, on the other hand they impair the flotation performance). Most etheramines are currently supplied with neutralization degrees in the range between 25% and 30%. The flotation performance of certain iron ore types is enhanced with the use of ether diamines in combination with ether monoamines (Araujo et al., 2005). Desliming is mandatory to remove particles with size < 30 µm prior to reverse cationic flotation with amines to achieve adequate separation between iron-bearing and gangue minerals (Houot, 1983;Araujo et al., 2005;[START_REF] Ma | Froth flotation of iron ores[END_REF]Filippov et al., 2014). Although a concentrate with an Fe grade higher than 58% was obtained with the use of amines in the flotation of slime Sample 1, the iron recovery was lower in comparison with the one obtained with the amidoamine collector. There is not a large number of studies regarding the application of amidoamine collectors in the literature. [START_REF] Wittelsheim | Amine-Amide collectors for the treatment of potash ores[END_REF] patented a collector composition especially suitable for the coarse flotation of sylvinite comprising: (A) at least about 90 percent by weight of a primary aliphatic amine of 16-18 carbon atoms, or water-soluble salts thereof; and (B) about 0.5-10 percent by weight of a primary aliphatic amide of 10-20 carbon atoms. In order to obtain the very best results, it is recommended the use of amine collectors containing a major proportion of primary saturated amines and a very low proportion of secondary or tertiary amines and unsaturated amines with respect to the total amine content. Thus, a particularly efficient collector composition can be prepared by adding the amide to an amine reagent containing more than 90 percent, and preferably more than 95 percent primary amines with respect to the total quantity. Also, the amidoamine collectors can be used with the various conventional auxiliary reagents generally employed in flotation operations: depressants, such as starch, guar flour, proteins, cellulose derivatives, etc.; frothers, such as pine oil, methylisobutylcarbinol and analogs thereof; pH regulators; flocculators; and/or dispersants. In Brazil, the first application of amidoamine applied to flotation was reported by [START_REF] Souza | Desenvolvimento de uma rota de flotação com alternativa para concentração de minérios de manganês de baixo teor[END_REF]Souza et al. ( , 2016) ) where the authors used this collector for kaolinite flotation from a manganese ore. The process was composed of desliming (-10 µm), followed by reverse cationic flotation of kaolinite (rougher, scavenger) at pH ~ 5.

Results indicated that the reverse cationic flotation in the acid medium, when utilizing amidoamine as a collector and in the presence of a silicate activator and a dispersing agent, could be a possible route for the concentration of tailings that had previously been deslimed at 10 µm. Both fundamental and applications studies of amidoamine collectors and the results obtained on the treatment of this sample represent an exception.

Considering flotation as the most suitable technology for the treatment of such type of material, future research should focus on a deep fundamental study of the collector-depressant mechanism interaction with the iron-bearing and gangue minerals, especially in those ores with a high amount of alumina-containing minerals. The application of column flotation makes it possible to extend the size range of particles that can be treated by flotation to about 5-10 µm [START_REF] Wyslouzil | The Use of Column Flotation for the Recovery of Ultra-Fine Phosphates[END_REF]. Therefore, this work aims at evaluating the technical feasibility of concentration of two slimes samples from two different processing plants in operation in the Brazilian southern system (Minas Gerais state) using the column flotation technology. In contrast with the established methods of iron ore beneficiation, where classification by hydrocyclone is mainly used to remove ultrafine as tailings, the method described in this paper allows a high proportion of ultrafine to be recovered via column flotation without prior separation. The beneficiation of iron ore slimes by selective flocculation was studied. Polyacrylamide (PAM) and guar gum were used as a flocculant, along with sodium hexametaphosphate (SHMP) as a dispersant.

The selective flocculation tests showed: A maximum grade of 64.6% Fe at a recovery of 66.33% was obtained with 0.09 mg/g PAM at pH 10 and 0.5 kg/t sodium hexametaphosphate. A maximum grade of 63.20% Fe at a recovery of 68.04% was obtained with 0.21 mg/g guar gum at pH of 10 and a dispersant dose of 0.5 mg/g. Flocculation [START_REF] Kumar | Characterization and Beneficiation of Iron Ore Tailings by Selective Flocculation[END_REF] The tailing samples used were collected from tailing pond of iron ore washing plant of Kiriburu mines, India. XRD: hematite, goethite and quartz and kaolinite The sample contains 58.24% Fe, with 4.72% SiO2, 3.47% Al2O3, and had 5.18% LOI.

The beneficiation of iron ore tailings by selective flocculation was studied. Starch and guar gum were used as flocculant, along with sodium hexametaphosphate (SHMP) as a dispersant.

The selective flocculation process showed that the Fe grade could be enhanced from 58.24 to 65.32 % Fe using starch as a flocculant with a recovery of 62.08 %. However, 63.2 % Fe with a recovery of 68.04 % was obtained using guar gum as the flocculant. Flotation tests were performed at mechanical flotation cell. Reverse cationic flotation was carried out to float silica and alumina gangue using amine based cationic collector and potato starch was used as a depressant, sodium hydroxide was used as a pH regulator.

Process employed
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Mechanical

In direct flotation, fatty acid as a collector and pine oil as a frother were used.

The optimum results found were iron concentrate of 63% Fe and 2.3% alumina. The optimum conditions for the anionic flotation with fatty acid was 9. Lima et al., (2016) Itabirite ore To evaluate the performance in each flotation stage and to investigate the influence of entrainment on hematite losses in iron ore reverse flotation. Cell hydrodynamic measurements were also carried out during the survey.

Results indicated a strong correlation between water recovery and hematite losses, especially for fine particles (<45 µm). A potential alternative to reduce hematite losses through entrainment and to increase quartz removal was to modify the traditional circuit design to treat rougher and cleaner/recleaner tails in different stages. It was also showed that the scavenger residence time must be matched to the quartz floatability. Column flotation tests were performed with iron ore slimes. The column having 5.1 cm in diameter and a total height of 6.0 meters was used. The %s in the conditioning phase and in the column feeding were kept at 35% and 25%, respectively. The pH adjustment was made with sodium hydroxide.

Process employed

References Sample Characterization Main features Main Results and Conclusions

Corn starch remained a selective reagent for its cost/benefit equation results. Aimed results were achieved with a circuit of only one rougher flotation column, given satisfactory results, where a concentrate with Fe over 66.0% and SiO2 below 1.0% was obtained. 

Experimental

Slimes samples

The two slimes samples tested in this work were provided by Vale SA and were collected at two different plants in the Quadrilátero Ferrífero (Minas Gerais state). Both Sample 1 and Sample 2 were collected from the underflow of the thickener, which was around 2 tons (dry basis) of the slime in pulp with 35% solid grade by weight (Sample 1) and 25% solid grade by weight (Sample 2).

Samples characterization

Both the pulp sample corresponding to the process feed and some selected samples of the flotation generated in the study were sent for physical characterization (particle size distribution), chemical characterization for oxide quantification and mineralogical The total acquisition time of each spectrum for this work step was approximately 90 min. Quantitative analyzes from X-ray data were calculated by the total multiphase spectrum refinement method (Rietveld method) using a Bruker AXS Topas software, v.5. The crystal structure information of the refined phases came from the Bruker AXS database, the Inorganic Crystal Structure Database (FIZ Karlsruhe), and the Crystallographic Open Database (COD).

Goethite data were modified to calculate Fe-Al isomorphic substitution according to the formula of [START_REF] Schulze | The influence of aluminum on iron oxides. VIII. Unit-cell dimensions of Al-substituted goethites and estimation of Al from them[END_REF] implemented by [START_REF] Knorr | Advances in Quantitative X-Ray Mineralogy: Mixed Crystals in Bauxite[END_REF] as part of the refinement. The chemical analyses for both samples showed that the Fe grade was around 40-45%. In terms of the major contaminants, SiO2 and Al2O3 stood out, with grades of 27% and 3% for Sample 1 and 33% and 5% for Sample 2, respectively (Table 2). The main mineral phases in the samples were hematite (around 51-55%), goethite with 6-13% grade and quartz with around 28% (Table 3). As observed in Fig. 1 the particle size distribution of both slimes samples was almost the same. The particle size distribution of slime Sample 1 showed that the characteristics for diameters D32, D10, D50, and D90 were, respectively, 4.5 µm, 2 µm, 10 µm, and 34 µm, whereas for Sample 2 the values were D32 = 4.7 µm, D10 = 1.9 µm, D50 = 11 µm, and D90 = 38 µm (Fig. 1). 

Flotation studies

The flotation studies were carried out without the application of the previous desliming operation. For each slime sample, experiments were performed in different scales.

Sample 1:

• Rougher flotation studies in column with an internal diameter of 2 inches (height of 6.0 meters).

• Rougher flotation studies in column with an internal diameter of 6 inches (height of 6.0 meters).

Sample 2:

• Rougher flotation studies in column with an internal diameter of 3 inches (height of 2.0 meters).

• Rougher/cleaner flotation studies in column with an internal diameter of 6 inches and 4 inches, respectively (height of 6.0 meters).

This topic describes the experimental procedure employed in flotation studies for both slime samples at the different scales tested and the description of the reagents used in the flotation process.

Reagents

Table 4 shows the reagents list, fabricant, function, and mode of application used for column flotation studies in both samples (1 and 2). Flotinor 5530 and Flotigam EDA-C were used as collectors, both supplied by Clariant. Gelatinized corn starch was used as the hematite depressant, with a starch/NaOH ratio of 1:10 and a reaction time of 10 min, in a solution with concentration at 20% w/w. After the collector preparation and gelatinization, both reagents were diluted in distilled water, producing 1-2% w/w solutions. For the pH adjustment, a 1% NaOH solution was used. Tap water from the city of Rio de Janeiro's supply network was used to attain the correct percentage of pulp solids in the flotation studies. Fig. 2 shows the schematic flowsheet considering the flotation stages for iron concentration from slime Sample 1 and Fig. 3 shows a general view of the columns at CETEM's pilot plant (ERIEZ, Delta, Canada). The feed of the flotation circuit is composed of pulp with a solids content of 34 to 36% by weight. The rougher flotation trials were performed using a column with an internal diameter of 2 in. and a height of 6.0 m. The effective volume of the column was 13 L. The solid feed rate in the circuit was 7-8 kg/h dry basis. From the storage tank, the pulp was pumped into a cylindrical tank where it was conditioned with the gelatinized corn starch depressant (when it was applied) with a dosage ranging from 500 up to 1100 g/t.

After conditioning with the depressant, the pulp was conditioned with the collector (EDA-C and Flotinor 5530) in a cylindrical tank and the pH was adjusted (between 8.5, 9.5 and 10.5)

with NaOH. The EDA-C dosages ranged around 100 g/t and Flotinor 5530 ranged from 50 up to 190 g/t. The mean residence time for conditioning was 10 min for the depressant and around 20 min for the collector. After conditioning, the pulp was diluted to 20% solids by weight and fed in the rougher column.

The froth obtained in the rougher was discharged as final tailings, and the sink stream from the rougher was a final iron concentrate. Bubbles were generated with controlled pressure and flow via a forced air passage in a porous tube at the bottom of the 2″ columns. The pulp/froth interface was controlled by a level sensor that was connected to the tailings pump and the wash water and air flow rate were controlled by a flow meter. The residence time was 12-18 min and the height of the foam layer in all tests ranged from 40 to 50 cm, and it was controlled by varying the tailings discharge flowrate. The superficial velocity of the air was 1.15 cm/s and the wash water was 0.49 cm/s.

After reaching the stationary stage (60-90 min), samples from the rougher tailings and rougher concentrate were collected simultaneously for 3-5 min for mass and metallurgical balances. The samples were flocculated and dried in an oven for 24 h at 80 °C and then weighed, disaggregated, and separated in aliquots for chemical analysis by X-ray fluorescence spectroscopy to determine the metallurgical balance. The rougher and cleaner tailings streams (the froth) were discharged as final tailings.

The pulp was conditioned with gelatinized corn starch and the pH was adjusted (10.5) with

NaOH and subsequently conditioned with Flotinor 5530 as a collector, in two cylindrical tanks.

After conditioning, the pulp was diluted to 25-30% of solids by weight and fed at 1.26 m from the top of the rougher column. The sink fraction obtained in the rougher fed the cleaner, and both tailings were discharged as final tailings. Bubbles were generated with controlled pressure and flow via a forced air passage in a porous pipe at the base of the column. The pulp/froth interface was controlled by a level sensor that was attached to the tailings pump. The residence time was 15-23 min and the height of the foam layer in all tests ranged from 20 to 30 cm, and it was controlled by varying the tailings discharge flowrate. The superficial velocity of the air was set at 0.30 cm/s and the wash water was set at 0.20 cm/s. After flotation runs of around 60-90 min, product samples from the concentrate and tailings were collected for 5 min. The samples were flocculated and dried in an oven for 24 h at 80 °C and then weighed, disaggregated, and separated in aliquots for chemical analysis by X-ray fluorescence to determine the metallurgical balance.

Figure 6. Schematic flowsheet for the iron concentration from Slime 2 in the 6" and 4" columns.

Results and Discussion

Flotation Studies -Sample 1

This topic presents the results and discussion on the iron flotation studies considering rougher flotation in the 6″ and 2″ diameter columns for Sample 1 where the influence of the collector dosage, the collector type, the depressant dosage and the pH were evaluated. Table 5 shows the results achieved from iron rougher flotation at a 2″ diameter column flotation, the mass and metallurgical balance for Fe, SiO2 and Al2O3, the impact of the collectors (EDA-C and Flotinor 5530) and the depressant (gelatinized corn starch) as well as the effect of the pH (8.5, 9.5 and 10.5). Both collectors were evaluated in the presence and absence of the depressant. EDA-C dosages around 100 g/t were used in the absence of starch at pH values of 8.5, 9.5 and 10.5 and in the two tests the depressant dosage was tested around 500 g/t at pH values of 9.5 and 10.5. The best result (test 1) was in the absence of starch at pH 8.5, which produced a concentrate (sink stream) with an Fe grade of about 58% and mass and metallurgical recoveries of Fe of 68% and 88%, respectively. The SiO2 and Al2O3 impurities grades were 10% and 3.5%. The increased of pH flotation from 8.5 to 9.5, with 100 g/t of EDA-C dosage in the absence of gelatinized corn starch, led to an increase of the Fe grade in the concentrate, despite the high mass and metallurgical Fe losses.

The tests performed in the presence of starch (≈ 500 g/t) for both pH values showed an inferior flotation performance, with a decrease in the Fe grade of the concentrate and in the mass and metallurgical Fe recoveries. Flotinor 5530 dosages of 100 and 230 g/t were tested in the presence of gelatinized corn starch (1100 g/t average) at pH values of 8.5, 9.5 and 10.5. The increased pH flotation to 10.5, in the presence or absence of gelatinized corn starch, led to an increase of the metallurgical recovery (from 94 to 96%). The test with a lower Flotinor 5530 dosage (152 g/t) and without the depressant (test 8), achieved 62.8% of Fe grade and a mass and metallurgical recovery of Fe of 68% and 94%, respectively. The SiO2 and Al2O3 impurities grades were 3.2% and 2.5%. The tests performed in the presence of starch (≈1100 g/t) at pH 10.5 achieved 62.5% of Fe grade and a mass and metallurgical recovery of Fe of 67% and 92%, respectively. The SiO2 and Al2O3 impurities grades were 4.7% and 2.4%. Fig. 7 shows the comparative results for the Fe grade/recovery curve considering the rougher flotation in the 2″ and 6″ columns using Flotinor 5530 as a collector. The results for the circuit applied in the 2″ column in the sink stream (concentrate) ranged from 52 to 64% of Fe grade, with an Fe recovery from 62% to almost 97%. Fe losses (froth phase) ranged from 3% to approximately 38%. Considering the average of the 29 tests in the concentrate, the Fe recovery was 85%, with an average of Fe grade of 59.8%. The results obtained for the 6″ column rougher flotation studies in the sink concentrate indicated that the Fe grade ranged from approximately 48% to 63%, with an Fe recovery from 70% to almost 98%. Considering the average of the 18 tests in the concentrate, the Fe recovery was 91%, with an average of the Fe grade of 58.4%. Fig. 8 shows the correlation between the Fe grade and the main impurities grade (SiO2 and Al2O3) in the final flotation concentrates considering the rougher flotation in the 2″ and 6″ columns using Flotinor 5530 as a collector. Analyzing the SiO2 curve, the increase of Fe grade is mainly due to the reduction of the SiO2 grade in the sink stream (concentrate).

Regarding the SiO2 grade ranged from maximum values of 25% to values below 3%. The average SiO2 grade, considering all tests, was around 8% whereas, the SiO2 recovery in the concentrate ranged from 50% to 90%, with an average of 76%. Regarding the Al2O3 grade, the second most abundant impurity in the sample, there was little variation in the concentrate, ranging from 2.2% to values up to 4% (average of 3%). It was observed that SiO2 showed a higher recovery in comparison to the alumina containing minerals.

Besides the low kaolinite recovery by the air bubbles, another explanation for the lower Al2O3 recovery in the froth phase can be the finely intergrown with martitic hematite of SiO2, Al2O3 and P as reported/described by [START_REF] Lima | Characterization and concentration by selective flocullation/magnetic separation of iron ore slimes from a dam of Quadrilátero Ferrífero -Brazil[END_REF] that reports to the sink fraction.

In general terms, the flotation performance (grade and recovery) in the rougher circuit with the 2″ column showed no significant differences compared to the rougher circuit with the 6″ column. The difference in the feed rate between the two scales tested was in the order of ten times. However, the trend of results obtained could be considered the same. It is noteworthy, though, that adjustments in the levels of process variables may be necessary depending on the scale tested (Table 6). Table 7 shows the average results of the mineralogical characterization by XDR (Rietveld method) of ten concentrates (sink stream) and tailings (float stream), obtained in the flotation rougher circuits in the 2″ and 6″ columns.

