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Abstract

The aim of this work is to investigate various problems in tailings filtration. The aspects
are the detachment of the filter cake, abrasive wear of the filter medium by cake
detachment and the blocking of the filter medium due to permanently adhering fine
particles. However, the filtration is characterized by a complex interplay of the different
elements. Therefore, this thesis creates an additional scientific benefit by connecting
the findings of the individual aspects.

In the first part of this dissertation, filtration tests using iron ore and copper mine tailings
have shown that the parameters of the filtration process, primarily the filtration
pressure, the differential pressure for post-desaturation by means of compressed air,
the so-called air blow, and the duration of the air blow can be used to control the
properties of the filter cake. Subsequent to filtration in a laboratory filter press, filter
cake to filter cloth adhesion and filter cake cohesion tests were carried out using
special test rigs for a tensile testing machine. Residual water content and desaturation
were determined by subsequent thermal drying and weighing. In advance, various filter
media were selected in collaboration with the project partner, exhibiting suitable
particle retention with acceptable pressure loss and turbidity impact. They show no
significant differences on the laboratory scale with respect to residual water content,
desaturation, adhesion between filter cake and filter medium, and cohesion of the filter
cake. However, the variations of the process parameters filtration pressure, pressure
of the air blow and duration of the air blow have a significant effect on the target
properties. While residual water content and saturation decrease with an increase of
the three process parameters, adhesion and cohesion increase. Being able to adjust
residual water content, desaturation, adhesion and cohesion is of utmost importance
with regard to the subsequent process steps, process stability and economic efficiency.
For this reason, a simplified mathematical model was developed which describes the
desaturation behavior. It allows prediction of the relevant variables with sufficient

accuracy as a function of the duration of the air blow.

The abrasive wear of the filter medium occurring at protruding points of the filtration
chamber by the detachment of the cake is another aspect of the investigations in this
thesis. The focus is on the various filter media, all of which are suitable for filtration of
tailings due to their particle retention but differ in their type and material. Polypropylene

and polyamide were used to investigate two standard filter media materials used in
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tailings filtration. An abrasion apparatus was developed which, compared to available
devices, can reproduce the application-specific load. It is evident that the woven fabric
exhibits higher resistance to abrasion compared to the nonwoven fabric of the same
material. Additionally, the polyamide fabric studied outperforms in terms of the number
of abrasions until rupture compared to the fabric made of polypropylene. Furthermore,
the study of different simplified edge shapes showed that its geometry influences
abrasion behavior. This recommends geometric optimization of the filter plate edge

underneath the filter medium in future.

With successful operation of the filter presses in terms of cake release and resistance
of the filter medium to abrasive wear, increasingly fine particles are deposited in the
pores of the filter medium over time. This effect is referred to as blinding. It results in
an increase in pressure loss and the requirement of replacement or cleaning. An
evaluation of different cleanings is the third part of this thesis. For three industrially
used filter cloths affected by blinding, investigations were carried out into regeneration
with water jets, various chemicals, and ultrasonic baths. Water jet cleaning is the
industry standard. Permeability tests were used for the quantitative characterization. It
was found that the investigated multifilament filter cloths can be successfully cleaned
with water jets, while hydrochloric acid cleaning performs well for the monofilament.
For water jet cleaning, a certain threshold value of jet flux and spraying time is
necessary. Likewise, chemical cleaning shows a dependence on application time and
concentration. Bases and ultrasound did not show significant improvements for any of
the specimens. When the corresponding cleanings were applied at a moderate level,
no significant damage due to regeneration was observed in the laboratory tests, but
this risk is present if the procedure is too intensive. If cleaning with the water jet method
is possible, it is competitive to a replacement of the filter medium in a simplified cost
estimation. In addition, the cleaning of blinded filter media results in a significant

reduction in the amount of plastic waste caused by replacement.

It is of enormous importance to consider tailings filtration as a process that represents
a complex interaction of many different elements, including the problems that have
been investigated in this work. This is since improving one of the issues usually has
an impact on the others and increases their importance. Successful cleaning of the
filter medium would, for example, require that abrasive wear becomes the determining
factor in the timing of medium replacement. Consequently, an even more careful
selection of the filter medium in terms of abrasion resistance is necessary. At the same
v



time, successful cleaning of the filter medium shows to have a positive effect on the
continuity of filter cake detachment. Since the shear plane is in the layer affected by
blinding, the accumulation of fines there with consequent stronger adhesion or
cohesion is limited by regeneration. This holistic approach is pursued in this thesis,
and the individual publications. Thus, their consolidation generates a benefit for further
scientific work in this field, as well as for suppliers and operators of recessed plate filter
presses in tailings filtration.
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Zusammenfassung

Ziel dieser Arbeit ist es, verschiedene Probleme der Filtration von Tailings zu
untersuchen. Die betrachteten Aspekte sind das Ablésen des Filterkuchens, der
abrasive Verschlei3 des Filtermediums durch die Kuchenablésung und die
Verblockung desselben durch die permanente Einlagerung von feinen Partikeln.
Hervorzuheben ist, dass die Filtration durch ein komplexes Zusammenspiel der
unterschiedlichen Elemente charakterisiert ist. Deshalb generiert diese Dissertation
einen zusatzlichen wissenschaftlichen Mehrwert, indem sie die Erkenntnisse der

einzelnen Aspekte verknupft.

Im ersten Teil dieser Arbeit zeigen Filtrationsversuche, dass fur die untersuchten
Tailings aus einer Eisenerz- und einer Kupfermine die Parameter des
Filtrationsprozesses, vorrangig der Filtrationsdruck, der Differenzdruck zur
Nachentfeuchtung mittels Druckluft, dem sogenannte Air Blow, und der Dauer des Air
Blows gezielt die Eigenschaften des Filterkuchens gesteuert werden kdnnen. Fur die
Filtrationskammer der verwendeten Laborfilterpresse entwickelte Aufbauten an einer
Zugmaschine ermdglichen an die Filtrationen anschlieBende Adhéasions- bzw.
Kohasionsversuche zur Charakterisierung dieser beiden Eigenschaften. Die
Bestimmung der Restfeuchte und der Untersattigung erfolgte mittels darauffolgender
thermischer Trocknung und Wagung. Die verschiedenen Filtermedien, die im Vorfeld
in Zusammenarbeit mit dem Projektpartner ausgewahlt worden sind und einen
geeigneten Partikelriickhalt bei vertretbarem Druckverlust und Tribstol3 aufweisen,
zeigen im Labormal3stab keine signifikanten Unterschiede auf die Restfeuchte, die
Untersattigung, die Adhésion zwischen Filterkuchen und Filtermedium sowie die
Kohasion des Filterkuchens. Die Variationen der Prozessparameter Filtrationsdruck,
Druck des Air Blows und Dauer desselben resultieren jedoch in signifikanten
Unterschieden der Zieleigenschaften. Wahrend die Restfeuchte und die Sattigung mit
Zunahme der drei Prozessparameter sinken, erhéhen sich Adhéasion und Kohéasion.
Restfeuchte, Untersattigung, Adhasion und Kohasion einstellen zu kdnnen, ist von
groBter Wichtigkeit bezlglich der nachfolgenden Prozessschritte sowie der
Prozessstabilitat und seiner Wirtschaftlichkeit. Aus diesem Grund wurde fur die
Untersattigung ein vereinfachtes mathematisches Modell entwickelt, welches in
ausreichender Genauigkeit die Vorhersage der relevanten Grol3en in Abhangigkeit der

Zeit des Air Blows ermoglicht.
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Zusammenfassung

Der auftretende abrasive Verschleil3 des Filtermedium an hervorstehenden Stellen der
Filtrationskammer durch Abgleiten des Kuchens ist ein weiterer Aspekt der
Untersuchungen dieser Arbeit. Hierbei liegt der Fokus auf den verschiedenen
Filtermedien, die alle aufgrund ihres Partikelrickhalts fur die Filtration der Tailings
geeignet sind, sich jedoch in ihrem Typus und Material unterscheiden. Mit
Polypropylen und Polyamid erfolgten die Untersuchung zweier standardméanig in der
Tailings-Filtration eingesetzter Filtermedien. Es wurde eine Abrasionsapparatur
entwickelt, die im Vergleich zu verfiugbaren Geraten in der Lage ist, die fur die
Applikation spezifische Belastung nachzubilden. Aus den Ergebnissen ist ersichtlich,
dass das Gewebe einen hoheren Widerstand gegen Abrasion gegeniber dem
Nadelfilz aus dem gleichen Material aufweist. Zusatzlich Ubertrifft das untersuchte
Polyamidgewebe das Gewebe aus Polypropylen hinsichtlich der Anzahl an
Belastungen bis zum Riss um ein Vielfaches. Die Evaluation unterschiedlicher
vereinfachter Kantenformen zeigt, dass die Geometrie sich auf das Abrasionsverhalten
auswirkt. Dies zeigt auf, dass zukinftig eine Optimierung der Geometrie der unter dem

Filtermedium liegenden Filterplatten sinnvoll ist.

Bei einem erfolgreichen Betrieb der Filterpressen bezuglich der Kuchenablésung und
des Widerstands des Filtermediums gegen abrasiven Verschleil3 lagern sich mit der
Zeit zunehmend feine Partikel in den Poren des Filtermediums ab. Dieser Effekt wird
als Blinding bezeichnet. Der steigende Druckverlust, der daraus resultiert, erfordert
einen Austausch oder eine Reinigung. Untersuchungen der Reinigung stellen den
dritten Teil dieser Arbeit dar. Fur drei industriell eingesetzte und vom Blinding
betroffene Filtergewebe erfolgten Evaluationen zur Regeneration mit Wasserdusen,
verschiedenen Chemikalien und Ultraschallbadern. Die Dusenreinigung stellt dabei
den industriellen Standard dar. Die quantitative Beschreibung erfolgte mittels
Durchstromungsversuchen. Es zeigte sich, dass die untersuchten multifilen
Filtergewebe mit Wasserdisen erfolgreich zu reinigen sind, wahrend das monofile
Gewebe mittels Salzsaure am besten regenerierbar ist. Fir die Wasserdisenreinigung
ist ein gewisser Schwellwert an Strahlstarke bzw. Flussdichte und Sprihzeit
notwendig. Ebenso zeigt die chemische Reinigung eine Abhangigkeit von der
Anwendungszeit und der Konzentration. Basen und Ultraschall zeigten bei keiner der
Proben signifikante Verbesserungen. Bei Anwendung der entsprechenden
Reinigungen in einem moderaten Mal3 konnte in den Laborversuchen keine

signifikante Beschadigung durch die Regenerierung beobachtet werden, jedoch ist

VI



diese Gefahr bei zu intensivem Vorgehen prasent. Falls eine Disenreinigung méglich
ist, ist diese in vereinfachter Abschatzung kostentechnisch kompetitiv zu einem
Austausch des Filtermediums. Zusatzlich erfolgt durch die Reinigung von durch
Blinding betroffenen Filtermedien eine signifikante Reduktion der Menge an
Kunststoffmull, die bei einem Austausch der Medien verursacht wird.

Von enormer Wichtigkeit ist es, die Tailings-Filtration als ganzheitlichen Prozess zu
sehen, der ein komplexes Zusammenspiel aus vielen verschiedenen Elementen
darstellt. Dazu zahlen die untersuchten Probleme. Dies liegt darin begrindet, dass die
Verbesserung einer der Punkte Auswirkungen auf die anderen hat bzw. lhre
Wichtigkeit erhdht. Beispielsweise wirde eine erfolgreiche Reinigung der Filtermedien
bedingen, dass der abrasive Verschleil3 den entscheidenden Faktor fur den Zeitpunkt
des Austausches darstellt. Daraus folgend ist eine noch sorgfaltigere Auswahl des
Filtermediums in Bezug auf den Abrasionswiderstand abzuleiten. Gleichzeitig zeigt
eine erfolgreiche Reinigung des Filtermediums einen positiven Effekt auf die
Kontinuitdt der Filterkuchenablosung. Da die Scherebene in der vom Blinding
betroffenen Schicht liegt, ist die dortige Akkumulierung von Feinstkorn mit daraus
folgender starkerer Adhéasion bzw. Kohasion begrenzt. Dieser ganzheitliche Ansatz
wird in dieser Arbeit verfolgt und generiert mit den einzelnen Publikationen und ihrer
Zusammenfuhrung einen Mehrwert fur Zulieferer, Betreiber und weitere
wissenschaftliche Arbeiten im Bereich von Kammerfilterpressen in der Tailings-

Filtration.
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1 Introduction

Continuous population growth, industrialization and electricity-based mobility lead to
an increasing demand for commodities such as copper as well as higher mining rates
[1]. Appropriate disposal of the huge amount of mine ore processing residue, so-called
tailings, and water recovery are key safety issues and sustainability concerns. As a
result, an optimization of tailings filtration in recessed plate filter presses is crucial.

1.1 Motivation

The necessity to optimize tailings filtration is particularly evident when considering the
example of copper. In 2017, the global demand of approximately 24.4 million tons of
copper was met mostly by a mine output of 20.4 million tons [2]. Figure 1-1 shows the
production flowsheet of copper concentrate in a simplified way. It is based on the
processing of porphyry deposits. They contain a low-grade ore, with a copper content
of normally less than two mass percent [3], but also with around 60% the majority of
the world’s copper [4]. According to Mudd the daily production in a big mine can be
assumed to be 270,000 tons per day [5, 6], of which two thirds are waste rock and
deposited without further processing. The remaining 90,000 tons per day containing
copper minerals and gangue are going through several comminution steps for
processing. For ore dressing a high volume of water is needed during grinding and,
especially, during flotation [7]. In total, process water of 114,000 tons per day is

assumed [5, 6].

80% of sulfidic copper ores are concentrated using flotation, normally froth flotation [4].
By using reactants to adjust properties of the solids surface and the fluid, i.e.,
collectors, frothers, depressants and modifiers, the copper minerals are transported by
air bubbles to the top of the flotation vessels. This froth contains the copper concentrate
and between 25 to 40 w% process water [8, 9]. Most of the water within the concentrate
froth is recycled by a filtration step. Approx. 10 w% concentrate water content,
achieved by drying after filtration, is required for transport [10], e.g., for dust control
[11]. Due to the low ore grade both solids and water mass of the concentrate are not
significant in regard to total mass flow. The vast majority of milled rock which has now
become tailings as well as most of the process water must be disposed. Comparing
different commodities copper production generates nearly half of all tailings worldwide
which was 9 billion tons in 2016 due to the combination of high demand, high

production rate and low ore grade [12]. Gold and iron are subsequent in the volume of
1
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tailings. Although significantly more iron is produced, an approximate ore grade of

30 % results in less tailings in absolute terms [13].

The classic approach of tailings management is pumping the suspension with a water
content of typically slightly above 40 w% into a pond [8]. These are usually secured by
dams consisting of waste rock characterized by coarse particle size. In contrast, the
solids in the slurry typically have a particle size distribution with a high percentage of
fines, which settle down slowly [14]. This directly results in various disadvantages.
First, the large volume of solids and water leads to a significant area footprint [15].
Furthermore, due to evaporation, entrainment, and seepage issues only a small
amount of water can be recirculated [8, 16]. In semi-arid regions the resulting recovery

rate is around 40% [8].

Besides water recovery, embankment stability is a serious safety concern as dam

breaks are regularly reported [5, 17, 18, 19]. Recent examples are:

= Ajka, Hungary 2010 (bauxite, 10 casualties, approx. 1 million m3) [19, 20],

= Mount Polley, Canada 2014 (copper and gold, approx. 25 million m3) [19, 21,
22],

= Brumadinho, Brazil 2019 (iron ore, 270 casualties, approx. 25 million m3) [19,
23].

This frequency is partly attributable to the fact that tailings are artificial granular
materials not behaving exactly like ideal soil on which classical embankment stability
approaches are based [24]. Often, apart from direct hazard by the impact of mud dam
breaks these failures cause environmental contamination, e.g., heavy metals pollution
[25, 26]. Also, seepage might be a source of problems in terms of mineral weathering

resulting in acid mine drainage [27, 28].
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Figure 1-1: Simplified illustration of copper ore processing in a big scale mine including
exemplary water and mass flows. Icons are extracted from [29, 30, 31]. Data and split ratios
are based on [5, 6, 8, 9, 10, 32].

In the last decades tailings storage facilities (TSF) regulations became more stringent
due to increasing global attention towards embankment failures. After the brumadinho

dam disaster 2019 the global tailings review, an initiative to develop a new standard
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on tailings management best practice was co-convened by the International Council
on Mining and Metals, the United Nations Environment Programme, and the Principles
for Responsible Investment [33]. The resulting standard was introduced in 2020 [34]
and other initiatives followed [35]. They encourage mine owners to use other tailings
management approaches with improved social acceptance, reduced water disposal
and safer storage.

Further dewater processing is more challenging but generates benefits concerning
disposal safety and reduction of water costs, the latter especially in arid regions [36].
Common possibilities are thickened or paste tailings [37]. This approach enables the
controlled and enhanced sedimentation of the solids by using thickeners and slurry
treatment, e.g., with flocculants. While these techniques can handle high mass flows,
alternate approaches are restricted by comparably small scales [38]. After thickening,
solid contents of 60 w% solids are common and limited by allowed yield stress for
pumping. At this point the area footprint is reduced, the storage safety enhanced, and
the water recovery rate already improved but in general the dewatering is not yet
sufficient. As an additional operation, a filtration step can be used to further reduce the
water content of the slurry [39, 40]. This is usually realized by pressure filtration in
recessed plate filter presses. The main advantages of this technique are the high
throughput and the possibility to apply sufficiently high pressure for dewatering of
tailings characterized by fines and clay minerals [41]. Even in moderate tonnage
applications several fast-filtering filter presses are needed each of them working in
batch operation. Eventually, the required water content of approximately 20 w% can
be reached [32]. This water content is optimized for tailings transportation on conveyor
belts and dry stacking. Additionally, it results in a small footprint paired with a high
geotechnical stability and a big water recovery rate. Especially the undersaturation of

filter cakes by pressurized air desaturation inhibits liquefaction of the stack [37].



1.2 Objectives

Even if a selected filter medium fulfills the separation task in terms of particle retention,
operation of tailings filtration plants is a challenging task. To ensure the best
performance a holistic understanding of the filtration process in recessed plate filter
presses is required. Figure 1-2 shows a sliding filter cake (brown) in front of the
adjacent filter plate (white). The plate is covered with a filter medium (beige), which is
discolored in the filtration area by adhering particles (lighter brown). In addition, the
main and most frequently occurring difficulties are depicted. Achieving the required
target water content as well as predicting cycle time including filtration and technical
time correctly is very important. The latter is strongly affected by cake detachment
behavior. In addition, the handling of cloth lifetime related issues like abrasive wear or
blinding by adhering particles is crucial [42, 43]. The objectives of the investigations in
this dissertation are to improve the understanding of these problems and to provide

guidelines and recommendations.

1.2.1 Cake Detachment

For maximized throughput, target water content and cake saturation level must be
reached as fast as possible, e.g., by pressurized air cake post-treatment. Moreover, it
is beneficial to reduce technical downtime by a good and complete cake detachment
which depends on cake to cloth adhesion and cake stability. These aspects are
investigated in two publications: A first paper using iron ore tailings determines the
basic relationships [44]. In a subsequent second publication this is supplemented by
experiments with copper tailings and a detailed examination and mathematical
description of desaturation kinetics [45]. The presented results provide guidance for

process parameter optimization to improve cake detachment.

1.2.2 Filter Media Abrasion

The detaching cakes result in abrasive wear of the filter medium mainly at protruding
points of the plate. In detail, these are the stay bosses and the sealing edge. Especially
the geometries and the material of the overlying filter medium is of importance. The
development of an apparatus which replicates the specific direction-dependent load
case and investigations on various filter media were published and are part of this work
[46]. Recommendations are provided to increase the number of filtration cycles until

abrasive wear hampers further usage of the filter cloth.
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1.2.3 Filter Media Blinding

During the high number of filtration cycles fine particles adhere permanently to the
fibers and blind the pores of the filter medium. This leads to an increase in flow
resistance which at a certain point culminates in the necessity to replace the filter
media due to unacceptable prolongation of filtration time. Improvement of this intra-
fabric contamination can be achieved by adequate cleaning procedures. Investigations
were carried out for various industrially used and blinded filter fabrics, resulting in two
publications, one on high pressure water jet and the other on chemical cleaning
methods [47, 48]. The presented results provide guidance for cleaning procedure

selection.
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Figure 1-2: Overview of the investigated problems of tailings filtration in recessed plate filter
presses. The illustration shows a sliding filter cake (brown) in front of the filter plate (white).
The plate equipped with a filter medium (beige), is discolored by adhering particles in the
filtration area (lighter brown). Filter cloth abrasion image: ©FLSmidth.




1.3 State of the Art

Due to the immense importance of raw materials, mining and ore processing for
society, tailings and related topics are a frequent subject of research. However, the
research directions are wide-ranging. Tailings management is one key aspect. One
approach is to reduce residue production by optimized mining or better flotation
methods [49]. Concerning surface storage and tailings dams, geotechnical properties
have been widely studied [36, 50]. This includes strength of tailings [24] or blends of
tailings and waste rock [51].

Furthermore, monitoring methods of the embankments are continuously improving
[52]. Additionally, the geochemical behavior, heavy metal containment and the
associated impact on the environment, wildlife and society are subject of publications
[21, 53]. These aspects are often investigated as a consequence of dam failures.
Another research aspect is the reuse of existing and growing tailings deposits to reduce
their volume while creating a benefit [54]. One example in the context of underground
mining is the usage of a mixture of tailings and cement for mine backfill. Furthermore,
older tailings can contain valuable substances, the extraction of which has become
either interesting or economical. The latter through improved or new processes, such
as bioleaching [55]. As a result, tailings become secondary sources of raw materials,
the advantage of which is that an energy-intensive comminution process has already
taken place. The remediation and the use of the tailings, for example as construction
material or raw material for other products [26], are additional aspects. Furthermore,
there are approaches to store COz in tailings as carbonates by artificial weathering
[56].

While thickening and related aspects, such as flocculation, have been specifically
studied for a longer time [36, 57], filtration of tailings became a focus of research
especially in the last decades. The reasons for the increasing interest in filtration are
the tightening of regulations and an increasing need for water recovery. Therefore, an
increase in the number of case studies is reported which is dominated by studies
allowing for higher mass flows [50, 58]. Also, problems with longer operation of the
plants are increasingly present whereby the filtration of the tailings or the overall
process is often considered from an economic perspective [59]. Despite these scientific
advancements, a transfer gap between the existing knowledge on filtration technology

and the particular translation to tailings applications remains. In particular, this includes
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a lack of specific investigations on tailings related process parameter optimization and
filter media behavior, which represents the primary motivation behind the present work.
The subsequent sections elude in more detail the remaining knowledge gaps for the
three considered process elements, namely cake detachment, filter media abrasion
and blinding, individually and highlight the contribution of the present dissertation.

1.3.1 Cake Detachment

The detachment of the filter cake is crucial in any application of filtration. Therefore,
different authors dealt with the adhesion of the filter cake to the filter medium in solid-
liquid filtration for various particle systems apart from tailings. Examples are Ginisty
[60], Morris [61], Morsch [62, 63, 64, 65, 66], Mdller [67], Muller [68], Ward [69], and
Weigert [70, 71, 72, 73, 74, 75]. The same applies for studies on the stability of
particulate networks [76, 77, 78, 79, 80]. Additionally, these investigations focus on the
impact of surface cleaning on cake detachment. In more detail, Morsch considered the
detachment behavior of filter cakes on a candle filter in relation to various model
systems, the curvature of the filter fabric, and the surrounding medium. An important
aspect in his investigations on surface cleaning was the application of backwashing of
candle filters which is not transferable to filter presses where the shear adhesion is to
be overcome by gravitation. In contrast to the work conducted by Morsch, this thesis
covers the relevant aspects for filter presses. In more detail, this thesis goes beyond
the investigation of surface cleaning by evaluating the influence of multiple process

parameters specific to filter presses, i.e., gas differential pressure desaturation.

1.3.2 Filter Media Abrasion

Abrasive wear of the filter medium is one of the major problems in tailings filtration.
Besides blasting at areas of high flow velocities [42, 81], friction of the falling cake on
protruding parts of the filter press causes damage [82]. Since the suppliers and
literature only make a rough categorization of the wear resistances, further
characterization is required to identify potential optimization opportunities. In particular,
the combination of the fabric's direction-dependent properties due to weaving with
repetitive stress in one direction are not adequately covered by standardized test
methodologies available and used in other publications [83, 84, 85]. Thus, the
apparatus invented for replicating a direction-specific load on the filter media, as
presented in this dissertation, opens up new ways for process optimization. This

innovative approach is specifically designed for tailings filtration in recessed plate filter



presses and, in particular, allows for advanced filter cloth selection and plate design

optimization.