Table 7 presents the mineralogical characterization of the concentrate and tailings referring to the flotation tests of Sample 1. The products chosen were the concentrates with a grade ranging from 58% to 62% Fe. For Fe-bearing minerals, the expected average mineralogical composition for the concentrates was around 73% hematite, 19% goethite and around 1% magnetite. As for contaminating minerals, the most abundant impurity was kaolinte with a grade of 3.5%, followed by quartz with 2.8%, 0.5% gibbsite and a 0.8% illite grade (Others). The tailings had an average mineralogical composition of around 71% quartz, 18% hematite, 5% kaolinite, 3% goethite, 0.2% magnetite and around 2% illite. The results obtained in the study with Sample 1 indicate a potential process route for the concentration of ironbearing minerals from the slimes generated at this particular industrial plant. As determined at the pilot scale, the conceptual project considered cationic flotation (reverse configuration) with amidoamine as a collector (with or without corn starch as a depressant) and flotation column in a single rougher stage. For the purposes of scale up and industrial scale implementation, it was taken into account the physical-chemical aspects of the process -which involve the use of a different type of collector to the one massively employed in the iron ore industry -and the aspects related to the application of the column flotation technology for the concentration of ultrafine particles. The influence of performance variation at a different scale; the bubble generation system applied and the carrying capacity are discussed with the objective to define the best process parameters for future industrial application. The application of amidoamine (Flotinor 5530) as a collector showed a very distinct trend in comparison with the classical cationic reverse flotation of iron ores using amines as a collector and starch as a depressant. In this work, it was possible to reach SiO2 recoveries of up to 85% and Fe recoveries of up to 80%.

There are no cases reported in the literature indicating a satisfactory separation between silicates and iron-bearing minerals without the use of a depressant reagent, at least, with an Fe grade in the concentrate higher than 58%. In Brazil, for instance, corn starch has been extensively applied as an iron-bearing minerals depressant since 1978 and all industrial operations use this kind of reagent (Araujo et al., 2005). Regarding the aspects related to the application of column flotation, variations of flotation performance between different scales are always a concern related to scale-up considerations. The flotation results variations are related to aspects such as bubble generation system; mixing characteristics; H/D relation and carrying capacity [START_REF] Yianatos | Column Flotation Modelling and Technology[END_REF]. Bubble generation is recognized as a key aspect of the flotation column design [START_REF] Harbort | Fluctuations in the popularity and usage of flotation colums -An Overview[END_REF]. The flotation results achieved considering flotation in different size columns (2″ and 6″) indicate that the performance with the 2″ column is slightly higher than that obtained in the 6″ column. In this pilot-scale study, the bubble generation system (porous tube or cavitation tube) does not appear to be a determining factor in the metallurgical result. Since the growing popularization and application of flotation columns at industrial circuits in the 80s, the application of the bubble generation system at industrial scale has not been common sense.

Several studies have been carried out focusing on the evaluation of flotation performance as a function of the bubble generator at pilot scale [START_REF] Mackay | Column flotation and bubble generation studies at the Bureau of Mines[END_REF][START_REF] Huls | Characterization and processing of iron ore slimes for recovery of iron values[END_REF][START_REF] Tortorelli | The effect of external gas/slurry contact on the flotation of fine particles[END_REF][START_REF] Peng | Pico-nano bubble column flotation using static mixer-venturi tubefor Pittsburgh No. 8 coal seam[END_REF][START_REF] Matiolo | A comparative study of different column sizes for ultrafine apatite flotation[END_REF]. [START_REF] Mackay | Column flotation and bubble generation studies at the Bureau of Mines[END_REF] reported research that led to the development of a simple method for externally generating bubbles for a flotation column or other application. This method for generating bubbles is strongly affected by pressure, frother concentration (solution surface tension), injection tip hole size, and tip velocity, but weakly affected by contact media size. This system, which permits extensive bubble size control at enhanced column air holdups compared with conventional porous spargers, has been successfully scaled up for use in commercial flotation columns and is currently being operated in a number of mineral processing plants and mineral beneficiation research laboratories.

Moreover, it is simple to construct, easy to operate, and it allows onstream maintenance. [START_REF] Huls | Characterization and processing of iron ore slimes for recovery of iron values[END_REF] evaluated two sparging systems in a 0.9 m diameter pilot flotation: a cloth sparger and the external contacting system. By comparing copper recovery and nickel recovery, it was seen that separation efficiency was virtually identical for both kinds of bubble generator.

On the other hand, [START_REF] Matiolo | A comparative study of different column sizes for ultrafine apatite flotation[END_REF] showed that with the same columns used in this study for the flotation of apatite ultrafine, the column equipped with a cavitation tube showed an apatite recovery around 5-8% greater than the column equipped with the porous tube. In the middle of the 90′s, [START_REF] Finch | Column flotation: A selected review -Part IV: Novel flotation device[END_REF] in part IV of his review on the application of flotation column at industrial scale indicated that appropriate designs may be able to exploit dissolved air, and cavitation/nucleation to selectively "activate" particles by frosting them with fine bubbles and that future developments may be to combine bubble generation with particle collection in what might better be defined as a "reactor" rather than a sparger. The bubble generation for flotation columns at industrial scale includes jetting, static mixers and cavitation tube whereas at laboratory and pilot scale the most common device is porous tube [START_REF] Bergh | Economic impact of spargers degradation in flotation columns[END_REF].

According to [START_REF] Harbort | Fluctuations in the popularity and usage of flotation colums -An Overview[END_REF], at industrial scale, around 41% of the total installed capacity uses air/water mixture and cavitation tube less than 15% of the installed capacity. [START_REF] Bergh | Economic impact of spargers degradation in flotation columns[END_REF] reported that in Chile, for instance, the most common bubble generator applied is jetting sparger. In general, bubble size control and generation are best performed at pilot rather than at industrial scale. Not only is the bubble size obtained lower at pilot scale but also the size distribution does not change due to the sparger degradation, which is common at industrial plants [START_REF] Bergh | Economic impact of spargers degradation in flotation columns[END_REF] and increases the bubble size. Kinetics decreases inversely to the bubble diameter leading to a lower recovery at the collection zone. [START_REF] Bergh | Economic impact of spargers degradation in flotation columns[END_REF] describes a methodology to estimate the economic impacts related to spargers degradation in flotation columns at industrial scale. The authors consider the use of jetting sparger since this is the bubble generator most columns have installed in Chile. The authors also reported that the water addition with air to avoid plugging is not a common practice due to the quality of the process water available. Thus, based on the conclusions from the present work, the authors would like to point out that the costs of implementing the procedure developed to quantify the magnitude of economic losses on an industrial scale due to the wear of the spargers are covered by the gains obtained with the adoption of a periodic maintenance program of the bubble generator device (jetting). Column flotation is by large the dominant technology in the phosphate and iron ore industry in Brazil [START_REF] Harbort | Fluctuations in the popularity and usage of flotation colums -An Overview[END_REF].

The first industrial application of flotation columns in this country was silica flotation to concentrate iron ore at Samarco Mineração in the early 90′s and soon a great expansion of the application of this technology was observed in the iron ore flotation circuits (Flint et al., 1992;[START_REF] Araujo | Froth Flotation. Relevants facts and the Brazilian case[END_REF]. It is estimated that 67% of the installed iron ore column flotation capacity is in Brazil [START_REF] Harbort | Fluctuations in the popularity and usage of flotation colums -An Overview[END_REF]. The application of flotation column to the concentration of phosphate ores represents 4% of the total installed column flotation capacity [START_REF] Harbort | Fluctuations in the popularity and usage of flotation colums -An Overview[END_REF]. In Brazil, the second application of flotation columns was in the beneficiation of phosphate ore. The first six columns started operating in 1993 in Araxá (Minas Gerais State) for barite, coarse apatite, and fine and ultrafine apatite flotation [START_REF] Guimarães | Production of phosphate concentrates from slimes: Brazilian experience[END_REF][START_REF] Takata | Flotação em coluna. Capítulo 3. Teoria e Prática do Tratamento de Minérios[END_REF]. Both in iron ore and phosphate application, the bubble generator applied was the CESL sparger that is an air/water mixture device. Over the twenty years of the application of this type of bubble generator, cloggins and wear of holes were observed at industrial plants, leading to recovery losses at the collection zone, not to mention an increase in maintenance costs. In mid-2000s, in the Araxá phosphate beneficiation plant, pilot trials were carried out using a column with 20″ in diameter and 10 m tall (2 t/h solid feed) with the objective to evaluate, in a comparative way, the cavitation tube and the sparger with air/water.

With the results obtained in that study, starting in 2008, all spargers with air/water mixture were replaced by cavitation tubes at the industrial plant. Increases in recovery between 10 and 15% were observed especially for the fines circuit. In just a few years, all air/water mixture bubblers were replaced by cavitation tubes in all phosphate plants in Brazil. In iron mining, the same trend was observed and, finally, the world's largest pyrochlore concentration plant (located in Araxá) also reported the application of column flotation using cavitation tubes to generate bubbles. In fact, all the new column flotation projects developed in Brazil led, almost entirely, to the use of cavitation tubes in the generation of bubbles. Based on industrial practices as well as on this work, it is believed that the results obtained in this study were achieved at industrial scale, considering the adoption of hydrodynamic cavitation for bubble generation. In Brazil, the massive application of cavitation tubes for bubble generation of flotation columns at industrial scale seems to be a different trend to what is observed in other regions. Historically, the most popular form of bubble generation devices has been the fluid (plunging) jet and different varieties of air/water orifice types, with each having approximately 30% of the total installed column flotation capacity [START_REF] Harbort | Fluctuations in the popularity and usage of flotation colums -An Overview[END_REF]. Some of the advantages reported regarding hydrodynamic cavitation to bubble generation in mineral flotation include: enhanced particle aggregation by tiny bubbles bridging, giving rise to increase collision probability of the enlarged particle aggregates with large bubbles; accelerated particlebubble attachment through coalescence of tiny bubbles frosted on particle surfaces with larger bubbles instead of the direct particle/bubble contact; and increasing in bubble/particle collision probability [START_REF] Zhou | Role of hydrodynamic cavitation in fine particle flotation[END_REF][START_REF] Zhou | On the role of cavitation in particle collection in flotation -A critical review II[END_REF][START_REF] Tao | Picobbuble enhanced fine coal flotation[END_REF][START_REF] Li | Study interaction between fine particles and micro size bubbles generated by hydrodynamic cavitation[END_REF].

However, its application at industrial scale is still limited. The Brazilian experience in the use of this type of device to bubble generation in column flotation seems to be an important trend to be followed. It is expected that significant benefits can be achieved in the concentration of different ores around the world. Another aspect to be taken into account for scale up purposes is the carrying capacity, which is the limitation that froth imposes to the maximum removal rate of floated solids [START_REF] Finch | Column flotation: A selected review -Part IV: Novel flotation device[END_REF]. Maximum loading of the bubbles is a possible limitation in flotation columns, especially in systems operating with fine particles (< 20 µm) requiring a high solids recovery into the froth phase [START_REF] Yianatos | Column Flotation Modelling and Technology[END_REF]. Both parameters are critical in the concentration of iron ore slimes since the expected d80 at the froth phase is below 30 µm and mass recovery is up to 30-40% and must be considered regarding scale up to industrial scale. The maximum carrying capacity, required for mineral transport on the bubble surface, determines the minimum bubble surface area flux for each operation. Thus, there is a close compromise between the mean bubble size and the superficial gas rate in order to generate the bubble surface area flux to accomplish the mass transport requirement across the interface [START_REF] Yianatos | Boundary conditions for gas rate and bubble size at the pulp-froth interface in flotation equipment[END_REF]. The carrying capacity for a given product can be increased by increasing the superficial bubble surface area rate, which in turn can be increased by increasing the aeration rate or by reducing the bubble size [START_REF] Sastri | Carrying capacity in flotation columns[END_REF].

Espinosa Gomez et al. (1988) proposed a model to the column carrying capacity as a function of particle size and particle density. [START_REF] Sastri | Carrying capacity in flotation columns[END_REF] revised the model proposed by Espinosa-Gomez et al. (1988) for the carrying capacities in flotation columns and was found to be satisfactory not only for predicting the maximum carrying capacity but also for the operating capacities of these columns. However, the constant proposed was found to yield too high values for the maximum carrying capacities. The results indicated by [START_REF] Patwardhan | Development of a carrying-capacity model for column froth flotation[END_REF], which was consistent with previous findings, observed that the influence of the superficial gas velocity on the carrying capacity diminished above a value of 1.8 cm/s. At values lower than 1.8 cm/s, the impact of the superficial gas velocity was more significant for the flotation of relatively coarse material. [START_REF] Wang | Use of oscillatory air supply for improving the throughput and carrying capacity of column flotation[END_REF] evaluated the use of a fast-switching solenoid valve added to the air intake line of a 5cm diameter flotation column equipped with a sparger to change the flow pattern of air supply from steady to rapidly oscillatory. It was found that the use of oscillatory air supply to replace the steady air supply could significantly improve the throughput without sacrificing product yield and increase the carrying capacity of the column, which was consistent with the enhanced bubble surface area flux in the column.

Despite the high mass recovery to the froth zone (> 30%) in the flotation of this sample in both columns, the Jg applied was very distinct, being 0.49 cm/s in the cavitation tube of the 6″ diameter column and 1.15 cm/s in the 2″ diameter porous sparger. In general, the bubbles generated by hydrodynamic cavitation were smaller when compared with the bubbles generated by the other bubble generation devices which means higher Sb values. From experience, it is known that gas holdup increases with an increase in gas rate and decrease in bubble size [START_REF] Gorain | The empirical prediction of bubble surface area flux in mechanical flotation cells[END_REF][START_REF] Finch | Column flotation: A selected review -Part IV: Novel flotation device[END_REF]. For industrial purposes, a minimum 0.5 cm/s must be considered since the cavitation tube is applied as a bubble generator. Considering other devices, it is suggested higher Jg values (up to 1.0 cm/s) as minimum to guarantee the adequate Sb value, since the increment of Jg also results in higher Sb. Despite the fact that, in this study at pilot scale, the bubble generator device is not appointed as a key factor to the best metallurgical performance, it is strongly suggested the application of hydrodynamic cavitation as a bubble generator at industrial scale instead of fluid (plunging) jet or different varieties of air/water orifice types. The benefits include the possibility of application of lower Jg, a better control of bubble size and distribution as well as lower maintenance costs as it has already been observed at the phosphate and iron ore flotation columns in operation in Brazil. 

Flotation Studies -Sample 2

This topic presents the results and discussion of the reverse iron flotation studies considering rougher flotation in the 3″ diameter column and rougher/cleaner flotation in the 6″ and 4″ diameter columns for Sample 2. The influence of the collector dosage, the collector type, the depressant dosage and the pH were evaluated. Table 8 shows the results achieved in iron rougher flotation in the 3″ diameter column flotation, the mass and metallurgical balance for Fe, SiO2 and Al2O3, the impact of the collectors (EDA-C and Flotinor 5530) and the depressant (gelatinized corn starch), as well as the effect of the pH (9.5 and 10.5). EDA-C was evaluated in the presence and absence of a depressant. EDA-C dosages around 290 g/t were used in the absence of corn starch at pH value 10.5 and EDA-C dosages around 100 to 480 g/t were used in the presence of gelatinized corn starch with dosages of 500 to 1200 g/t, at pH values 9.5 and 10.5.

The best result (test 3) at 287 g/t of EDA-C was in the absence of starch at pH 10.5, which produced a concentrate (sink stream) with an Fe grade of about 52% and a mass and metallurgical recovery of Fe of 44% and 55%, respectively. The SiO2 and Al2O3 impurities grades were 16% and 3.5%. The tests performed in the presence of corn starch (from 500 to 1200 g/t), around 105 to 480 g/t of EDA-C dosage and at pH values of 9.5 and 10.5 showed an inferior flotation performance, with a decrease in the concentrate of Fe grade (42% to 48%) and an increase in the mass (88%) and metallurgical Fe recoveries (95%). The Fe grade in the concentrate was extremely low in the presence of corn starch, below the values considered suitable for application of the concentrate as a pellet feed (in the order of 60%).

The results obtained with the application of EDA-C as a collector in association with gelatinized corn starch depressant indicated that this alternative should not be viable for the hematite concentration for Sample 2. As studied in Sample 1, Flotinor 5530 also was applied as a collector. It was evaluated the effect of a collector dosage in the absence and presence of gelatinized corn starch and the effect of pH values of 8.5; 9.5 and 10.5. Fig. 9 shows the curve of Fe grade versus recovery considering reverse iron flotation in the 3″ diameter flotation column. The points presented at the graphic covered all tests, regardless of the process conditions applied, such as the corn starch dosage and pH values. As observed, the Fe grade ranged from 7.3% to 28% in the tailings. In the concentrate, the Fe grade ranged from 41% to 54%. Considering the average of the 33 tests in the concentrate, the Fe recovery was 86%, with an average of Fe grade of 47%. Unlike the results observed in Sample 1 when Flotinor 5530 was applied as a collector, the Fe grades were not reached in the concentrates with values close to 58-60%, a technical goal for pellet feed application from the concentrate.

An important point to highlight in the studies with Sample 2, even for collector dosages above 700 g/t, it was not possible to obtain concentrates with high Fe grades (above 58%). Fig. 10 shows the correlation between the Fe grade and the SiO2 and Al2O3 impurity grades in the concentrates in the 3″ diameter column flotation, rougher flotation, with the use of Flotinor 5530 reagent as a collector. As shown in Fig. 10, the Fe grade ranged from 41% to a maximum of 54%. As observed in Sample 1, the increase of the Fe grade in the concentrate was mainly due to the reduction of the SiO2 grade. The SiO2 grade in the concentrate ranged from maximum values of 30% to values below 14%. The SiO2 recovery in the tailings (floated stream) ranged from 15% to a maximum of 78%, which was below the values observed in Sample 1 which reached values of up to 90%. Regarding the impurities of the Al2O3 grade, the second most abundant impurity in the sample, the values were below those observed in Sample 1, ranging from 3.2% to values up to 5%. Considering that the flotation circuit tested was the reverse configuration, the metallurgical recovery of Al2O3 impurities in the tailings (float) fraction was considered low, ranging from 27% to up to 65%. Table 9 shows the results achieved in iron rougher/cleaner flotation in the 6″ and 4″ diameter column flotation, the mass and metallurgical balance for Fe, SiO2 and Al2O3, the impact of the collector (Flotinor 5530), dosages from 100 g/t to values above 600 g/t, in the absence of the depressant (gelatinized corn starch) at pH 10.5.

The global mass recovery of the circuit ranged from 30% to values close to 80% and the Fe recovery ranged from 50% to 98%. The Fe grade in the final concentrates ranged from 44% to a maximum value of 55%-57%. The SiO2 and Al2O3 impurities were around 12% and 3.5% for best results.