1.3.3 Filter Media Blinding

The increasing blinding of filter media with fines is a well-known problem in filtration
technology [86, 87]. However, there is hardly any published knowledge regarding
mining applications [88]. Experience lies mainly with operators and suppliers. In
general, cleaning is carried out by means of water jet nozzles [43, 89, 90]. These are
more familiar from surface cleaning in other industries [91]. For example, Morsch
investigated the surface cleaning for beer mash filter press media [66, 92, 93].
However, the focus was primarily on the detection of contamination by means of image
evaluation and the dirt was only applied artificially. Furthermore, only surface cleaning
by low pressure water jets was analyzed. This was also subject of investigations
performed by other authors in the food sector [91, 94]. Previous work on intra-fabric
regeneration used flow from different directions and pulsation [95]. Lam evaluated high
pressure water jet cleaning for membrane fouling by algae showing promising results
for intra-fabric cleaning [96]. In conclusion, previous research in the field of water jet
cleaning has primarily focused on investigating surface effects. Additionally, there is a
lack of data on tailings filtration and industrially blinded mining filter cloths. Therefore,
this dissertation aims to fill this knowledge gap by evaluating the impact of water jet
cleaning on intra-fabric blinding in fabrics previously used in tailings filtration. The
findings of this thesis are of significant importance to the mining industry, as they
provide new insights and advancements. Additionally, this study offers fabric type- and
material-dependent recommendations and analyzes the potential damage caused by

the cleaning process on the filter cloths.
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2 Background and Fundamentals

The dewatering of suspensions by recessed plate filter presses is an established
process that is utilized in many applications [97]. To optimize the design and operation
of such equipment, it is crucial to understand the handled materials (e.qg., tailings), the
process requirements such as total volume flow rates, and the underlying process
fundamentals. The latter include the flow of fluids through porous structures and the
properties of solid-liquid mixtures, which range from suspensions to particulate semi-

solid structures, as the solids volume content increases.
2.1 Filtration in Recessed Plate Filter Presses

Figure 2-1 shows the principal steps during operation of a recessed plate filter press
which is a pressure filter using cake filtration. Normally, a filter press in tailings filtration
consists of a stack with more than 100 plates of relatively large dimensions, e.g.,
2.5 m x 2.5 m [36, 98, 99]. The illustrations show a cross-sectional view of two adjected
plates in the middle of the stack, orientated longitudinal to the feed direction of the
press. In general, a plate consists of protruding stay bosses for mechanical stability of
the stack and protruding edges which generate a chamber for cake build up.
Furthermore, each plate has a drainage structure usually consisting of small pips and
inside pipes for filtrate transport to the corner ports. For simplicity, the filtrate pipes and
corner ports are projected to the cross-sectional plane depicted in the illustration. In
addition, each plate has a feed hole for slurry distribution within the stack which is

normally located below or above the center in tailings application.

Each side of each plate is equipped with a filter medium. In general, plastic cloths or
needle felts are used for mining applications [100]. Critical spots concerning sealing
function and abrasive wear are the sealing edge, the stay bosses, the filtrate holes,
and the filtrate pipe regions. At the beginning of the process all chambers are empty,
and a pump fills the press with the thickener underflow (Figure 2-1a). By using a low

inlet position a relatively even rise of the slurry level can be assumed.

Once the press is filled, further feeding increases pressure. The occurring differential
pressure between the chamber and the filtrate drainage structure results in a flow of

the liquid through the filter medium.

Usually in cake filtration, the pores of the cloth or needle felt are bigger than the

suspended patrticles in the slurry and some of them pass the medium in the beginning
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of filtration. However, if the solid concentration in the slurry is sufficiently high multiple
particles reaching the same pore at the same time interfere and block each other. This
is called particle bridging and is the essential pre-condition for cake filtration [87]. Later
arriving particles are not able to pass the smaller pore structure between the already
immobilized particles. Consequently, the filter cake builds up on both sides of the
chamber at both filter media (Figure 2-1b).

While the filtration proceeds both cakes grow until they touch in the middle and fill the
entire chamber with a particulate network. Cake porosity and conformity depend on
the particle system properties, especially compressibility. A compressible cake has a
denser particulate network the closer to the filter medium. In general, particles below
10 pum form compressible cakes [101]. Tailings having a high fraction of fines, but also
bigger particles, can be assumed as slightly compressible [44]. By continued feeding,
further compression occurs for compressible cakes. An equilibrium between water
drainage caused by increase of pore water pressure and consolidation caused by the

residual effective stress can be assumed based on Terzaghi’s principle [102].

Often, the resulting water content of the cakes (i.e., when the voids are fully saturated),
is not sufficiently low for transportation and stacking. For example, the concerning cake
properties for detachment, e.g., shear and tensile strength of the cake are too low and
shear and tensile adhesion of the cake to the filter medium are too high. In this case,
further dewatering can be achieved with a gas differential pressure cake post-
treatment. To be more precise, this application reduces the saturation of the water-
filled voids within the particulate network. The saturation S is defined based on the
volume of water-filled voids V, yater—finea @and the total voids volume V, ;,a according
to Equation 2-1. For this reason, the related process is more accurately described as

desaturation.

= Vy water—filled Equation 2-1
V3 total

Figure 2-1c¢) illustrates the gas differential pressure dewatering, also referred to as air

blow. For this application, two different types of plates are mounted alternately in the

stack. One type of plate allows pressurized air to be introduced over the filtrate holes

and the drainage structure, while the connection to the filtrate pipes is closed. This

allows the air to dewater certain pores based on the capillary inlet pressure distribution

of the filter medium and the pore structure of the cake. The air passes through one
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cloth, the cake, and the adverted cloth. The adjacent plate, which is still connected to
the filtrate pipe, is used to remove any remaining filtrate via its drainage structure.

a) Filling b) Filtration c) Cake desaturation
) Filter plates
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Figure 2-1: Simplified illustration of filtration steps in a recessed plate filter press using a cross-
sectional view of two plates and one chamber in the middle of the plate stack: (a) During filling
slurry level rises; (b) Differential pressure between cake and filtrate drainage system generates
a liquid flow through the filter medium and a cake build-up by retained particles; (c) For further
water content reduction pressurized air is introduced into the filtrate pipes of every second
plate. By overcoming capillary inlet pressure desaturation of the cake is carried out.

When the biggest pore is emptied a gas-breakthrough occurs leading to a decrease in
desaturation performance and an increase in air consumption. Furthermore, operation
time and air pressure are crucial parameters of the post-treatment. In addition, besides
too high capillary inlet pressures, isolated pores significantly limit the achievable water
content [87]. After completion of the post-treatment, the plate stack opens, and the

filter cake is supposed to detach and fall.
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2.2 Flow of a Fluid through Porous Structures in Filtration

The flow through porous structures is of enormous importance in many applications.
Explicitly, it plays a decisive role in filtration, which aims to fulfill a separation task with
the lowest possible energy consumption [103]. Therefore, knowledge about the flow
resistances of the filter medium and the filter cake is crucial. Both individually and their
combination, which determines the resulting total resistance during filtration, can be

regarded as porous structures.

A porous structure is a combination of void volume V, and an interconnected solid
phase V. This connection can either be solid itself or build up by contacts between
individual solid elements. Particulate structures are an example of the latter. A
characteristic value for such structures is the ratio of the void volume to the volume of
the solid phase or the total volume. In filtration technology, the porosity ¢ is used for
this purpose. It is defined as follows:

K Equation 2-2
Rz

&

For laminar flows, the velocity of the flow of porous structures is described by the so-
called Darcy’s law according to Equation 2-3 [104, 105]. The velocity v,y describes
the volume flow Vi, in relation to the area A..,. Experimentally, V., iS usually
determined by the mass flow i and the density of the liquid p,. Decisive for the flow is
the pressure difference Ap, the dynamic viscosity of the liquid n;, the length L of the

structure in the direction of flow and a structure-specific parameter P, the permeability.

Vtotal _ m _ P-Ap Equation 2-3
Atotal  P1 " Atotal m-L

Vtotal =

The resulting velocity v,,.,; refers to the position outside the structure rather than the
velocity inside the voids v,. It is higher due to the reduction in the flow area resulting

from the porosity ¢, as stated in Equation 2-4.
VUtotal = € " Uy Equation 2-4

Processes in filtration technology are usually described with the reciprocal value of the

permeability P, the so-called flow resistance R [105, 106].

R = 1 Equation 2-5
P
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In wet cake filtration, several combined resistances must be considered, as is stated
in Equation 2-6. The total time-dependent resistance R(t), is a combination of the filter
medium resistance Ry, which is constant over time, and the resistance of the growing

cake R.(t), which changes over time according to cake height.
R(t) = Ry, + R.(2) Equation 2-6

One crucial aspect to consider is that the filter medium resistance describes the
interaction of the filter medium with the particle system. Thus, it is characterized by the
combination of filter medium and the first particle-bridging cake layer. By contrast the
permeability of the filter medium as specified by the manufacturers is independent of
the separation application. Therefore, the filter cake resistance is described by the sum

of the flow resistance of the unused filter medium Ry, ynuseq @nd a so-called reference

resistance R;,, as can be seen in Equation 2-7 [66, 106].
Rfm = Rfm,unused + Rin Equation 2-7

The filter cake resistance is usually defined by the product of a height-specific filter
cake resistance a;, and the time-dependent cake height H.(t) (see Equation 2-8). a;,
is a quantity describing the particulate network, which is constant for incompressible

networks. H.(t) increases during filtration, and, thus, it is time dependent.
R.(t) = ay * H.(t) Equation 2-8

The filter media resistance and filter cake resistance parameters can be obtained from
filtration tests in accordance with VDI guideline 2762 and a linearized fit [87, 105, 107].
Among other things, this allows to compare different filter media for the same
application. For the explicit equations and their derivation, please refer to the work by
Morsch [66].

The cake resistance in compressible particle systems varies depending on the filtration
pressure. A rough guideline is that compressible behavior occurs in systems that have
a significant proportion of particles smaller than 10 um [101]. However, it must be noted
that not only the overall resistance of the particulate network changes, but that the
resistance is different significantly in different heights of the filter cake. Layers on the
filter medium become more compressed, their porosity decreases and their resistance

increases [87].
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2.3 Filter Media for Mining Filter Presses

Choosing the right filter medium for a particular application can be difficult. This is true
also in mining, where the specific needs of the process and the filtration equipment
used must be taken into account. For instance, the requirements for removing water
from the concentrate will be different from those for processing tailings. As a result,
there are many factors to consider beyond just the main characteristics of the filter
medium and the separation task. These factors also include considerations of cleaning

and wear properties.

2.3.1 Filter Media Characteristics

The main function of the filter medium is to retain particles while minimizing the energy
required to overcome the resulting flow resistance [101]. As an essential component
of solid-liquid separation, the filter medium represents the interface between the
filtration apparatus and the suspension, and its correct selection is of enormous
importance for efficient operation in terms of energy and process considerations [87].
Especially the increased availability of synthetic filaments and fabrics in the second
half of the 20" century, catalyzed research in solid liquid separation and related fields
focusing on the filtration properties of filter media and their appropriate selection for a

specific process [86].

Due to the relevance and complexity of the task that is fulfilled by the filter medium, a
variety of properties must be considered and evaluated during its selection. Purchas
and Sutherland specify several priority properties divided into the following three main
categories [86, 108]. Several of the most important examples are given for each

category.

e Machine-oriented properties
e Rigidity
e Strength
e Resistance to abrasion
e Available sizes

e Application-oriented properties
e Chemical stability

e Thermal stability
16



e Cost
o Wettability
e Filtration-oriented properties
e Size of smallest particle retained
e Retention efficiency for a specific size
e Resistance to fluid flow
e Tendency to blind

The selection of a medium in cake filtration is primarily based on filtrations in
standardized laboratory apparatuses, e.g. a pressure housing according to VDI
guideline 2762 [109] or similar devices [110]. Mainly particle retention and flow
resistances are determined. Concerning the resistances three aspects can be
distinguished: permeability of the filter medium (measured using non-particle-loaded
liquid), filter medium resistance (also called gB-value, includes permeability and
interference with the first particle layer) and height- or mass-specific filter cake
resistance (also called a-value). These measures represent the primary characteristics
of a filter medium and a filtration task. The pore size should be as small as necessary
to ensure the clarity of the filtrate and the permeability of the filter medium should be
as large as possible to keep the flow resistance low. For a specific application, various
filter media pre-selected based on experience are compared. However, each medium
is only subjected to a small number of filtration cycles during lab testing, which does
not necessarily correspond to the industrial service life. With the aid of material
parameters, e.g. chemical and mechanical stability, as well as application-related
empirical values or case studies, the findings obtained are transferred to the filtration
cycle numbers relevant in industry [87, 97, 105, 111, 112], some of which are in the
four-digit range [43]. The adaptation to an optimized medium is only made iteratively

during the operation of a plant.

The relevance of cake filtration in a variety of applications results in a large market
across a wide range of industries. One example is the enormous demand of filter cloths
in the mining industry. In larger mines (97,000 t ore per day of the Minera Esperanza
Antofagasta in Chile [113]) parallel operation of several filter presses is mandatory [36].
A press in tailings filtration has usually plate dimensions of at least 2 m x 2 m and a
plate pack of sometimes more than 100 plates [114, 115]. Since an enormous flow of
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waste rock must be handled, the presses are highly optimized regarding their cycle
time, which means that a four-digit number of filtration cycles is already achieved within
one to two months. Each inner plate of the package is equipped with a filter medium
on both sides, which, with an area per plate of 8 m2, results in an approximate total
area of 800 m?2 per press. This enormous area results in high five-digit US$ sums per
change and a six-digit US$ sum for the replacement of the wear material filter medium

for each individual press per year [100].

In more detail, the operation of these tailings filtration plants is a challenging task in
regard to filter media concerns especially because of the complexity of cloth lifetime
related issues. These include abrasive wear, blinding by adhering particles [46, 47, 48,
42, 43] and necessity for good cake detachment characteristics for maintaining high
throughputs [86]. Additionally, these aspects are subject to a complex interplay. Thus,
improvement of one cause of damage may allow one of the other lifetime limiting
factors to become determinant. It can be stated that elongation of service life of the
filter medium through better knowledge of the long-term behavior and the associated
improved selection have a direct effect on the operating costs and the amount of plastic

waste.

In the mining sector, woven filter media and needle felts, typically composed of
polypropylene or polyamide, are predominantly used [86, 100, 116, 117]. However,
there are also some applications of ceramics, for example in the iron ore sector [88].
Figure 2-2 shows examples of a needle felt and a woven filter medium suitable for
tailings filtration. The needle felt is characterized by proportionally smaller and
unoriented fibers. This reduces their mechanical and chemical resilience even for
identical materials. To produce felts, several layers of fibers are formed into a bulky
web, which is then compressed. Subsequent needling is applied to entangle the fibers

and further reduce the thickness.

Figure 2-2: SEM-image of a needle felt (left) and woven (right) tailings filtration filter medium.
18



In contrast, the woven consists of different fiber types and relatively large yarn
diameters. One aspect of distinguishing woven filter media is the fiber type. There are
three categories:

e Monofile
e Multifile
e Staple

Monofilament fibers consist of single, continuous filaments, multifilament fibers, on the
other hand, are composed of several smaller filaments. Staple yarns are made from
spun or twisted short filaments.

In addition to the yarn type, cloths differ in the way they are bonded. The binding
system is created during the weaving process. A so-called weft fiber is shot vertically
through several warp threads lying next to each other. Depending on whether the warp
threads are in front of or behind the weft thread, and how their orientation changes
before the next weft thread is inserted, a specific binding system result. Figure 2-3
shows the three main weave types plain, twill and satin [118]. Together with the type
of yarns used, the binding system is decisive for the size and distribution of the pores.
The weave types (and their derivates) are characterized by their smallest repeating
unit [119]. Plain weave is the simplest arrangement. The wetft fiber is woven above and
below the warp yarns alternatingly (Figure 2-3a). It is also possible to have multiple
yarns grouped, for example, a double warp yarn instead of weaving one singly. The
plain weave is relatively rigid [86]. Furthermore, it consists of relatively large threads
and, thus, also pores, which is why other weave types must be used for smaller sizes
[120]. In twill weave, the weft yarn skips at least two warp fibers (Figure 2-3b).
Compared to the plain fabric a twill structure is more flexible which is beneficial for
fitting them into a certain geometry, e.g., a filtration apparatus. This is even more
pronounced with the satin weave. As can be seen in Figure 2-3c, in this bonding
system type a weft yarn skips at least two warp fibers. However, it is a prerequisite that
the wraps are not directly adjacent. It has the highest flexibility and the smoothest

surface.
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Figure 2-3: Schematic representation of main weave structures a) and their characteristic
repeating unit (green): a) plain weave, b) twill weave and c) satin weave.

Table 2-1 lists the fiber and fabric types according to their suitability related to specific
aspects of filtration technology [86, 121]. For an explicit separation task, various
advantages and disadvantages of a bonding structure type must be considered and,
usually, a compromise is chosen. For example, the long float of the fibers of a satin
weave on one side produces a very smooth surface, which is a benefit for cake release,

but at the same time this reduces the resistance to abrasion [86].

Table 2-1: Ranking of the different types of fibers and fabrics according to their performance
in various aspects of filtration technology [86] based on [121].

Particle  Permeability Cake Cake Fabric  Resistance

retention dewatering discharge life to blinding
Fiber Type 1 Staple Monofil Monofil Monofil Staple  Mondfil
2 Multifil Multifil Multifil Multifil Multifil  Muiltifil
3 Monofil  Staple Staple Staple Monofil  Staple
Weavetype 1 Plain Satin Satin Satin Twill Satin
2 Twill Twill Twill Twill Plain Twill
3 Satin Plain Plain Plain Satin Plain

The chemical, thermal and mechanical properties are usually related to the material
data of the starting materials of the fibers. Exemplary data for the discussed materials
polypropylene and polyamides from Purchas and Bremus can be found in Table 2-2
and Table 2-3 [108, 122]. These data are consistent with those from fabric
manufacturers and permit a rough classification [116, 123]. Ductile-elastic behavior
can be considered as beneficial for wear resistance [124]. It must be noted, however,

that the complexity of plastics technology and the resulting variants (crystallization
20



state, copolymerization, etc.) make it necessary to consider each material and

application individually.

Table 2-2: Chemical properties of polypropylene and polyamide graded as poor, fair, good, or
excellent [86, 122].

Polypropylene Polyamide
Mineral acids Excellent Poor
Organic acids Excellent Fair
Alkalis Excellent Excellent
Oxidizing agents Fair Fair
Organic solvents Fair Good

Table 2-3: Selected mechanical and thermal properties of polypropylene and polyamide
graded as poor, fair, good, or excellent [86, 122, 125].

Polypropylene Polyamide (Nylon)
Resistance to wear Good Excellent
Elongation at break / % 15-35 30-70
Safe continuous 120 105-120

temperature / °C

Post-processing is a crucial step in the production of woven and nonwoven filter media.
In addition to quality control regarding possible defects, this also includes possible
cleaning or decolorization as well as a targeted adjustment of the properties. The latter
can be divided into the three aspects of stabilization, adjustment of the surface
properties and modification of the permeability [126]. Stabilization primarily means
releasing stresses that have arisen during production, through thermal treatment or
targeted pre-loading in a controlled environment. A further approach for stabilization
can be the production of composite meshes, in the case of metal fabrics, for example,
by sintering a filter mesh with one or more support meshes. In some cases, direct
combination during weaving is possible. Examples of surface modification are coating
or singeing. The latter means the removal of protruding fiber parts (from staple fibers
or nonwoven) by means of a flame or hot surfaces. The permeability is usually adjusted
via the so-called calendering. In this process, heated rollers apply pressure to the filter
medium as it passes through. Both singeing and calendering smoothen the surface of

the filter medium, which has a positive effect on cake discharge behavior [65, 71, 86].
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In a holistic view, which includes the economic operation of a filtration plant, costs play
an important role. Especially for mining applications, this must be considered, due to
the significant wear which result in a need for filter medium replacement and operating
expense. For this reason, Table 2-4 relates the costs of the filter media relevant for
mining based on literature data [86]. For example, while polypropylene is outperformed
by polyamide regarding abrasion properties it benefits from lower costs. Thus, it
becomes clear once again that a complex case-by-case consideration is necessary
regarding cost effectiveness, operational reliability, waste quantity and downtimes.

Table 2-4: Relative cost of polypropylene and polyamide filter media [86].

Polypropylene Polyamide
Needle felt 1.0+£0.1 11-1.7
Woven (multifilament) 09-1.3 1.1-17
Woven (staple) 1.1-1.7 1.3-19

Due to the aspects mentioned and, in addition, the possibility to vary the diameters of
the filaments, it becomes obvious that there are a multitude of possibilities to produce
a filter medium. This is reflected in the large number of media available and, also, the
number of manufacturers. However, this allows to select a medium optimally adapted

for a specific separation task.

2.3.2 Filter Media Contamination

With regard to the contamination of filter media, a fundamental distinction must be
made between two things, namely contamination of the surface by adhering cakes or
cake fragments and contamination within the fabric, i.e., in the pores, as illustrated in
Figure 2-4. Surface contamination occurs if a filter cake is not discharged at all, or
fragments adhere to the filter medium. This leads to a reduced process chamber for
the next filtration cycle and a decrease in throughput. Furthermore, cross-
contamination occurs, and remaining cake alters subsequent filter cake build-up. There
is a variety of ways to reduce the amount of adhering cake, such as tilting, vibration,
use of scrapers and jet cleaning. More detailed information is provided by Morsch and
Weigert [66, 75]. Morsch investigated cleaning of artificially placed cake fragments on
filter press fabrics using water jets in addition to detecting contaminated areas using
image analysis [92, 93]. He also evaluated cake detachment and fabric deformation
on filter candles using backwash for different surrounding fluids [62, 63, 64, 65].
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Weigert investigated the adhesion of filter cakes to filter cloths for classical model
systems (Al(OH)s, CaCOs, glass spheres and kaolin) under variation of various
parameters, for example filter cloth, saturation, surface tension of the pore fluid, and
particle size [75]. He concluded that a constant shear stress range results after a few
filtration cycles for a specific filter medium [71]. Weigert's observation that particles
adhering in the fabric affect cake detachment represents the interface between surface

and intra-fabric contamination.

[ Filter media contamination ]

s

Surface contamination Intra-fabric contamination
Effects Regeneration Effects Regeneration
- Process chamber - Tilting - Influence on adhesion - Backwashing
reduction - Vibration - Higher flow resistance - Jet cleaning
- Throughput decrease - Scraper - Throughput decrease - Chemical agents
- Cross-contamination - Jet cleaning - Cross-contamination - Ultrasonic
- Alters cake build-up - Backwashing

Figure 2-4: General distinctions among contamination mechanisms, their corresponding
effects, and regeneration opportunities for filter fabrics.

Schematically, Figure 2-5 depicts the results of blinding, which is a permanent and
increasing adherence of fines. The effective pore size is reduced, which results in an
increase in flow resistance. This results in several negative effects concerning the
filtration apparatus performance: if a defined filtrate volume is specified (for filter
presses this corresponds to a specified residual water content of the filter cake), the
filtration time will be extended; if the cycle time is fixed, the filtrate volume will be
reduced, and the filter cake will have a higher water content. In any case, a
performance reduction occurs. Furthermore, the possible cross-contamination caused
by blinding is another reason why cleaning is necessary. This is particularly relevant in
the field of food processing technology. Cleaning is usually carried out by
backwashing, water jet cleaning with nozzles, chemical reagents, or ultrasound [91,
127].
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Figure 2-5: Schematic cross-sectional view of a filter medium affected by blinding [48].
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2.4 Properties of Tailings and Slurries

The process stream of tailings after separation of the valuable minerals is a suspension
consisting of the mineral particles and process water. As mentioned before the solid
concentration is slightly above 44 w%. In general, solid liquid mixtures have several
aspects of important properties, especially when having higher solid concentration.
The following subsections introduce to the most important of them with special regard
to tailings.

2.4.1 Mineral Composition

Tailings are a mixture of several minerals and differ between mine sites due to the
individual ore composition. In general, there is a hazard if the residues contain heavy
metals or even radioactive components. However, tailings can be relatively harmless

in terms of geochemical reactions as well [128].

An enormous problem emerges from the fact, that run-of-mine minerals get in contact
with oxygen and humidity. For example, weathering of pyrite generates acid mine
drainage (AMD). This causes an enormous decrease in pH value and affects aquatic
wildlife significantly [28, 129]. In contrast, a high alkalinity is possible as well. For
example, alumina production is based on the Bayer processes. It uses bauxite,
containing at least 45% aluminum oxide [130] which is dissolved by use of sodium
hydroxide. Processing residues, which are also called red mud due to the color given

by iron oxides, have pH values about 12 [131].

Furthermore, clay minerals hold a prominent position in minerals processing. In
general, tailings often contain quartz; however, silicon is present also in other silicate
minerals [14] like plagioclases, tectosilicates, inosilicates, and phyllosilicates.
Phyllosilicates are also called sheet silicates since they consist of parallel sheets of
tetrahedra. Swelling clay minerals, for example montmorillonite, are a certain group of

phyllosilicates. These minerals hamper dewatering [132, 133].
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2.4.2 Particle Size Distribution

The particle size distribution (PSD) of tailings is dependent on the ore processing
applied and varies, for example, for different commodities. However, tailings have
usually a broad distribution in the range of micrometers and a high number of fines
[14]. A common definition of fines in mining is a particle size <63 um based on
geotechnical considerations, which includes silt and clay sized particles [14, 134]. It
should be noted that in filtration technology, particles <10 um are usually referred to
as fines, since their filter cakes exhibit increasingly compressible properties [101]. The
presence of small particles results in a variety of effects to be considered during
thickening, filtration, transportation, disposal and storage [36], since small particles
highly affect settling velocity, filter cake compressibility, filter cake permeability,
rheology, and yield stress [87]. However, the site-specific tailings distribution and the
possibility of mixing the ore processing residues with waste rock particles, mainly of
bigger size, results in a high number of different particle systems for different mines
and a high number of case studies [36].

Today, tailings handling is already a big challenge in the mining industry due to the
high volume of production and the mentioned aspects of their PSD. However, these
problems are predicted to become even more difficult as ore grades are decreasing.
The necessity for mining of finer ore bodies and enhanced comminution for separation
of the valuable minerals will results in an even smaller PSD of the tailings. The smaller
particles are the bigger is the influence of non-gravity forces on their behavior and the

properties of their macroscopic matter [135], e.g., of the tailings slurry.

The wide PSD is of great importance for filtration in recessed plate filter presses, as
particles of different sizes sediment at different rates. The slurry tends to segregate
especially in geometries with a high expansion in the vertical direction, such as filtration
chambers. This results from the quadratic dependence of the Stokes’ settling velocity
on the diameter (see Equation 2-9).

= (ps—p1) - g x? Equation 2-9
S 18- m

The effect is particularly pronounced for low concentrations. Therefore, it can be limited
by thickening the filter press feed. If the number of particles in the slurry increases
sufficiently, the particles interaction hinders segregation. The corresponding solid

volume concentration is called segregation threshold [36]. Another possibility is

26



intervention in the PSD by coagulation and flocculation. During coagulation particle-
particle interaction is adjusted by means of altering pH and ionic concentration of the
slurry, e.g., by use of highly charged cations like AI** or Fe3*. Therefore, particles form
agglomerates, which increase settling velocity. Flocculation poses another possibility
to increase sedimentation velocity of small particles. Flocculants are long-chained
water-soluble polymers of high molecular weight, e.g., polyacrylamide, which generate

bridges between particles.

In mining application, especially concerning the issue of segregation in pipes and
filtration, an evaluation of the adequate solid concentration for every process step is
crucial. During piping higher energy requirements might be chosen to reach turbulence
to avoid settling and segregation [136]. Also, during filtration a homogenous
suspension is necessary to prevent inhomogeneous cake build-up causing problems

concerning filtration time, water content and post-treatment.

2.4.3 Rheological Behavior

The continuous phase of the tailings slurry is water and, thus, a Newtonian fluid.
Therefore, the dynamic viscosity n links shear stress T and shear rate y according to
Equation 2-10:

T=n"y Equation 2-10

However, this behavior changes significantly during the ore dressing process due to
the solid content of the slurry. In general, the particle concentration is very relevant for
tailings management since it increases significantly by thickening and filtration. An
increase in solid particle concentration affects the rheological behavior due to an
increase in viscosity. Furthermore, particle interactions play an important role,

especially for a finer PSD.

At a certain solid volume concentration, a point is reached where the disperse particles
are in contact with each other. This point is called the gel point and states the transition
towards a semi-solid network. Properties of an individual particle system such as PSD
and particle interactions affect the gel point which can vary in a wide range between
different slurries. Since the resulting particulate network now transfers stresses, a
significant alternation in rheological behavior occurs. Figure 2-6 shows Newtonian and
three standard non-Newtonian fluids in a shear stress over shear rate diagram. A
Newtonian behavior results in a straight line starting at 0 and is described by Equation
2-10. That means it flows as soon as a shear stress is applied, and the viscosity is
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constant. In contrast, a Bingham fluid is deformed at a certain load below the so-called
yield stress but does not flow. It starts to flow with constant viscosity when the yield
shear stress is exceeded. If a fluid becomes less viscous at higher shear rates, it is
known as shear-thinning or pseudoelastic. If the fluid also has a minimum shear stress
required to flow, it is called yield-pseudoelastic. A behavior showing a decreasing
viscosity by higher shear rates is called shear thickening or dilatant. In combination
with a yield shear stress, it is referred to as yield-dilatant. In general, tailings are yield-

pseudoelastic due to alignment of flocs or particles [36].
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Figure 2-6: Schematic representation of different rheological behaviors, adapted from [36].

A common approach to describe the different rheological behaviors, based on the
experimentally determined constants yield shear stress 7, K and n, is the Herschel-
Bulkley approach (Equation 2-11) [36].

T =1y + Ky" Equation 2-11
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2.5 Properties of Particulate Networks

Increase in particle concentration changes the rheological behavior of a solid-liquid

mixture. Furthermore, the state of the two-phase system alters at certain

concentrations, which are specific for every particulate system. There are several
definitions of state transitions and regimes that originate from rheology or other fields

like soil mechanics [137].

As mentioned in Chapter 2.4 a suspension reaches the so-called gel point at a
concentration where inter-particulate contacts occur [80]. Then, the mixture can
withstand a yield shear stress and can be referred to as particulate network. Further
increase in solid fraction of the mixture increases yield shear stress. Figure 2-7 shows
schematically the increase for some tailings from various mines based on
experimentally determined data from Sofra [36, 138]. As the diagram illustrates, tailings
suspensions differ in onset concentration and shape of the yield stress increase. Even

tailings of the same commaodity vary in their behavior between mines.
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Figure 2-7: Shear yield stress data of different tailings from various commodities [36, 138].

If the concentration increases further, the solid particles in the suspension start to build
a self-supporting structure. The mixture is now called a paste. A common test to
determine the transition point between suspension and paste is a sedimentation
experiment using 30 cm of slurry in a graduated cylinder [36]. Lack of sedimentation at
a certain solids concentration, i.e., lack of clear water above the sediment, defines the

initial settled density and paste state.
If the mixture reaches a concentration at which it ceases to flow, it exhibits plastic

behavior. In geotechnical terms, this critical point is known as the liquid limit and
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represents the first Atterberg limit [139]. This concept was established in the early 20%"
century and corresponds to a yield shear stress of approximately 2 kPa [139, 140]. For
instance, adequately consolidated and fully saturated filter cakes can have plastic
properties. The second Atterberg limit delineates the concentration at which the
particulate network's behavior shifts from plastic to semi-solid. Generally,
undersaturated filter cakes can be characterized as semi-solid in appearance.
Furthermore, the third Atterberg limit marks the transition from a semi-solid to a solid
state, denoted by the end of shrinkage during further drying [139]. In a process
engineering point of view this also represents the point of a starting desaturation. It is
of outstanding importance for particulate networks of small particles since shrinkage
cracks might occur during further reduction of the water content. The effect of
shrinkage cracks is very problematic for further processing, like enhanced desaturation
or filter cake washing [87].

The stresses in semi-solid and solid materials can be categorized in shear and tensile
stresses based on their direction of action. In engineering most applications allow a
two-dimensional investigation. In this case the corresponding Cauchy stress tensor

can be derived according to Equation 2-12. 7,,, and 7., are identical.

o= (Uxx Tyx Equation 2-12

Figure 2-8 shows the stress state in a volume element. When considering particulate
networks, it is assumed that there is a homogeneous composition and a very small

particle size [80]. The values of the stresses depend on the coordinate system.

Oyy T
T
_Tyx,
/ foy
Oyx O-y/y/ T:;, e
A o
- pod
rxyl
4—
Tyx l
Oyy

Figure 2-8: Schematic representation of the two-dimensional stress state.

The so-called Mohr's circle is used for visualization of the stress states. For this
purpose, the normal and shear forces are inserted as schematically shown in Figure

2-9. This enables to display to all stress states based on the equilibrium of forces
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independent of the coordinate system. For example, a clockwise rotation of the
coordinate system in Figure 2-8 by the angle «, results in a rotation of 2«
counterclockwise in the Mohr's circle (see Figure 2-9). The maximum shear stress ;.4
is therefore at an angle of 45° to the principal stresses. In a coordinate system with

Ty = 0, 0’1, DECOMeES the so-called principal stress o;.
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Figure 2-9: Schematic representation of Mohr's circle.

In addition, Mohr's circles are used to determine the flow behavior of granular materials
such as bulk solids or filter cakes, as the relationship between compressive stress,
shear stress and failure can be represented [75, 80, 140, 141]. According to Hill's
method and the Mohr-Coulomb failure criterion, the shear and tensile strength can be
determined in a simplified manner, as shown in Figure 2-10 [142]. For this purpose,
the normal stresses and the experimentally determined correlating maximum shear
stress (0, |Tmax) from multiple shear tests are inserted. A linear fit, which represents
the Mohr-Coulomb failure criterion, is applied for the maximum tensile stress,
according to Equation 2-13. The intersection with the vertical axis 7, describes the
shear strength of the particulate network [75]. Additionally, the intersection with the
horizontal axis represents the tensile strength o, [143]. The third characteristic value
of a particulate network is the angle ¢, which is referred to as the angle of internal
friction [142].

T= o-tang + 74 Equation 2-13

Hil’'s method using the Mohr-Coulomb failure criterion is based on two significant
simplifications [142]. First, the failure criterion is modelled by a straight line while the
yield locus is more accurately described by a bent curve. In addition, the intersection
with the horizontal axis is assumed to be at a 90° angle [140]. The second simplification
is the usage of the maxima of the Mohr’s circles for modeling of the failure criterion. In

fact, a failure occurs already once the failure criterion tangentially touches a stress
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circle. As a result, the Mohr-Coulomb failure criterion overestimates both the real

tensile strength 7' and, particularly, the real shear strength ¢’,.

A Mohr-Coulomb failure criterion
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Figure 2-10: Schematic representation of the Mohr-Coulomb failure criterion with Mohr's circles
using shear tests and Hill's method, along with a schematic representation of the yield locus.

The yield locus depends on the properties of the particulate network. Of decisive
importance is the compaction state, which is increased, for example, by a higher
filtration pressure. Furthermore, the formation of liquid bridges alters the properties of

the network significantly.

Schubert investigated the dependence of the saturation S on the tensile strength g, of
particulate networks in detail [79]. In Figure 2-11 his measurement of the tensile
strength and the capillary pressure curve is schematically depicted in blue and orange,
respectively. He experimentally determined these data for limestone particles with a
diameter of x =71 um and a porosity of € = 0.415. Initially, the tensile strength
increases with increasing saturation. Starting at S =0 and continuing for lower
saturations, liquid bridges form at the particle-particle contact points. The tensile
strength o, is described by Equation 2-14 and depends on the porosity € of the network,

the average adhesion force F,, and the particle diameter x [79, 135].

1—¢ F Equation 2-14
O-t == -

e x?

In this case, the adhesion force represents the sum of the line force F; and the capillary
force F, [87]. Assuming two spheres, this results in Equation 2-15 with the length of the
three-phase boundary L, the surface tension of the liquid y, the wetting angle 8, the

inner radius of the liquid bridge R,, and the capillary pressure p..
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F,=R+F =L-y-cosf+m-Rf p. Equation 2-15

The capillary pressure is described by Equation 2-16. R, is the radius of curvature of

the liquid bridge.

1 1 Equation 2-16
r=r (5 w)

The volume of the liquid bridges increases for higher saturation until the individual
liquid bridges connect, as shown by the illustration on the left and in the middle. As a
result, the transmissible tensile stress increases until it reaches a peak at a saturation
of approximately S = 0.9. This range is referred to as transition region. The peak results
by capillary forces and is linked to the capillary inlet pressure p... Tensile stress

between the peak and S = 1 is described by Equation 2-17 [79].

0y =S Pee Equation 2-17

Measurements in the literature suggest a slight shift of the peak towards lower
saturations when considering the shear strength instead of the tensile strength [75, 76,
77, 78].

Besides the transmissible tensile strength, the capillary pressure curve is shown in
orange. This measure is characteristic for every porous structure and shows the
achievable value at equilibrium for mechanical desaturation at a certain applied air
pressure [87]. Using a simplified approach of cylindrical pores, the relationship can be
described by the Young-Laplace equation (Equation 2-18). This equation describes

the pore diameter d,, in terms of the surface tension of the liquid y, the wetting angle 6

and the applied overpressure Ap.

_4-y-cosb Equation 2-18

d
p Ap

The sharp increase between S =1 and S = 0.9 is directly attributable to the capillary
inlet pressure of the particulate network. This is because there is theoretically a largest
pore in the structure that corresponds to the lowest capillary inlet pressure. During the
almost linear behavior of the capillary pressure curve in the transition region, further

pores are emptied with increasing pressure. However, mechanical desaturation is
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limited by water on the surface or in internal pores. This results in a steep increase of
the capillary pressure curve at low saturations [144].

If the saturation exceeds a value of S = 1, the state changes per definition from a

particulate network to a suspension (right-hand illustration in Figure 2-11).
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Figure 2-11: Schubert’s capillary pressure and tensile stress data of limestone filter cakes (¢ =
0.415; diameter x = 71 um), adapted from [79].

The saturation at a certain gas differential pressure is declining with increasing
application time. The kinetics can be described using the approach suggested by
Nicolaou, given in Equation 2-19 [144, 145]. The time-dependent saturation S(t)
reaches a value at equilibrium of the saturation S, for long air blow times. The kinetics
depend on the corresponding desaturation pressure Ap, the capillary entry pressure
Pee, the height-specific cake resistance ay,, the cake porosity &, the dynamic viscosity

of the liquid n;, and the cake thickness H.. a and b are two fit parameters.

_b . _

S(t) —Se _(4 Ap — Pee Equation 2-19

1-s, U tr Rt
1 Soo anp - €M HC

The characteristic constants are experimentally determined in the standardized

pressure housing according to VDI guideline 2762 [109].
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3 Methods

Suitable methods were developed in this work for investigating the three aspects cake
detachment, filter media abrasion and filter media blinding. For detachment and
desaturation, filtrations of tailings suspensions were carried out in a laboratory plate
and frame press with subsequent measurement of characteristic parameters directly
on the filter cake using a special set-up. A newly developed apparatus enables the
characterization of the abrasion resistance of unused filter media by visual observation
in terms of number of abrasions until rupture. The evaluation of the blinding and its
regeneration of industrially used and blinded filter cloths includes cleaning tests and
subsequent investigations of the flow behavior.

3.1.1 Cake Detachment?

The filtration setup consists of a stirred tank in which suspensions of tailings particles
from an iron ore or copper mine, provided by FLSmidth, can be mixed with tap water.
The concentration of the solids is set to 30 v%, as this is comparable to the underflow
of the upstream thickeners in the industry. Compressed air conveys the suspension
into the filter press via a riser pipe. The applied overpressure relative to the atmosphere
represents the filtration pressure. Control and measurement data acquisition are
carried out via a process control system (Lab-View, National Instruments, Austin,
USA). The laboratory filter press is designed as a plate and frame filter press. Figure
3-1 shows the apparatus and the individual components in the opened position. The
tailings slurry enters the cylindrical filtration chamber via a feed pipe. The chamber has
a diameter of 100 mm and a height of 40 mm. The filter cake forms in this cylinder and
the height corresponds to the cake thickness. Other chambers and, therefore, cake
heights can also be installed. The filtration chamber is fixed by two end plates with the
aid of a spindle. A circular filter medium is inserted into the recess of the end plates on
each side, retaining the particles in the chamber during filtration. The edge of each
filter medium is sealed by liquid rubber. Each end plate has a drainage structure that
is connected to both filtrate outlets, one at the top and one at the bottom of each end

plate.

! The content of this chapter was published in Sustainability 2022, 14, 3424, is in submission in Minerals
Engineering and was adapted for the thesis.
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Figure 3-1: Laboratory filter press in open condition including filter cloths inserted into the end
plate.

Figure 3-2a shows a cross-sectional view of the closed filter press during the filtration
process [44, 45]. The filtrate flows into a container which is positioned on a scale. After
filtration, care is taken to ensure that no water remains in the drainage structure to
prevent the cake from humidifying. Furthermore, the inlet and all four filtrate outlets in
the periphery are connected or equipped with valves to enable post-treatment of the
cake in the form of desaturation by differential gas pressure. In the mining industry gas
differential pressure desaturation is referred to as air blow. For this purpose, the inlet,
the lower outlet of one end plate and the upper filtrate outlet of the other opposite plate
are closed. The open upper filtrate outlet is now switched and no longer leads into the
weighing container but allows for the application of compressed air. The pressure is
also regulated via the process control system. Then, the air flows through the facing
drainage structure, the first filter medium, the filter cake, the second filter medium and
the adjacent drainage structure. A certain proportion of the pore water is discharged
and gravimetrically recorded in accordance with the ratio of the pressure of the air and
the distribution of the capillary inlet pressure across the pores of the filter cake. This

results in filter cake desaturation.
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Figure 3-2: Schematic cross-sectional view of the lab filter press filtration (a) and desaturation
procedure (b) [44, 45].

To enable the direct measurement of the parameters relevant for cake detachment,
namely shear adhesion of filter cake to filter fabric and filter cake cohesion after
filtration, special test rigs were designed for a tensile testing machine. This process
was optimized to be performed using the filtration chamber. After filtration, the cake

adheres to the inside of the chamber as well as the two filter media on the outside.

First, the chamber is positioned horizontally on a support plate in front of the tensile
testing machine with the aid of a spacer. Figure 3-3a shows this in cross-sectional
view. The filter fabric is fixed in a crescent-shaped clamp and then sheared off at a
constant velocity of 0.01 m min-tby an integrated pulley. This is an analogous process
to cake detachment, in which the filter cake is sheared off the cloth by its own weight.
The use of such a procedure to determine cake to cloth shear adhesion, by measuring
cake to cloth shear stress 7. for detachment, has already been established by Ginisty
[60]. From the force peak occurring at the moment of detachment the cake thickness
required for detachment can be calculated by taking into account the adhesive area.

The basis for this is the balance between the gravitational force F, of the cake and the
adhesion force F, [75]. F, is determined by the width W, the height H,, the thickness

T., the porosity ¢, the void saturation of the cake S, the density of the solid ps, the
density of the fluid p;, and the gravitational constant g. However, this calculation does
not consider protruding at the sealing edges or secondary effects, such as deformation

of the cake when the plate stack is opened.

Te-We-He- (1 —&)-ps+e-S-p)-g=F>F Equation 3-1
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After the adhesion test, the cake cohesion is determined by measuring the peak cake
shear stress 7.. An additional disc spacer is used to push half of the cake out of the
filtration chamber. Figure 3-3b shows this in the lateral cross-sectional view. A lid is
then placed over the upper half of the cake and a direct shear test is carried out with
the aid of the tensile testing machine, analogous to a Jenike shear tester [146]. The
velocity is also set to 0.01 m mint. According to Hill's procedure, the force peak related
to the shear area is taken as a point of the yield locus at the associated normal stress

[142]. For yield loci determination, the filtration is considered as preconsolidation.

a) b)
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Load
cell
Filtration chamber Weight v
\' -
Filter medium Clamp -
29090500,2,9,9,0, 0.3, Spacer Disc spacer Spacer

Figure 3-3: Schematic cross-sectional view of the shear adhesion test (a) and the shear
cohesion test (b) [44, 45].

To determine the water content the cake is weighed after the tests, then dried 24 h in
a drying oven at 100°C and weighed again afterwards. The determination of the
desaturation is based on a comparison of the water content to fully saturated cakes

obtained with the same parameter combinations.

The extended studies on cake detachment and desaturation in Chapter 4.2 also
include a mathematical description of the water content, saturation, adhesion and
cohesion for variation of the air blow time. This is based on exponential behavior
according to Equation 3-2 as first assumption. x(t); ; describes the time-dependent
quantity. Furthermore, x; ; ., is the value at equilibrium, x; ; , is the initial value and a; ; ,
is the kinetics parameter. In this nomenclature i and j indicate the filtration pressure
and the air blow pressure, respectively. h is the cake height, which represents cake

thickness for filtration in recessed plate filter presses.

X(8)i; = Xijoo — (Xijoo = Xij0) - €40 Equation 3-2
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The second assumption is that the initial value of the quantity is invariable and can,
thus, be experimentally determined by:

Xij0 = Xijo Equation 3-3

There are two fit parameters a;;, and x;;.. a;;, Characterizes the exponential
behavior caused by desaturation. It is assumed that a;;, is specific for every

combination of filtration pressure, air blow pressure and cake thickness (Equation 3-4).

11,1 F Q211 F Q221 Equation 3-4

The second fit parameter x; ;. determines the limit of the constrained behavior.

Furthermore, it is assumed that for a certain cake thickness this value only depends
on the air blow pressure and not on the filtration pressure (Equation 3-5).

X1,j,00 = X2,j,00 Equation 3-5

A further assumption is that 180 s is close to the value at equilibrium for a cake
thickness of 40 mm. For two different filtration pressures the ratio of the measured
points is therefore taken as ratio of the values at equilibrium, as can be seen in

Equation 3-6.

Xi20  Xi2180 _ X1250,550,180 — const Equation 3-6

Xi1,0 Xi1180 0.5- (x250,250,180 + x1250,250,180)

For the mathematical approach all fit parameters are determined by minimizing the

sum of square residuals (Equation 3-7).

Equation 3-7

n n n
min S = Z(xl,l,k - 9?1,1,1()2 + Z(xz,uc - 3?2,1,k)2 + Z(xz,z,k - J?2,2,k)2
k=1 k=1 k=1

ai_j,h; xi_j_oo
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3.1.2 Filter Media Abrasion?

To investigate the resistance of filter media to abrasive stress, an apparatus based on
a circulating chain system (Mink Kett-System® KBL 120, August Mink GmbH & Co.,
KG, Goppingen, Germany) driven by an electric motor was modified [46]. It replicates
the load that occurs during tailings filtration due to the falling cake which is not the case
for available abrasion testing machines. For this purpose, alternating stainless steel
brush elements having 120 mm width, 76 mm length and 25 mm brush height and
spacer elements are mounted on the chain. The height of the apparatus and the
brushes is adjusted using screw feet. Under the apparatus is a frame on which either
a square, circular, or hexagonal edge geometry is mounted. The filter media specimen
having 60 mm width is stretched over the edge geometry, as can be seen in Figure
3-4a. Using a spindle with a limited torque for clamping, it is ensured that the sample
is only loaded elastically. The overlap between the brushes and the sample is set using
the height adjustment. Figure 3-4b shows a sample at the end of a test. The test is
terminated when a rupture of half the sample width (30 mm) is visually detected. The
device registers the rotations made up to that point. Multiplied by the number of
brushes, which is 14, this gives the number of abrasions until rupture. The appearance

of the damage is comparable to that found in industrial applications (Figure 3-4c).
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Figure 3-4: a) Specimen positioning below the brush apparatus. b) Specimen with the load
defined as the threshold value of a rupture of half the sample width. c¢) Industrial filter cloth
abrasion appearance (©OFLSmidth).

In addition to the use of different edge geometries and filter media, it is possible to vary
the clamping torque, brush overlap and velocity. The latter is limited by visual

monitoring.

2 The content of this chapter was published in Mining 2022, 2, 425-437 and was adapted for the thesis.
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3.1.3 Filter Media Blinding?®

In the third part of this work, the regeneration of industrially blinded cloths is
investigated. In more detail the pores of these cloths are characterized by permanently
adhering particles which results in increased flow resistance. For this purpose,
FLSmidth provided three different filter fabrics from a silver, a gold, and an iron ore
mine in used and unused condition. These fabrics have 2 m x 2 m in size (see Figure
3-5) and were sent to Germany in dry condition. Samples in the size of filter media
specimens according to VDI 2762 [109] were cut out and then subjected to water jet,

ultrasonic or chemical cleaning.

Figure 3-5: Schematic representation of the cleaning test workflow based on the industrially
blinded 2 x 2 m filter cloths. Specimens the size of pressure filter according to VDI 2762 were
cut out and then subjected to a cleaning method.

The water jet cleaning setup consisted of an axial piston positive displacement pump
having three pistons of a high-pressure cleaner (Karcher HD 6/15 C Plus, Alfons
Karcher, Winnenden, Germany) in combination with a 60° full cone nozzle
(4906041YCEOQ00, Lechler, Metzingen, Germany). The full cone nozzle provides a
more uniform liquid distribution and a more defined impinging area in comparison to a
flat nozzle [147]. Furthermore, a 90° impinging angle was applied. This ensures a
uniform flux distribution at the impinging area. For the study, the flux was varied by
adjusting the distance of the nozzle to the sample and the spraying time. In addition,
front-wash and back-wash tests were carried out for each fabric. Here, front-wash
describes a water jet cleaning from the same orientation as the filtration direction. For
cleaning, the samples and an underlying stainless-steel mesh were clamped to a
holder to ensure mechanical stability. The design allowed drainage of the spray water
from the front to the side as well as downwards behind the sample to avoid any
influence on the cleaning performance due to accumulation. The potential to damage

the specimens by cleaning was examined using SEM imaging.