The best result achieved (test 1) was by using 678 g/t of Flotinor 5530, which produced a concentrate (sink stream) with an Fe grade of about 55% and a mass and Fe recovery of 58%

and 83%, respectively. The SiO2 and Al2O3 impurities grades were 13% and 4%. The flotation results obtained applying similar process conditions are very distinct between the two samples evaluated despite the similarity in terms of physical and mineralogical. Despite the very good results obtained with the sample 1 using the amidoamine collector, even when a more complex flotation circuit including a cleaner stage for treatment the sample 2, it was not possible to produce concentrates with iron grade higher than 55-57%, values that are considered too low for a commercial concentrate. This indicates that there is not a single solution for the recovery of the iron ore bearing minerals from slimes and it will be necessary continuous efforts to better understand the mechanisms involved in the hydrophobization of silicates minerals by amidoamine collectors. In case a suitable reagent system is identified (type of collector and depressant), the use of column flotation technology with the use of hydrodynamic cavitation for the bubble generation, must guarantee similar metallurgical performance obtained on a pilot scale. 

Conclusions

The concentration of iron-bearing minerals from two slimes samples from two different industrial plants at Vale (Quadrilátero Ferrífero -MG) was evaluated at pilot scale considering the application of column flotation (reverse configuration), starch as a depressant and two kinds of silicates collector without previous desliming. It was possible to produce iron concentrates with grades higher than 60%, SiO2 below 5% and Al2O3 3% from only one of the two samples studied. The collector type had a great impact in the flotation results. The best results with Sample 1 were achieved with the collector type amidoamine (Flotinor 5530) instead of the classical amine collector extensively applied in the iron ore plants in Brazil. The results obtained with Sample 1 indicated that the results of the 2″ column show consistently a higher recovery for similar grades than the 6″ column. Despite the use of hydrodynamic cavitation for bubble generation at the 6″ diameter column, which usually leads to better recovery, especially for ultrafine particles, the better results obtained with the column of 2″ with porous tube as bubble generator can be attributed to better mixing characteristics of the smaller column.

However, for industrial application, the use of cavitation tube is strongly recommended based on the successfully use of this kind of bubble generator at the iron industry in Brazil. For Sample 2, it was not possible to produce concentrates with iron grade higher than 55%, independent of The harmful effect of slime on quartz reverse flotation has been known since the beginning of iron ore flotation operations. The removal of slimes using hydrocyclones was introduced by United States Bureau of Mines (USBM) [1]. The high consumption of reagents and the difficulty to remove ultrafine quartz and the high amount of deleterious minerals, such as kaolinite, are the main issues due to the presence of slimes in the flotation [2].

The high stability of the froth is also an important characteristic regarding slimes presence in flotation systems. Achaye [3] showed that froth stability decreases with increasing particle size and fine particles had the greatest influence on froth stability. Some authors [4,5] investigated the relationship between froth stability, size distribution, and air recovery, demonstrating there is an ideal air rate for each particle size distribution.

The traditional view states that ultrafine particles have a lesser flotation selectivity than coarse particles, nevertheless, some ores must be ground to ultrafine sizes to reach the required liberation degree [6]. According to Haselhuhn and Kawatra [7], the selective flocculation and dispersion desliming followed by reverse cationic flotation is the only proven method for the beneficiation of fine-grained (<25 μm) hematite ores. This process was developed by USBM as an alternative method to the desliming process by hydrocyclones, which generates a high loss of iron in the slime [8].

Weissenborn et al. [9] studied the selective flocculation process for a plant of BHP Iron

Ore and concluded that careful control of the many process variables was required to achieve optimum recovery. The industrial selective flocculation process was introduced at Tilden Mine prior to the flotation circuit, where the passing size of 80% of the grinding product (p80) is approximately 25 μm [7].

The flotation of itabirite iron ore slimes, without prior classification, is not yet adopted in any industrial iron ore plant due to some problems related to the characteristics of the slimes and to equipment limitations. In recent years, research aimed at concentrating ultrafine particles by flotation has received greater importance. Improvements in equipment, such as the use of microbubbles in column flotation and the studies of new, more selective reagents, aim to contribute to the development of processes for iron ore slimes concentration by flotation.

Equipment Improvements for Ultrafine Flotation -Microbubbles

Trahar [10] investigated the relationship between particle size and flotation efficiency. In summary, the author stated that the collision efficiency is a function of particle size, and the adhesion efficiency depends on the mineral hydrophobicity degree and particle size. The collision and the adhesion efficiency increase with the hydrophobicity degree and decreases with particle size. The flotation of ultrafine particles may be improved by increasing the collision rate; thus, the flotation rate may be increased by enhanced aggregation, using smaller bubbles, increased residence time in the machine and providing countercurrent flows of particles and bubbles [11]. Flotation of very fine and large particles is facilitated with small bubbles [12].

Farrokhpay et al. [13] studied how microbubbles interact with fine quartz particles and facilitate the flotation of these particles in a conventional flotation system and as stated by the authors, the higher quartz flotation rate obtained in the presence of microbubbles can be attributed to a higher attachment efficiency of conventional bubbles with particles coated with microbubbles.

In the studies carried out by Oliveira et al. [14], the cavitation tube produced bubbles in a bimodal distribution, with a wide size range at the nano and micro scales, providing air holdup values as high as 16%, a bubble surface area flux Sb of 85 s -1 and a very high concentration of nanobubbles (Sauter mean diameter = 230-280 nm) of 6.4 × 10 8 NBs•mL -1 . According to Fan et al. [15], the application of the cavitation tube system for upgrading of fine and ultrafine phosphate ore in Brazil proved successful and makes it possible to ex-tend the size range of particles that could be treated by flotation to 5-10 μm (originally, cut-size of the desliming stage at this plant was 25-30 μm).

Developments of Collectors Regarding the Brazilian Iron Ores Slimes

Characteristics

Regarding Brazilian iron ore processing plants, the typical flotation feed consists of particles in the size range between 10 μm and 300 μm and the desliming process is carried out by hydrocyclones [16]; thus, the Fe content in the Brazilian slimes is high in comparison to the slimes produced by the selective flocculation process.

Slimes samples were collected at 21 points in the tailings dam of Fundão, at the Samarco Mining, in the Iron Quadrangle, Brazil by Lima and Abreu [17], and they found that the main minerals detected were goethite, hematite, quartz, and kaolinite. Pure kaolinite is constituted by 39.5% of Al2O3 and 46.55% of SiO2 and the reverse cationic flotation route is less selective for the separation between alumina/hematite than for quartz/hematite [18]. The particles size distribution of clay minerals, such as kaolinite, is also another issue regarding the flotation process; fine particles typically show slow recovery rates, owing to decreased particle-bubble collisions, and are prone to entrainment [START_REF] Xu | Effects of particle size and chain length on flotation of quaternary ammonium salts onto kaolinite[END_REF].

According to Ma and Bruckard [20], starch-kaolinite interactions are critically important for the successful removal of kaolinite from iron ore in selective flocculation and froth flotation processes. Ma et al. reported that the selective depression of hematite against kaolinite largely depends on strict pH control in iron ore flotation circuits and the level of ionic strength in pulp [18,[START_REF] Ma | The effect of pH and ionic strength on starch-kaolinite interactions[END_REF].

Nykänen et al. [START_REF] Nykänen | True flotation versus entrainment in reverse cationic flotation for the concentration of iron ore at industrial scale[END_REF] studied the loss of iron-bearing minerals to the froth in two industrial mechanical flotation circuits (Conceição Itabiritos II and Pico). There are two mechanisms for this iron mineral loss, especially in the finer fractions (-44 μm): hydrodynamic dragging and true flotation and, according to the authors, at Conceição Itabiritos II, concerning the particles size below 44 μm, 65.4% of the iron in this fraction was carried to the froth due to due inefficiency in the depression process. Thus, the adoption of a selective collector, without the need for the use of a depressant reagent, will contribute to the improvement of the metallurgical recovery of ultrafine particle flotation.

According to the studies performed by Filippov et al., Fe-Mg-Al-bearing silicates may form strong chemical complexes with starch molecules used as iron oxide depressants due to the presence of metal ions on the mineral surface [START_REF] Filippov | The use of collectors mixture of various molecular structure in the reverse cationic flotation of magnetite ore[END_REF][START_REF] Filippov | Mechanism of starch adsorption on Fe-Mg-Albearing amphiboles[END_REF][START_REF] Severov | Floatability of Fe-bearing silicates in the presence of starch: Adsorption and spectroscopic studies[END_REF][START_REF] Veloso | Adsorption of polymers onto iron oxides: Equilibrium isotherms[END_REF]. Thus, the use of starch as a depressant in the reverse flotation containing deleterious minerals, as in some iron ore slimes, can reduce the selectivity of the process.

Recently, differently structured amines (modified amines or polyamines, amidoamines alone or mixed with etheramines, alkyl phosphonium) has drawn great attention in the field of reverse iron ore flotation [START_REF] Araujo | Column reverse rougher flotation of iron bearing fine tailings assisted by HIC and a new cationic collector[END_REF]. Concerning Brazilian iron ore, recent studies [START_REF] Matiolo | Improving recovery of iron using column flotation of iron ore slimes[END_REF] demonstrated the possibility of adopting a specific amidoamine type collector as a new collector reagent for reverse iron ore slimes flotation. The main advantage of this reagent is its high selectivity, eliminating the use of starch or other types of depressants. The authors carried out slime flotation studies with single particular sample from the Iron Quadrangle region using the amidoamine Flotinor 5530 as a collector in the absence of a depressant. It was possible to obtain, using one rougher flotation stage, a product with iron content above 60% and Fe recovery above 90% for one sample tested.

The main active molecule of the Flotinor 5530 collector is amidoamine N- propyl]dodecanamide. Silva et al. [START_REF] Klaydison | New perspectives in iron ore flotation: Use of collector reagents without depressants in reverse cationic flotation of quartz[END_REF] performed fundamental study with this amidoamine molecule and demonstrated its high selectivity by contact angle measurements and bench scale flotation tests. The increased volume of the amidoamine polar head group compared to the conventional cationic collectors like etheramine makes this molecule more susceptible to steric hindrance effects and defines the selective adsorption on the silicate minerals confirmed by the Fourier-transform infrared spectroscopy (FTIR) [START_REF] Klaydison | New perspectives in iron ore flotation: Use of collector reagents without depressants in reverse cationic flotation of quartz[END_REF]. This difference in adsorption behavior is responsible for the selective and total flotation of the quartz.

On the other hand, the flotation behavior of kaolinite is similar to that of hematite, while the FTIR analysis showed a spectral profile similar to the quartz spectrum. In this case, the high specific surface area of kaolinite, coupled to its double-sheet structure may be an explanation for this behavior [START_REF] Xu | Effects of particle size and chain length on flotation of quaternary ammonium salts onto kaolinite[END_REF][START_REF] Ma | The effect of pH and ionic strength on starch-kaolinite interactions[END_REF]. According to Silva et al., the most adequate hypothesis for the mechanism responsible for this selective flotation is a hindrance effect due to intermolecular interactions, such as molecular arrangements or interactions promoted by hydrogen bonds and/or electrostatic forces [START_REF] Klaydison | New perspectives in iron ore flotation: Use of collector reagents without depressants in reverse cationic flotation of quartz[END_REF].

The main difference between the studies carried out by Matiolo and this present work is that they used only one slimes sample to carry out a series of flotation tests on small diameter pilot columns (2 and 6 inches). Therefore, the effect of the variability of slime characteristics due to the industrial process was not considered.

Objectives of this Paper

This paper presents the results of the continuous pilot campaign of reverse cationic flotation of the iron ore slimes (rougher stage) combining column flotation and a new collector reagent avoiding the use of a depressant, showing the fluctuation of some slimes characteristics (such as iron content and percentage of solids) in an industrial plant and discussing the effect of some operational parameters on the iron ore slime flotation performances.

The operation parameters of the column (air rate, carrying capacity, wash water rate) and the reagent dosage were evaluated based on the collected data on the Fe, SiO2, Al2O3 contents in the concentrate. The need to implement automatic control systems for parameters such as collector dosage, washing water and air flow is discussed regarding an eventual industrial application of column flotation as rougher stage in a slime concentration process.

Materials and Methods

Industrial Plant

The pilot tests were carried out at Vargem Grande 2 iron ore processing plant, located in the Iron Quadrangle (IQ) in Minas Gerais, Brazil. The plant was designed to concentrate 22.36 million tons per year of ROM (run of mine) with the objective of producing concentrates with silica content ranging from 1.5% to 2.5%.

The industrial process route (Figure 1 

Pilot Plant

The pilot plant was constructed close to the slimes thickener and part of the stream from the thickener underflow was diverted towards this plant.

The tests were performed using a pilot flotation column of 500 mm diameter and 4000 mm height with a cavitation tube system for bubbles generation. The device consists of a centrifugal recycle pump with a sparger designed to induce cavitation and generate fine bubbles. A portion of the slurry underflow is drawn from the column and pumped to a cavitation tube sparger where the air is injected under pressure. The pilot plant flowsheet is shown in Figure 2. 

Reagents

Information regarding the reagents is summarized in Table 1.

Table 1. Summary of all the reagents used in the experimental work. 

-

The amidoamine type collector Flotinor 5530 (Clariant, Belo Horizonte, Brazil), whose main active molecule is N- propyl]dodecanamide, was not adopted yet in the industrial iron ore flotation process and previous studies demonstrated that its application for the slimes flotation similar to the slimes from Vargem Grande 2 does not require a depressant [START_REF] Matiolo | Improving recovery of iron using column flotation of iron ore slimes[END_REF].

Characterization

The chemical analyses were carried out by X-ray fluorescence at Vale's chemical analytical laboratories. The particles size analysis of this typical slime sample is presented in Figure 3. The results

show that 83% of the total mass consists of particles below 20 μm, 3% above 106 μm, and 14% between 20 and 106 μm. Ma et al. [START_REF] Ma | Comparative studies of reverse cationic/anionic flotation of Vale iron ore[END_REF] stated that the reverse cationic flotation tends to display unsatisfactory results for such fine-grain particles.

Figure 4 presents the element distribution by size fraction of this typical slimes sample.

The majority of the iron (87%) is present in the fine particle size fractions (<20 μm). The presence of Fe in the fine fraction is problematic when aiming to achieve an efficient separation by reverse cationic flotation since fine hematite particles are susceptible to report to the froth product (tailings). An important issue regarding this element distribution by size fraction is that in literature, it is often found that desliming is performed at 10 μm to obtain a good separation efficiency in the flotation process [START_REF] Fornasiero | Innovations in the flotation of fine and coarse particles[END_REF]. However, as previously stated, if the current sample is deslimed at 10 μm, approximately 49% of the total iron content will be lost.

XRD analysis was performed on the six size classes. A summary of the identified minerals and the corresponding size classes is displayed in Table 3. Both quartz (SiO2) and kaolinite (Al4(Si4O10)(OH)8) are common gangue minerals associated with iron oxide slimes, while hematite and goethite are the main iron minerals.

Depending on the goethite type, its presence could be problematic regarding the silica content in the concentrate. Goethite has three common forms, including brown, yellow ochreous and dark brown. The yellow ochreous is reported to contain considerable amounts of Al2O3 and SiO2 (2-9%). It is still under debate if these impurities occur as inclusions in the goethite mineral or if it occurs by elemental substitution of Al in Si into the crystal lattice [START_REF] Clout | chemical and physical characteristics of iron ore[END_REF]. The presence of these impurities can cause selectivity problems in the reverse cationic flotation since the amines can adsorb onto the goethite. Moreover, the flotation does not provide successful removal of these impurities [START_REF] Bruckard | Developments in the physiochemical separation of iron ore[END_REF].

Figure 6 shows a selected SEM image for the slimes sample (Magnification: 500×) and the elemental mapping performed. Based on the EDS analysis, it is possible to state that in Figure 6a the white color particles represent hematite minerals, while the grey particles represent quartz. In the high-resolution elemental map (Figure 6b), Fe is represented by the red color, and

Si is represented with the green color. It is also notable the considerable presence of a very fine grain of hematite (iron oxides) in the smaller size fractions (<10 μm). This observation reinforces the statements made previously that desliming the sample at 10 μm would result in a significant loss of iron.

Pilot Flotation General Conditions

Amidoamine Flotinor 5530 was used as a collector at a dosage of 152-160 g/t in the absence of depressant. The flotation was performed in a 500-mm column at pH 10.5.

The flotation conditions in the pilot tests presented in this work were set to mimic the parameters (pH and collector dosage) reported by Matiolo [START_REF] Matiolo | Improving recovery of iron using column flotation of iron ore slimes[END_REF], where the iron ore slimes flotation was performed in a 2"and 6" column. The measurements (Table 4) were performed to assess the hydrodynamic conditions of the flotation column during pilot tests at the Vargem Grande 2 site. 

Variability of the Slimes in the Industrial Plant

According to Trahar and Warren [START_REF] Trahar | The flotability of very fine particles-A review[END_REF], the overall flotation performance deteriorates for the finer particles, but the precise effects of particle size on recovery, grade, and flotation rate are supposed to be more complex. Regarding the pilot tests in line with the industrial plant, several factors can contribute to low SiO2 recovery to the froth in some tests, such as collector dosage per SiO2 content in the feed, washing water and industrial plant operation variations (i.e., grinding parameters, as p80). Issues related to mineralogy and mineral particles liberation must also be considered. The high variability in slimes characteristics can be explained by operational factors in the plant. The iron ore slimes are a reject fraction of the process, which is disposed of in the tailings dam. Therefore, regarding the slimes, the operational control of the plant aims to obtain the maximum percentage of solids in the slimes thickener underflow (provided that the quality of the overflow water is in accordance with the specifications of the industrial process water) and to reduce the amount of the slimes generated in the grinding and desliming process, since that the iron content in the final product and the metallurgical recovery of conventional flotation are maintained within acceptable values or even optimized. Concerning the mining planning, in some cases, the mineralogical knowledge linked to the genesis of the ore may not be useful to predict the mineral processing responses in the industrial plant. For example, the mineralogy of the ore genesis identifies the presence of goethite, but it does not classify this mineral in terms of its chemical composition, such as aluminous goethite and siliceous goethite [START_REF] Araujo | Ore mineralogy and its relevance for selection of concentration methods in processing of Brazilian iron ores[END_REF]. Figures 11 and12 show that it was possible to recover in the froth percentages of mass varying from 16.3% to 36.0%, with an improvement in the iron content in the product varying from 5.9% (May 9) to 15.4% (May 16). The Figure 13 shows that, even the worst test result, carried out on May 9, recovered about 38% of all SiO2 in the froth, losing only 5.2% of the iron.