3 The content of this chapter was published in Minerals 2023, 13, 416 and in Minerals Engineering 2021,
168, 106922 and was adapted for the thesis.
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For the second regeneration study several acids and bases were used: hydrochloric
acid, acetic acid, sulfamic acid, formic acid, sodium hydroxide and potassium
hydroxide. For comparison of the different cleaning agents, each sample was
subjected to a 1-molar bath of 100 ml for 30 min. The area-related concentration
amounted to 20.83 mol m?. The concentration and exposure time were reduced in
further tests to investigate the kinetics of chemical cleaning. Besides chemical
cleaning, ultrasound baths of 47 kHz/35 W (Bransonic 1210E-MT, Branson Ultrasonics
Corp.), of 130 kHz/100 W (Transonic TI-H-5, EIma Schmidbauer GmbH), and a
combination of 47 kHz/35 W ultrasound and 0.1-molar hydrochloric acid was applied.
In addition, to check whether the chemical cleaning or the ultrasound treatment

damaged the cloth, a tensile test is carried out until rupture.

The evaluation of the cleaning performance was based on the flow resistance of the
fabric since it correlates with the amount of blinding. For this purpose, the clear water
was pressed through the cloth specimen by applying a slight overpressure in a
pressure housing according to VDI 2762 standard. The permeate mass flow m was
recorded gravimetrically and the resistance Ry, clear water WAS Calculated using an

adapted version of the Darcy equation (Equation 3-8).

A Ap Equation 3-8

Rt clear water = =" P1°
' m m

In addition, the pore diameter d,, to be more precise the pore diameter distribution,
was measured using porometry for chemical cleaning. For this purpose, all pores are
first filled with a completely wetting fluid. In the case of low-energy surfaces, such as
plastic fabrics, this is ensured by using a linear, non-reactive polydimethylsiloxane with

low surface tension of 20 mN m. The air pressure required to empty the pores is

related to their size via the Young-Laplace equation (Equation 3-9).

_4-y-cosf Equation 3-9

d
p Ap

The pore size distribution can be determined by measuring the air flow rate [148].
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4 Filter Cake Detachment and Desaturation

This chapter presents the research progress in the field of cake detachment generated
by this dissertation. It is divided into two parts, each based on a separate publication.
The first part investigates and quantifies the influence of different filter media and
process parameters on cake water content, cake saturation, cake to filter medium
adhesion and cake cohesion. These results are reported for iron ore mine tailings. The
second part focuses on a detailed investigation of the post-treatment of copper tailings
filter cakes using gas differential pressure desaturation. The primary objective is to
investigate its influence on the quantities defining detachment behavior. The
secondary is the development of a mathematical description.

4.1 Iron Ore Tailings Dewatering: Measurement of Adhesion and Cohesion

for Filter Press Operation*

Bernd Frankle?, Patrick Morsch?, Christoph Kessler?, Thien Sok°, Marco GleiR?,

Hermann Nirschl?

a Institute of Mechanical Process Engineering and Mechanics, Karlsruhe Institute of

Technology, Karlsruhe, Germany

b FLSmidth Inc., Salt Lake City Operations, Midvale, USA

4.1.1 Introduction

Due to the steadily growing demand for raw materials, the amount of mined material is
also increasing [149]. Therefore, metal ores are extracted in large open pit mines
around the world. Since only a small fraction of the mined rock consists of valuable
product [3], an increasing amount of waste rock has to be handled, which is present
as tailings at the end of the process. However, tailings management has been a major
challenge for the industry for some time now [36]. Storage in tailings ponds has been
increasingly replaced by dry storage (dry stacked tailings) due to process water loss
and the risk of dam breaks. Increasing mechanical dewatering using thickeners and

subsequent filtration can reduce the water content of the tailings, thus recovering a

4 The content of this chapter was published in Sustainability 2022, 14, 3424 and was adapted for the
thesis.
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large part of the process water and enabling dry stacking [150]. Improved process
water management and safer storage reduce costs and are an important aspect in
terms of sustainable mining. For this reason, the number of filtered tailings solutions is
steadily increasing [39] and larger and larger plants are being operated [58].

Due to the process-related characteristics of the tailings, their filtration is non-trivial and
an existing challenge in solid-liquid separation. During the processing of valuable
material, rock has to be crushed to a particle size below 100 um. However, the particle
size distribution is broad, and there is a significant clay content in the lower micrometer
range [14]. These particles form a compressible filter cake [101] and influence the
filtration process drastically. Therefore, high pressure difference in the form of
mechanical pressure is crucial for dewatering. From an engineering point of view,
chamber filter presses are suitable for this purpose [32]. These are operated in batch
mode, i.e., they must be regenerated after each filtration. This happens by opening the
individual press chambers, followed by detachment of the cakes from the filter medium
caused by their weight and falling down on a conveyor belt placed below the filter
press. Economical handling of the large process streams is given by a parallel
connection of large presses (e.g., chamber dimensions of 5 m x 3 m and 160 plates)
[151]. However, it is obvious that trouble-free operation is necessary in order not to
represent the bottleneck of the entire process chain. Common problems concerning
filter presses are the correct selection of the filter medium, mechanical wear or blinding
of the filter cloth [48] and detachment problems of the cakes. In the latter case,
completely adherent cakes or partial drop-off can occur due to partial reaching of the
yield limit and breaking. Remaining cake parts reduce the available process space and
thus reduce throughput or lead to leaks and damages if they are attached in the sealing
area. This paper therefore presents practical test procedures for determining the
adhesion of the cake to the fabric and characterizing the strength of the particulate
network (cohesion), as well as investigates relevant parameters (filtration pressure,

cake post-treatment, fabric).

4.1.2 Theory

Analogous to the time sequences of the tailings filtration process in chamber filter
presses, this section provides a brief insight into the relevant fundamentals and
interrelationships of cake filtration. Furthermore, the properties of the network of solid
particles after filtration are discussed. Eventually, the prerequisites for cake

detachment are outlined.
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4.1.2.1 Filtration

Recessed plate filter presses operate on the principle of cake filtration. At the beginning
of filtration, particle breakthrough occurs because the pores of the filter medium are
usually selected to be larger than the particle diameter in order to reduce hydraulic
resistance. If the particle concentration is sufficient, bridging over the pores occurs
after a short time and afterwards the approaching particles are progressively deposited
on the network of solid particles. Thus, the cake grows. Since the pressure drop within
the cake is reciprocal to the pressure of the consolidated network of solid particles,
mechanical support is provided behind the filter cloth by means of backing cloths or

drainage structures.

The filter cake is a network of solid particles whose structure and properties are
strongly dependent on the particle size distribution of the slurry. Clay-sized particles,
for example, cause compressible behavior [101]. Normally, tailings have a relevant
content of clay and corresponding filter cakes are therefore compressible [14, 39, 57,
110][39, 152]. In order to ensure achieving crucial residual water contents, compaction
of the network of solid particles by sufficient filtration pressure is necessary. For this
reason, filter presses are used in a lot of applications [32, 39, 151, 153, 154].
Furthermore, mechanical desaturation by applying gas differential pressure can be
implemented in filter presses with little constructive effort to reduce cake water content
by decreasing pore saturation even more. The adjusted differential pressure dewaters

filter cake pores with a corresponding and lower capillary entry pressure [144, 155].

The strength of a wet network of solid particles depends strongly on its saturation S
(proportion of voids filled with liquid to entire void volume). In the saturation range
between S = 0.3 to 0.9, liquid bridges are present, and capillaries are increasingly filled,
i.e., capillary forces act; therefore, the largest tensile forces can be transmitted [75,
156, 157]. A maximum is to be expected for § = 0.8 to 0.9 [78, 158].

4.1.2.2 Approach to Describe Cake Detachment

For the description of the detachment behavior of filter cakes, four stresses are relevant
[75], which are shown in Figure 4-1. A distinction must be made between adhesion as
the stress between two different systems (e.g., filter medium and cake) and the
cohesion of the cake itself. In each case, a further subdivision can be made into shear

stress t and tensile stress a. The volume on which the force acts is depicted in blue,
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whereas the surface associated with the stress is shown in orange. The sketched

stresses and their abbreviations in this paper are as follows:

a) Shear adhesion (adhesion (shear)): 7.,
b) Tensile adhesion (adhesion (tensile)): o..
c) Shear cohesion (cohesion (shear)): .

d) Tensile cohesion (cohesion (tensile)): o.

a) b) c) d)

Adhesion (shear): T Adhesion (tensile): 0 Cohesion (shear): T Cohesion (tensile): o,

:
=) '] "

Figure 4-1: Schematic representation of important stresses for the description of cake
detachment. (a) Shear adhesion: 7. (b) Tensile adhesion o.. (c) Shear cohesion: 7. (d) Tensile
cohesion ¢.. Blue: volume on which the force acts. Orange: stress area.

Filter medium

Filter cake

Shear adhesion causes the sticking of filter cakes to filter media and must be overcome
for cake detachment [75]. Corresponding to the apparatus used this can, e.g., be
proceeded by compressed air blowing (vacuum disc filters), back washing (candle

filters), filter media movement (tower filter presses) or gravity (chamber filter presses).

The driving force for cake detachment in tailings filtration in chamber filter presses is
the weight force acting on the cake. The condition of complete detachment requires
the following relationship in Equation 4-1, which assumes sufficiently high cohesion of
the cake and an infinitely extended plate, i.e., neglecting support at the sealing edge
and other chamber structures as well as detachment of the cake with subsequent
wedging between two adjacent plates. Besides cake dimensions (thickness T, width
W, and height H,), its porosity € and saturation S, as well as the density of the solid pq

and the liquid p;, are decisive for the weight force.
Te-We-He- (1 —€)-ps+e-S-p)-g=FK>FE Equation 4-1

A common problem is an incomplete cake detachment (complete sticking or partial
detachment). There are several cake detachment scenarios where the loading
parameters mentioned in Figure 4-1 are crucial. Figure 4-2 shows these scenarios. It
can be divided between the requested detachment (a) and the problematic cases (b—

d). In detail, these can be described as follows:
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a) The weight of the cake is sufficient. The cake falls off in one piece. Assumption:
cohesion sufficient, no breaking.

b) The weight force is too low; the cake adheres. Assumption: cohesion sufficient,
no breaking.

c) The tensile stresses transmitted during plate moving rupture the cake. If there
are several fractures, partial falling may occur. Assumption: insufficient shear
strength of the cake and low weight force.

d) A higher adhesion (tensile) than cohesion (tensile) splits the cake. If there are
several fractures, partial falling may occur. Assumption: low weight force and

local saturation/compaction differences.

a) c) d)
Gravity > Adhesion (tensile): o, > Adhesion (tensile): o, >
Adhesion (shear): T Cohesion (shear): 7. Cohesion (tensile): o,

b)
Adhesion (shear): 7. >

| Tue Al

y

Figure 4-2: Schematic representation of different detachment behaviors regarding underlying
mechanisms. (a) The weight of the cake is sufficient. The cake falls off in one piece. (b) The
weight force is too low; the cake adheres. (c) The tensile stresses transmitted during plate
moving rupture the cake. If there are several fractures, partial falling may occur. (d) A higher
adhesion (tensile) than cohesion (tensile) splits the cake. If there are several fractures, partial
falling may occur. Green: stress area without detachment. Red: stress area with detachment.

It can be taken advantage of the interdependency of the four stresses mentioned. A
relationship between cohesion (tensile) and adhesion (tensile) (o./0..) can be derived
from the theory of contact points. Using a bulk solids mechanics approach, the ratio
between cohesion (shear) and cohesion (tensile) (t./a.) can be determined. Therefore,
measurements of shear adhesion and shear cohesion allow the determination of all

relevant stresses.
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Filter Cake Detachment and Desaturation

4.1.2.3 Theory of Contact Points

Using close-packed structure theory, it is obvious that the number of contacts to a wall
is smaller than the number of contacts within a network of solid particles. Based on
theoretical approaches combined with measurements of real polydisperse systems,
the ratio of tensile strength in an undersaturated wet network of solid particles to tensile
strength of the same network to a wall can be approximated with 1.15 according to
Douglas [159]. Translated into the application and the nomenclature of this
investigation, it is referred to as the ratio between the transmissible tensile cohesion
inside the cake and tensile adhesion between cake and cloth (¢./o..) in the following

Equation (2):

o 3.6 Equation 4-2
< ~~"x~1.15 a
Occ T

However, it should be noted that a network of solid particles deviates from an ideal
packing structure if it is compressible (e.g., tailings). Here, the state of compression
(e.g., corresponding to filtration pressure) plays an important role. For compressible
structures, a higher filtration pressure leads to an increase in the number of contact

points, and it becomes closer to the approximation of ideal packings.
4.1.2.4 Bulk Solid Mechanics

In contrast to rheology describing stress states of flowing systems, bulk solid
mechanics characterizes the flow behavior of dry or undersaturated wet networks of
solid particles [141]. After consolidation, they deform or rearrange at certain yield
stresses due to internal friction caused by particle contacts. The flow properties,
especially of initial flow, are depending on several parameters, for example, solid

volume fraction, applied normal stress and stress at preshearing [140].

Relationships and derivable quantities can be depicted in a plot out of experimental
shear measurement data, which are referred to as the yield locus and schematically
illustrated in Figure 4-3. Consolidated bulk material starts to deform or rearrange under
stresses above the yield locus. Such networks (e.qg., filter cakes) have a positive shear
stress at ¢ = 0, which is referred to as cohesion (shear) in this paper. The tensile
strength of cohesive networks at T = 0 occurs for negative normal tensions, which is
referred to cohesion (tensile) in this paper. The yield locus for tensile fracture ends

vertical to the abscissa [160].
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Figure 4-3: Schematic representation of yield locus, 7. and o..

The ratio of 7./o. describes the brittleness of the network of solid particles in simplified
terms. As can be seen in the literature, a prediction of 7./g, is not possible. However,
it can be stated that t./o. is in general between one and five, but even ratios below 1
and up to 25 are reported [75]. Regarding undersaturated limestone particle networks,
Rumpf mentioned t./a. > 2 leads to a brittle breaking behavior [135]. Stitch-proof-to-
brittle properties are stated to be crucial for cake detachment [75], as well as the fact
that cake texture changes in a small range of residual water content, as reported by
Tittel [161]. Generally, 7 /0. increases due to the progressive decreasing of saturation
of the network of solid particles [135]. However, slurries at concentrations of the gel
point or higher are also able to transfer forces, e.g., wet filter cakes after filtration [137].
Since they theoretically have a saturation of one, this work extends the method of the
yield locus for this specific case. This assumption is justified since in the literature brittle

behavior is also mentioned for full-saturated networks of solid particles [75].
4.1.2.5 Shear Breaking

It is important to note that the acting forces are always proportional to the area where
they are acting. This is to be exemplified in Table 4-1 by scenario ¢ using realistic
chamber dimensions (2 m x 2 m x 0.05 m) and a cohesion/adhesion ratio (o./0..) of
1.15 (see Section 4.1.2.3). If the shear strength of the filter cake is too low, the cake
becomes ruptured by shearing due to the adhesion of the cake parts sticking to the
cloths. The area ratio of the attaching cake part in relation to the shear area is important
and is therefore defining a critical ratio of 7./o. needed for the avoidance of rupture by

shearing. If /o, is sufficient (over 17.4), no rupture of the cake is possible.

If incomplete detachment occurs, in addition to manual cleaning, there are some ways
developed over time to remove the cake or remnants of it. Weigert lists some patents
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for this, using the following ideas: stretching medium, plate tilting, vibration, shaking,
scrapers and nozzles [75]. However, it would be optimal if an autonomous detachment
of the complete cake could be achieved by systematic process parameter control.
Therefore, it is obvious that not only filtration tests with regard to separation efficiency
and hydraulic properties of the filter media are necessary for the design of filter
presses. In addition, knowledge of the stresses and the parameters influencing them

is of enormous importance.

Therefore, besides presentation of a suitable, application-related measurement
method for relevant variables, this paper aims to show the impact of various process
parameters (e.g., filtration pressure and desaturation).

Table 4-1: Exemplary calculation of critical t./o. ratio whose undercutting causes shear
breaking.

Assumptions: Cake 2 m x 2 m x 0.05 m, o./o.. = 1.15

Area ratio one cake part is adhering to 0.5

Area adhesion (tensile) acts Imx2m
Area cohesion (shear) acts 0.05mx2m
Ratio areaadhesion (tensile)/@re€aconesion (shear) 20

Resulting critical ratio of t /o, 17.4

4.1.3 Materials and Methods

Test equipment and procedures used are described in this section. Furthermore,

investigated process parameters are discussed.
4.1.3.1 Properties of the Tailings

The study considered iron ore tailings having a size distribution and a mass
concentration typical for tailings. Detailed properties are listed in Table 4-2. As referred
to in Section 4.1.2, a high fraction of fine particles can be stated. The elemental
composition measured by angle dispersive XRF can be found in a previous publication
[162].
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Table 4-2: Properties of the iron ore tailings.

Iron Ore Tailings

Solid density 3050 kg m3*
Slurry concentration 30 v%
Particle size distribution X10,3 7.2 um*
X50,3 38.2 um *
X90,3 120.8 pm *
*[162]

4.1.3.2 Procedure

It would be ideal if a characterization of the stresses could be realized with the least
possible effort while at the same time providing sufficient information. In the following,
a possibility is therefore presented. The idea is to combine filtration tests and shear
tests using one apparatus (a cylindric one-chamber frame filter press) and, in addition,

commercial standard equipment with minimal adjustments (a tensile testing machine).

The tests in this paper used a laboratory frame filter press provided by FLSmidth, also
used in previous investigations [162]. It consists of a cylindrical frame element (inner
diameter 10 cm, height 4 cm) with a suspension inlet at the top and pressed by a
spindle between two end plates. These end plates have drainage channels and four
filtrate outlets, one at the top and at the bottom (Figure 4-4a). The four filtrate outlets
are equipped with valves. Closing the lower filtrate outlet on one side and the upper
filtrate outlet on the other side and introducing compressed air at the open upper filtrate
outlet thus enables gas differential pressure desaturation of the filter cake (Figure
4-4b). Filling of the chamber is carried out using a stirred pressure vessel with a riser

pipe overlaid with compressed air.
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a) b)
Filtration Desaturation
Slurry Air

End
plate

Filtration
chamber

Filtrate Filtrate and air

Figure 4-4: Schematic side view cross-section representation of lab filter press filtration (a) and
desaturation procedure (b).

After filtration, it is possible to remove the cylinder together with cake and adhering
filter media from the press. This allows subsequent positioning in a commercial tensile
testing machine (velocity 10 mm min) with minimal modification (Figure 4-5). First,
the adhesion (shear) of the filter medium was measured by a crescent-shaped clamp,
as proposed by Ginisty [60], by pulling of the fabric. Then, the cake was pushed
halfway out of the cylinder using a disc spacer and afterwards the top half was sheared
off with a lid to determine the cohesion (shear) of the cake analogues to a Jenike shear
cell [146]. The maximum of the force-displacement curve related to the shear area
represents the measured stress value. If the filtration is considered as preconsolidation
and thus as preshearing of the network of solid particles, each shearing test value
describes one point of the yield point, depending on the associated pair of values from
normal stress and resulting shear stress. Different normal stresses can be realized by
weight disks on the lid. In this way, a yield locus is obtained for each pressure and

each cake post-treatment [140].

a) Load b)
. cell .
Adhesion (shear): 7., Cohesion (shear): 7.
Filtration chamber Weight v
\Y -
Filter medium Clamp -
.. Spacer Discspacer Spacer

Figure 4-5: Schematic side view cross-section representations of the shear adhesion test (a)
and the shear cohesion test (b).
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4.1.3.3 Process parameters

Filtration tests were carried out with three filter media typical for tailings filtration
application. Two cloths of polypropylene (PP) and nylon (NY) as well as a PP felt
medium were compared. These were chosen to be able to compare two fiber materials
and a cloth to a felt medium. Their properties are listed in Table 4-3. Filter medium
resistance measurements were carried out in a pressurized filter cell according to VDI
guideline 2762 [144].

Table 4-3: Properties of the three tailings filtration filter media.

PClOth

_NY-cloth P-felt

calsjhsddnife =g

ST [T SRR oo

Image s -
g w—”"“h""’,'-”-“.'
‘é‘:'\_.‘::',_.‘:lt-i“: ,? 3 %
Weave-type  Twill Plain -
Fiber type Mono/mono Mono/mono -
Fiber diameter 44, , 10/330 + 30 um 280 + 20/310 + 20 pm -
(warp/weft)
Resistance 2.6+0.6x108m? 1.8+0.1x10®m? 7.4+0.9x108m?
Thickness 1.1+0.1 mm 1.0£0.1 mm 2.2+0.2mm

To investigate the influence of compaction, filtrations were performed at 250 kPa and
1250 kPa. For each pressure, there were tests with filtration only and tests with a
desaturation cake post-treatment, as can be seen in Figure 4-6. This was a gas
differential pressure desaturation at 250 kPa for filtrations at 250 kPa and at 550 kPa
for filtrations at 1250 kPa. A pressure of 550 kPa is an industrially used value for gas
differential pressure desaturation. However, gas differential pressure is limited by the

filtration pressure (danger of cake back flow). So, 250 kPa was the maximum pressure

T

No cake post-treatment Air blow desaturation No cake post-treatment Air blow desaturation

usable for 250 kPa filtration pressure.

| PP-cloth " NY-cloth " PP-felt | | PP-cloth " NY-cloth " PP-felt | | PP-cloth " NY-cloth " PP-felt | | PP-cloth " NY-cloth " PP-felt |

Figure 4-6: Overview of filtrations made for subsequent adhesion and cohesion tests.
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Normally, a tailings filtration fabric is used for a thousand or more filtration cycles [43].
During this process, changes occur in the fabrics due to blinding and mechanical
abrasion. This is not considered in this work. A new set of fabrics (two pieces) was
used for each pressure level. In order to still be able to observe a steady state (e.g.,
turbidity impact constant), six filtrations were carried out previously with the filter media
to soil them before a fivefold determination of each measuring point was made. No

post-treatment and post-treatment measurements were carried out alternating.
4.1.3.4 Validation

To validate the theoretical description of the cake detachment behavior, various
chambers for a laboratory recessed plate filter press (Simex Mini Mobil, Simex
Filterpressen GmbH & Co. KG, (Calw, Germany)) were additively manufactured in
order to be able to carry out tests with 5, 10, and 15 mm thick cakes. Three filter plates
were printed in each case, i.e., two end plates and one intermediate plate with an edge
length of 150 mm and a cake dimension of approx. 120 mm in width and height. For
this investigation, the PP cloth was used. One set of cloth was used for each pressure
level (250 kPa and 1250 kPa). At first, for each pressure level, six filtrations were made
to ensure basic contamination of the cloth. At this number, the particle penetration
occurring at the beginning of each filtration had decreased to an approximately

constant amount. Then, five filtrations were made for each cake thickness.

4.1.4 Results

4.1.4.1 Adhesion Measurements to Determine Required Cake Thickness for

Detachment

First, the shear adhesion values of the different fabrics for two filtration pressures and
two cake post-treatments are presented. A plot of the shear stress to be applied for the
individual fabrics is given in Figure 4-7, including the standard errors of the means.
The black data series represents the measured values of saturated cakes and the
white data series those of desaturated (undersaturated) cakes. The lowest adhesion
is found for the lower filtration pressure (250 kPa) and a fully saturated cake (S = 1)
for all fabrics. Desaturation after filtration at 250 kPa increases adhesion for all fabrics.
The same applies to an increased filtration pressure (1250 kPa). For example, the
adhesion of the PP cloth is approximately twice as high after a filtration at 1250 kPa
without post-treatment than at 250 kPa without post-treatment, i.e., an almost twice as

thick cake would be required to fulfill the detachment condition. Desaturation of the
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cakes formed at higher filtration pressure further increases adhesion for the PP cloth
at 250 kPa and 1250 kPa, the NY cloth at 250 kPa and 1250 kPa and the PP felt at
250 kPa, comparing measurements at the same filtration pressure level. These
findings are consistent with theoretical considerations of fewer contact points and
literature data on saturation influence. Only the felt filter medium for filtrations at
1250 kPa show an exception to this. Adhesion is slightly decreasing after desaturation.
This results from the fact of a structure with lower permeability compared to the cloths
reducing desaturation performance. Therefore, desaturation after 1250 kPa filtration
has no further adhesion-increasing effect. For the iron ore tailings, 5 kN m2
corresponds approximately to 25 cm cake thickness by assuming a residual cake
water content of 20 w%, p, of 3050 kg m3, p, of 1000 kg m3, a full saturated cake (S =

1) and no sealing edge.
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Figure 4-7: Adhesion (shear) 7. of the three filter fabrics for different process conditions.

In general, the residual water content of the filter cake is the key parameter in filter
press operation. It allows direct conclusions to be drawn about the throughput and is
partly used as a target parameter for successful discharge. If only the adhesion of the
cake to the fabric is considered, it is obvious that the residual water content has a
decisive influence on adhesion (Figure 4-8). Even a small change in residual water
content changes adhesion significantly. Considering all data points of filtrations at
different filtration pressure levels, with and without cake post-treatment by
desaturation, the assumption of a quasi-linear increase in adhesion when decreasing
residual water content is justified. Furthermore, standard error of the mean increases

for decreasing water content, especially for the woven filter medium.
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Figure 4-8: Adhesion (shear) 7. referred to corresponding residual cake water content of
filtrations at different filtration pressure levels, with and without cake post-treatment by
desaturation.

However, detachment behavior cannot be simply described by only using the adhesion
of the cake to the fabric. This is obvious regarding the possible detachment cases
mentioned above and the underlying interactions of the different stresses. Further
differentiation is necessary, and the structure of the cake must be considered. First,
the understanding of the adhesion increase with decreasing residual water content is
useful. In fact, the residual cake water content is resulting out of two different
processes. One is compacting, and the other is desaturation. Therefore, if only the
residual water content is considered, information becomes lost. The effect of the
different influences is visible, for example, in the representation of the adhesion
referred to in the saturation of the network of solid particles (Figure 4-9). The networks
are completely saturated (S = 1) for all filtrations without cake post-treatment of gas
differential pressure desaturation. Depending on the available gas differential pressure
(250 kPa or 550 kPa), further undersaturation and even higher adhesions can be

achieved.
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Figure 4-9: Adhesion (shear) 7. referred to corresponding saturation of the network of solid
particles.

However, it should be noted that an increased filtration pressure acts as an antagonist.
For compressible cakes and resulting compaction, the pores become smaller; thus, a

higher capillary inlet pressure is required for desaturation.
4.1.4.2 Cohesion Measurements to Evaluate Shear Breaking Risk

The determination of the adhesion of the cake to the filter cloth helps to determine the
required cake thickness for detachment (See Figure 4-2a (Falling cake: Gravity >
Adhesion (shear): t..) and Figure 4-2b (Sticking cake: Adhesion (shear): 7. >
Gravity)). However, no statement can be made about the occurrence of the other
possible scenarios (See Figure 4-2c (Shear breaking: Adhesion (tensile): o, >
Cohesion (shear): 7.) and Figure 4-2d (Tensile breaking: Adhesion (tensile): .. >
Cohesion (tensile): a,)). For these, the other stress states on and in the filter cake as
well as their relationship to each other play an important role, e.g., the ratio of t /o,
which indicates the brittleness of the network of solid particles in simplified terms. A
first step is to determine the shear cohesion, i.e., the shear strength of the filter cake,
using the procedure shown in Figure 4-5. Figure 4-10 shows the results of these
cohesion measurements for the PP felt medium over residual cake water content.
Analogous to shear adhesion, an approximately linear relationship between shear
cohesion and residual water content is evident, regardless of whether the lower
residual cake water content results from increased compaction (due to a higher

filtration pressure) or undersaturation (gas differential pressure desaturation)
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Figure 4-10: Cohesion (shear) 7. referred to corresponding residual cake water content of
filtrations at different filtration pressure levels for the PP felt medium, with and without cake
post-treatment by desaturation.

Furthermore, the determination of the ratio of t./a. can be carried out by determining
the yield loci and expanding them into negative normal stresses. How these curves are
to be expanded is discussed controversially [75]. Linear extrapolation of the yield locus
slope at ¢ = 0 is a common simplified way to describe the relationship between . and
o.. However, this overestimates the tensile strength and underestimates t./o..
Nevertheless, a statement about the detachment behavior can already be derived from
the ratio of the slopes. This is discussed using the example of the yield loci for filtration
at 250 kPa and 1250 kPa using the PP felt medium for no post-treatment of the cake
and gas differential pressure desaturation (Figure 4-11). When looking at the linear fit,
a higher slope, which is similar to the ratio of t./a. at a higher filtration pressure, can
be observed. Qualitatively, scenario c is thus less probable with filtration at 1250 kPa.

A slight impact by cake post-treatment can be stated as well.
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Figure 4-11: Yield locus excerpt of different filtration process parameters for PP felt medium.

4.1.4.3 Validation

The in the theory section in Figure 4-2 presented different scenarios a (Falling cake:
Gravity > Adhesion (shear): 7..), b (Sticking cake: Adhesion (shear): t.. > Gravity), c
(Shear breaking: Adhesion (tensile): o.. > Cohesion (shear): 7.), and d (Tensile
breaking: Adhesion (tensile): a.. > Cohesion (tensile): a,.) of cake detachments can be
observed in laboratory tests. Figure 4-12 shows images of each scenario after filtration
of the iron ore tailings using PP cloths in the laboratory recessed plate filter press. The
first image shows scenario a, which is a complete detached cake after a filtration with
5 mm chambers at 250 kPa filtration pressure without cake post-treatment. In the next
image, scenario b, a complete sticking cake can be seen after a filtration with 5 mm
chambers at 250 kPa filtration pressure and without cake post-treatment. The third
image shows a shear breaking (scenario c) after a filtration with a 5 mm cake at
250 kPa filtration pressure and without cake post-treatment. Scenario d is a breaking
parallel to the cloth, which could often be observed after filtration with cake
desaturation as shown in the image on the right side. This was also taken after a

filtration at 250 kPa with 5 mm chambers and air blow.
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a)

Figure 4-12: Different detachment behaviors seen in lab filtration: a) complete detachment
(5 mm, 250 kPa, no cake post-treatment), b) complete sticking cake (5 mm, 250 kPa, no cake
post-treatment), ¢) shear breaking (5 mm, 250 kPa, no cake treatment), and d) breaking
parallel to cloth (5 mm, 250 kPa, air blow).

Figure 4-12 shows different scenarios observed for filtrations that do not differ in their
chamber thickness. This is due to the fact that each detachment behavior has a certain
probability for the process conditions. This stochastic distribution results, for example,
from local inhomogeneities of the cake due to the broad particle size distribution. For
example, shear breaking was observed for seven out of ten filter cakes having a
thickness of 5 mm using PP cloths in the laboratory recessed plate filter press (see
Table 4-4). This is the process parameter condition resulting in the highest residual
cake water content. A five-hold determination of each combination using this two-
chamber filter press gave ten detachments that can be observed. Shear breaking did
not occur for thicker cakes at filtrations with 250 kPa and without post-treatment or at

any other combination.

Table 4-4: Cake shear breaking probability of filtrations in the laboratory recessed plate filter
press using the PP cloths.

Filtration pressure Cake post-treatment Shear breaking

250 kPa No treatment 5mm:70f10 10 mm:0of10 15 mm:0 of 10
250 kPa Air blow desaturation 5mm:0of10 10 mm:0of10 15 mm: 0 of 10
1250 kPa No treatment 5mm:00of10 10 mm:0of10 15 mm:0 of 10
1250 kPa Air blow desaturation 5mm:0of10 10 mm:0of10 15 mm:0 of 10

4.1.5 Discussion

In this study, several points are considered in a simplified way. Determination of filter
media influences is limited since long-term behavior of the different filter media cannot
be studied at the laboratory scale to an application-related extent. In addition, filter
media having higher pressure losses reduces available gas differential pressure for

desaturation and therefore hampers adhesion and cohesion comparisons. Generally,
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extensive field data acquisition and comparison between field and laboratory data

would be suggested.

In this study, only iron ore tailings are considered. It would be interesting for future work
to compare tailings from different mines but also from the same mine at different
exploration times. Changes in rock composition are a major challenge for the entire
process chain but also explicitly for solid-liquid separation. Larger data sets would then

also allow predictive control of this process.

4.1.6 Conclusion

First, a detailed view on cake detachment cases as well as underlying forces and
tensions was depicted. Afterwards, measurement procedures combining filtration tests
and cake-to-cloth shear adhesion as well as cake shear cohesion were presented, and
their suitability for iron ore tailings was proven. The filtration process parameter
influences on shear adhesion and shear cohesion could be shown. Increasing
compaction of the cake by applying a higher filtration pressure leads to a higher shear
adhesion, requiring a thicker cake to reach sufficient cake weight to fulfill the
detachment condition as well as to a higher shear cohesion. Furthermore, decreasing
cake saturation by cake post-treatment (gas differential pressure desaturation) also
increases shear adhesion and shear cohesion. In summary, an approximately linear
increase in shear adhesion as well as shear cohesion with decreasing residual cake
water content can be observed, regardless of whether the decrease results from
compaction (higher filtration pressure) or undersaturation (gas differential pressure
desaturation. For the regarded amount of filtration cycles (relatively low compared to
industrial use), no significant differences between cloth and felt media, as well as PP

and NY, can be seen.
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4.2 Copper Tailings Filtration: Influence of Filter Cake Desaturation®
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4.2.1 Introduction

Increasing growth of population, technological progress and change in the energy and
mobility sector cause a steady rise in demand for metallic and mineral commodities.
Copper, lithium, cobalt, and nickel, which are essential for electric vehicles, are just
four of many examples [29]. Ore mining, as the basis for the extraction of metals and
minerals, is carried out in open-pit or underground operations. The mining cycle can
be divided into exploration, evaluation, exploitation, mineral processing and
reclamation [163]. The mineral processing step represents the concentration of the
valuable metals or minerals in order to enable profitable transport and extraction [11].
This is done by crushing, separation, for example by froth flotation, and solid-liquid
separation [3]. Since most of the processes in mineral engineering require a large

amount of water, water management and recovery are important aspects [8, 10].

Only a small portion of the mined rock is valuable minerals [13]. A large amount of
waste results from overburden, waste rock and ore residues. The latter are the milled
but valueless part of the ore, also called tailings [164]. Furthermore, these tailings come
out of the process as a suspension containing most of the process water [36].
Especially the traditional way to dispose this slurry in settling ponds causes a variety
of problems such as enormous land footprint, water loss, dam failures and
environmental contamination [5, 25, 27, 28]. The regularity of dam breaches [17, 18]
and the increasing necessity to recover water led to the development of methods of
disposing of tailings with less water, e.g. thickened or paste tailings, in the second half
of 20" century [36]. However, these actions were insufficient. More recent dam
breaches and increased media attention reinforced the development and regulations

were tightened and new standards established [12, 34]. In addition to thickened or

5 The content of this chapter is in submission in Minerals Engineering and was adapted for the thesis.
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paste disposal, tailings are now increasingly being filtered and then stacked [37, 39].
This enables safer storage, higher water recovery rates and further reduction of area
footprint [35].

Due to the particle size distribution with a high proportion of fines [14] and the necessity
to achieve sufficient dewatering and compacting, filter presses are used very often [36].
According to ISO specifications in geotechnical context a particle size of 63 um is
considered as fines [134]. Despite the optimization in terms of capacity and throughput,
several filter presses must be operated in parallel in a mine [41]. For an application
with 100,000 tons per day, big seven filter presses, e.g. FLSmidth AFP 2040 with a
filtration area up to 2040 m? and 38.4 m3 in one machine [165], are necessary [36]. A
target water content of 20% can be assumed [32]. Thereby, tailings transportation on
conveyor belts and dry stacking is possible, and, in general, a sufficient geotechnical
stability and water recovery rate is reached. Especially achieving such water contents
by undersaturated of the filter cake using pressurized air desaturation inhibit
liquefaction of the stack due to a high shear cohesion, which is also referred to as

shear strength [37].

However, operation of tailings filtration plants is a challenging task. Besides cloth
lifetime related issues like abrasive wear or blinding by adhering particles [46, 47, 48,
42, 43], achievement of the required target water content as well as predicting cycle
time including filtration and technical time correctly is crucial. Both requires a sufficient
understanding of the filtration process in the filter press: For maximized throughput
target water content has to be reached as fast as possible, e.g., by a short pressurized
air cake post-treatment resulting in undersaturation. Moreover, a good cake
detachment is required for keeping technical downtime low. Detachment behavior
depends mainly on cake to fabric adhesion and cake stability which is also referred to
as cohesion. In general, cakes having a low cake to fabric shear adhesion and be-

having more brittle, i.e., having a high shear cohesion, detach easier [75].

Filter cake thickness, application time and air pressure are crucial parameters of the
gas differential pressure desaturation post-treatment and influence the kinetics of the
so-called air blow. An approach to describe the desaturation Kkinetics for
incompressible filter cakes was given by Nicolaou, according to Equation 4-3 [144,
145]. S(t) describes the time-dependent saturation of the voids in the filter cake, S, is

the saturation value at equilibrium for a certain desaturation pressure Ap. Also, the
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capillary entry pressure p.., the thickness specific cake resistance ay,, the cake porosity
g, the dynamic viscosity of the liquid n,, the cake thickness T and two fit parameters a

and b are used.

S(t) = So,

Ap — Pee t)_b Equation 4-3
1-S8,

=(1 & ree
( ta ap-e-n-T?

The value of saturation at equilibrium for a certain gas differential pressure is a result
of the capillary inlet pressure distribution and, thus, is given by the capillary pressure
curve. Within the cake complete regions can have higher inlet pressures than the air
blow pressure applied. This leads to isolated pores filled with water which limit the final
water content that can be reached significantly [87]. Since compaction depends on
filtration pressure and saturation at equilibrium depends on air blow pressure, an
increase in cake thickness alters kinetics only [87]. Thicker cakes need more
desaturation time to reach equilibrium [87]. After the post-treatment, the plate stack
opens, the filter cakes detach and fall down.

The cake detachment process and the underlying mechanisms are very
interdisciplinary. Previous publications and guidelines can be found in fields of filtration
[44, 71, 77, 162], bulk material [141], geotechnical applications [166] and rheology
[167] showing significant influences of compaction and desaturation on particulate
network properties. These properties are mainly water content, saturation, cake to
fabric adhesion and cohesion. Cohesion can be divided into tensile and shear cohesion
both having a maximum of tensile and shear strength concerning level of saturation
[76, 77,78, 79, 135, 158].

Key findings of literature review and a previous study of tailings lab-scale filtration

including adhesion and cohesion tests using iron ore tailings are [44, 75]:

e Tailings are supposed to generate slightly compressible filter cakes.

e The cake properties shear adhesion and shear cohesion are strongly de-
pendent on process parameters, especially filtration pressure, desaturation time
and desaturation pressure.

e Overcoming shear adhesion of filter cake to filter cloth by cake weight (mainly
dependent on cake thickness) is crucial. The sealing edge influence increases
the weight needed.

e Cake stability (cohesion) must be high enough for detachment.
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The assumed main underlying mechanism for cake detachment in filter presses is that
the gravitational force F, of the cake overcomes the cake to fabric adhesion F,. If cake
stability is sufficient and influence of sealing edges and protruding parts is neglected,
the force balance according to Equation 4-4 describes cake detachment [44, 75, 162].
T, is the thickness, W, the width, H.. the height, € the porosity and S the void saturation
of the cake. p; is the density of the solids and p, the density of the fluid.

Te-We-He- (1 —&)-ps+e-S-p)-g=F>F Equation 4-4

Measurement of cake to fabric adhesion can be used to calculate the necessary cake
thickness to overcome the shear adhesion to initiate detachment [75]. However, the
resulting cake thickness is often above typical chamber dimension for recessed plate
filter presses of 30-60 mm [44, 168], where, nevertheless, detachment is observed
[44]. One reason is the simplification by the model. For example, Weigert stated that
measured area-related adhesion values become smaller as test apparatus size
increases [75]. This uncertainty must be considered with plate sizes of more than
2 m x 2 m in industrial application. In addition, the cake is subject to strong tensile
stress before detachment when the plates are moved apart. A tensile adhesion
between cake and fabric generates tensile and shear stresses within the cake before
shear detachment. Also, it is possible that shear failure and shear breaking within the
particulate network occurs [44]. A very stable cake, which is brittle, prevents this

scenario.

In summary, the filtration with and the operation of recessed plate filter presses
involves understanding of many factors like water content, saturation, adhesion and
cohesion as well as their complex interaction. Some of these aspects are known from
other fields, for example, behavior of undersaturated filter cakes having a maximum of
tensile [79, 135, 158] and shear strength [76, 77, 78] or the description of the
desaturation kinetics of a particulate networks depending on filtration parameters [100,
144]. Tailings are a complex particle system having a broad particle size distribution
and consisting of different minerals [14] and are not often investigated yet.
Furthermore, tailings filtration is a very specific application. For example, a rather short
desaturation time is applied to maintain high throughputs resulting in a high residual
saturation in mining. Especially, desaturation by pressurized air and its influence is

investigated insufficiently for tailings.

65



Filter Cake Detachment and Desaturation

Therefore, there are two objectives of this article. The first one is the investigation of
the influence of the filtration process parameters filtration pressure, cake thickness as
well as gas differential pressure desaturation time and pressure on cake water content,
saturation, cake to fabric adhesion and cake cohesion. The second one is the
development of a mathematical description concerning water content, saturation, cake
to fabric adhesion and cake cohesion. Thereby, an improved understanding of copper

tailings behavior results which simplifies filtration plant operation.

4.2.2 Materials and Methods
4.2.2.1 Copper tailings

FLSmidth provided copper tailings as experimental material. A laser scanning
microscopy (LSM) image shows the shape of the material with hundredfold
magnification in Table 4-5. Furthermore, significant particle size distribution (PSD) data
measured by laser diffraction (HELOS & QUIXEL, Sympatec, Clausthal-Zellerfeld,
Germany) is listed. It is assumed that, as typical for tailing applications, a thickening
process was applied, however, no information about flocculants is provided. As
expected for tailings they have a broad distribution and a high fraction of fines. Density
was determined using a gas pycnometer with helium (MultiVolume Pycnometer 1305,

Micromeritics Instrument Co., Norcross, USA).

Table 4-5: LSM image, characteristic PSD data and density of the copper tailings.

Characteristics Copper tailings
LSM image aali
X10,3 / pm 2.5
Xs50,3 / UM 27.4
X90,3 / UM 144.0
Solid density / kg m3 2700
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In addition, quantification of the main elements was carried out using wavelength-
dispersive X-ray fluorescence (WDXRF) (S4 Explorer, Broker, Bruker Co, Billerica,
USA). Results are shown in Table 4-6. The copper tailings consist mainly of silicon,

aluminum, potassium, iron, and calcium.

Table 4-6: Main elements of the copper tailings measured by WDXRF.

Na Mg Al Si P K Ca Ti Mn Fe LOI

1% 2% 10% 65% <1% 8% 4% 1% <1% 5% 4%

A further distinction between quartz and other minerals containing silicon is useful
since clay minerals have a significant influence on the filtration behavior [133]. For this
reason, a mineralogical analysis was carried out. The results are listed in Table 4-7.
Mineral composition was measured by X-ray diffraction (XRD) (Empyrean, Malvern
Panalytical, Malvern, UK). Almost half of the tailings consist of quartz; however, silicon
is also present in other silicate minerals like mica, illite, k-feldspar, plagioclase and
pyroxene. Mica, illite are phyllosilicates, k-feldspar, plagioclase and quartz are
tectosilicates and pyroxene is an inosilicate. Phyllosilicates are also called sheet
silicates since they consist of parallel sheets of tetrahedra. Especially swelling clay
minerals, for example montmorillonite, which are a certain group of phyllosilicates
hamper filtration [132, 133].

Table 4-7: XRD mineralogy analysis results of the copper tailings.

Mica Gypsum lllite K-felspar Plagioclase Pyroxene Quartz

7.9 2.6 4.0 27.5 6.5 3.6 48.1

4.2.2.2 Filter cloth

A polypropylene cloth with a satin weave out of monofile fibers was used for filtration
experiments. Table 4-8 shows the main characteristics. This cloth, which is suitable for
tailings filtration concerning particle retention, was used in previous studies on abrasive
wear and iron ore tailings lab filtration already. The plastic type reported by the

manufacturer was confirmed using wide angle X-ray scattering (WAXS) [46].
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Table 4-8: LSM image of the filter cloth and characteristics [44].

Characteristics Copper tailings

LSM image

Material Polypropylene
Weave type Satin

Fiber type Monofile & monofile
Unused flow resistance / m™ 2.6 +0.6 x 108

4.2.2.3 Experimental Setup and Procedure

A stirred vessel was used for tailings slurry preparation. All filtrations were performed
with a slurry solids volume concentration of 30% solids which replicates thickener
underflow. By means of a riser tube compressed air fed the suspension pulsation-free
into the same laboratory filter press used in previous publications [44, 162]. It has a
cylindric chamber (100 mm diameter, 40 mm cake height) which is fixed between two
end plates. There is a filter medium on each side which was pre-used several times to
guarantee constant filtration behavior. Each of the two end plates has a drainage
structure and two filtrate outlet pipes, one on top and one on bottom, all equipped with
valves. Figure 4-13a shows a schematic cross-cut during filtration. The filtrate pipes
terminated on a scale that was connected to a process control system (Lab-View,

National Instruments, Austin, USA), as were the compressed air supplies and valves.

The two pressure stages tested were 250 kPa and 1250 kPa filtration pressure. This
covers a significant part of the tailings pressure filtration application range. After
completion of filling, filter cake build-up and compaction by filtration, the valves of the
lower filtrate outlet of one end plate and the upper outlet of the other end plate were

closed if gas pressure desaturation was applied. Then pressurized air was introduced
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using the open filtrate outlet on top, as can be seen in Figure 4-13b. By overcoming
the capillary inlet pressure, the air desaturates the cake by pushing further filtrate out
of the open bottom filtrate outlet on the opposite side. 250 kPa and 550 kPa gas
differential pressure was used for desaturation. This covers the common range of
industrial pressurized air equipment. The following three parameter combinations were
investigated: 250 kPa filtration pressure (FP) with 250 kPa air blow (AB), 1250 kPa FP
with 250 kPa AB and 1250 kPa FP with 550 kPa AB. For each filtration and air blow
pressure combination 0 s, 15 s, 45 s, 90 s and 180 s desaturation time were applied.
Thermal drying can be neglected for this desaturation times. In addition, a second
chamber thickness of 55 mm was investigated for 250 kPa filtration pressure and

250 kPa air blow pressure for all desaturation times.

a) b)
Filtration Cake desaturation
Slurry Air

End
plate

Filtration
chamber

Filtrate Filtrate and air

Figure 4-13: Schematic cross-cut of the lab filter press filtration and the cylindric filtration
chamber during filtration (a) and cake desaturation (b) [44].

The chamber including the filter cake inside and filter cloths still attached was taken
out of the filter press after filtration or cake desaturation. Then, the chamber was placed
horizontally on an add-on setup for a tensile testing machine. Using a crescent-shaped
clamp, as proposed by Ginisty [60], the filter cloth of the air blow outlet side was pulled
off with a velocity of 10 mm min? and the filter cake to filter fabric shear adhesion
determined, as sketched in Figure 4-14a. Assuming a flat filtration area without sealing
edge a simplified cake height necessary for detachment can be calculated according
to Equation 4-4, taking solid and water density as well as cake solid and water content

into account.

After the adhesion test, a spacer disc was placed below the filtration chamber, the cake

was pushed halfway out of the cylinder and a lid was placed on the upper half of the
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cake. The tensile testing machine pulled the lid with a velocity of 10 mm min* and
sheared the cake analogues to a Jenike shear tester [146] (Figure 4-14b). The shear

strength, also referred to as shear cohesion, was determined by relating the maximum

force to the shear area.

a)
Load .
cell
Adhesion (shear): 7. Cohesion (shear): 7.

Filtration chamber

b)

Vv Lid

Filter medium Clamp » o

-

Spacer disc

Spacer

Figure 4-14: Schematic cross-cuts of filter cake to fabric shear adhesion (a) and cake shear
cohesion (b) measurements [44].

Determination of residual filter cake water content was carried out by 24 hours thermal

drying and weighing. The water content is defined based on the mass of water m,, and

the mass of solids mg according to Equation 4-5.

My Equation 4-5
m,, + my

Water content =

Saturation is calculated, also based on the weight of the filter cake. It is defined based
on the volume of water-filled voids V, ywater—finea @nd the total voids volume V, yotal

which are completely water-filled after filtration, according to Equation 4-6.

g Vy waterfilled Equation 4-6
Vv,total

The loss of liquid during desaturation was related to the average amount of liquid in a

cake resulting from the same filtration pressure without desaturation.

4224 Mathematical Model

In addition to measurement of the influence of gas differential pressure desaturation
on water content, cake saturation, filter cake to filter fabric shear adhesion and filter
cake shear cohesion, another objective of this work is the development of a simplified
mathematical model. It is supposed to describe the mentioned quantities for different

filtration pressures, gas differential pressures and desaturation times in sufficient
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accuracy. In conjunction with the experimental setup described, it is intended to enable
tailings behavior prediction with a small number of tests on site.

Some assumptions are made for this purpose and their justification is discussed in the
results and discussion section. These facilitate the handling compared to existing
approaches, e.g., for the description of saturation kinetics by Nicolaou (Equation 4-3)
[144, 145]. In terms of filtration engineering his approach is useful since all parameters
are measured during common tests in filtration engineering. However, this is randomly
the case for tailings filtration. Therefore, a more holistic approach is proposed in this
article to describe water content, cake saturation, filter cake to filter fabric shear
adhesion and filter cake shear cohesion kinetics during air blow desaturation.