The recovery of SiO2 reaches approximately 83%, with a loss of 14% of iron in the best of case (May 14). Therefore, considering the losses of iron in comparison with the floated SiO2, the results show that this specific amidoamine collector could be adopted in slimes concentration since it provides a selective separation between ultrafine iron oxides and quartz (even in the absence of a depressant). Some factors may have influenced the results regarding the variability of the SiO2 recovery values to froth. Concerning quartz, a hypothesis for this recovery values range is that there may have been variations in its particle size at each test, influencing the specific surface areas of this mineral, requiring a higher specific dosage of the reagent for sufficient hydrophobization of its surface in some cases. The probability of a collision in the flotation process may be also impaired by particle size variation [START_REF] Lima | Effect of particles size range on iron ore flotation[END_REF]. This probability captured the attention of several researchers, who showed that this parameter is directly related to physical variables, such as particle size and bubble diameter [START_REF] Fornasiero | Innovations in the flotation of fine and coarse particles[END_REF].

The minimum degree of hydrophobicity necessary for the flotation of a particle depends on its size [10]. The low recovery of fine particles is often attributed to their low mass and inertia, which leads to the low probability of particle colliding with bubbles, as demonstrated by some authors [START_REF] Schulze | Investigations of the Collision Process between Particles and Gas Bubbles in Flotation-A Theoretical Analysis[END_REF]. Another reason for the low floatability of fine particles is that they possess insufficient kinetic energy (due to low mass) to displace the thin water film between the colliding particle and bubble and form the three-phase line of contact [START_REF] Chipfunhu | Flotation behaviour of fine particles with respect to contact angle[END_REF]. Scheludko et al. [START_REF] Scheludko | Attachment of Particles to a Liquid Surface (Capillary Theory of Flotation)[END_REF] has proposed the existence of a critical contact angle necessary for the flotation of fine particles. According to Chipfunhu et al. [START_REF] Chipfunhu | Flotation behaviour of fine particles with respect to contact angle[END_REF], the poor floatability of fine particles is mainly because they have not reached their critical contact angle. Figure 5 demonstrated that the main alumina mineral in the slimes used in the pilot tests was kaolinite. The kaolinite structure has anisotropy, and this characteristic can explain its low recovery to froth in a flotation process.

Souza et al. [START_REF] Souza | Concentration of manganese tailings via reverse flotation in an acid médium[END_REF] showed that the application of amidoamine in kaolinite flotation in the beneficiation of manganese ore at acidic pH is feasible. However, according to Xu et al. [START_REF] Xu | Effects of particle size and chain length on flotation of quaternary ammonium salts onto kaolinite[END_REF], in the cationic flotation, the pH dependence of kaolinite flotation is the opposite to that of oxides with a lower flotation recovery obtained at higher pH; therefore, the efficiency of kaolinite flotation using amidoamine is impaired at the pH adopted in the pilot tests (10.5). Kaolinite is a clay mineral; thus, the flotation of kaolinite is also impaired due to its small average size.

Therefore, due to the issues regarding the kaolinite flotation, part of the SiO2 content in the product of the pilot tests may be originated from the kaolinite. The kaolinite may also represent a higher consumption of collector due to its greater specific surface, decreasing the collector available to adsorb on the quartz surface.

Analysis of the Influence of Feed Variability and Operational Parameters on

Flotation Results during the 67 Pilot Test Campaign

Results

Figure 14 shows the variability of the iron content values in the feed, product, and tailings during 67 pilot rougher flotation tests. The operational parameters adopted in these tests are, on average, the same adopted on the pilot tests shown in Table 5. 

Influence of Collector Dosage

The trend presented in Figure 16 shows that increasing the dosage of the collector results in a decrease in the silica content in the concentrate.

Figure 16. Trend between the amidoamine specific dosage and the SiO2 content in the product concerning.

For a given gas holdup in the collection zone, different water-carrying capacities can be obtained by changing the frother type in the system [START_REF] Kracht | Effect of surfactant type on the entrainment factor and selectivity of flotation at laboratory scale[END_REF]. The amidoamine is a surfactant, so this reagent performs two functions in the flotation process: collector and frother. Therefore, by increasing the concentration of amidoamine, the bubbles will carry an increasing amount of water (Figure 17).

Figure 17. Trend between the amidoamine specific dosage and the %water in the froth content in the product.

The amount of water carried with bubbles affects many sub-processes taking place in the froth, which determine the froth product quality [START_REF] Melo | Effect of frothers and solid particles on the rate of water transfer to froth[END_REF]. The recovery of fine hydrophilic particles in flotation is related to the recovery of water. Water may be carried by bubbles into the froth [START_REF] Moyo | Characterizing frothers using water carrying rate[END_REF] and the water recovery is closely related to the nonselective transport of solid particles in the froth by entrainment [START_REF] Matos | Differences in Etheramines Froth Properties and the Effects on Iron Ore Flotation. Part II: Three-Phase Systems[END_REF].

Influence of Water Recovery

As the amidoamine Flotinor 5530 shows selective behavior for reverse flotation of quartz in iron ore without depressant, the loss of iron in the froth can be mainly attributed to entrainment. Figure 18 shows the trend of increasing the iron content in the froth due to the increased water recovery. Figure 19 shows that the improvement trend in iron recovery, due to the increase in water recovery, is observed for the non-floated product.

Figure 19. Trend between the water recovery to the product and the recovery of Fe to product.

Influence of Washing Water

According to Trahar [10], the entrainment effect can be reduced by decreasing the water flow to the froth, using a suitable choice of frothers and collectors or by reducing pulp densities.

However, such methods rarely seem to provide an effective solution in industrial practices.

Only column flotation combined with some form of refluxing and froth washing appears to reduce entrainment for the fine particle flotation [START_REF] Somasundaran | Fine particles treatment[END_REF]. Kursun [START_REF] Kursun | Effect of Fine Particles' Entrainment on Conventional and Column Flotation[END_REF] demonstrated that the effect of particle size on the entrainment factor is very significant. The washing water is used in flotation to increase the drainage rate of water within the froth phase, removing entrained (hydrophilic) particles [START_REF] Tan | Regimes of drainage instability caused by wash water[END_REF]. According to Soto [START_REF] Soto | Column flotation with negative bias[END_REF],

washing water flow helps to stabilize the thick froth layer, reducing the entrainment of fine gangue particles (Figure 20). This makes column flotation a very selective process to separate finely ground minerals. Figure 21 shows the washing water system during the pilot tests. 

Carrying Rates

To find the best column flotation circuit, the design objectives must be clear concerning the grades and recoveries and their allowed variance [START_REF] Flint | Column flotation of iron ore[END_REF]. Maximum carrying capacity is a critical parameter in enrichment by column flotation [START_REF] Kursun | Determination of Carrying Capacity Using Talc in Column Flotation[END_REF]. According to Espinosa-Gomez et al.

[50], the capacity of a flotation column can be limited by the rate of concentrate removal.

Limiting carrying capacity was observed during pilot column flotation of very fine minerals at Mount Isa Mines (MIM), Australia [START_REF] Yianatos | On the Carrying Capacity Limitation in Large Flotation Cells[END_REF].

Espinosa-Gomez et al. [START_REF] Espinosa-Gomez | Technical Note: Flotation Column Carrying Capacity: Particle SIZE and Density Effects[END_REF] showed that the maximum carrying capacity achieved from a flotation column is directly proportional to the product of the d80 particle size and the mean specific gravity of the concentrate. The carrying capacity parameter for iron ore slimes column flotation tends to be lower than the values for conventional iron ore flotation and may vary considerably due to operational adjustments and/or variations in ROM that will imply changes in the granulometry. The trends presented by the carrying capacity values and the SiO2 content in the concentrate and the carrying capacity and recovery of iron in the froth are shown in 

General Discussions

Control System

According to Bergh and Yianatos [START_REF] Bergh | Flotation column automation: state of the art[END_REF], stable operation of flotation columns and consequent consistent metallurgical benefits can only be obtained if basic distributed control systems are implemented. Considering the high variation of the slime characteristics from the industrial plant (%Fe, %SiO2, %Al2O3, %solids), the adoption of an industrial slimes flotation process as rougher stage needs to be supported by reagent dosing and wash water automatic control systems with online instrumentation to analyze the Fe and SiO2 content.

The optimum superficial air velocity for each pilot test was not evaluated in this work. Mackay et al. [4] highlighted the importance of considering the connection between particle size, air rate and froth stability when determining flotation strategies. Thus, the implementation of automatic air flow control in the cavitation system can also contribute to improve the results obtained in a slime flotation industrial circuit since, in addition to the variability of the run of mine, some adjustments in the industrial plant may change the size distribution of the slimes flotation feed, requiring a new optimized air flow, since these changes in the particle size distribution require a change in the air rate to maximize mineral recovery [5].

Product Quality and the Challenge of Slimes Concentration in Brazil

Several factors may have influenced the results of the flotation process, such as mineralogical characteristics that may be related to gangue minerals or even to iron oxides.

Figure 24 shows the tendency to reduce the iron content in the flotation product due to the increase in LOI (loss of ignition) in this same product. The presence of goethite, gibbsite, and kaolinite leads to high LOI (loss on ignition) and high Blaine number (a technical parameter which quantifies the proportion of the clayey minerals, i.e., kaolinite) in the iron ore concentrate after beneficiation [START_REF] Beuria | Study on kinetics of thermal decomposition of low LOI goethetic hematite iron ore[END_REF]. The iron oxides in the itabirite slimes of the Iron Quadrangle consist mainly of hematite and goethite. The more goethite is present in the slimes, in addition to the reduction of the Fe content due to the chemical composition of the goethite, the LOI associated with this iron oxide decreases the maximum possible iron content to be obtained in the concentrate. Considering the same mineralogical constitution, the higher the Blaine, the larger amount of reagent is needed to obtain the concentrates due to the increase in the mineral surfaces to absorb the collector. In relation to the flotation process, the increase in the dosage of the collector, in addition to the presence of more ultrafine particles and its mineralogical constitution, render it difficult to obtain products of high chemical quality without considerable reduction in mass recovery.

Figure 24. Trend regarding the reduction of the iron content in the product with the increase in the value of LOI for this concentrate.

Regarding another processes, such as the magnetic concentration, the relative importance of the particle size is a critical point in the process of magnetic concentration because, while the hydrodynamic drag force is proportional to the particle diameter, the magnetic and gravitational forces are proportional to the particle volume [START_REF] Svoboda | Recent developments in magnetic methods of material separation[END_REF]. Thus, for ultrafine particle size, the magnetic concentration tends to generate high levels of iron in the tailings due to the increase in the hydrodynamic drag of these particles.

Studies have been carried out on the concentration and reuse of iron slimes in Brazil, considering not only unique processes, but also the combination of processes such as magnetic to reduce the amount of slimes generated at their plants. The definition of the ore is based on economic criteria, therefore, the feasibility of a slime concentration process must be analyzed not only by the quality of the product generated, but, above all, by the avoided costs. Even generating lower quality products, the concentration of the slime de-creases the volume of material sent to tailings dams, reducing environmental and safety risks.

Conclusion

The The increased values of the carrying rate decreases the SiO2 content in the iron concentrate to the detriment of the increased losses of iron in the froth product (tailings). Thus, there is no guarantee to reach high iron metallurgical recovery and low SiO2 content in the concentrate, adopting only one column flotation stage during an industrial operation.

The iron content in the product varies according to the mineralogical characteristics of the slimes and, for high LOI values in the concentrate, there is a tendency to obtain low iron content in the nonfloated product.

Further studies regarding the adoption of a cleaner stage by flotation or magnetic concentration will contribute to the feasibility of implementing an iron ore slimes concentration circuit in the Vargem Grande 2 plant concentrator. To answer the question presented in this chapter, some exploratory pilot tests, adopting the magnetic concentration, were performed with Vargem Grande 2 plant slimes to compare the results between magnetic concentration and flotation with amidoamine (N- [3-(dimethylamino)propyl]dodecanamide). As for the magnetic concentration, the results agree with those presented by Pinto (2020), and it is not possible to obtain values with a silica content in the concentrate lower than 3.4%.

The equipment adopted in these magnetic concentration exploratory tests was the VPGHMS (Figure 1). According to [START_REF] Altin | Recovery of chromite from processing plant tailing by vertical ring and pulsating hight-gradient magnetic separation[END_REF], the VPHGMS allows the processing of fine and weakly magnetic particles through the combined magnetic force field, pulsation in the separation zone, gravity, and vertical rotating ring.

Figure 1. VPHGMS Copied from [START_REF] Altin | Recovery of chromite from processing plant tailing by vertical ring and pulsating hight-gradient magnetic separation[END_REF]www.slonmagnetics2020.en.made-inchina.com) Flotation column pilot tests were also performed, and three different circuit configurations were evaluated. The mass balance was calculated with the average value obtained from the optimized tests. Regarding the VPHGMS, the best operating parameters were flowrate: 300 l/h, ring speed: 3 revolutions per minute, magnetic field: 13 T. The VPGHMS adopted in the pilot tests was the Longi LGS-EX, with a ring diameter of 500 mm (Figure 5). Flotation tests parameters were presented in chapter 6. This thesis does not aim to detail studies related to the magnetic concentration in iron ore slimes, therefore, only the final results for each evaluated route are presented in figures 2 to 4.

Figure 5. VPHGMS LGS-EX adopted in the exploratory pilot tests to evaluate the magnetic concentration of iron ore slimes from the Vargem Grande 2 plant.

As demonstrated by the pilot test results in Chapter 6, concerning the flotation, to improve the iron content in the concentrate, a cleaner stage is needed. The exploratory studies of magnetic concentration and flotation showed that the synergy between these two distinct processes can be, in some cases, an adequate option to guarantee less iron loss in the tailings and higher iron content in the concentrate. Therefore, a suitable process route for the concentration of iron ore slime from the Vargem Grande 2 plant could be the rougher phase by column flotation with amidoamine (N- [3-(dimethylamino)propyl]dodecanamide) and the cleaner by adopting magnetic concentration with VPGHMS. Table 3 presents the results of the pilot tests adopting the VPGHMS to concentrate the column flotation product referring to the pilot tests shown in Table 5 of chapter 6 while Table 4 presents some results obtained in the exploratory pilot tests adopting only a rougher stage by the VPHGMS. Comparing Tables 3 and4, it is possible to observe that better results for the final product were obtained by adopting the route with flotation and VPGHMS. Regarding the iron ore slimes from the Vargem Grande 2 plant, feeding the magnetic concentrator with high quartz content results in a higher silica content in the concentrate due to the trapping of non-magnetic particles in the equipment matrix. In this case, a cleaner stage also performed with magnetic concentration tends to generate greater iron loss in the final tailings when compared to flotation performed as a rougher stage.

In this work, a different flotation from conventional flotation was developed, because, due to the specificities of the collector, it does not require the use of starch. Due to the selectivity of this reagent in the specific case of Vargem Grande 2, the loss of iron in the tailings is lower when flotation is compared to the magnetic concentration process, but the magnetic concentration generates products with lower SiO2 content and with less variation in chemical quality of the concentrate when compared to flotation. Thus, the combination of the two processes (flotation and magnetic concentration) tends to generate a route with lower iron losses in the tailings (compared to the route with only magnetic concentration) and better chemical quality of the final product (when compared to a route where there is only flotation).

Therefore, depending on the desired iron content in the final concentrate and the characteristics of the slimes, this new flotation process (without depressant), may be a suitable process as a rougher stage to reduce iron loss to the final tailings when compared to the twostep VPHGMS route.

In an industrial project, it is possible, for example, to design a flexible circuit to operate according to slime characteristics and specific objectives (improve mass recovery or improve concentrate quality, for example) by adopting the configuration shown in Figure 2 and options for bypass of the column or magnetic concentration.

piles, since some studies have shown that there is a maximum ratio between ultrafine tailings and flotation tailings, which makes filtering and stacking of the total tailings viable.

The Chapter 2 was dedicated to discussing the harmful effects of iron slimes on the reverse flotation of quartz (the main effects refer to the increase of reagents consumption, the lower selectivity and the froth stability). It was also discussed the anomalous flotation behavior of kaolinite, that can be explained based on crystal structure. Fine kaolinite particles have more edges to adsorb fewer cationic collectors than that of coarse kaolinite particles, which is responsible for its poorer floatability. Slimes have higher surface area, which increases the consumption of reagents and can result in high froth volumes.

It was analyzed a slime iron ore sample from the Iron Quadrangle, which almost 91% of the alumina (mainly kaolinite) were distributed in the size fraction below 20 µm. Flotation tests showed that the addition of corn starch during desliming feed sedimentation tests increased the kaolinite depression. Considering that kaolinite is the main alumina mineral in the iron ore slime from the Iron Quadrangle region, its presence can affect the quartz flotation due the kaolinite depression by the corn starch. The starch adsorption on kaolinite surface may impairs the starch adsorption on the hematite, increasing the iron content in the flotation tail. The kaolinite depression due the starch adsorption, also impairs the quality of the product due the increase of silica and alumina content in the concentrate of flotation. Thus, considering an iron ore with high kaolinite content, increasing the starch dosage to enhance the hematite depression may generate, as consequence, the decrease of the flotation process selectivity.

Another important issue presented in this chapter is related to the particle size distribution of minerals present in the iron ore slimes. It was possible to verify that the hematite present in the slime sample studied was much finer than the silicates (D50 of hematite was 9 µm, while d50 of the silicates is 20 µm). The high hematite specific surface in the slimes may requires higher starch dosages in the flotation process. As discussed, high starch dosages may generate, kaolinite depression and also the quartz depression due the co-adsorption of starch with amine on the quartz surface (high dosages of reagents may also impairs the flotation process due the clathrates formation).

Therefore, studies carried out on the Chapter 2 contributed to demonstrate that the scientific hypothesis presented in the Chapter 1 (the development of collector that dispense the need for a depressant reagent in iron ore cationic reverse flotation may contributes to obtain a more efficient iron ore slime flotation process) is a suitable hypothesis.

It is important, however, to emphasize that the magnetic concentration results presented in the Chapter 2 showed that, even after three cleaner stages, the tailings contained 17.06% Fe, which may indicate some association between gangue minerals and Fe minerals. Therefore, the finer size distribution of the Fe minerals and their associations with the gangue minerals indicate challenges and difficulties to concentrate the iron ore slimes even with a collector reagent without need for depressant.

From the Chapter 3 to the Chapter 6, the studies were based on the analysis of the amidoamine N- [3-(diethylamino)propyl]dodecanamide as collector reagent, without depressant.