The first assumption is that the time-dependent kinetics of the above quantities is a
constrained growth or decrease and can be described by an exponential function
according to Equation 4-7. While this is justified for residual cake water content and
saturation, the literature for adhesion and cohesion shows a different behavior when
considering the complete saturation range from 0 to 1. However, since desaturation of
tailings filter cake only occurs within a high range of saturation, the assumption is
plausible. x(t); ; is the quantity, x; ; ., the value at equilibrium, x; ; , the initial value and
a; j, the kinetics parameter. The indices of the time-dependent quantity i and j stand

for the filtration pressure and air blow pressure, respectively. h states the cake height.
x(t)i; = Xijo0 — (Xijoo — Xy j0) - € %000 Equation 4-7

Furthermore, the initial value of the quantity is invariable, for example the cohesion of

the saturated filter cake would be cohesion; ; ,. The value of the fitted curve x; ; , at that
time is similar to the measured value X;;, (see Equation 4-8). This is the second

assumption.
Xijo = Xijo Equation 4-8

Assumption three is that a; ;, is one of two fit parameters. It describes how fast the

increase or decrease caused by desaturation proceeds. As shown in Equation 4-9, it
is specific for every combination of filtration pressure, air blow pressure and cake

thickness.

a111 # Q211 F Q221 Equation 4-9
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Xijo IS the second fit parameter. It determines the limit of the constrained growth.

However, it is specified that it depends only on the air blow pressure not on the filtration
pressure for a certain cake thickness. This fourth assumption implicates Equation 4-10.

X1,j,00 = X2,j,00 Equation 4-10

Concerning the tests in this study, in which 250 kPa air blow is performed for both

filtration pressures, one average value at equilibrium is used for both.

Assumption five states, that 180 s is sufficient close to the saturation value at
equilibrium for a specific air blow concerning a cake thickness of 40 mm and, thus, the
ratio of a quantity resulting by two different air blow pressures is the same as for 180 s,
according to Equation 4-11.

Xi2,0  Xi2180 X1250,550,180 — const Equation 4-11

Xi10 Xi11s0 0.5° (x250,250,180 + x1250,250,180)

The two fit parameters for the present data are determined by minimizing the sum of

square residuals for all three, according to Equation 4-12.

Equation 4-12

ai,jh; Xi joo

n n n
min S = Z(xl,l,k - 3?1,1,1{)2 + Z(xu,k - 3?2,1,1{)2 + Z(xz,z,k - fz,z,k)z
k=1 k=1 k=1

Another aspect of this article is to compare the behavior of the standard cake thickness
of 40 mm and a thicker cake of 55 mm. According to Anlauf, the desaturation process

differs only in its kinetics [87]. Therefore, the x; ; o and x; ; ., values of the thinner cake

are adopted for the mathematical modeling of the thicker cake.

4.2.3 Results and Discussion

The authors of this article assume t-distributed data. All charts give the estimated mean
values and, in addition, the range of the 50% confidence level. Furthermore, the ap-
plication of the modeling approach described above results in the fitted curves. The
corresponding tables in the Appendix list the fit parameters. In general, the description
of constrained growth or decrease meets the data with sufficient accuracy given the

underlying assumptions. This justifies these simplifications.
4.2.3.1 Filtration Pressure and Air Blow Pressure Influence

Results of the water content for different filtration and air blow pressures over various
desaturation times are shown in Figure 4-15. Since the two filtration pressures result
in a different compression of the particulate network, the cake water content for fully
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saturated filter cake, i.e., at a desaturation time of 0 s, is slightly lower for 1250 kPa
filtration. Since these two filtration pressures approximately cover the range of
technically applied filtration pressures in recessed plate filter presses, it is apparent
that filtration without post-treatment limits the achievement of low residual water
contents. By applying pressurized air desaturations, a significant further decrease in
cake water content can be seen for all combinations of filtration and desaturation
pressure. Especially for a high air blow pressure there is a strong decrease within a
short time. However, the desaturation effect decreases with higher air blow application
time. The water content is about to reach the value at equilibrium for the corresponding
pressure at 90 s desaturation time for the investigated cake height of 40 mm. As
assumed, it is a constrained decrease. A considerable amount of water remains within
the cake due to isolated pores having higher capillary inlet pressures than the air blow
pressure applied [87]. Overall, water content is reduced from approximately 20 w% to
below 18 w% for 250 kPa and below 16 w% for 550 kPa air blow pressure by 180 s
gas differential pressure desaturation. The intensity of the air blow is obviously the
decisive variable for setting the residual water content. 550 kPa doubles the additional

reduction in relation to filtration compared to 250 kPa.
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Figure 4-15: Filter cake water content of each filtration pressure and air blow pressure
combination for variation of the desaturation time for a cake thickness of 40 mm.

Parameters of the water content fitted curves are listed in the Appendix. For the fits,
the estimated value at equilibrium based on a ratio of 0.9004 is 17.61 w% for 250 kPa
AB and 15.85 w% for 550 kPa AB. For a filter cake of 40 mm, mechanical desaturation

and, therefore, filter cake desaturation mainly takes place in the first 90 s of air blow.
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In general, saturation values behave analogous to the water content data for ap-
plication of air blow. Data are given in Figure 4-16. In contrast to the water content,
saturation curves for all three filtration and air blow pressure combination start at the
full saturation of 100 v% since the corresponding unsaturated cake is the reference for
each of them. Air blow decreases pore saturation for all combinations of filtration and
desaturation pressure in a constrained decrease. A higher air blow pressure results in
a stronger decrease and a lower final range for longer air blow times, whereas both
data curves for 250 kPa air blow are nearly similar in trend. This supports the statement
that the gas differential pressure is the decisive parameter for a slightly compressible
filter cake. The mechanical desaturation limit due to isolated pores can be stated to be
approx. 84 v% using 250 kPa and 75 v% applying 550 kPa desaturation pressure.
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Figure 4-16: Filter cake saturation of each filtration pressure and air blow pressure combination
for variation of the desaturation time for a cake thickness of 40 mm.

The Appendix section gives all parameters of the fitted saturation curves. Analogous
to the cake water content, the value at equilibrium is reached within 60 to 90 s. This
timeframe falls within the application times investigated, and the mathematical model
is close to the measurements despite the simplifications. Fit values at equilibrium are
85.33 v% for 250 kPa AB and 76.20 v% for 550 kPa. The ratio is set at 0.8928.

Figure 4-17 shows the cake to filter cloth shear adhesion at different desaturation times
for each combination of filtration and desaturation pressure. In contrast to water
content and saturation, filter cake adhesion is a constrained growth in the investigated
saturation range. Filtration without cake post-treatment results in the lowest filter cake
adhesion at 0 s air blow time. A higher compaction of the cake, based on a higher
filtration pressure, results in a higher initial adhesion. At short desaturation times
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adhesion increases strongly. The effect is more distinct for the high air blow pressure.
By trending towards the value at equilibrium a flatting of the curve can be seen with
higher air blow times, analogous to the water content and saturation. The adhesion
value at 180 s is only slightly higher for 550 kPa with 3.1 kN m? than for 250 kPa air
blow with 2.9 kN m2 (550 kPa AB) and 2.5 kN m (250 kPa AB). In comparison to the
corresponding fully saturated cake at O s air blow adhesion doubles approximately for
a 1250 kPa filter cake desaturated 180 s at 550 kPa air blow and triples approximately
for a 250 kPa filter cake desaturated 180 s at 250 kPa air blow. Consequently, the
increase in adhesion raises the necessary cake thickness for gravity-based
detachment significantly. Corresponding cake thicknesses, calculated according to
Equation 4-4, are given by the second y-axis. This increase complicates the desired
cake detachment, especially since the cake thicknesses are larger than usual chamber
dimensions of 30-60 mm for mining applications [168]. However, adhesion
measurements are strongly affected by the measurement system as well as
dimensions and cake detachment might be observed for smaller thicknesses as

mentioned in the introduction section [44, 71].
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Figure 4-17: Filter cake shear adhesion and calculated corresponding cake height for gravity
introduced detachment of each filtration pressure and air blow pressure combination for
variation of the desaturation time for a cake thickness of 40 mm.

Adhesion fit parameters are listed in the Appendix. Based on a ratio of 1.1349
estimated value at equilibrium is 2.787 kN m for 250 kPa AB and 3.150 kN m for
550 kPa AB. Adhesion increase reaches the equilibrium for shorter desaturation time

in comparison to water content and saturation.
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Measurements of filter cake shear cohesion, which is similar to shear strength, are
plotted in Figure 4-18. Analogous to the adhesion, the cohesion of the fully saturated
filter cake starts at relatively low values and is a constrained growth in the investigated
desaturation range. Evaluating the data points at O s air blow time leads to the finding
that particulate structures which are stronger compressed due to higher filtration
pressure have a slightly higher cohesion. Compared to the adhesion, cohesion of fully
saturated filter cakes is in the same range between 1 and 2 kN m-2, By pressurized air
desaturation shear strength increases for each combination of filtration and air blow
pressure investigated. Concerning the time which the desaturation is applied, there is
an increase within the first two minutes. Afterwards the cohesion is approaching the
value at equilibrium. Values at 180 s desaturation are 3.6 kN m2 (250 kPa FP, 250 kPa
AB), 3.5 kN m2 (1250 kPa FP, 250 kPa AB) and 5.0 kN m2 (1250 kPa FP, 550 kPa
AB). Compared to the fully saturated state shear cohesion more than triples for a
1250 kPa filter cake desaturated 180 s at 550 kPa air blow and nearly triples for a
250 kPa filter cake desaturated 180 s at 250 kPa air blow.

ol

IS

N

O250kPa FP, 250kPa AB
A1250kPa FP, 250kPa AB
A 1250kPa FP, 550kPa AB

Cohesion (shear) / kN m2
= w

0 50 100 150 200
Gas differential desaturation time/ s

Figure 4-18: Filter cake shear cohesion of each filtration pressure and air blow pressure
combination for variation of the desaturation time for a cake thickness of 40 mm.

Parameters of the fitted shear cohesion curves are given in the Appendix. The value
at equilibrium is reached within the application times investigated, analogous to the
shear adhesion, however, it takes longer. There is an acceptable deviation between
fitted curves and measurements justifying the assumptions of the model. Values at
equilibrium are 3.538 kN m for 250 kPa AB and 4.989 kN m-? for 550 kPa. The ratio
is set at 1.4101.
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In addition, the ratio of adhesion and cohesion is an important point for cake
detachment. Adhesion should be as low as possible, while cohesion should be as high
as possible [75]. Figure 4-19 shows the fits obtained from the methodology presented
for both target quantities. Despite both are a constrained growth, it states out that
independent of filtration and air blow pressure applied, adhesion kinetics are faster
than cohesion kinetics. After 60 s each adhesion curve is close to the value at
equilibrium, whereas cohesion curves need approximately 120 s for 40 mm cakes.
Based on these findings a recommendation for plant operation be stated: There is
supposed to be a trade-off between longer desaturation time associated with lower
throughput and easier detachment linked to shorter technical downtimes caused by
cake sticking and breakage.
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Figure 4-19: Filter cake to filter fabric adhesion and filter cake shear cohesion fits of each
filtration pressure and air blow pressure combination for variation of the desaturation time for
a cake thickness of 40 mm.

4.2.3.2 Filter Cake Thickness

Besides the detailed investigation for 40 mm filter cakes, tests with a second cake
thickness of 55 mm were carried out for 250 kPa filtration pressure and 250 kPa air
blow to evaluate changes in kinetics. Anlauf states that thicker cakes have the same
values at equilibrium for identical filtration and air blow pressure stages [87]. Therefore,
equilibrium and initial values are set identical to tests with 40 mm cake thickness. Only
the kinetics parameter a; ; , is allowed to change. Figure 4-20 shows water content of
the 40 mm and 55 mm filter cakes for different air blow times. Furthermore, fitted
curves according to the mathematical model presented and restrictions mentioned are
given. As expected, the desaturation takes more time for the thicker cake. Overall, the

effect is small for the variation investigated. The value at equilibrium is reached after
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180 s instead of 90 s. Despite an increase in cake thickness of 37.5%, the in time
needed for desaturation doubles. Based on the flattening of the curve the kinetics

parameter decreases as can be seen in the Appendix.
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Figure 4-20: Filter cake water content of 250 kPa filtration pressure and 250 kPa air blow
pressure combination for variation of the desaturation time for cake thicknesses of 40 and
55 mm.

Saturation, shear adhesion and shear cohesion of the 55 mm filter cakes including the
corresponding 40 mm filter cake values are shown in the Appendix. In addition, the
corresponding kinetics parameters of the fitted curves are listed. The desaturation of
the 55 mm cakes behaves similarly to the water content. Desaturation takes longer
compared to the 40 mm cake thickness and reaches the value at equilibrium after
approximately 180 s. Also, shear adhesion increase is slower for thicker cakes,
maximum values lie between 2 and 3 kN m for the time range investigated. However,
there is a delay in increase since the adhesion is measured on the opposite site of
pressurized air application and 15 s are not sufficient to start desaturation within the
whole cake thickness. Higher initial adhesion values are correlated to an ongoing
blinding of the cloth. Shear cohesion values of the 55 mm cakes are close to the data
of the 40 mm cakes since shear cohesion is measured in the middle of the cake, which

is 27.5 mm and 20 mm. Therefore, it is quite similar.
4.2.3.3 Filter Cake Characteristics

It stands out that slight changes in compaction and, especially, application of
desaturation result in decrease of water content in copper tailings filter cakes. In
contrast, desaturation generates enormous increase in adhesion as well as cohesion

and, therefore, appearance and behavior of the particulate network. This is illustrated
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by exemplary pictures of filter cakes in Figure 4-21 which were taken after the shear
cohesion tests. Additional stress applied by taking the cakes out of the test rig and
placing them into dishes for drying results in dynamic liquefaction for the wetter cakes,
e.g., 250 kPa filtration cakes without desaturation, as can be seen in Figure 4-21a.
This behavior can be explained by the fact that, in terms of the Atterberg limits, these
cakes are still able to flow. In soil mechanics and geotechnical engineering this is
referred to as the so-called liquid limit established. This limit marks the transition from
being able to flow to plastic behavior and is defined as a particulate network cohesion
of about 2 kPa [36, 139]. The tailings filter cakes without post-treatment in this study
have shear strengths of 1.2 kN m™ (250 kPa filtration pressure) and 1.4 kN m™
(1250 kPa filtration pressure). Desaturated filter cakes behave more brittle and
maintain their shape. This characteristic is illustrated in Figure 4-21b, where a filter
cake, produced under a filtration pressure of 1250 kPa and subjected to a 180 s air
blow at 550 kPa, exhibits these properties, having an average shear cohesion of
5.0 KN m™2,

Figure 4-21: Example of two 40 mm filter cakes: (a) 250 kPa filtration pressure, no air blow,
average water content 20.2 w%, saturation 100 v%, average shear adhesion 0.9 kN m72
average shear cohesion 1.2 kN m2; (b) 1250 kPa filtration pressure, 180 s air blow, 550 kPa
air blow pressure, average water content 15.7 w%, average saturation 75 v%, average shear
adhesion 3.1 kN m™2, average shear cohesion 5.0 kN m™2,

4.2.4 Conclusions

The first objective of this article was to investigate the influence of filtration pressure,
air blow desaturation time, air blow pressure and cake thickness on copper tailings
filter cake water content, saturation, filter cake to filter fabric adhesion and filter cake
cohesion. Therefore, filtration, shear adhesion and shear cohesion tests were carried

out using copper tailings, a laboratory filter press and a specially adapted shear test
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rig in a modified tensile testing machine. The setup enables direct force measurements
on the particulate network (filter cake) after filtration or air blow post-treatment. Thus,
it generates a benefit in filtration lab test work regarding investigation of the adhesion
and cohesion and their effect on the filtration process. This is of major importance
considering maintenance of high throughputs in recessed plate filter presses, i.e.,
successful cake detachment, and geotechnical stability concerns for subsequent
stacking.

In detail, a study of cake desaturation was carried out regarding desaturation pressure
and desaturation time variation for two filtration pressures, two air blow pressures and
two cake thicknesses. For the same cake thickness, a higher filtration pressure results
in a slightly lower water content, higher cake to cloth adhesion and higher cohesion.
However, slight compressibility of the copper tailings limits significant improvement of
the dewatering by filtration pressure increase only. Thereof, adhesion and cohesion
increase are also small without cake post-treatment. However, applying desaturation
after filtration by pressurized air (air blow) leads to a significant decrease in water
content and saturation and increase in adhesion and cohesion instantaneously. Since
the kinetics behave as a constrained decrease or constrained growth, longer
desaturation times enhance the effect up to a certain value at equilibrium. The range
of the equilibrium is mainly dependent on the air blow pressure. In detail, a higher
desaturation pressure generates a lower water content, a higher adhesion, and a
higher cohesion for an identical filtration pressure. Furthermore, desaturation
increases more sharply at the beginning for a higher air blow pressure. Thicker cakes
need longer desaturation times. A mathematical model proposed describes the

measurements sufficiently and its assumptions turned out to be justified.

It can be stated that desaturation is beneficial for cake detachment in two ways:
Cohesion increases, i.e., the filter cakes are unable to flow, behave more brittle and
maintain their shape. Furthermore, longer desaturation times increase cohesion more
than adhesion. Therefore, it is more likely to detach the filter cake completely as a
whole. Lower throughputs by longer desaturation times are supposed to reduce
technical downtime, e.g., for filter fabric surface cleaning. In addition, a higher air blow
pressure enhances the final ratio between shear cohesion and shear adhesion which

can be reached by mechanical desaturation.
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The presented measurement methodologies and the mathematical model support the
design and operation of plants for tailings filtration. The behavior of the particulate
network can be estimated with sufficient accuracy. This allows a specific selection of
the process parameters to reach possible threshold values of target quantities.

Combining these conclusions with previous publications [44, 162], it is possible to
provide an overview for troubleshooting common issues related to cake detachment
(see Figure 4-22). If the cake adheres as a whole piece to one side of the chamber,
the cohesion of the cake is assumed to be sufficiently high. Since detachment
significantly depends on the cake's weight, it should be increased by having a larger
cake thickness. Additionally, the selection of the filter medium offers improvement
potential. It should exhibit low adhesion and ensure this throughout its lifespan.
Therefore, it is essential to consider the blinding and regeneration behavior of the
fabric. It should show minimal blinding tendencies and allow for sufficient regeneration.
The latter should be applied regularly. If cake fragments remain in the chamber, it
indicates insufficient cake strength. The cake residues can be removed through
surface cleaning with water jets, aiming to prevent cake fragment entrapment at the
sealing edges, for example. Proactively adjusting process parameters to increase the
cohesion/adhesion ratio is advisable. If feasible, a higher cake thickness as a further
option achieves a larger shear area and, therefore, improvement. Adhering base layers
are another problematic aspect. An important consideration is also blinding.
Particularly fine particles adhere to the fibers and block the pores, leading to increased
adhesion, which results in strong cohesion of the cake at a layer of fine particles.
Regular intra-fabric cleaning of blinding reduces this problem. Also, it makes sense to
increase the cohesion-to-adhesion ratio through process parameter adjustment.
Additionally, it is crucial to have a homogeneous cake to avoid porosity gradients and
associated cohesion gradients perpendicular to the cloth. An example of this scenario
would be prematurely terminated filtration with a remaining pocket, which is

unconsolidated and has no shear strength, due to a non-coalesced cake.
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Figure 4-22: Overview for troubleshooting common issues related to cake detachment.

If individual cake fragments consistently occur in the same locations, a combination of

causes should be considered, such as locally intensified blinding. In such cases, a

combination of respective problem-solving approaches should be applied.

By summarizing and combining the lessons learned from this and previous

experiments, the detachment behavior of cake in tailings filtration is better understood,

and troubleshooting is outlined. Thereby, recessed plate filter presses performance

can be improved.
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5 Filter Media Abrasion

This chapter explains the advancement in testing filter media for tailings filtration in
recessed plate filter presses concerning their ability to withstand abrasive wear. The
results are published in a corresponding publication. A newly designed apparatus is
utilized to replicate the interplay between the direction-orientated geometry of woven
filter media and the direction-specific abrasive load by the detaching and falling cake.

Additionally, a comparison is provided between different types of tailings filter media.

5.1 Tailings Filtration Using Recessed Plate Filter Presses: Improving
Filter Media Selection by Replicating the Abrasive Wear of Filter Media
Caused by Falling Filter Cake after Cake Detachment®

Bernd Frankle?, Patrick Morsch?, Thien SokP, Marco Glei8, Hermann Nirschl?

a Institute of Mechanical Process Engineering and Mechanics, Karlsruhe Institute of

Technology, Karlsruhe, Germany

b FLSmidth Inc., Salt Lake City Operations, Midvale, USA

5.1.1 Introduction

The increasing global demand for metals leads to a continuous growth in the extraction
of related minerals from ores. Thereby, ore processing residues are a necessary mine
waste stream. However, the storage of these tailings is already one of the major
challenges in the mining industry. It has been regularly shown that the classical method
of storing tailings in tailings ponds secured by dams is problematic due to water
evaporation, space requirements and risk of dam failure. The Brumadinho dam breach,
recorded on video, quickly gained media attention and led to new industry standards
[34] and a demand to make information about such storage facilities available to the
general public [169]. In the decade from 2015 to 2024, 18 catastrophic failures are
expected [170], of which 13 have already occurred [171]. In terms of process
technology, the method of dry stacked tailings has become more common [39]. In this
process, the water content of the tailings slurry is first reduced by large thickeners and

then dewatered using filter presses to a water content of usually less than 20 w% [32].

8 The content of this chapter was published in Mining 2022, 2, 425-437 and was adapted for the thesis.
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Then, the resulting filter cake is transported by conveyor belts, stacked and compacted.
In addition to a higher geotechnical stability of the deposit, this offers the advantage of
an extensive process water recovery which is seen as one of the major potentials of
this technology, especially in arid regions [59]. Usually, a large part of the water
evaporates in the settling ponds. Effective water management is crucial for economical

mineral processing since one ton of ore can require 0.8 m® of water [172].

Normally, filtration of tailings in a mine takes place in several large recessed-plate filter
presses operated in parallel. These were maximized by the suppliers in terms of size
and minimized in terms of cycle time in order to realize the highest possible throughput

and to reduce investment and operating costs [151].

Nevertheless, there are several problems in the operation of filter presses, mainly
related to the selection of the filter medium and its regular replacement. The wear of
the filter medium and filter plates represents the main wear problem of filter presses in
tailings filtration, causing approximately 80% of the maintenance [43, 173]. Three of

the main problems are abrasive wear, media blinding and cake sticking.

Abrasive wear is already known as a parameter to be considered in the selection of
filter cloths [103], but it is of outstanding importance in applications with abrasive
material as tailings filtration. The filter fabric is subjected to mechanical stress at

several points in the filtration process [81, 100]:

1) Filling the filter, high flow velocities occur in the area around the chamber inlets.
Over the years, patches have been sewn into these zones by suppliers to
provide additional strength and counteract wear.

2) Increased velocities also occur near the filtrate outlets of the plates at the
beginning of filtration before the first cake layer is formed. Particles passing the
fabric cause abrasion on the filter medium.

3) Falling filter cake after detachment brushes the filter medium at the lower edge
of the chamber frame and protruding parts of the chamber.

4) Remaining parts of the filter cake on the sealing surfaces get trapped between
two opposing filter plates and filter media for the duration of the next filter cycle.
Such repetitive pressing of solid particles causes stress to the fabrics and to the

plates.
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The permanent adhesion of fine-grained patrticles, which is referred to as blinding,
leads to an increasing hydraulic resistance of the filter medium and, thus, has a

negative effect on the filtration performance by prolonging filtration time [71].

The third important problem is an incomplete detachment of the filter cake after
filtration. Often, it adheres to the filter fabric, in whole or in part, and reduce the
available process chamber for the next filtration cycle. It is important to note that these
problems are often interdependent. Progressive blinding will affect detachment by
changing the filter medium surface, especially at a very high number of filtration cycles
[43]. Furthermore, the limiting problem shifts if one of the points is optimized. If a more
abrasion-resistant filter medium is used and the achievable number of cycles becomes
extended, blinding will play a bigger role. The blinding or the chemical cleaning
possibility of the filter cloths and also a detailed description of the detachment behavior
and the necessary measurements have been discussed in previous publications [44,
48].

One purpose of this work is the development of a test method to characterize a filter
medium in terms of abrasive wear by reproducing the load resulting from detaching
filter cakes. A schematic visualization of the load occurring during cake falling and its
locations is shown in Figure 5-1. Figure 5-1 illustrates an adhering cake before
detachment. The five elevations in the middle of the plate are necessary from a certain
plate size, as they stabilize the plates in the stack against bending. Likewise, the edges

protrude, as they seal the plates.