The Chapter 3 was focused on the classic fundamental studies related to the interaction between the hematite, quartz, and kaolinite minerals with the amidoamine, amine and starch. It was discussed the results of the zeta potential, contact angle measurements, pure and mixed minerals flotation tests and FTIR analysis. Although smaller than the contact angles for etheramine, the angles obtained with amidoamine at pH 8 and 10 showed that this collector could hydrophobicise the quartz surface to promote its flotation. The zeta potential increased significantly at pH 8 for amidoamine, whereas the zeta potential variation for etheramine was slightly pronounced at pH 10. Thus, the biggest difference in the adsorption behaviour between both collectors occurs at pH 8 and 10 (this difference can be explained due to the pka of each reagent, while the etheramine pka value is close to 10, the amidoamine pka value is close to 8).

The flotation tests showed that is possible to obtain selective flotation of quartz from hematite in the reverse approach, without a depressant. But, to reach the same recovery level as that achieved using the amine collector, it is necessary to adopt a higher amidoamine dosage than etheramine.

The infrared spectroscopy results showed that an increase in amidoamine concentration did not result in a significant variation in peak intensity (stretching bands of CH3 and CH2) for hematite spectrum, while the peaks intensity on the quartz and kaolinite were increased significantly, therefore since for this amidoamine collector the structure of the adsorption layer is controlled by the collector concentration, occurs hindrance effect for hematite. Thus, the amidoamine N- [3-(dimethylamino)propyl]dodecanamide is able to promote the selective flotation of quartz from hematite without a depressant agent, such as starch. Despite the flotation behavior of kaolinite, adopting the amidoamine, was similar to those of hematite, the FTIR spectrum analysis was similar to the of quartz. The high specific surface area coupled with double sheet structure may be an explanation for this behavior. Therefore, this reagent can be an advantageous alternative to conventional amines in the reverse cationic flotation of iron ores slimes, depending on the amount of kaolinite present, since high kaolinite content may also impair the selectivity of flotation even adopting the amidoamine as collector.

The deep understanding of the adsorption mechanism related this specific amidoamine may contribute to the development of a new class of reagents, more effective for the reverse iron ore flotation, reducing or eliminating the need for the depressant reagent, also contributing to a decrease of iron loss to tailings. Therefore, in the Chapter 4, studies concerning the molecular modeling, comparing the adsorption of the etheramine and amidoamine on the hematite in on quartz surface were carried out to explain the hindrance mechanism presented by the FTIR analysis in the Chapter 3.

The molecular modeling studies demonstrated that, concerning the surface D2 of the hematite, the selectivity behavior for the quartz-hematite system flotation with amidoamine can be explained by the combination of the "shield" formed by the coordinating water molecules on this surface with the large amidoamine head group molecular volume, due the methyl bonded to nitrogen in the tertiary amine, generating steric hindrance and impairing the adsorption on its surface, even considering the protonated amidoamine (pH 8,5). In relation to etheramine, the neutral collector adsorption is impaired by the coordinating water on the hematite-(D2) surface, but the protonated molecule (etherammonium) can penetrate and bind on this surface due the electrostatic driving force. Thus, the analysis presented in the Chapter 4, contributed to explain the occurrence of steric hindrance on the hematite surface and the absence of this behavior on the quartz surface. Others hematite surfaces did not be studied, so depending on of the iron ore characteristics, the selectivity behavior of this amidoamine may be different.

In order to evaluate the amidoamine industrial application on the iron ore slimes flotation, the Chapter 5 was dedicated to study two different slimes samples in a column flotation pilot plant. The slime sample containing higher amount of kaolinite presented worst flotation performance. These results are according to the analysis related to the fundamental studies carried out in this thesis. The amidoamine showed potential to be adopted, without depressant, in a slimes flotation process for the sample with the lowest percentage of kaolinite.

The several tests presented in Chapter 4 were performed in a controlled plant, thus they did not consider process variations due to plant operation or even slimes characteristics variability that occurs in an industrial plant. Therefore, to conclude about the industrial application of the amidoamine in the iron ore slimes flotation, without depressant, it was necessary to evaluate its performance considering the issues related to the continuous operation.

Thus, studies presented in the Chapter 6 demonstrated that, regarding an industrial application of the iron ore slimes flotation with the amidoamine N- [3-(dimethylamino)propyl]dodecanamide, without depressant, the variability of the flotation feed significantly impairs the results. It was analyzed the influence of the mains operational parameters and it was possible to conclude that, different of the results obtained in the controlled environment presented in the Chapter 5, it was not possible to maintain a suitable flotation efficiency during the continuous operation adopting only one concentration. The importance of implementing automated silica and iron analyzers was also demonstrated, as well as automatic parameter controls, such as washing water and reagent dosage, in an eventual industrial application.

Chapter 7 suggests that a suitable process to use as a cleaner step in the concentration of slimes from the Vargem Grande 2 plant, after flotation with the amidoamine N- [3-(dimethylamino)propyl]dodecanamide, could be the concentration magnetic. This chapter presents exploratory studies, which are outside the scope of this thesis and should be further explored.

This thesis was focused on the selectivity behavior related to the amidoamine N- [3-(dimethylamino)propyl]dodecanamide in the flotation of iron ore slimes composed basically by hematite and quartz and represents a small contribution to the development of new iron ore flotation collectors.

With the advancement of technology, the use of computational tools has an increasingly important role in the most varied areas of knowledge, as demonstrated using molecular modeling in this thesis, for example.

The scientific development of a given subject is done by several hands. It is a construction in which each researcher places a brick to build new and more solid knowledge.

Thus, there are still several issues related to the research presented in this thesis that can be further developed, such as: the adsorption behavior in relation to different sizes of mineral particles, the influence of the percentage of solids and froth characteristics on the hydrodynamics and efficiency of the process. Furthermore, the study of reagent optimization through changes in its structure or mixture with other reagents is an important line of research to be evaluated.
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 2 Figure 2 -Reaction scheme for surface complex formation and hydrogen-bonding mechanisms.Copied fromWeissenborn, et al (1995).
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 3 Issues that hinder the selective action of starches in the iron ore cationic reverse flotation process.

Figure 3

 3 Figure 3 shows the variation in the floatability of quartz, at pH 10.0, with different concentrations of amine and corn starch according to the author.

Figure 3 -

 3 Figure 3 -Quartz floatability due to different dosages of amine and corn starch at pH 10. Copied from AGUIAR, et al., (2017) 

  a surface chemical complex with metal atoms. Thus, the chemical complexation adsorption mechanism can explain the strong depression effect of the starch during the magnetite and Fe-Mg-Al-bearing amphibole flotation. Nykänen et al (2018) demonstrated that, in industrial circuits, starch may not be effective in preventing iron loss in flotation tailings. The authors performed two-liquid flotation (water and isooctane) experiments with the flotation tailings from the Conceição Mine and Pico Mine, localized in the Iron Quadrangle, to quantify the amount of iron loss in the -44m fraction of these plants due the drag flotation (entrainment and entrapment) and real flotation (iron oxides hydrophobization by the collector).

Figure 4 -

 4 Figure 4 -N-[3(dimethylamino)propyl]dodecanamide molecule. Copied from (s.d., p. https://pubchem.ncbi.nlm.nih.gov/compound/lauramidopropyldimethylamine)

Figure 5 -

 5 Figure 5 -Synthesis of the N-[3(dimethylamino)propyl]dodecanamide molecule. Copied from(Budemberg, 2016) 

Figure 6 -

 6 Figure 6 -Establishing the pKa value of N-[3(dimethylamino)propyl]dodecanamide using the first derivative method. From the data obtained in acid-base potentiometric titrations of a collector solution with a NaOH titrant solution, the curve of the first derivative (ΔVolume of NaOH/ΔpH) was plotted by pH. The point on the pH axis with the highest peak on this curve represents the approximate pKa value of each collector. (These data refer to studies carried out by the author)

Figure 7 -

 7 Figure 7 -(a) Collector structures, (b) the flotation behavior of pure minerals (quartz and magnesite) as a function of collector concentration, (c) results of the flotation tests. Copied from Liu et al. (2019).
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 8 Figure 8 -(a) Collectors structures (DDA and BHDA), (b) zeta potentials and flotation recoveries (magnesite, dolomite and quartz), (c) collectors properties analysis. Copied from Liu, et al. (2019).
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 9 Figure 9 -Optimized geometry of DDA + (a), NDEA 2+ (b) and DPDA 2+ (c). Copied from Liu, et al. (2019).

Figure 10 -

 10 Figure 10 -Snapshots of adsorption configuration after equilibrium state of quartz (a) and hematite (b) with DPDA 2+ . The hydrogen bond is by the sky-blue dotted line. Copied from Liu, et al. (2019).
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 1 Figure 1. Particle size distribution of the iron ore slime (sample 1).

Figure 2 .

 2 Figure 2. Distribution of Fe, Si and Al according to size fraction of the iron ore slime (sample 1).The mineralogical analyses are reported in Figure3, where hematite is the main iron

Figure 3 .

 3 Figure 3. Mineral composition (in%) of the iron ore slime sample.

Figure 4

 4 Figure 4 illustrates an image of the surface of the hematite, where it is possible to observe the presence of finely disseminated quartz inclusions that appear to be smaller than 2 µm, which can impact the selectivity of flotation.

Figure 4 .

 4 Figure 4. Selected image of the surface of a hematite with finely dispersed quartz (sample 1).

Figure 5 .

 5 Figure 5. Comparative PSD between the iron ore slime (sample 1), hematite (sample 1A), and the silicates (sample 1B).

Figure 6 .

 6 Figure 6. Combined effect of the SiO2 distribution in the +74 µm fraction and the presence of slimes on the flotation response.

Fig. 3

 3 Fig.3shows the correlation between the Fe contents determined via XRF (used in this work) and the inductively coupled plasma mass spectrometry (ICP-MS) results obtained by

Figure 1 -Figure 2 -

 12 Figure 1 -Particle size distribution of pure mineral samples
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 1 Fig.4shows the contact angles, on the quartz surface, obtained at pH 8, 10 and 11 using etheramine (a) and amidoamine (b) at 0, 50, 75, 100, 200 mg/L collector dosage. The contact angles measured in the presence of etheramine on the quartz surface were greater than those obtained with amidoamine at all pH values tested.

Figure 4 -Figure 5 -

 45 Figure 4 -Contact angle measurements on quartz with standard deviation (SD) estimated based on three experiments. (a) Obtained using aqueous solutions of etheramine. (b) Obtained using aqueous solutions of amidoamine.

  (75 mg/L) + Starch (215 mg/L) angular distributions of the collector in the adsorption layer. Considering different collectors, with different molecular structures, different contact angles with the same pH are expected.

Fig. 6

 6 Fig. 6 presents the contact angle measurements on quartz at pH 8, 10 and 11 with etheramine (a) and amidoamine (b), considering a collector dosage of 75 mg/L, with and without starch. Regarding the etheramine collector results, the contact angle of quartz at pH 8 and 10 was reduced in the presence of starch but increased at pH 11, when compared to the angles at the same collector dosage (75 mg/L) without starch.

Figure 6 -

 6 Figure 6 -Contact angles on quartz at pH 8, 10 and 11 in aqueous solutions of (a) etheramine and starch. (b) amidoamine and starch. Collector dosage: 75 mg/L. Starch dosage: 215 mg/L.

7. 2 .

 2 Zeta potential measurements Surface coverage was assessed by comparing the zeta potential values upon varying pure starch dosages from zero to 215 mg/L and the resultant surface charge of hematite, quartz, and kaolinite after reagent adsorption. Starch concentrations chosen for these tests were a low one, 0.25 mg/L, and a high dosage, 215 mg/L, for adsorption comparison. The concentrations of collectors used in these tests were 75 mg/L for adsorption comparison between the standard collector etheramine and the amidoamine. The zeta potential measurements of hematite, quartz and kaolinite obtained in the presence of starch with etheramine and starch with amidoamine are shown in Figs. 7 and 8 respectively.

Fig. 7

 7 Fig.7shows that the low and the high starch dosage associated with the collector etheramine (75 mg/L) resulted in close to zero surface charges for quartz and kaolinite at pH 10 (Fig.7a. and b.). Diversely, for hematite the low dosage with ethereamine was not sufficient

  (75 mg/L) + Starch (215 mg/L)
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 789 Figure 7 -Zeta potential of hematite (a), quartz (b) and kaolinite (c) with starch and etheramine.
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 1011 Figure 10 -Zeta potentials for quartz under different experimental conditions (SD is shown on the graph and the value varies between 0.3 and 6.3). (a) Quartz with etheramine. (b) Quartz with amidoamine.

  (75 mg/L) K+ Starch (0.25 mg/L) k + Starch (0.25 mg/L) + Amidoamine (75 mg/L)

Figure 14 -

 14 Figure 14 -Quartz recovery in bench-scale tests with etheramine, etheramine plus starch, and amidoamine.

Figure 15 -

 15 Figure 15 -Flotation test results of the hematite-quartz mixture at pH 10: (a) Hematite recovery. (b) Quartz recovery.

Figure 17 -

 17 Figure 17 -Flotation recovery results of the hematite-kaolinite mixture at pH 10: (a) Hematite recovery. (b) Kaolinite recovery.

Figure 18 -

 18 Figure 18 -Hematite recovery during flotation tests of pure hematite and hematite-kaolinite mixture using etheramine collector at pH 10.
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Figure 23 -

 23 Figure 23 -FTIR spectra of kaolinite before (1) and after interaction with amidoamine(2, 3, and 4).

Figure 24 -

 24 Figure 24 -Chemical structure of N-[3-(Dimethylamino)propyl]dodecanamide (Copied from PubChem, 2020).
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  Studies have been carried out to develop new more selective collectors for iron ore flotation.[START_REF] Huang | Investigations on reverse cationic flotation of iron ore by using a Gemini surfactant: Ethane-1,2-bis(dimethyl-dodecylammonium bromide)[END_REF] investigated the adsorption mechanism of a Gemini surfactant, ethane-1,2-bis(dimethyl-dodecyl-ammonium bromide) (EBAB) for the reverse cationic flotation separation of quartz from magnetite. According to the authors, the EBAB presented a stronger collecting power than the conventional monomeric surfactant dodecylammonium chloride (DAC) and a superior selectivity towards quartz. Liu et al. (2020a) synthesized a N,Ndimethyl-N′-(2-hydroxyethyl)-N′ -dodecyl-1.3-propanediamine (DMPDA) with the objective of designing a hydroxyl-containing polyamine cationic surfactant to enhance the separation efficiency between hematite and quartz by reverse flotation. The results showed that the introduction of the hydroxyl group could enhance the surface activity of the collector and the selective adsorption on the desired mineral surface. The flotation tests showed that DMPDA had a higher selectivity than dodecylamine.1.3. The quartz and hematite mineral surfaces.

  Araujo et al. (2020) studied the flotation performance of the amidoamine (Flotinor 5530) in the reverse rougher flotation of iron bearing slimes assisted by high intensity conditioning (HIC) using a column flotation. Matiolo et al. (2020) performed column flotation tests of iron ore slimes using the same amidoamine collector than Araújo et al., (Flotinor 5530), without starch. The results presented by the Matiolo et al. showed that it was possible, by only using

  Silva et al. (2021a) performed a fundamental work on the use of the amidoamine N-[3- (dimethylamino)propyl]dodecanamide as quartz collector for iron ore reverse flotation, without depressant. The authors investigated, by FTIR analysis, the adsorption of this collector on the quartz, hematite and kaolinite surfaces and they found that, the adsorption on the hematite surface is controlled by a hindrance effect that impairs this collector adsorption. The selectivity behavior was also demonstrated by contact angle measurements and pure minerals bench scale flotation tests carried out by the authors.

Figure 1 -

 1 Figure 1 -Chemical structure of N-[3-(dimethylamino)propyl]dodecanamide[START_REF] Pubchem | Compound. Lauramidopropyldimethylamine[END_REF].

1. 5 .

 5 Molecular modeling.

Figure 2 -

 2 Figure 2 -Determination of pKa for the Flotinor 5530 amidoamine. Average value (3 measurements) for the peak of the first derivative shows pKa ~ 8.2.

  (e) and 3(f). The resulting mineral supercells were designed to present at least 24 Å in each edge (the double of the used non-bonded cutoff, respecting the minimal imaging convention). Hematite (a 26.16 Å, b 25.18 Å, c 27.44 Å) and quartz (a 24.55 Å, b 27.01 Å, c 25.51 Å) supercells' cleavage resulted in surfaces of virtually equal surface area, 6.59 and 6.63 nm2 respectively, as intended for better comparison. The c crystallographic pKa parameter determined the slab thickness to expose the corresponding surfaces. The structures of the collectors are also shown Fig. 3.

Figure 3 -

 3 Figure 3 -Molecular and crystal structures of: (a) Etheramine, (b) Etherammonium, (c) Amidoamine, (d) Protonated Amidoamine (e) Quartz unit cell, (f) Hematite unit cell, (g) Quartz (100)-α surface, (h) Quartz (100)-β surface, (i) Hematite (001)-D1 surface, (j) Hematite (001)-D2 surface (k) Order of hematite layers. Atom color code: hydrogen -white, oxygen -red, nitrogen -blue, carbon -cyan, silicon -yellow, iron -pink.

Figure 4 -

 4 Figure 4 -Scheme of the two types of studies conducted and their physical meaning: (a) Study 1-Single collector adsorption at the mineral interface; (b) Study 2 -Stability of the adsorption layers.

  the measured ECM values. Neutral surfaces adsorb the collectors weakly, showing unstable attraction for neutral collectors mainly. On the other hand, the cationic collectors show repulsion by neutral hematite (001)-D2 and quartz (100)-α, which can be explained by the fact that the outermost layer of these surfaces is dominated by positive partial charges, Fe in hematite and H and Si in quartz. Also, the collectors in cationic form display high similarity in the ECM values regarding the neutral surfaces, what indicates that their net +1 charge is the dominant factor in such interactions.The results showed that amidoamine-quartz interaction energies are more favorable than those of amidoamine-hematite, with a value of 0 for H (001)-D1. As already mentioned, the D1 surface is almost inert in a wide range of pH values, thus the collectors have low to no tendency to adsorb at hematite-D1.Lützenkirchen et al. (2015) observed that D1 increases with sample aging in aqueous solution, in a way that for fresh hematite samples, the proportion of D1 and D2 is similar and close to 50%. With aging, D1 becomes dominating. The authors observed values of PZC close to 6.5 for fresh samples and 9 for aged samples.

Figure 7 -

 7 Figure 7 -1D atom concentration profiles of the adsorption layers (distance values distribution from the head and middle group of collectors to mineral surfaces).

Figure 8 -

 8 Figure 8 -Collectors' angle distribution (occurrence x angle). Brown: H2 -Hematite (001)-D2 ; Blue: QA -Quartz (100)-α; Yellow: QB -Quartz (100)-β.

Fig. 9 -

 9 Fig.9-c and Fig.9-f show perfectly the already mentioned effect of coordination water at hematite (001)-D2 surface. Such layer of chemically bound water shields the surface from the adsorption of neutral collectors. It is noticeable how far and disorganized are amidoamine molecules from the surface. On the other hand, because of the electrostatic driving force, the etherammonium can penetrate this layer and bind to some surface sites.

Figure 9

 9 Figure9also shows the aforementioned inversion of etherammonium and protonated amidoamine at pH ~ 8.5. Also, it can be seen that even with the electrostatic driving force, protonated amidoamine has difficulties in penetrating hematite's coordinating water layer, mostly because of the steric hindrance due its bulky head group.

Figure 9 -

 9 Figure 9 -Snapshots of the hydrogen bonds observed in the simulation systems. For clarity, only the collectors' hydrogen bonding functional groups are shown, as well as surface atoms.Hydrogen bonds color code by HB donor: water -cyan; non-water: oxygen -red, nitrogenblue. Atom color code: hydrogen -white, oxygen -red, nitrogen -blue, carbon -cyan, siliconyellow, iron -pink.

  These simulation results contribute to explain the results obtained by authors such asMatiolo et al. (2020) when adopting the amidoamine N-[3-(dimethylamino)propyl] dodecanamide as collector in iron ore slimes flotation, at pH 10.5 without a depressant andSilva et al. (2021a) when demonstrating, by FTIR, the hindrance effect related the adsorption of this collector on the hematite.

  characterization. The particle size distribution of the study samples was determined by the laser diffraction technique, also known as light scattering, at CETEM's technology characterization sector -SCT. A Malvern model Mastersizer 2000 SM equipment capable of analyzing particles in the diameter range 0.1-1000 was used for this purpose. Chemical analyzes were performed using the X-ray Fluorescence technique at Vale's chemical analysis laboratories. Determinations were performed for the following oxides: Fe, SiO2, P, Al2O3, Mn, TiO2, CaO and MgO. XRD analysis by the powder method was performed on a Bruker-D4 Endeavor equipment under the following operating conditions: CoKβ radiation (40 kV/40 mA), 0.02° 2θ measure, 184 s count time per step drift LynxEye linear position-sensitive detector collected from 5 to 105° 2θ. Qualitative interpretation of the spectrum was performed by comparison with standards contained in the PDF04 + database (ICDD, 2014) using a Bruker Diffrac Plus software.

Figure 1 .

 1 Figure 1. Particle size distribution of the iron ore slime samples 1 and 2 Particle size (m)

Figure 2 .Figure 3 .

 23 Figure 2. Schematic flowsheet for the iron concentration from Slime 1 in the 2" column

Figure 4 .

 4 Figure 4. Schematic flowsheet for the iron concentration from Slime 1 in the 6" column Sample 2 -Column flotation 3"

Figure 5 .

 5 Figure 5. Schematic flowsheet for the iron concentration from Slime 2 in the 3" column

1 .

 1 the collector type and dosage and also flotation circuit. The results obtained in this study and from literature review indicate the non-existence of a standard solution for an efficient slimes processing in the iron ore industry. Therefore, continuous scientific and technological efforts must be made in order to reduce the iron losses at slimes at industrial iron ore concentration plants.desliming thickener. These pilot tests represented only the rougher stage of a flotation circuit.The novel collector used was an amidoamine (average collector dosage of 160 g/t), and the tests were carried out in the absence of starch, at pH 10.5 and with bubbles/microbubbles generated by cavitation tube. It was possible to achieve a concentrate, by reverse flotation, with an average iron content of 53% and an average metallurgical recovery of 91.5% The recovery of the silica in the froth was 53.1% in average for one stage of flotation. The high variability of the slime characteristics rendered difficult the stabilization of the SiO2 recovery; however, the applicability of the amidoamine collector was proven. In an industrial scale circuit, the use of online analyzers for Fe and SiO2 content and the adoption of control logics based on the adjustment of parameters such as reagents dosage and washing water flow rate adjustment should contribute to the optimization of the results obtained in the pilot scale tests.Further studies adding a cleaner concentration stage should be performed. Keywords: iron ore; slimes; column flotation; amidoamine; pilot plant; Vargem Grande 2 Iron ore ultrafine concentration

  ) basically consists of four crushing stages to reduce the run of mine (ROM) until d95 at 16 mm; the crushed ore is sent to a homogenization pile, where is reclaimed to feed four ball mills (4000 kw per mill) working in a closed circuit with 26 inches hydrocyclones. The product of the grinding stage (d95 at 0.15 mm) feeds the desliming circuit that consists of two stages (20 inch and 10 inch hydrocyclones). The underflow of the desliming circuit feeds the conditioner, where the starch is dosed. After the conditioning stage, the pulp feeds the conventional tank cell flotation circuit, where the amine is dosed as collector at pH 9.8-10.2. The concentrate feeds a thickener (diameter of 40 m) and its underflow is filtered by disc filters. The froth containing the non-valuable minerals is disposed to the tailings dam.

Figure 1 .

 1 Figure 1. Simplified flowsheet of Vargem Grande 2 industrial plant.

Figure 2 .

 2 Figure 2. Pilot plant flowsheet.

Figure 3 .

 3 Figure 3. Particle size distribution of the slime sample.

Figure 4 .

 4 Figure 4. Fe, Si and Al in feed according to size fractions.

Figure 5 .

 5 Figure 5. Typical mineralogical composition of a slimes sample from the industrial plant studied.

Figure 6 .

 6 Figure 6. (a) Selected SEM image (500× magnification), (b) X ray elemental mapping image (500× magnification).

Figures 7 -

 7  show the variability of the %SiO2, %Fe, %Al2O3 and % solids in the flotation feed (underflow of the industrial thickener) during 67 pilot tests.

Figure 7 .

 7 Figure 7. Variation of values concerning the SiO2 content in the flotation feed during the pilot tests.

Figure 8 .

 8 Figure 8. Variation of values concerning the Fe content in the flotation feed during the pilot tests.

Figure 9 .

 9 Figure 9. Variation of values concerning the Al2O3 content in the flotation feed during the pilot tests.

Figure 10 .

 10 Figure 10. Variation of values concerning the percentage of solids in the flotation feed during the pilot tests.

3. 4 .

 4 Initial Pilot Flotation Tests -Summary Results for a 6 Day Test Period Considering the high variability of the slime characteristics, a six-day test period was selected in May 2018 to analyze the detailed results regarding the efficiency of the collector amidoamine in iron ore slimes flotation in the absence of a depressant. The objective of choosing a specific period was to reduce possible interferences in the pilot flotation results due to natural slime variations in the plant.Results reported byMatiolo et al. [27] adopted a singular sample to carry out pilot slime flotation column tests using the amidoamine Flotinor 5530 as a collector without starch, where it was possible to achieve iron grades of approximately 62% in the concentrate and 8% in the tailings; however, there are no concentration plants by flotation for itabirite iron ore consisting of one single stage. As an example, Figure1shows that the industrial flowsheet for the flotation of the deslimed iron ore from the Vargem Grande 2 plant consists of four stages: rougher, cleaner, recleaner and scavenger.

Figure 11 .

 11 Figure 11. Fe content in feed and product.

Figure 12 .

 12 Figure 12. SiO2 content in the flotation feed and product; percentage of mass in the tailings.

Figure 13 .

 13 Figure 13. Recovery of SiO2 and Fe to the tailings.

Figure 14 .

 14 Figure 14. Results concerning the Fe content in the flotation feed, froth, and product during the pilot tests.

Figure 15

 15 Figure 15 shows the results concerning the Fe and SiO2 recoveries during the pilot tests.

Figure 18 .

 18 Figure 18. Trend between the Fe content in the froth and the water recovery in the froth.

Figure 20 .

 20 Figure 20. Trend between the Fe content and the Jw/Jsl tail.

Figure 21 .

 21 Figure 21. Washing water system during the pilot tests.

Figures 22 and 23 .

 23 Figures 22 and 23. These trends indicate that it is difficult to have a low loss of iron in the froth and obtain high iron content (low SiO2) in the concentrate by adopting only one concentration stage.

Figure 22 .Figure 23 .

 2223 Figure 22. Trend between the carrying rate and Fe recovery to froth concerning the pilot tests results.

  in the period concentration and flotation. The main objective of the Brazilian iron ore mining companies is

  Flotinor 5530 amidoamine showed selective behavior as collector in reverse column flotation of quartz with no depressant from Vargem Grande 2 iron ore slimes. A concentrate with iron grade of up to 61% Fe and metallurgical recovery of 85.7% were achieved in one rougher stage only from the slimes containing 46.5% Fe. The fluctuation of the flotation performance of the continuous column flotation were related to the variability of the slimes characteristics in the industrial plant.The loss of iron in the tailings was correlated with entrainment effect, thus the adjustment of the specific collector dosage and the relationship between the washing water and the froth volume are important factors to control the flotation performance. The implementation of automatic control systems regarding these parameters will improve the performance of an eventual slimes flotation industrial application.

  

  

  

  

1. Introduction 1.1. Decreased iron content in the Iron Quadrangle deposits -The "Third Wave" of iron ore processing plants in Brazil

  

Table 1 -

 1 Iron ore tailings dams with high potential for damage in the event of collapse[START_REF] Anm | Agência Nacional de Mineração[END_REF] 

	Tailings Dam	City	Current Height (m)	Current Volume (m³)
	1 5 (MAC)	NOVA LIMA	78	15,553,688
	2 Borrachudo II	ITABIRA	20	525,009
	3 Campo Grande	MARIANA	99	22,978,889
	4 Dicão Leste	MARIANA	23	150,000
	5 Doutor	OURO PRETO	77	37,683,207
	6 ED Xingu	MARIANA	70	6,117,000
	7 Forquilha I	OURO PRETO	98	12,763,177
	8 Forquilha II	OURO PRETO	96	22,778,398
	9 Forquilha III	OURO PRETO	77	19,476,113
	10 Forquilha IV	OURO PRETO	105	4,306,560
	11 Grupo	OURO PRETO	43	1,249,249
	12 Itabiruçu	ITABIRA	71	159,240,000
	13 Maravilhas II	ITABIRITO	98	90,122,658
	14 Marés I	BELO VALE	13	154,508
	15 Marés II	BELO VALE	16	340,000
	16 Menezes II	BRUMADINHO	21	325,556
	17 Norte/Laranjeiras	BARÃO DE COCAIS	59	32,310,000
	18 Pontal	ITABIRA	69	209,714,145
	19 Santana	ITABIRA	52	11,456,940
	20 Sul Inferior	BARÃO DE COCAIS	35	595,348
	21 Sul Superior	BARÃO DE COCAIS	85	6,016,849
	22 VI	BRUMADINHO	40	502,671
		Total		654,359,965

Table 2 -

 2 Chemical analysis of slimes samples from Iron Quadrangle beneficiation plants.

	Copied from (Marques, 2013)							
	ID	Fe	SiO2	P (%)	Al2O3	Mn (%) TiO2 (%) CaO (%) MgO (%)	PPC
	Sample 1	(%) 27.8	(%) 36.4	0.200	(%) 13.34	1.000	0.290	0.120	0.000	(%) 8.1
	Sample 2	45.2	18.7	0.200	6.34	0.000	0.050	0.050	0.200	8.4
	Sample 3	43.6	20.2	0.200	9.05	0.000	0.030	0.020	0.050	7.3
	Sample 4	53.4	12.4	0.100	1.93	0.000	0.040	0.010	0.080	8.9

[START_REF] Wolff | A COMPARATIVE STUDY OF ULTRA-FINE IRON ORE TAILINGS FROM BRAZIL[END_REF] 

collected 9 iron ore slimes samples from 7 mines located in the Quadrilátero Ferrífero and Carajás Mineral Province regions. The analyzes showed a variation in the iron content in the Iron Quadrangle slimes samples from 44.3% to 56.3% (the slimes from Carajás Mineral Province presented 64% iron).

Table 3 -

 3 Chemical analysis and D80 of some Slimes from Brazilian iron ore plants. Copied from[START_REF] Wolff | A COMPARATIVE STUDY OF ULTRA-FINE IRON ORE TAILINGS FROM BRAZIL[END_REF] 

	Sample/Mine	Fe (%)	Al (%)	Mn (%)	P (%)	D80 (m)
	Brucutu	44.8	3.1	0.2	0.16	15
	Córrego do Feijão I	56.3	1.3	4.6	0.27	10
	Córrego do Feijão II	46.5	2.0	1.1	0.11	22
	Conceição	44.3	1.0	1.9	0.11	27
	Cauê	45.6	1.1	2.1	0.12	25
	Fábrica Nova	53.4	1.1	0.3	0.17	14
	Alegria I	51.8	2.4	0.2	0.21	13
	Alegria II	48.6	1.2	0.4	0.17	16
	Carajás	64.0	0.8	0.9	0.08	10

Table 4 -

 4 

	Samples	0min	"Natural" pH 5min	20min	0min	pH 9,80 5min	20min
	Sample 1 -Fábrica Nova	48.36	47.63	47.08	44.66	44.76	44.48
	Sample 2 -Fábrica Nova	50.85	47.72	46.24	43.78	43.40	43.40
	Sample 3 -Fábrica Nova	46.64	45.68	46.61	42.91	42.09	41.89
	Sample 1 -Alegria	--	--	--	30.42	28.71	28.78
	Sample 2 -Alegria	--	--	--	50.52	51.49	52.23
	Sample 3 -Alegria	--	--	--	48.63	48.85	49.38

Iron content in the slimes from the plants Fábrica Nova and Alegria, obtained on a laboratory scale, considering different conditions of attrition. Adapted from

[START_REF] Queiroz | Dissertação de Mestrado[END_REF] 

Table 5 -

 5 Slimes amount (%) concerning Fábrica Nova and Alegria mines, obtained on a laboratory scale, considering different attrition conditions. Adapted from[START_REF] Queiroz | Dissertação de Mestrado[END_REF] 

	Samples	0min	pH Natural 5min	20min	0min	pH 9,80 5min	20min
	Sample 1 -Fábrica Nova	3.85	4.26	5.43	6.03	6.39	6.60
	Sample 2 -Fábrica Nova	3.92	5.56	5.80	11.21	11.74	11.93
	Sample 3 -Fábrica Nova	8.23	0.84	0.55	8.26	8.61	8.97
	Sample 1 -Alegria	0.00	0.00	0.00	6.01	6.15	6.30
	Sample 2 -Alegria	--	--	--	9.19	11.51	12.20
	Sample 3 -Alegria	0.00	0.00	0.00	11.84	13.43	14.46

2.1. The Role of Starch in the Iron Ore Flotation Plants from the Iron Quadrangle

  

Table 6 -

 6 

	Analyte	Final tail (-44µm)	Hydrophilic phase	Hydrophobic phase
	Sample A	Contents (wt%) Dist (%) Contents (wt%)	Dist (%)	Contents (wt%)	Dist (%)
	Fe	47.9 ±0.9	100.0	43.0 ±1.4	34.6 ±2.4	51.0 ±0.8	65.4 ±2.4
	SiO2	28.2 ±1.0	100.0	34.9 ±1.6	47.6 ±2.2	24.1 ±0.8	52.1 ±2.2
	Analyte	Final tail (-44µm)	Hydrophilic phase	Hydrophobic phase
	Sample B	Contents (wt%) Dist (%) Contents (wt%)	Dist (%)	Contents (wt%)	Dist (%)
	Fe	57.6 ±0.3	100.0	57.6 ±0.3	97.7 ±1.2	56.3 ±1.0	2.3 ±1.5
	SiO2	12.6 ±0.2	100.0	12.7 ±1.2	98.7 ±1.0	6.5 ±2.1	1.3 ±1.0

Two liquid flotation tests results. A -<44m Pico mine tailings flotation sample, B -<44m Conceição mine tailings flotation sample. Copied from

(Nykänen, et al., 2018) 
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Mineralogical Composition By-Pass (%) Specific Surface Area (cm 2 /g) Fe Distribution in Concentrate SiO2 in Concentrate

  

		4	1000	69.7	1.2
	Specular hematite				
		6	3000	67	2.7
		2	1295	92.9	1
	Goethite/porous hematite	4	1556	92.5	1.1
		8	1887	90.7	1.1

Table 4 .

 4 Chemical analyses of the iron ore slime (sample 1).

	Fe (%)	SiO2 (%)	Al2O3 (%)	P (%)	Mn (%)	LOI (%) *
	45.17	28.64	3.06	0.085	0.91	3.07
	* Loss on ignition.				

Table 5 .

 5 Comparative chemical analyses between the iron ore slime sample, the hematite and the silicates.

	Quartz impurities

Table 6 .

 6 The effect of corn starch dosage on the recovery of Al2O3 to the underflow on the sedimentation tests with the iron ore slime (sample 1).

	Corn

Starch (g/t) Recovery of Al2O3 to the Underflow

  

	0	16.5
	100	43.3
	250	62.9
	500	84.7

Table 7 .

 7 Results of bench scale flotation tests with the products of the sedimentation tests of the iron ore slime (sample 1).

	Al2O3 Concentrate%	Fe Concentrate%	SiO2 Concentrate%
	1.01	65.24	1.51
	2.21	61.91	3.34
	2.75	59.39	5.14
	3.24	56.87	6.93

Table 1 -

 1 Reagents used in the kinetic flotation tests.

	Name

Figure 3-Correlation between Fe contents determined via XRF and ICP-MS.

Table 2 -

 2 Chemical analysis results of industrial water and salts used in the modified water

	Industrial process water		Modified water used in fundamentals studies
	Element	Concentration (g/L)	Salt used	Salt concentration (g/L)

Table 3 -

 3 Test parameters for the flotation studies

	Reagents	Conditioning time (min)	Dosage (g/t)	pH
	Etheramine	5	300	10
	Oleate	5	300	Hematite, Quartz: 10 Kaolinite: 7.5 and 10
	Amidoamine	5	300	10
	Starch	5	1000	10

Table 4 -

 4 Recovery of hematite, quartz, and kaolinite (single mineral flotation system) to the floated fraction at pH 10 at 50, 100, 200, 300 and 400 g/t of amidoamine.