In general, the whole plate is covered with filter medium. It is very important to mention,
that the surface fibers of the filter cloths are orientated in vertical direction to improve
cake detachment. The falling cake (Figure 5-1b) is sliding in the same direction which

results in a recurrent direction-specific load.
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Figure 5-1: Schematic representation of the locations of abrasive load on the filter medium due
to protruding parts of the filter plate. a) Filter cake adhering to filter cloth. b) Falling filter cake.

In general, suppliers give a rough wear classification of their filter media based on the
materials used. Explicit information in relation to the application they are used for on
individual fabrics is usually not provided.
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Another aspect of developing an application-specific abrasion test methodology is the
development and investigation of composite filter media, e.g., with microporous zeolite
in the future [174, 175, 176, 177]. These are used in wastewater treatment, because
of their ability to immobilize heavy metals [178]. Heavy metals are also an important
issue in mineral and tailings processing. A modification of the filter media or the
introduction of zeolite layers in tailings ponds offers the possibility to prevent heavy
metals from entering the groundwater [179]. In addition, there are studies on the
successful prevention of acid mine drainage [180]. An interesting fact is that zeolites
themselves represent a reuse of, for example, bauxite and iron ore mine tailings [181]
[182].

Standard wear tests also do not provide a recurrent direction-specific load, for
example, use of a Taber Abraser. This test procedure is mentioned in various
standards (ISO 9352 [183], ASTM D1044 [184], ISO 3537 [185], ISO 15082 [186]).
Two friction rollers generate an abrasive load. These are pressed onto a rotating test
sample with a specified force. Evaluation after the test is usually carried out by
differential weighing, in which the abraded portion of the specimen is determined.
Alternatively, measuring roughness or wear depth is conceivable [187]. The Taber
Abraser is used to test a wide range of materials such as plastics, laminates, natural
materials, and safety glazing [188]. Another common and standardized abrasion
method is a pin-on-desk apparatus (ASTM G99 [189]) [83, 84, 190]. This test also
results in an isotropic load. A uniaxial test used (e.g., for nonwovens) is the sliding
block method using sandpaper according to ASTM D4886 standard [85, 191].
However, the abrasive stress is caused by a forward and backward movement and,

therefore, represents a significant difference to the stress caused by a falling filter cake.

Summarizing, using one of the mentioned standards for replicating the problem under
investigation would not be specific enough, since abrasion in filter press by cake
detachment has a characteristic stress direction and cyclic behavior in one direction.

Therefore, a brush apparatus causing such load has been developed.

5.1.2 Material and Methods

The abrasion apparatus is based on a chain brush system (Mink Kett-System®, August
Mink GmbH & Co., KG, Goppingen, Germany) alternately equipped with stainless steel
brushes (120 mm width and 25 mm height) and spacers. The device is driven by an

electric motor. Its height can be adjusted by four feet, and a pneumatic lifting device
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allows the placing of a sample holder frame under the brushes. Figure 5-2 shows the

structure of the lifted apparatus with a placed sample underneath.

L
i 3
$
£
£
5

Figure 5-2: a) Abrasion apparatus. b) Clamped filter medium sample.

Three stainless steel devices of different geometry were manufactured, over which
filter media samples of 60 mm width can be clamped using a movable carriage and a
threaded rod. These are of a square, a circular, and a hexagonal shape, whereby the
highest point of each geometry is at an identical distance from the frame. The
specimens are shown in Figure 5-3. Using a sensor counting the revolutions of the
driving shaft and including the number of brushes, it is possible to evaluate the number

of abrasions until rupture of a filter medium sample.

Figure 5-3: Square, hexagonal, and circular geometry variation for sample clamping.

The investigations are divided into two parts, illustrated in Figure 5-4. In the first series
of tests, the investigation of the apparatus settings of clamping torque of the fabrics,
overlap of the brushes and speed of the brushes were carried out with a thin nylon
(NY) fabric. Three clamping torques (0.5, 0.75 and 1 Nm) were investigated, each in
the elastic range of the sample. Furthermore, three overlaps (2, 4 and 6 mm) and three
speeds resulting from three different rotational speeds of the motor (20 / 0.74,40 / 1.47
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and 60 rpm/2.21 ms™') were evaluated. The limiting factor of the speed is the

possibility of visual rupture observation by an operator (only possible when one of the

spacers is directly over the sample). Furthermore, tests were carried out to

characterize typical tailings filtration filter media provided by FLSmidth for all three

edge geometries. All tests were performed six times.

Parameter tests

Clamping torque

Brush overlap

Filter medium

Brush speed

Tailings filtration tests

Constant
e Brush overlap (4 mm)
e Brush speed (1.47 ms™)

Variation

e Clamping torque (0.5,
0.75, 1 Nm)

o Filter cloth (thin NY-cloth)

e Edge (square, circular,
hexagonal)

Constant

e Clamping torque (1 Nm)
e Brush speed (1.47 m s™)

Variation

e Brush overlap (2, 4, 6 mm)

o Filter cloth (thin NY-cloth)

o Edge (square, circular,
hexagonal)

Constant Constant

e Brush overlap (4 mm)
e Clamping torque (1 Nm)

e Brush overlap (4 mm)

e Clamping torque (1 Nm)

hexagonal)

e Brush speed (2.21 m s™1)

Variation
« Brush speed (0.74, 1.47, Variation
221ms™) o Filter medium (PP-felt, PP-cloth,
o Filter cloth (thin NY-cloth) NY-cloth)
e Edge (square, circular, o Edge

(square,circular,hexagonal)

Figure 5-4: Overview of the abrasion tests for apparatus parameter evaluation and tailings filter

media investigation.

A laser scanning microscopy (LSM) image and details of the filter medium used for

apparatus parameter evaluation are listed in Table 5-1. Therefore, a thin plain-weave

nylon cloth was used. A pressurized filter cell according to VDI Guideline 2762 was

used to determine filter medium flow resistance using water [144].

Table 5-1: Properties of apparatus parameter tests filter cloth.

LSM image

Weave type
Fiber type

Fiber diameter (warp/weft)

Flow resistance
Thickness

Thin NY-cloth

R T R T R T R R ST R R R A R I R R A R R AR RO
LEC R UL T BRI RURY BL LR RLSEEE S8 U AL AL B 20 AL R AL IR R RE U RURURE R R RURY RN ST B 0E 0
ECTURLRE I XY R RCEE RURE NE AL AL AL 2L RE AL LR R RLRU LR AL SR T R TE TR RE I A RE A RY R MU'
CICEUET ST Y NE XY ST RE RURE XU E L AL N XU RL L RL AL AL EL I8 R XL RO RN BT R A0 BT RS RN R A IR

CECRE IE TURERE AL TURE JUAY RE U AL 2 RE X0 2URE AL AL XL RUAL LS RL B A B NE AU RN ST NL 48 SR AU I R ST AT 1

CICTURTTUSERE TE IR RURL ICRERURE AT R AL SUSERE SURE AR XL AL O Y RE Y R BT SURE TLTT R R ST ST AL IO |

CCRU LU TE R AL XL T R RE R R AL UL 2L TE T AL R 2 R LA R AU T R I R R R R R A T
CILEE REIUTERY B RURS RUIEEE AR I TURL AL L R ALK EURLXCRE B XL XU UL LR RU L T A0 U TE S RO A
(LR SRR AR TSR T A RCRE I RUAY AUTE B RL MG TR AL 0 XL UL IR R R R AT AL T R AT AL AR R T T
CICECRUE TR S UL TE EURUTE SR RL I RE RUTORE RURE AL R R R L R R R R N R AL T S TR ]
LI RURE TE R R BT B NE A AR RUAL RURR AU T AL RE A0 RO RE YL T AL RE AL RE U RC R AL BT I TR RS R AL AT I
CLECRUIC IR EURC R R I RURL HE LRI HC R R R PR R I EORE TUTL BT SRR SRR RO YO

R A R R T A e A e
O R A R T R R I R I N R R "

Plain

Mono/mono

85+ 4/95 + 16 um
1.1+0.1x108m™
0.16 £ 0.01 mm
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Table 5-2 lists LSM images and data of the tailings filtration filter media (polypropylene
(PP) cloth, nylon cloth and felt media out of PP). The two cloths differ in weave type,
with filter medium flow resistances and thickness in the same range. The resistance of
the felt medium is slightly higher and its thickness is about twice that of the cloths.
These media were already part of investigations of filter cake adhesion after filtration
[44].

Table 5-2: Properties of tailings filtration filter media [44].

PP-cloth NY-cloth PP felt

LSM image AW TRIRY/AINTIAIY E SUATPRTS RS )

e | e TR

adlsiloiifloibsfini

ib:'\"{:!"“:"-i‘

Weave type Twill Plain

Fiber type Mono/mono Mono/mono

Fiber diameter 180 + 10/330 + 30 um 280 £ 20/310 + 20 um

(warp/weft)

Flow 2.6+0.6 x108m™ 1.8+0.1x108m™ 7.4+09x108m™
resistance

Thickness 1.1£0.1mm 1.0£ 0.1 mm 2.2+0.2mm

The manufacturer’s specifications for the filter medium material were verified by wide-
angle X-ray scattering (WAXS) measurements (Xeuss 2.0 Q-Xoom, Xenocs SA,

Grenoble, France).

As soon as the operator detects a rupture of 50% + 5 mm of the sample width (30 mm),
he stops the apparatus and notes the turn counter of the motor. This, multiplied by the
number of brushes (14), is noted as the number of abrasions until rupture. It has been
observed that once a rupture has been started, it leads to a complete one within a few
cycles. Figure 5-5 shows an example of a rupture for a test using the thin nylon fabric

over a circular edge geometry.
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Figure 5-5: Point of rupture for the thin nylon cloth clamped over a circular edge geometry.

5.1.3 Results
The results section is divided in WAXS measurements of the filter media, tests

concerning apparatus parameters, and investigations on tailings filtration filter media

wear behavior.
5.1.3.1 Filter Media Material Characterization

The spectra of the thin polyamide fabric and the polyamide fabric used for tailings
filtration are shown in Figure 5-6. They show two main peaks close to 20° and close to

23° and therefore agree with usual polyamide spectra [192, 193, 194, 195].
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@®© ]
>
£ _
o
£ 1x 102E
Thin NY cloth
1 x 101 T T T T T

0 10 20 30 40 50 60
20/°

Figure 5-6: WAXS spectrum of the thin NY-cloth and the NY-cloth typical for tailings filtration.
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Figure 5-7 shows the spectra of the PP-felt and the PP-cloth used in the abrasion tests.
There are four main peaks close to 13°, 16°, 18° and 21°. This confirms that the

material used is polypropylene [196].
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Figure 5-7: WAXS spectrum of the PP-felt and the PP-cloth typical for tailings filtration.
5.1.3.2 Brush Apparatus Parameter

The influences of the parameters that can be adjusted on the apparatus (clamping
torque, brush to filter cloth overlap and speed of the brushes) are assessed using a
thin nylon fabric. Figure 5-8 shows the number of abrasions until rupture for increasing
clamping torque using the three different edge geometries including standard errors of
the mean. For each geometry abrasions to rupture decrease with increasing clamping
torque. Furthermore, it can be stated that a circular edge geometry results in the lowest
number of abrasions, followed by the square geometry. The hexagonal edge has the

highest abrasion values and highest uncertainties.
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Figure 5-8: Number of abrasions until rupture of the thin nylon cloth for 0.5, 0.75, and 1.0 Nm
for the square, the circular, and the hexagonal edge geometry.

Figure 5-9 shows the number of abrasions until rupture for the thin nylon cloth for the
three different edge geometries and a variation of the brush overlap from 2 mm to 6
mm. Analogous to the clamping torque an increasing overlap results in decreasing
abrasion values for each geometry. Again, the circular edge has the lowest and the
hexagonal edge the highest number of abrasions to rupture. Furthermore, the

uncertainties are higher if more abrasions are needed.
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Figure 5-9: Number of abrasions until rupture of the thin nylon cloth for 2, 4 and 6 mm for the
square, the circular, and the hexagonal edge geometry.

Figure 5-10 shows resulting abrasions values for a variation of brush speed (0.74, 1.47
and 2.21 m s?) resulting from a variation of motor speed (20, 40 and 60 rpm) for the

thin nylon cloth for the three edge geometries. The ranking of the edge geometries is
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consistent. The circular geometry results in the lowest abrasion resistance values and
the hexagonal one in the highest. However, the tendency caused by the variation of
brush speed is not analogous to clamping torque and brush overlap. A brush speed
increase seems to slightly increase the number of abrasions until rupture. Concerning
the uncertainties which are once again increased for higher abrasion values, an

influence of the brush speed is negligibly small in the speed range considered.
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Figure 5-10: Number of abrasions until rupture of the thin nylon cloth for 0.74, 1.47 and
2.21 m s for the square, the circular, and the hexagonal edge geometry.

5.1.3.3 Tailings Filtration Filter Media

In addition to apparatus parameter tests, investigations were carried out on industrially
used tailings filtration filter media. These pertain to the central aspect of this article: as
the apparatus replicates the load, tailings filter media undergo in this specific operation,

thereby offering a tool to enhance the selection of filter medium for tailings filtration.

Figure 5-11 shows the resulting number of abrasions until rupture for the PP-felt, the
PP-cloth and the NY-cloth for the square, circular and hexagonal edge geometry. Due
to the higher thickness of the filter media compared to the thin nylon cloth used in the
apparatus parameter study, the abrasions to rupture are much higher. The PP-felt
medium has the lowest abrasion resistance values. Number of abrasions to rupture is
slightly higher for the PP-cloth in comparison to nonwoven fibers due to higher
diameter of the single fibers. The highest abrasion resistance can be observed with
NY-cloth, regardless of the edge geometry used. Concerning the edge geometry, it can

be seen, analogous to the parameter tests, that the hexagonal edge has higher number
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of abrasions until rupture for each filter media. Furthermore, the uncertainty increases

with increasing number of abrasions.
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Figure 5-11: Number of abrasions until rupture of the PP-felt, the PP-cloth, and the NY-cloth
for the square, the circular, and the hexagonal edge geometry.

Table 5-3 shows the differences in fabric resistances for uniaxial loading with repetition
in one direction achieved with the brush apparatus. The increase of abrasions to
rupture for each different edge geometry is listed in each combination. The largest
increase results between the NY-cloth and the PP-felt for the round deflection with an

increased service life of factor 31.8.

Table 5-3: Increase of abrasions to rupture of the filter media typical for tailings filtration in
comparison with each other for the different edge geometries.

Square Circular Hexagonal
NY-cloth to PP-cloth 3.6 53 49
NY-cloth to PP-felt 31.8 25.0 16.1
PP-cloth to PP-felt 8.9 4.7 33
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5.1.4 Discussion

The presented brush apparatus, which induces a direction-specific load to simulate
filter media abrasion in tailings filtration by detaching cakes, provides a reproducible
means of comparing different filter media.

Important setting parameters of the apparatus were investigated using a thin nylon
cloth and their influence on the number of abrasions until rupture was shown. It also
allows comparison between media typical for tailings filtration. However, there is a
simplification in defining the time of rupture with the time of a 50% rupture of the
sample. This serves to improve detectability for the operator who determines the time

of rupture. The influence of different operators must also be considered.

In general, it is important to know that a very large number of different filter medium
types is available. This can be seen in the number of exhibitors of filter media
manufacturers at filtration and separation trade shows, such as the Filtech or the World
Filtration Congress. For this reason, it is important to compare three very different filter

media in this article, all of which would be suitable for the same application.

By varying different clamping geometries, a potential area for optimization was
demonstrated, which is of particular interest to filter plate manufacturers. However, it
must be kept in mind that the process engineering tasks of the edge geometry, e.g.,

sealing of the process chamber, must be considered in a superordinate manner.

In conclusion, it can be stated that a coarse comparison of filter media for tailings
filtration is already possible with currently standardized tests, but the presented
methodology is closer to the specific loading case of detaching filter cakes in recessed

plate filter presses.

5.1.5 Conclusions

One objective of this article is to introduce and validate a methodology aimed at
enhancing the selection of filter fabrics for tailings filtration. This is achieved by
simulating the specific abrasion process occurring at the protruding edges of the filter
plates, offering a more accurate representation than standardized abrasion tests.
Another objective is to compare the abrasion resistance of three different filter media

that could be used for this filtration application.

The former objective results in the presentation of a brush apparatus that causes a

repetitive uniaxial abrasion load in one direction. This apparatus allows the number of
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abrasions up to a rupture of a fabric sample clamped over an interchangeable edge
geometry to be determined. This load is closer to the abrasion caused by falling filter

cakes than currently standardized wear test methods.

The proof of concept is carried out by means of a parameter study on important setting
variables of the presented brush apparatus. These are sample clamping torque, brush
to sample overlap, and brush speed. It turned out that an increased clamping torque
reduces the number of abrasions, as does an increasing overlap of the brushes. The
influence of brush speed in the range of a visual observable velocity by an operator is
negligible.

Furthermore, the investigated square edge geometry results in the lowest number of
abrasions until rupture, followed by the spherical one, whereas the hexagonal edge

causes the highest abrasion resistance values for the same filter medium.

In addition, the investigations on possible filter media for filtration of tailings showed
significant differences in abrasion resistance. The PP-felt medium is ruptured by the
lowest number of abrasions, followed by the PP-cloth. A significant increase in the

number of abrasions until rupture can be seen for the investigated NY-cloth.

Variations and tendencies by parameter adjustments (clamping torque, brush overlap,
and brush speed) play a subordinate role in comparison to edge geometry, medium

type, thickness, and material.
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6 Filter Media Blinding

Besides abrasive wear, another important factor responsible for cloth exchange is filter
media blinding by permanently adhering particles in the pores. This chapter eludes the
progress made in cloth blinding regeneration which directly results from the research
conducted in this dissertation. The investigation is based on three industrially blinded
filter cloths provided by FLSmidth. The first publication embedded in this chapter
focuses on jet water cleaning, the current industry standard. The results obtained for
an iron ore tailings cloth, and the estimated cleaning costs are given. Additional
information in the Appendix expands the investigations by a silver and a gold tailings
cloth. The second publication explores the effectiveness of chemical and ultrasound
cleaning for all three cloths. The corresponding cost estimation for chemical cleaning
is provided in the Appendix.

6.1 Tailings Filtration: Water Jet Spray Cleaning of a Blinded Iron Ore Filter
Cloth’

Bernd Frankle2, Maximilian Stockert?, Thien Sok?, Marco GleiR2, Hermann Nirschl?

a Institute of Mechanical Process Engineering and Mechanics, Karlsruhe Institute of

Technology, Karlsruhe, Germany

b FLSmidth Inc., Salt Lake City Operations, Midvale, USA

6.1.1 Introduction

For a modern way of life, the products that are needed originate in the mining of ores.
For example, electric vehicles require a non-negligible amount of nickel and copper
contained in their batteries [163]. As a result, the mining of minerals is constantly
growing. Drawing the big picture, the mining cycle can be divided into exploration,
evaluation, exploitation, mineral processing and reclamation [34]. The aim of mineral
processing is the separation and concentration of valuable minerals from unusable
rock. In terms of process technology, this is usually achieved by crushing associated
with froth flotation or leaching [11]. In most cases, the valuable minerals represent only

a low percentage of the mined rock, e.g., 30% for iron ore and 1% for copper ore [13].

" The content of this chapter was published in Minerals 2023, 13, 416 and was adapted for the thesis.

99



Filter Media Blinding

Therefore, the enormously large mass flows of solids remain as residues referred to
as tailings [3]. Furthermore, nearly all of the process water is included in the tailings
slurry, increasing the mine waste volume even more. Normally, this suspension of fine-
grained rock gets pumped into large settling ponds, which have to be secured by dams.
Due to regular dam failures and a low recycling rate of the process water,
methodologies for thickening this suspension were developed during the 20" century
[36]. If the tailings disposal is conducted as a paste or even as a filter cake, safer
storage, recovery of the majority of the process water and reduction in land footprint is
possible [35].

The filtration and dumping of ore residues are referred to as dry stacked tailings. Often,
recessed plate filter presses performing filtration by means of plastic filter media are
used for this purpose. These ensure the dewatering of slurries containing particles that
are too small for vacuum filtration or an increase in clay mineral content that is
unfavorable for filtration caused, for example, by a change in the ore body [100]. In one
mine only, several large recessed plate filter presses are operated in a parallel
arrangement to handle the enormous mass flows (e.g., 7 for a 100.000 t per day
tailings application [36]). Each filter medium has a lifetime of several thousand filtration
cycles before it has to be changed due to abrasive wear or blinding [43]. Blinding is a
ubiquitous and undesired side-effect during cake filtration using filter media describing
the permanent adhering of particles inside a cloth or nonwoven fabric reducing its
permeability and increasing its pressure drop, referred to as filter medium flow
resistance [71, 197, 198]. This results in several negative effects concerning the
filtration apparatus performance: if a defined filtrate volume is specified (for filter
presses this corresponds to a specified residual cake water content of the filter cake),
the filtration time will be extended; if the cycle time is fixed, the filtrate volume will be
reduced and the filter cake will have a higher water content. In any case, a performance
reduction and an increase in energy consumption will occur. The operator of the
filtration plant is forced to define a tolerable limit value for the necessity of a filter
medium replacement. Conversely, this means that extending the possible service life
of the fabric increases energy and resource efficiency based on the reduction of wear
material in terms of the filter medium and plant downtime. Especially in the mining
industry with a continuous large mass flow, performance decrease of the filtration
equipment and downtimes are very critical, as they quickly affect the overall processing

in the concentrator plant and, thus, represent a bottleneck.
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A successful filter medium cleaning faces the challenge of blinding, improves technical
plant availability, and reduces spare part costs. Therefore, in addition to systems for a
quick change of filter media, suppliers usually offer nozzle-cleaning systems for cloth
washing [89, 98, 99]. The following advantages of spray washing are the main reasons

for their implementation:

e The washing properties are very flexible and adjustable for each specific
application. In detail, this means fluid velocity and pressure, distance between
nozzle and surface as well as impinging angle [91].

e Easy implementation and reduced hazard potential compared to chemical
cleaning, which is also present [199, 200]. Regarding the latter the chemical
properties of the filter medium plastics are an additional limiting factor [119, 122,
201].

Due to these benefits and its prevalence in the industry, nozzle cleaning can be
considered the standard for tailings filtration application. However, industrially used
systems are currently based on the experience of operators and suppliers, and there
is hardly any data published in the mining sector. The mining company Outotec gives
a pressure of 1 to 3 MPa as a rough guide for cleaning particles trapped between

fibers, and 5 to 10 MPa for cleaning precipitated or slimy solids [89].

Since intra-cloth contamination is a complex interaction of particle to fiber adhesion
[127], particle to particle cohesion [71] and form closure (e.g., in multifile fibers) [67],
these recommendations are insufficient. In addition, the complex geometry of the filter
cloths and locally varying flow properties enhance the difficulty of cleaning [91]. Food
and pharmaceutical engineering are areas where nozzle cleaning of filter media is
scientifically studied, mainly for the reason that fabric contamination is a problematic
point concerning the hygienic design of the process chain [202]. However, the cleaning
behavior is stated as strongly dependent on the cleaning application [91]. Therefore, a
direct transfer of specific solutions to the mining sector is not possible. The aim of this
article is to improve the understanding of filter cloth water jet cleaning for iron ore
tailings filtration by investigating the parameters flux, spray time and jet orientation,
which are known as very important for the cleaning effectivity as well as water and

energy consumption [91].
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These parameters are of great industrial and scientific relevance:

e Permeability regeneration (flow resistance reduction);

e Water and energy consumption (ecological and economic benefit).

This article focuses on the regeneration of tailings filtration filter cloths from the
processing of iron ore. In general, iron ore processing is well understood and broadly
investigated, for example, in terms of iron mineral concentration by mechanical
enrichment or flotation due to increasing demand and decreasing ore grades [203]
[204]. Besides increasing the amount of residues, the necessity of processing low-
grade ores drives innovative process design [205]. In addition, iron ore tailings gain
more and more importance, as they are produced in large annual quantities all over
the world [54]. Their relevance is also indicated by the large number of reuse
applications that are being studied, such as usage in adsorbents, batteries,
geopolymers, mortar and concrete, pigments and several more [54]. In addition, a
previous study showed that the investigated filter fabric of iron ore tailings had low
effectiveness in chemical cleaning and, therefore, another cleaning option is

necessary.

6.1.2 Materials and Methods

After a detailed description of the tailings from an iron ore mine used in the study, as
well as the associated filter fabric, this section explains the experimental setup of the
nozzle cleaning as well as the evaluation methodology of the fabric permeability in a

pressure housing.
6.1.2.1 Iron Ore Tailings

Samples of tailings from an iron ore mine in Asia were provided by FLSmidth. These
were first characterized by means of scanning electron microscope (SEM) images and
a particle measurement by laser diffraction (HELOS & QUIXEL, Sympatec, Clausthal-
Zellerfeld, Germany). Table 6-1 shows the SEM image of these tailings at a
thousandfold magnification and gives characteristic values of the particle size
distribution (PSD), which were measured in a previous publication [48]. The broadness
of the distribution and the high fraction of small particles in the lower micrometer range
is typical for tailings [14, 39, 110, 154].
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Table 6-1: SEM image (1000x) and characteristic PSD excerpts of the iron ore tailings.