	Amidoamine dosage (g/t)	Hematite	Recovery to floated (%) Quartz	Kaolinite
	50	0	18	0
	100	0	43	0
	200	1	70	0
	300	1	89	1
	400	12	97	10

Table 5 -

 5 Recovery to the froth product of hematite, quartz, and kaolinite at 300 g/t of amidoamine as a function of pH (single mineral flotation system).

	pH		Recovery to floated (%)	
		Hematite	Quartz	Kaolinite
	11	1	44	3
	10	2	89	1
	9	10	94	3
	8	11	100	1
	6.5	13	98	6

  13. 

		100%						
	(%)	80%						
	floated	60%						
	to Recovery	20% 40%			Etheramine (300 g/t) Etheramine (300 g/t) + Starch (1000 g/t) Oleate (300 g/t) Amidoamine (300 g/t)	
		0%						
		0	1	2	3	4	5	6	7
						Time (min)		

Figure 13 -Kaolinite recovery in bench-scale tests at pH 10 with etheramine, etheramine with starch, amidoamine and oleate (pH 7.5 and 10).

Table 6 .

 6 Peaks and corresponding groups in the 2 800 and 3300 cm -1 domain

						2921												
							2852							1640				
				3307		3081 2956	2814	2763	2727					1548	1466	1377	1303 1263 1237 1183 1154 1121 1099 1063 1042 1007 974	840	720
	4000	3800	3600	3400	3200	3000	2800	2600	2400	2200	2000	1800	1600	1400	1200	1000	800	600
	ID			FTIR data (cm -1 )												
	Symmetry				Symmetric stretching of (CH2)	Asymmetric stretching of (CH2)	Asymmetric stretching of (CH3)	Symmetric stretching of (CH)
	Group			(ν(NH))		(νs(CH2))		(νas(CH2))		(νas(CH3))		(νs(CH2))
	Wave number (cm -1 )	3307			2852			2921				2 956		2814

Table 1 -

 1 Collector-Mineral interaction energies (kcal/mol) related to Study 1

	Surface Charge	Amidoamine	Amidoammonium	Etheramine	Etherammonium
	Quartz	0e	-1.40 ± 1.78	3.51	± 3.11	-0.33 ± 0.85	3.90	±	1.93
	(100)-α								
		-1e	-0.15 ± 0.98	-39.31 ± 12.98	0.00 ± 0.28	-82.83 ± 24.96
		-4e (pH 8,5)	-1.46 ± 3.52	-187.39 ± 44.36	-	-61.90 ± 32.61
		-6e (pH 10,5)	-3.97 ± 7.37		-	0.27 ± 3.70	-393.13 ± 118.61
	Quartz	0e	-1.40 ± 1.52	-6.47 ± 1.37	0.00 ± 0.00	-6.61	±	2.12
	(100)-β								
		-1e	-2.26 ± 4.00	-65.22 ± 17.38	-0.83 ± 1.40	-99.20 ± 42.47
		-4e (pH 8,5)	-3.70 ± 6.11	-343.95 ± 38.38	-	-199.50 ± 55.38
		-6e (pH 10,5)	-4.78 ± 6.69		-	-0.36 ± 3.10	-570.12 ± 15.46
	Hematite	0e	-0.08 ± 0.23	8.17	± 1.74	0.00 ± 0.01	9.55	±	1.31
	(001)-D2								
		-1e	0.02 ± 1.01	-32.17 ± 21.72	-0.33 ± 0.72	-143.90 ±	6.10
		-2e (pH 8,5)	-0.38 ± 2.39	-129.03 ± 40.23	-	-283.04 ± 10.48
		-4e (pH 10,5)	-1.31 ± 3.35		-	-0.38 ± 1.00	-215.16 ± 36.26
	Hematite	0e	0.00 ± 0.11	-1.42 ± 0.28	-0.67 ± 1.01	-1.43	±	2.18
	(001)-D1								

Table 2 -

 2 Selectivity of the collectors from different metrics related to Study 1.

	Selectivity Metric		Amidoamine	Etheramine	Etherammonium
	pH 10,5	average (EQTZ)	-2.33	-0.21	-191.33
		average (EHEM)	-0.34	-0.35	-87.74
	E QTZ	average	6.79	0.6	2.18
	E HEM	best case	∞	1.68	157.56
		worst case	4.03	0.03	1.35
	E QTZ -E HEM	average	0.85	-0.66	0.54
	E QTZ	best case	1.00	0.4	0.99
		worst case	0.75	-32.5	0.26
	pH 8,5 Selectivity Metric		Amidoamine	Amidoammonium	Etherammonium
		average (EQTZ)	-1.73	-106.47	-74.36
		average (EHEM)	-0.11	-38.61	-104.70
	E QTZ	average	15.75	2.76	0.71
	E HEM	best case	∞	97.74	71.17
		worst case	6.85	1.46	0.34
	E QTZ -E HEM	average	0.94	0.64	-0.41
	E QTZ	best case	1.00	0.99	0.99
		worst case	0.85	0.31	-1.96

Table 3 -

 3 Summary of ECM and ECC related to Study 2.

	pH	Collector	Mineral	ECC (Kcal/mol)	ECM (Kcal/mol)
	10,5	Amidoamine	H(001)-D2	-27.924 ± 15.263	-172.0388 ± 11.953
			Q(100)-α	-31.808 ± 17.275	-260.6884 ± 18.171
			Q(100)-β	-19.351 ± 18.457	-253.9323 ± 20.007
		Etheramine/	H(001)-D2	14092.98 ± 93.577	-7066.345 ± 54.684
		ammonium			
			Q(100)-α	13116.82 ± 86.804	-11586.122 ± 57.840
			Q(100)-β	12842.23 ± 75.085	-11075.459 ± 58.580
	8,5	Amidoamine/	H(001)-D2	13661.86 ± 354.95	-2940.19 ± 53.06
		ammonium			
			Q(100)-α	7340.62 ± 89.34	-4000.59 ± 46.71
			Q(100)-β	7528.13 ± 71.16	-3974.27 ± 46.28
		Etherammonium	H(001)-D2	31923.03 ± 224.06	-10870.07 ± 60.33
			Q(100)-α	32049.05 ± 245.56	-12313.70 ± 79.07
			Q(100)-β	27952.96 ± 252.25	-11244.90 ± 63.60
	1D Atomic Concentration Profiles		

Table 4 -

 4 Hydrogen bond count between collector-collector and collector-mineral.

	pH	Mineral Surface	Collector	CC	CM
	10,5	Hematite (001)-D2	Amidoamine	13.26 ± 4.64	0.27 ± 0.62
			Etheramine/ammonium	11.12 ± 5.42	29.16 ± 4.70
		Quartz (100)-α	Amidoamine	10.36 ± 5.33	8.84 ± 2.77
			Etheramine/ammonium	13.34 ± 5.82	69.55 ± 10.46
		Quartz (100)-β	Amidoamine	14.64 ± 4.21	2.21 ± 1.34
			Etheramine/ammonium	13.38 ± 5.98	87.40 ± 10.79
	8,5	Hematite (001)-D2	Amidoamine/ ammonium	13.86 ± 4.45	0.00 ± 0.03
			Etherammonium	7.23 ± 4.24	32.68 ± 3.71
		Quartz (100)-α	Amidoamine/ ammonium	13.34 ± 4.16	8.81 ± 2.66
			Etherammonium	10.29 ± 5.25	132.91 ± 9.46
		Quartz (100)-β	Amidoamine/ ammonium	12.86 ± 4.57	1.40 ± 1.14
			Etherammonium	13.83 ± 6.25	106.41 ± 10.17
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	containing an Fe grade higher than 60%, 4% SiO2 and 3.1% Al2O3 with an Fe recovery up to
	75% in rougher column flotation it was obtained from Sample 1 with 45.2% Fe, 28.6% SiO2
	and 3.1% Al2O3, when a collector type amidoamine (Flotinor 5530) was used in substitution of
	a conventional amine collector. On the other hand, it was not possible to obtain a final
	concentrate containing an Fe grade higher than 55% from Sample 2 with 39.6% Fe, 33.4% SiO2
	and 5.1% Al2O3, using both types of collectors (amidoamine and amine) even when applying

Abstract:

In general, the industrial flowsheets for the beneficiation of itabirite iron ores from the Quadrilátero Ferrífero (Minas Gerais state) in Brazil involves grinding, desliming, magnetic separation and cationic reverse flotation using both mechanical and columns flotation cells. At Brazilian plants, it is estimated that Fe losses generated at the slimes stage range between 8% reaching values higher than 20%. Slimes generated at hydrocyclone containing particle sizes of approximately 99% < 45 μm, 25% > 10 μm, 45% < 5 μm and 15% < 1 μm, 3% of solids by weight and between 35% and 45% of Fe grade. This work aims at evaluating the technical feasibility of concentration of two slimes samples from two different plants in operation at the Quadrilátero Ferrífero using the column flotation technology without prior desliming. Despite the similarity in terms of mineralogy, grade and particle size distribution, the flotation results indicate a very distinct behavior considering similar process conditions, including variables such as collector type and dosage, depressant dosage, pH and circuit configuration. Concentrate different types of column flotation circuits (rougher or rougher/cleaner). Based on literature review and the results obtained in this study, it can be observed the non-existence of a standard solution for an efficient slimes processing in the iron ore industry. Considering flotation as the most suitable technology for the treatment of such type of material, future research should focus

Table 1 .

 1 Main studies focused on the iron ore slimes treatment

	Process	References	Sample Characterization	Main features	Main Results and Conclusions
	employed				
		Tammishetti et al.,	The slime sample is from the	Pilot plant trials of a selective flocculation	Results indicated that it was possible to produce a
		(2017)	hydrocyclone overflow (COF),	separation process.	concentrate assaying 65.3% Fe and 2.5% Al2O3
			that is, the tailings of the	It was used a natural polymeric flocculant:	with a yield of 80.4% from a sample containing
			beneficiation.	corn starch and guar gum.	60.3% Fe and 4.8% alumina. The corresponding
			90% of the total slime is	-pH was adjusted at 10.5-11.5 using	tails contained less than 39.7% Fe. For a leaner
			presented in the size fraction	caustic lye;	grade slime sample assaying 53.4% Fe and 7.3%
			below 42 µm.		Al2O3, the corresponding concentrate grade was
			XRD: hematite, goethite,		63.5% Fe and 3.1% Al2O3, tailings grade 35.7%
			gibbsite, kaolinite and quartz.		Fe and the yield achieved during the plant trials
					was 63.5%.
	Flocculation	Kumar and Mandre	Iron ore slimes sample was		
		(2017)	collected from a slime pond at		
			Kiriburu iron ore processing		
			plant, Jharkhand, India.		
			XRD: hematite, goethite and		
			limonite, quartz, kaolinite,		
			gibbsite and magnetite.		
			The sample contains 58.24%		
			Fe, with 4.72% SiO2, 3.47%		
			Al2O3, and had 5.18% LOI.		

Table 2 .

 2 Chemical analyses of the slime samples

	Sample	Fe	SiO2	P	Al2O3	Mn	TiO2	CaO	MgO
	1	45.2	28.6	0.09	3.1	0.09	0.13	0.05	0.06
	2	39.6	33.4	0.09	5.1	0.4	0.10	0.20	0.70

Table 3 .

 3 Mineralogical composition of the slime samples

	Sample	Hematite	Goethite	Quartz	Kaolinite	Others
	1	51.5	13.3	27.9	4.6	2.7
	2	54.6	6.4	28.9	6.4	3.7

Table 4 .

 4 List of reagents, manufacturer, function and method of application used for column flotation studies

	Reagent	Fabricant	Function	Application
	Flotinor 5530	Clariant	Collector	Solution 0.1% to 0.2%.
	EDA-C	Clariant	Collector	Solution 0.1% to 0.3%.
	Corn starch	Vale	Depressant	After gelatinization with NaOH
				(Solution 0.1-2.0%)
	NaOH	VETEC	Corn starch gelatinization and	Solution 0.1-1%
			pH adjustment	
	Sample 1 -Column flotation 2"		

Table 5 .

 5 Effect of EDA-C, Flotinor 5530, Corn starch dosages and pH values on the flotation performance for experiments at the 2" column flotation. Rougher flotation. Jg = 1.15 cm/s; Jw = 0.49 cm/s. Flotation studies with Sample 1

		Dosage (g/t)			pH	Recovery (%)	Grade (%)	
	Test	EDA-C	Flotinor 5530	Corn Starch		Mass	Fe	Fe	SiO2	Al2O3
	1	105	0	0	8.5	67.8	88.3	57.7	10.7	3.4
	2	113	0	0	9.5	47.1	67.1	64.0	3.7	2.2
	3	115	0	0	10.5	28.3	34.8	55.6	6.4	5.2
	4	100	0	493	10.5	30.7	37.5	54.9	7.3	5.2
	5	101	0	497	9.5	55.1	71.5	59.2	5.8	3.8
	6	0	152	0	8.5	63.5	87.0	61.9	4.1	3.1
	7	0	149	0	9.5	57.6	79.0	62.0	3.6	2.9
	8	0	152	0	10.5	67.7	94.1	62.8	3.2	2.5
	9	0	200	0	10.5	67.6	93.2	62.3	3.3	2.6
	10	0	109	1088	8.5	69.8	94.1	60.9	5.1	3.1
	11	0	111	1113	9.5	66.9	92.4	62.4	4.3	3.0
	13	0	230	1152	10.5	69.5	96.1	62.5	4.7	2.4

Table 6 .

 6 Effect of Flotinor 5530 and corn starch dosages and pH values on the flotation performance for experiments in 2" and 6" columns flotation. Rougher flotation. Flotation studies with sample 1

		Reagents (g/t)		Recovery (%)	Grade (%)		
	Column	Flotinor 5530	Corn starch	pH	Mass	Fe	Fe	SiO2	Al2O3
	6"	78	0	8.5	66.1	87.1	60.5	5.6	2.9
	2"	101	0	8.5	65.7	90.5	61.0	4.7	3.1
	6"	124	0	8.5	58.5	78.6	61.2	4.9	2.8
	2"	152	0	8.5	62.3	86.4	61.9	4.1	3.1
	6"	129	0	10.5	57.7	80.4	62.6	2.9	2.6
	2"	152	0	10.5	66.5	93.8	62.8	3.2	2.5
	6"	60	1200	8.5	77.8	96.4	55.8	12.2	3.0
	2"	53	1062	8.5	74.7	97.7	59.8	6.9	3.2
	6"	64	1273	9.5	70.1	93.3	58.4	8.7	3.0
	2"	56	1116	9.5	71.5	96.9	60.3	6.4	3.1

Table 7 .

 7 Mineralogical characterization of concentrate and tailings. Flotation of Sample 1

	Product	Hematite	Goethite	Quartz	Kaolinite	Others
	Concentrate	72.7	18.9	2.8	3.5	2.1
	Tailings	18.5	3.0	71.4	4.9	2.2

Table 8 .

 8 Effect of EDA-C, Corn starch dosages and pH values on the flotation performance for experiments at 3". Rougher flotation. Jg = 0.50 cm/s; Jw = 0.13 cm/s. Flotation studies with sample 2

	Test	Dosage (g/t)		pH	Recovery (%)	Grade (%)		
		EDA-C	Corn		Mass	Fe	Fe	SiO2	Al2O3
	1	113	starch 561	10.5	83.3	95.5	44.1	26.3	4.8
	2	105	524	9.5	88.0	95.1	42.1	29.9	4.8
	3	287	0	10.5	43.7	55.3	52.3	16.4	3.5
	4	246	510	10.5	59.3	71.2	48.4	20.2	4.4
	5	295	988	10.5	51.5	63.1	47.4	21.3	5.1
	6	480	1199	10.5	31.8	41.3	48.5	19.2	5.0

Table 9 .

 9 Effect of Flotinor 5530 dosage on the flotation performance for experiments in the 6" and 4" column flotation. Rougher/cleaner flotation. (Rougher: Jg=0.30cm/s; Jw = 0.20 cm/s -Cleaner: Jg = 0.51 cm/s; Jw = 0.21 cm/s) pH = 10.5. Flotation studies with sample 2

	Test	Dosage (g/t)	Mass Recovery (%)	Fe Recovery (%)	Fe	Grade (%) SiO2	Al2O3
		Flotinor 5530	RG CL Global RG CL Global RG CL RG	CL	RG	CL
	1	678	69.6	83.	58.0	89.9 92.2	82.9		49.9 55.2 20.5	12.8	4.1	4.1
	2	411	34.7	4 88.	30.6	50.4 97.0	48.9		52.0 57.0 18.5	11.5	3.3	3.0
	3	213	68.0	3 98.	67.0	84.7 99.8	84.5		46.3 46.9 26.5	25.7	3.5	3.5
	4	106	88.4	6 89.	79.3	98.9 98.9	97.8		40.5 44.6 34.7	28.7	3.6	3.4
	5	342	69.4	7 74.	51.4	81.9 96.1	78.7		40.0 52.0 35.3	18.0	3.6	3.2
				0							

Name Type of Reagent/Role Obs.:

  

	Flotinor 5530	Collector	Amidoamine
	Sodium hydroxide	pH Modifier	

Table 2 .

 2 Chemical analysis of the slimes sample.

	ID	Fe	SiO2	Al2O3	P	LOI
	Slimes Flotation Feed	44.31	31.09	2.85	0.079	2.15

Table 3 .

 3 Summary of the identified minerals present in the slimes sample via XRD by different size classes

	Figure 5 shows the typical mineralogical composition of a slimes sample from the
	industrial plant.

Table 4 .

 4 Values obtained by the measurements carried out in the pilot column during the tests.

	ID

Table 7 .

 7 Average values per range of variation of the collector, %Fe in the froth, JL_product and carrying rate.

	Range Collector (g/m 3 water_feed)/(%SiO2)	%SiO2 Product	%Water Froth	Range Fe Froth %	%Water Recovery_Froth	JW/JSL Tail
	from 0 to 0.75	0.6	25.1	75.7	from 0 to 7	5.2	12.4	2.6
	from 0.75 to 1.85	1.5	19.2	77.8	from 7 to 14	11.3	18.3	2.4
	from 1.85 to 2.95	2.2	19.0	81.7	from 14 to 21	17.2	25.0	1.7
	from 2.95 to 4.05	3.3	14.0	82.6	from 21 to 28	22.4	28.8	1.4
	from 4.05 to 5.15	4.2	14.1	87.5	from 28 to 35	30.6	34.9	1.2
	from 5.15 to 6.25	5.7	11.2	87.0	from 35 to 42	41.0	66.3	0.9
	Range Water Recovery_Product %	%Recovery Fe_Product	Range Carrying Rate (t/h•m 2 )	%Fe Recovery Froth	%SiO2 Product
	from 0 to 0,8	0,7	87,2		from 0 to 0.23	0.2	3.7	22.3
	from 0,8 to 1,6	1,2	91,4		from 0.23 to 0.46 0.3	5.0	23.5
	from 1,6 to 2,4	1,9	91,5		from 0.46 to 0.69 0.6	6.8	19.2
	from 2,4 to 3,2	3,0	94,1		from 0.69 to 0.92 0.8	11.8	14.2
	from 3,2 to 4	3,7	98,3		from 0.92 to 1.15 1.0	19.9	11.7
					from 1.15 to 1.38 1.3	13.7	11.2

Table 1 .

 1 Vargem Grande 2 iron ore slimes magnetic concentration pilot tests results adopting WHIMS. Copied from(Pinto, 2020) 

	ID	Matrix	% Solids	Medium Wash Water (kgf/cm2)	Speed of ring (r/min)	Volumetric Flowrate (l/h)	Magnetic Field Intensity (T)	Stream	% Total Mass	Yield	Fe	Fe	%	SiO2
	1	conventional 0.5 mm	30	1.0	4	Nominal (manufacturer's default)	1.8	Feed Product Tailing	100.0 36.1 63.9		51.1	44.06 30.15 62.43 7.35 33.69 43.33
	2	conventional 1.1 mm	30	1.0	4	Nominal (manufacturer's Nominal (manufacturer's	1.8	Feed Product Tailing	100.0 33.2 66.8		48.5	43.95 30.53 64.32 5.01 33.83 43.29
	3	conventional 1.5 mm	30	1.0	4	default)) Nominal (manufacturer's default)	1.8	Feed Product Tailing	100.0 27.4 72.6		40.2	43.87 30.48 64.36 4.81 36.15 40.26
	4	Big flux 0.5 mm	30	1.0	4	Nominal (manufacturer's default)	1.8	Feed Product Tailing	100.0 38.9 61.1		54.9	43.99 30.41 62.17 7.19 32.43 45.28
	5	Big flux 1.1 mm	30	1.0	4	Nominal (manufacturer's default)	1.8	Feed Product Tailing	100.0 25.5 74.5		36.4	43.76 30.69 62.42 6.99 37.35 38.82
	6	Big flux 1.5 mm	30	1.0	4	Nominal (manufacturer's default)	1.8	Feed Product Tailing	100.0 18.1 81.9		25.5	43.89 30.49 61.85 7.69 39.92 35.53
						Nominal		Feed	100.0			43.34 32.08
	7	Wave 1.5 mm	30	1.0	4	(manufacturer's	1.8	Product	29.2		40.8	60.63 20.00
						default)		Tailing	70.8			36.21 39.77
	8	conventional 1.1 mm	30	0.0	4	Nominal (manufacturer's default)	1.8	Feed Product Tailing	100.0 33.3 66.7		47.2	43.92 30.56 62.26 7.52 34.77 42.21
	9	conventional 1.1 mm	30	2.0	4	Nominal (manufacturer's default)	1.8	Feed Product Tailing	100.0 27.7 72.3		41.0	44.06 30.64 65.27 4.16 35.95 40.78
	10	conventional 1.1 mm	30	3.0	4	Nominal (manufacturer's default)	1.8	Feed Product Tailing	100.0 26.4 73.6		39.3	44.30 30.22 65.89 3.44 36.54 39.84
	11	conventional 1.1 mm	30	1.0	3	Nominal (manufacturer's default)	1.8	Feed Product Tailing	100.0 25.4 74.6		38.2	43.77 31.05 65.95 3.40 36.23 40.45
	12	conventional 1.1 mm	30	1.0	7	Nominal (manufacturer's default)	1.8	Feed Product Tailing	100.0 34.1 65.9		47.5	43.91 30.83 61.12 9.17 34.99 42.05
	13	conventional 1.1 mm	30	1.0	4	-60%	1.8	Feed Product Tailing	100.0 45.3 54.7		64.1	44.34 30.23 62.68 6.49 29.14 49.72
	14	conventional 1.1 mm	30	1.0	4	-40%	1.8	Feed Product Tailing	100.0 37.6 62.4		54.7	44.37 30.08 64.56 4.70 32.20 45.38
	15	conventional 1.1 mm	30	1.0	4	-20%	1.8	Feed Product Tailing	100.0 35.3 64.7		51.4	44.19 30.17 64.36 4.98 33.20 43.91
	16	conventional 1.1 mm	30	1.0	4	20%	1.8	Feed Product Tailing	100.0 29.1 70.9		42.5	44.36 29.95 64.71 4.77 36.00 40.29
	17	conventional 1.1 mm	30	1.0	4	40%	1.8	Feed Product Tailing	100.0 28.9 71.1		42.0	44.17 30.22 64.24 5.34 36.02 40.33
	18	conventional 1.1 mm	30	1.0	4	Nominal (manufacturer's default)	1.9	Feed Product Tailing	100.0 32.6 67.4		48.1	43.81 30.05 64.67 5.08 33.72 42.22
	19	conventional 1.1 mm	30	1.0	4	Nominal (manufacturer's default)	1.6	Feed Product Tailing	100.0 30.6 69.4		44.6	44.09 30.30 64.26 5.21 35.20 41.15
	20	conventional 1.1 mm	30	1.0	4	Nominal (manufacturer's default)	1.5	Feed Product Tailing	100.0 28.0 72.0		41.0	44.11 30.29 64.60 4.96 36.16 40.22
	21	conventional 1.1 mm	22	1.0	4	Nominal (manufacturer's default)	1.8	Feed Product Tailing	100.0 41.5 58.5		59.5	44.95 29.28 64.43 4.71 31.11 46,72

Table 2 .

 2 Vargem Grande 2 iron ore slimes magnetic concentration pilot tests results adopting VPHGMS. Copied from(Pinto, 2020) 

	ID	Speed of ring (r/min)	Pulsating speed (per/min)	Magnetic Field (T)	% Solids	Volumetric Flowrate (l/h)	Stream	% Total Mass	Yield	Fe	Fe	%	SiO2
							Feed	100.0			42.40		34.08
	1	0.5	300	1.4	23	200	Product	47.0		70.9	63.96		5.61
							Tailing	53.0			23.30		59.30
							Feed	100.0			41.66		35.07
	2	1.0	300	1.4	23	200	Product	50.0		75.7	63.00		6.87
							Tailing	50.0			20.30		63.30
							Feed	100.0			42.40		34.07
	3	2.0	300	1.4	23	200	Product	53.1		78.8	63.01		6.75
							Tailing	46.9			19.11		64.95
							Feed	100.0			42.43		34.04
	4	3.0	300	1.4	23	200	Product	57.1		83.1	61.81		8.29
							Tailing	42.9			16.67		68.27
							Feed	100.0			41.90		34.48
	5	1.0	100	1.4	23	200	Product	59.1		70.5	49.99		23.26
							Tailing	40.9			30.24		50.65
							Feed	100.0			42.00		34.35
	6	1.0	200	1.4	23	200	Product	54.7		77.6	59.61		10.59
							Tailing	45.3			20.75		63.05
							Feed	100.0			41.93		34.47
	7	1.0	300	0.8	23	200	Product	48.1		73.2	63.80		5.85
							Tailing	51.9			21.67		61.00
							Feed	100.0			42.12		34.16
	8	1.0	300	1.0	23	200	Product	51.6		78.3	63.92		5.47
							Tailing	48.4			18.87		64.74
							Feed	100.0			42.09		34.18
	9	1.0	300	1.2	23	200	Product	52.8		79.8	63.56		5.84
							Tailing	47.2			18.06		65.90
							Feed	100.0			42.71		32.79
	10	1.0	300	1.4	32	200	Product	41.0		61.5	64.03		5.07
							Tailing	59.0			27.86		52.09
							Feed	100.0			42.90		32.29
	11	1.0	300	1.4	23	200	Product	43.7		65.0	63.80		5.29
							Tailing	56.3			26.69		53.25
							Feed	100.0			43.09		31.97
	12	1.0	300	1.4	13	200	Product	41.3		61.5	64.13		4.84
							Tailing	58.7			28.26		51.09
							Feed	100.0			43.51		31.16
	13	1.0	300	1.4	6	200	Product	51.4		75.5	63.93		4.98
							Tailing	48.6			21.95		58.82
							Feed	100.0			40.73		33.32
	14	1.0	300	1.4	23	100	Product	40.1		61.9	62.84		5.64
							Tailing	59.9			25.93		51.85
							Feed	100.0			40.43		33.88
	15	1.0	300	1.4	23	300	Product	36.1		56.6	63.42		5.29
							Tailing	63.9			27.44		50.04
							Feed	100.0			40.91		34.00
	16	1.0	300	1.4	23	400	Product	34.0		52.9	63.61		5.37
							Tailing	66.0			29.21		48.76
							Feed	100.0			40.91		33.78
	17	1.0	300	1.4	23	500	Product	31.5		49.0	63.54		5.41
							Tailing	68.5			30.49		46.84

Table 3 .

 3 Pilot tests results considering 2 concentration stages (flotation as rougher and VPHGMS as cleaner)

			Flotation (%Fe)		VPHGMS (%Fe)		Global Results	
	Data	Feed	Product Tailing Feed Product Tailing	Final Tailings Final Product Yield (%) Fe SiO2 Fe SiO2
	09 may	44.6	50.5	14.3	50.5	66.4	32.7	27.4	54.7	66.4	2.9	44.0
	10 may	47.5	58.5	17.7	58.5	67.6	41.1	29.0	53.5	67.6	2.0	47.8
	11 may	48.2	56.5	22.6	56.5	67.4	36.6	29.9	48.4	67.4	1.7	48.9
	14 may	48.2	61.1	23.7	61.1	67.1	39.7	28.4	53.3	67.1	1.9	51.1
	15 may	49.4	57.1	19.9	57.1	67.4	33.7	27.4	51.2	67.4	1.8	55.0
	16 may	45.6	61.0	18.2	61.0	67.6	36.3	23.1	60.3	67.6	1.4	50.7
	Average Value	47.2	57.4	19.4	57.4	67.3	36.7	27.5 53.6 67.3	2.0	49.6

Table 4 .

 4 Pilot tests results adopting 1 concentration stage by VPHGMS

	ID	Fe	Feed	SiO2	Fe	Product	SiO2	Fe	Tailing	SiO2
	1	48.9		24.0	62.3		7.4	19.4		64.7
	2	48.9		24.0	62.3		7.4	19.4		64.7
	3	44.8		29.8	63.6		5.7	19.9		66.3
	4	47.8		27.2	65.6		3.0	27.4		53.4
	5	48.6		25.6	64.9		3.9	26.9		51.8
	6	46.6		25.4	65.9		2.4	24.5		52.9
	7	45.4		27.1	66.0		2.4	26.8		49.9
	8	47.3		26.5	64.9		3.4	28.5		51.3
	Average Value	47.3		26.2	64.4		4.4	24.1		56.9
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surface ionization. Table 2 shows selectivity indexes calculated in different ways. Even for worst case scenarios, amidoamine shows the highest selectivity. Wet sieving was used to minimize the loss of fine particles in dust form and to reduce minerals agglomeration in the slimes sample. A total of six size classes were chosen: >106, 106-80, 80-40, 20-10 and >10 μm. The mineral phases were identified by X-ray diffraction using a Bruker AXS diffractometer.

Operational Parameters of Flotation Column

The superficial velocity (expressed in cm•s -1 ) is the ratio of the volumetric flow rate to the column cross-section. Superficial feed velocity, for example, determines the column flotation results. It de-fines the value of the following parameters:

• Slurry residence time

• Liquid velocity

• Bubble rise velocity

In this paper, the superficial velocity of solids (JS), water (JL), slurry (JSL) to the product, tailings and feed and the superficial velocity of washing water (JW) was calculated. As the studies refer to the reverse flotation of iron ore, the tailing is the froth (floated) product.

Due to the countercurrent nature of the flows, air bubbles (or particle/bubble aggregates) should exceed a certain velocity to reach the froth otherwise they will report to tailings. This limits the utilization of fine bubbles.

The gas phase is also characterized by the superficial gas (air) velocity (Jg).

The effect of the air flow rate on flotation performance at a constant feed flow has a complex nature. Increased superficial air velocity causes a raise in the gas holdup and in the average bubble size due to the bubble coalescence. The bubble surface area defines bubble carrying capacity while increased bubble diameter reduces the collision probability.

An American Platinum Bubble Sizer (APBS) was adopted to measure the size of the bubbles (Sauter diameter-d3.2) and the superficial gas velocity (Jg).

Results

Sample Characterization

Table 2 shows the chemical analysis of a typical slimes sample from the industrial plant. Therefore, the results presented need to be evaluated at the first slime concentration stage where the product could feed a cleaner stage or even the conventional flotation circuit.

Eventually, depending on the product obtained in the first stage, a cleaner stage can be bypassed, and the rougher product can be combined with the conventional pellet feed.

Table 5 shows the results concerning the period of 9-16 May 2018. The average parameters adopted during these tests were: collector dosage 160 g/ton, absence of starch, pH 10.5, froth height of 15 cm, and an average collector conditioning time of 10 min. The results presented in Table 6 shows that adopting only one slimes flotation stage (rougher), using the amidoamine Flotinor 5530 as a collector, in the absence of depressant, it was possible to float, on average, about 53.3% of SiO2 present in the slimes, yielding Fe recovery above 86.1% in 90% of the tests carried out (10th percentile). Due to the high variability of the slime characteristics during the pilot tests, the values obtained from these tests were grouped by ranges aiming at the analysis of trends related to parameters concerning the flotation tests (Table 7). This thesis aims to study issues related to amidoamine (N- [3-(dimethylamino)propyl] dodecanamide) as a collector in iron ore slime flotation; however, it is important to provide a small explanation of the question. The desliming is adopted, in the concentration of iron ore, precisely to improve the results in the reverse cationic flotation of quartz, so: Why study flotation in iron ore slimes concentration? Is there a different process more suitable for this purpose?

Magnetic separation is also a process that can be applied, on an industrial scale, also to concentrate iron ore slimes. The efficiency of this process depends on some characteristics, such as granulometric distribution and mineralogy. For example, the presence of goethite can hamper the process due to its lower magnetic susceptibility when compared to hematite.

Considering that iron ore slimes are composed of ultrafine particles (almost 50% below 10 microns), significant loss of iron to tailings can occur due to the "competition" between magnetic force and hydraulic drag in the process, especially when iron oxide predominant is goethite. Therefore, flotation can be an alternative to concentrate some iron ore slimes. [START_REF] Skosana | Process Alternatives to Recover High-Grade Iron Ore Concentrate from the Thickener Underflow Slimes of Sishen Beneficiation Plant[END_REF] investigated the iron ore slime beneficiation process in order to concentrate the Sishen Mine slime. The most promising results were obtained by two stages of VPHGMS magnetic separators (rougher and cleaner), which presented a final concentrate with 66.5%Fe and a yield of 40%. The average iron content in this slime was 54% and, in relation to the granulometric distribution, despite the d50 being close 7 m, the d90 was close 100 m.

Some iron ore slimes from the Iron Quadrangle region (Brazil) presents, in average, close 44%Fe, that means 10% lower than the slimes from Sishen mine. Concerning the granulometric distribution, the d90 is, generally finer than that from Sishen mine, because the ore with particles distribution between 150 m and 10m is concentrated by conventional flotation Studies adopting magnetic concentration for the iron ore slime from Vargem Grande 2 plant were carried out by Pinto (2020). The best results obtained by the author showed values above 3.4% of SiO2 in the concentrate and iron content in the tailings above 30% when adopting the WHIMS (high intensity wet magnetic separator). Concerning the VPHGMS (vertically pulsating high gradient magnetic separator), the results showed values higher than 4.8% SiO2 in the concentrate and higher than 21%Fe in the tailings. The iron content in the feed of the slimes magnetic concentration was close to 44% ( Thus, answering the question posed at the beginning of this chapter, the best iron ore slime concentration process depends on the characteristics of these slimes, therefore magnetic concentration, selective flocculation, flotation, or other processes must be developed and evaluated. The best processing route for a given iron ore slime can be achieved through just one process or through synergy between different processes. In this chapter, it will be discussed, in a simplified way, a relationship between the topics presenting the main conclusions obtained from this thesis. This topic also aims, somehow, to emphasize the importance of developing new reagents for iron ore flotation to, perhaps, instigate new lines of research on the subject.

As shown in Chapter 1, the iron ore mining industry in the Iron Quadrangle, Brazil, is currently at the stage called by some authors The Third Wave, that means, due to the iron ore characteristics, the most suitable concentration process is the reverse cationic flotation. The third wave of the iron ore mining industry generates some undesirable consequences, such as increased environmental impacts related to tailings dams. Therefore, the study of the concentration process contributing to the reduction of the amount of tailings is very important for the progress of the mining industry in that region.

Issues related to the use of starch in some specific conditions that can hinder the flotation process were discussed. Some authors have shown that starch can be adsorbed on silicate surfaces containing Fe-Mg-Al, impairing flotation. At high dosages of amine and/or starch in flotation, it is possible that interactions between these reagents occur, reducing the efficiency of the process. On the other hand, some works aimed at the development of new, more selective flotation collectors, which eliminate the need for depressants, have shown that some reagents, with bulky polar head group, can present a selective behavior in the flotation of some minerals, due to the phenomenon steric hindrance.

Thus, it was proposed in this thesis to develop studies on the scientific hypothesis that some collectors, with molecular structure containing a bulky polar head group, which do not require depressants, can improve the flotation efficiency of some complex iron ore minerals.

Considering the iron content of the slimes in the Iron Quadrangle region, its mineral composition (containing other minerals in addition to hematite and quartz, with a significant presence of kaolinite) and particle size distribution (generating a high specific surface, increasing the consumption of reagents and loss of iron in tailings by drag), we can consider these slimes as a "complex iron ore". In order to test the scientific hypothesis, we adopted the amidoamine N- [3-(dimethylamino)propyl]dodecanamide to be studied as collector. The development of an iron ore slimes flotation process will reduce the amount of ultrafine tailings, also improving metallurgical recovery and contributing to the replacement of tailings dams by