Characteristics Iron Ore Tailings
SEM image M e £
X103/ pmM 7.2 [48]
X50,3 / pm 38.2 [48]
X90,3 / um 120.8 [48]

6.1.2.2 Filter Cloth

In addition to the tailings, FLSmidth provided used filter cloths from the same mine and
the corresponding unused version. The blinded cloth had run approximately 1000
filtration cycles. A color image taken with a laser scanning microscope (LSM) of the
unused version at tenfold magnification is shown in Table 6-2 as well as further
specifications. The structure of the polypropylene cloth is a twill weave made of
monofile weft fibers and multifile warp fibers; the latter dominate on the surface. This
cloth was part of a previous chemical cleaning investigation in which the flow resistance

of the unused and the industrially used (blinded) version was measured [48].
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Table 6-2: Color image (10x) of the unused cloth state taken with a LSM and characteristics.

Characteristics Iron Ore Tailings
= N *\r"' -_"‘.v’ ) ‘L

LSM image

Material Polypropylene
Weave type Twill

Fiber type Monofile and multifile
Unused flow resistance / m™ 4.3+0.1 x 108[48]
Used flow resistance / m™ 2.4+ 1.9 x 10" [48]

6.1.2.3 Spray Nozzle Jet Cleaning of Iron Ore Tailings Filter Cloth Samples

The contamination of the industrially used fabric from tailings filtration of an iron ore
mine after approximately 1000 filtration cycles is shown in Figure 6-1. It is visible that
both the voids between the fibers and the interior of the multifilament fibers are
completely blocked with particles. In order to regenerate the resulting additional flow
resistance, these must be removed, overcoming the adhesion of particles to the fibers,

particle-particle cohesion and form closure.
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Figure 6-1: SEM image (85x) of the industrial used (blinded) iron ore tailings filter cloth surface
showing the blocked particles between and within the fibers.

Table 6-3 shows the elemental composition measured by energy dispersive X-ray
spectroscopy (EDX) of the particles adhering to the uncleaned cloth and the weight-
based composition. This is in the range of the values in the literature for various mine
sites [54].

Table 6-3: EDX analysis of adhering particles for the used filter cloth based on weight.

Element Si Al Fe K Ca Mn Other

Adhering patrticle / ug cm? 769 100 1402 60 52 137 1117
Ratio / % 31 4 56 2 1 5 31

For the nozzle cleaning tests, circular filter media samples out of the industrially used
cloths of the iron ore mine were prepared and sprayed, as shown in Figure 6-2, which
can be used after cleaning for a permeability determination in a pressure housing. First,
specimens with a diameter of 75 mm were cut from the 2 m x 2 m tailings filter fabric.
In the next step, these were sealed at the edge with liquid rubber, corresponding to the
size encountered by the cleaning jet to adjust flux. This was followed by the assembly

and the cleaning of the cloth using the nozzle test setup.
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Figure 6-2: Methodology of permeability test samples preparation including jet cleaning.

The test setup consisted of a positive displacement pump (axial piston pump with three
pistons of a high-pressure cleaner (Karcher HD 6/15 C Plus, Alfons Karcher,
Winnenden, Germany) and a 60° full cone nozzle (4906041YCEOQ000, Lechler,
Metzingen, Germany). A full cone nozzle was selected since it provides a uniform
distribution of the liquid and the impinging area. The impinging impact is well defined
in comparison to a flat nozzle [147]. An impinging angle of 90° was selected since this
ensures a uniform flux distribution at the entire impinging area for a full cone nozzle
[147]. Furthermore, flatter impinging angles reduce the impact force according to
Werner et al. [94].

Measurements determined a constant flow rate of tap water at a value of
7.5+0.1 L min?t (1.25 + 0.02 x 10* m®s!) with a water temperature of 12.5 + 0.1 °C
at a pressure of 1.6 £ 0.1 MPa. The measured electrical power requirement for this
setup is 1.19 £ 0.02 kW. The full cone nozzle has a diameter of 2.05 mm at its
narrowest point, which corresponds to an average velocity of 38+1mst
(Re = 6.4 +0.1 x 10% in this part of the nozzle. For the variation of the volumetric flux
impinging on the filter sample, the impingement area of the cone was calculated based
on the geometric data and the distance between the nozzle and media sample was
adjusted. According to Werner et al., the cleaning distance should be within the core
area of a jet or slightly above [91]. The core area apex is system-dependent but as a
rule of thumb a distance-nozzle-diameter (DND) ratio of 5 can be assumed [206]. In
addition, too small distances may inhibit cleaning due to a back flux. Therefore, as
boundary values, a minimum impact diameter of 10 mm was chosen (DND ratio 4.2).
As a maximum impinging diameter, 50 mm was set since this is the diameter of the
pressure housing used for permeability determination. Within the range of the distance
between the nozzle and cloth from 8.7 to 43.3 mm, the flux and, therefore, the jet
impinging pressure changes drastically. Table 6-4 gives a schematic illustration of the
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geometric relations using a cross-cut, positions of the test samples and resulting

characteristics.

Table 6-4: Characteristics of the full cone nozzle, filter cloth sample positions and impinging
areas.

Characteristics Test setup

Schematic illustration Liquid rubber

s

Full cone nozzle

Filter medium
| surface diameter to

__Narrowes Distance

diameter

diameter)
Impinging diameter / mm 10 14 22 50
Distance / mm 8.7 12.1 19.1 43.3
DND ratio 4.2 5.9 9.3 21.1
Impinging area / mm2 79.2 153.3 382.0 1963.5
Flux / m3 s1m2 1.59 0.81 0.33 0.06

It is not possible to predict from which side cleaning will be more effective [91]. For this
reason, the variation of the flux and the spray time were carried out for a spraying from
the front (cake side) as well as from the back. It should be noted that in industrial
applications, only front-wash would be possible without disassembling the cloths and,
thus, significantly lower downtime. However, spraying from the front possibly involves

the risk of transporting particles deeper into the filter medium [111].

The setup shown in Figure 6-3 was used to position the specimen. The sample holder
consisted of a support plate, backing cloth and a frame for clamping. The support plate,
attached to a stand, has a cavity in the area behind the specimen, which is equipped
with drainage channels for water passing through to the bottom and air inlet channels
at the top. A coarse metal square mesh (mesh size 2 mm, wire diameter 1 mm) was
used as a backing cloth. The clamping frame fixed the specimen and the backing cloth
to the support plate and had an inner diameter of 60 mm and an angled transition to
ensure the possibility of jet flow off to the side. This is essential for the displacement of

dirt particles removed during spraying and absorbed in the cleaning fluid.
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Support plate

Backing cloth
Filter media specimen

Clamping frame

Figure 6-3: Design of the sample holder of the nozzle test station consisting of a support plate
onto which the filter medium sample and a backing cloth are fixed with a clamping frame.

6.1.2.4 Evaluation of the Cleaning Performance

As a quantitative measurement to evaluate the cleaning performance, flow tests using
a pressure housing according to VDI standard 2762 developed for lab filtration were
performed. In the housing, the filter medium is fixed between a funnel at the bottom
and a cylinder [109]. The cylinder can be closed and pressurized with compressed air.
Clear water was filled in the cylinder above the medium and conveyed through the
sample by applying a slight overpressure. By measuring the permeation of water
gravimetrically at the fixed pressure, the filter medium clear water flow resistance
Rem clear water CaN be calculated using an adapted version of Darcy’s law (Equation 6-1).
Rem clear water 1S dependent on the flow area A4, the measured mass flow m, the density
of the liquid p;, the applied pressure difference Ap and the dynamic viscosity of the

liquid n;. This resistance is the reciprocal value to the permeability of the fabric.

A Ap Equation 6-1

Rt clear water = =" 01"
' m m

Furthermore, the ratio of the resulting mass flow through the cleaned sample to the

mass flow of the used fabric according to Equation 6-2 is used to discuss the cleaning

effect.
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mfm,cleaned . Rm used Equation 6-2

Flow ratio = =
mfm,used Rfm,cleaned

The flow ratio allows a final labeling of the cleaning parameter combinations and is
based on a threshold value for the improvement of the flow to a certain ratio. Based on
this, the selection of an optimal parameter combination can then be evaluated to
reduce the demand of spray water. For this purpose, the theoretical area-specific water
demand V,, area specific 1S calculated by multiplying spray flux and spray time t. In
addition, there is a factor that considers the necessary overlapping of several nozzles
during surface cleaning (Equation 6-3). The Lechler company specifies an overlap of
the impinging surfaces of /, to 1/, [147]. Here, the conservative factor of 1/, is used.

VW,area specific = 3/2 ) Fluxcl “ta Equation 6-3

Based on the measurement of the electrical power demand of the test setup including
one nozzle Pesingle nozzie N Operation, the overlap factor for a multiple nozzle
application, the cleaned area by one nozzle Agsingie nozzte @nd the spray time, the
calculation of the required electrical energy for cleaning per square meter E ,rea specific

is carried out according to Equation 6-4.

1 Equation 6-4
Ee,area specific = Pe,single nozzle 2/ A Lol
3 " “clsingle nozzle

6.1.3 Results and Discussion

For nozzle cleaning from the front (cake side) as well as from the back, the filter
medium flow resistances measured by means of flow-through tests are presented in
this chapter and compared with the industrially used (blinded) and unused conditions.
Originally, the apparatus used to perform the tests was developed for filtration tests
instead of permeability tests. From these, important parameters are obtained for the
design of a filter apparatus, primarily the filter cake resistance and the filter medium
resistance. The latter is not the same as the pure flow resistance. The filter medium
resistance is the resistance including the first particle layer of the filter cake, which
forms the particle bridges that then act as a filter medium themselves. However, the
measurement of the filter medium resistance based on filtration tests is not suitable for
the specification of the state of blinding or its regeneration as the effect of bridging
prevents quantification [48]. Therefore, permeability tests are necessary. In this article,

a t-distribution of the parameter resistance is assumed and, in addition to the

109



Filter Media Blinding

estimation of the mean value, the range of the 50% confidence level is given.
Moreover, a listing and evaluation of the area-specific requirement of water for
cleaning, calculated from the resistance values is carried out. Furthermore, electric
energy demand per square meter is determined as well as approximated cleaning
costs. Eventually, an optical investigation of different cleaning states is carried out.

6.1.3.1 Front-wash Cleaning Performance and Water Demand

The filter medium flow resistance data achieved by front-washing for the different spray
times are plotted over the flux in Figure 6-4. As a reference, the unused and used state
of the cloth is given as a dot-dashed and a dashed line and the mean values are
exemplarily connected to illustrate the cleaning performance tendency for the lowest
spray time. Starting at the value of the industrially used blinded cloth at 2.43 x 10! m™,
the flow resistance is drastically decreasing for each investigated spray time and the
lowest flux (0.06 m®m=s?) ranging between 1 x 10° m?* and 1 x 10° m. However,
the value for the filter medium resistance for the unused state (4.33 x 108 m) is not
reached. At higher flux values, differences resulting from the various spray times are
more pronounced. Concerning the shortest spray time of 5 s, there is only a slight
improvement and values do not fall below 1 x 10° m* at a flux of 0.33 m®m?2s* and
over. In contrast, higher spray times starting from 30 s reach resistances in the range
of the unused cloth. This quantitatively shows that it is possible to clean the iron ore
tailings blinding in the multifile fiber cloth using a water full cone nozzle jet from the
front. Furthermore, it can be stated that the cleaning performance is more dependent

on flux than on spray time.
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1 x 10%?

—&—Spray time 5 s

""""""""" O Spraytime 15s
1x10% A Spraytime 30 s
¢ Spray time 60 s
1 x 1010 X Spray time 120 s
A Spray time 180 s

Filter media resistance / m1

FluXcjeaning / M3 m2st

Figure 6-4: Filter medium flow resistance after front-wash cleaning for the different spray times
over flux. Blinded (after 1000 filtration cycles) and unused state are depicted as a reference
with a dot-dashed and a dashed line.

Of great interest to operators and suppliers of filter presses is ensuring adequate
cleaning at the lowest possible cost. Therefore, a cleaning parameter combination has
to be determined by combining a low enough filter medium flow resistance at low water
consumption. To give a guideline, a resistance threshold of the resistances must be
determined at first. This can be achieved by means of the flow ratio. Therefore, two
aspects must be considered: First, complete cleaning of the blinded cloth and, thus,
the production of the flow rate of the unused condition is very costly and not
reasonable. A low number of adhering particles supports the formation of particle
bridges at the beginning of filtration and, thus, reduces the turbidity impact at the
beginning of cake filtration. Second, the flow ratio of the unused to the industrially used
cloth state is 560. For this reason, further evaluation of the cleaning performance
assumes that an improvement of the flow rate by a factor of 100 compared to the
blinded condition is targetable. This refers to a filter medium flow resistance of
2.43 x 10° mL. Table 6-5 shows all parameter combinations of the cleaning study with
a colored background showing whether the cleaning resulted in a flow resistance
above this threshold (red) or below (green). The listed value is the theoretical water
demand per square meter calculated from flux and spray time. It can be observed that
there is a region of low flux and low spray times where cleaning performance is
insufficient. Furthermore, the successful cleaning parameter combination having the
lowest water demand of 2.5 m? is highlighted, which results from a 5 s spray time using
a flux of 0.33 m®m2s? and including the overlap factor for a multiple nozzle setup.
Reaching a good effect at short spray times is beneficial in an additional manner: it will
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keep the down time as low as possible. The water requirement of 2.5 m? is not
insignificant but the water might be recovered in the process.

Table 6-5: Water demand per square meter for all front-wash cleaning parameter
combinations. The color background is based on the cleaning performance. A cleaning
performance above the threshold of a one-hundred-fold increase in flow in relation to the
blinded cloth is marked in green and insufficient regeneration in red. Highlighted in dark green
is the successful combination with the lowest water demand.

Spray time /s

5 15 30 60 120 180
0.06 05m¥m? 14mim? 29m3m? 57mdim? 11.5m3m? 17.2m3m?
0.33 74mm? 14.8mim?2 29.6 m3m? 59.2m3m?2 88.8 m3 m?2
Flux/m*m®s™ a1 "61mem? 18.3m*m? 36.5me m? 73.1 m* m? 146.2 m* m? 219.2 m m?

159 11.9m3m? 35.8m3m? 71.6 m3m?143.2 m3 m?2286.5 m3 m? 429.7 m3 m32

6.1.3.2 Back-wash Cleaning Performance and Water Demand

Cleaning performance for back-wash is shown with the filter medium flow resistance
data in Figure 6-5. Analogous to the front-wash results, values for the different spray
times are plotted over the flux including a dot-dashed and a dashed line of the blinded
and unused state of the investigated tailings filter cloth as a reference. Again, the mean
values of the shortest spray time are exemplarily connected to illustrate cleaning
performance tendency. While there is a reduction in resistances for all spray times at
the lowest flux, it is not as effective in this cleaning orientation as in the front-wash
scenario. Furthermore, these values are subject to greater uncertainties. The values
of the lowest flux (0.06 m®m=2s) are between 1 x 10°m™* and 1 x 10'm-2. Although a
further decrease with a higher flux can be observed, only a few regeneration parameter
combinations reach values below 1 x 10°m™. In terms of tendency, the curves are
flatter. Furthermore, the highest flux in combination with spray times of 60 s to 180 s
achieves resistances in the range of the unused filter medium and, thus, a complete
cleaning. These are fewer combinations than with the front-wash. In conclusion,
cleaning from the back with the jet of the full cone nozzle is lower in efficiency than the

front-wash for the blinded iron ore filter media investigated.
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Figure 6-5: Filter medium flow resistance after back-wash cleaning for the different spray times
over flux. Blinded (after 1000 filtration cycles) and unused state are depicted as a reference
with a dot-dashed and a dashed line.

This difference to front-wash can also be seen by considering the water demand per
square meter calculated using Equation 6-3 in Table 6-6. The region in which an
increase in flow by at least a factor of 100 is achieved is smaller compared to front-
wash. Therefore, it includes combinations of higher flux and longer spray time for back-
wash. The lowest water demand for sufficient cleaning reaching the threshold of
2.43 x10°m™* is 6.1 m®*m2 including the overlap factor. This results from a flux of

0.33 m®m=2s?tand a spray time of 5 s.

Table 6-6: Water demand per square meter for all back-wash cleaning parameter
combinations. The color background is based on the cleaning performance. A cleaning above
the threshold of a one-hundred-fold increase in flow in relation to the blinded cloth is marked
in green and insufficient regeneration in red. Highlighted in dark green is the successful
combination with the lowest water demand.

Spray time /s

5 15 30 60 120 180
0.06 05mEm?2 1.4m3m? 29mdm? 57m3m? 11.5m3m? 17.2 m3m?
0.33 25m¥m?2 7.4m3m? 14.8m3m?2 29.6 m3m?2 59.2 m3m? 88.8 m3m?
0.81 18.3m3m?2 36.5m®m?2 73.1 m3 m?146.2 m3 m? 219.2 m3 m?2
1.59 11.9m3m? 35.8m3m?2 71.6 m3 m?2143.2 m3 m?2286.5 m3 m2 429.7 m3 m?2

Flux / m®m32s?
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6.1.3.3  Electric Energy Demand

The electric energy demand per square meter was calculated for each combination of
spray time and flux according to Equation 6-4 and is shown in Table 6-7. Concerning
the threshold of sufficient cleaning for a flow rate improvement of 100, this results in a
requirement of 6.5 kWh m for front-wash and 16.1 kwWh m for back-wash. However,
this is based on a parallel operation of full cone nozzles and one pump per nozzle.

Therefore, a starting point of optimization would be an improved pump selection.

Table 6-7: Electric energy demand per square meter for all cleaning parameter combinations.
Highlighted are the successful combination with the lowest water demand for front- and back-
wash.

Spray time /s

5 15 30 60 120 180
0.06 1.3kWhm?2? 3.8kWhm? 7.6kWhm? 152kWhm? 30.3kWhm? 455KkWhm?2

CRAWANEN 19.6 kWh m2 39.1 kWh m2  78.3kWhm?2  156.5 kWh m?2 234.8 kWh m2
(GRRRAR N 48.3 KWh m2 96.6 kWh m? 193.3 kWhm? 386.5 kWh m2? 579.8 kWh m

31.6 kWhm2 94.7kWh m2 189.4 kWh m?2 378.8 kWh m2 757.6 kWh m? 1136.4 kWh m

0.33

Flux /
m®m?st 0.81

1.59

6.1.3.4 Calculation of Cleaning Costs

The calculation of the cleaning price refers to data from Kruyswijk, who estimated a
water price of 2 € m and an electric energy price of 0.1 € kWh-* for the comparison of
processing tailings as a paste and dry stacking in 2021 [59]. Furthermore, a US$ to €
exchange rate of 1/1 is assumed. Combining water and electric energy prices, the
cleaning of the blinded iron ore tailings filtration cloth by using a front-wash costs
approximately 6 US$ m-2 for parallel operation of full cone nozzles and one pump per
nozzle with the condition to increase the flow rate at least by a factor of 100. The
cleaning costs presented refer to the operating costs (opex) without the procurement
of the equipment (capex). However, a cost reduction would be possible by improving
pump selection. Moreover, the consideration is strongly dependent on the specification
of the required cleaning efficiency, i.e., increase in volume flow compared to the
blinded state. The assumption of a factor of 100 as a threshold must be verified on a
pilot plant. Furthermore, the prices for electricity, water and filter fabric have to be
considered depending on the application and its location in order to be able to evaluate
the economic efficiency. As a result, filter cloth spray washing is competitive to the

replacement of the fabric at mid two-digit US$ m range. In addition, reduction of
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plastic waste by lifetime increase is a further benefit of spray cleaning instead of cloth
change.

6.1.3.5 Optical Investigation

During the first seconds of the spray cleaning, absorption of adhering particles by the
impinging water jet was observed. The water draining to the side had an increased
turbidity corresponding to the same color as the tailings. For this reason, collected

wash water should be processed before reuse.

Figure 6-6 shows SEM images with 80x magnification of the cloths regenerated using
different cleaning combinations. In addition, selected pores at the crossing points of
the fibers are pictured in detail (350x)

\

w I—mﬂ\\lx\

Figure 6-6: SEM images (80x) of different filter cloth states. a) Insufficient cleaning resulting in
aresistance of 3.24 x 10'° m. b) Threshold cleaning (resistance 2.20 x 10° m™). c) Excessive
cleaning causing the fraying of multifile fibers (resistance 1.94 x 108 m™?).

Figure 6-6a shows an insufficient back-wash cleaning at the shortest spray time (5 s)
and lowest flux (0.06 m®m=2s™") resulting in a resistance value of 3.24 x 101° m1. A
large number of particles can be seen in the pores where the fibers cross and inside
the multifile fibers. Therefore, the appearance is slightly browner compared to the other
specimens. The sample in the middle (Figure 6-6b, front-wash, flux 0.06 m®m=2s7,
spray time 180 s) has a lower but still visible load of solids. Especially within the

multifile fibers, there is a reduction. With a resistance of 2.20 x 10° m%, this specimen
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is just below the assumed threshold for successful cleaning of 2.43 x 10° m. Figure
6-6¢c shows an image of a sample with a very intensive cleaning (front-wash, flux
1.58 m®*m=2s?t, spray time 180 s, resistance 1.94 x 108 m'). While only a few adhering
particles can be seen, short pieces of protruding filament from the multifilament fibers
are noticeable. This indicates excessive mechanical stress by the jet and an incipient
undesirable destruction by fraying of the multifile fibers. It can be emphasized that

intensive cleaning, therefore, has a negative effect on the fabric.

6.1.4 Conclusions

Due to the increasing mining of minerals, safe storage of the residues, for example by
dry stacking, is necessary. The filter cloths of the filter presses used in this process
become blinded and have to be replaced or regenerated in order to maintain
economical operation. Therefore, a large number of filter press suppliers in the mining
sector offer nozzle cleaning as an add-on device for their apparatuses. However, the
regeneration of filter cloth blinding using nozzles is based on general experience and
not yet quantified by structured experiments. Investigations of continuous full cone
nozzle cleaning on an iron ore tailings cloth have shown that the flux of the impinging
jet, the spray time, and the spray direction have decisive influences. A higher flux
increases the cleaning effect significantly, whereas extended spray time results only in
a slight improvement. Furthermore, a front-wash is more effective than a back-wash.
Care must be taken in the design of the cleaning system to avoid damaging the fabrics

by excessive force.

Front-wash cleaning with a flux of 0.33 m®m=2s! and a spray time of 5 s achieves a
hundredfold filter medium flow rate compared to the blinded state. This is equivalent to
a water demand of 2.5 m®m= and electric energy demand of 6.5 kWh m. Theoretical
considerations of water and energy requirements show that the costs of nozzle
cleaning (6 US$ m) are in the same range as those of fabric replacement. Therefore,
jet cleaning and reusing are beneficial since they save a large amount of plastic waste.
Furthermore, the possibility of successful cleaning of the blinding has an impact on the

fabric selection. In particular, abrasion resistance increases in importance.

116



6.2 Regeneration Assessments of Filter Fabrics of Filter Presses in the

Mining Sector®

Bernd Frankle?, Patrick Morsch®?, Hermann Nirschl?

a Karlsruhe Institute of Technology (KIT), Strale am Forum 8, 76131 Karlsruhe
Germany

b FLSmidth A/S, Vigerslev Allé 77, 2500 Valby, Copenhagen, Denmark

6.2.1 Introduction

The Earth’s mineral resources are mined in huge mines all over the planet. To ensure
the greatest possible extraction of valuable materials, larger quantities of crushed ore
that cannot be used have to be handled. Up to 98% of the ore processed do not contain
minerals of value [3]. The separation of these so-called mine tailings takes place after
all the material has been crushed and ground to release valuable minerals. That is why
they are contained in a fine-grained suspension. Normally, large tailings ponds secured
by dams are used to store this waste product, but there are two main reasons why it is
aimed at reducing such kind of storage and filtered tailings solutions meet with
increasing attention [50, 58]. One is the recirculation of a large amount of this water,
which plays an important role in the entire process and, therefore, offers great potential.
Gunson shows that the average water consumption of 0.76 m3 pertore can be
reduced by 59.2% (0.31 m? per t ore) by filtration and by 74.0% (0.20 m? per t ore)
when combining filtration with other methods [10]. If, for example, the daily production
capacity of 97,000 t ore per day of the Minera Esperanza Antofagasta in Chile as
stated in the International Council of Mining and Metals report [113] and the prices for
fresh water in such an arid region as stated by Concha (0.5 US$ m3) and of recovered
process water (0.18 US$ m=) were taken as a basis [3], annual savings of about
6.4 M US$ would result. The second reason to reduce the use of dams is that the
danger of failures cannot be neglected [5]. Several recent failures led to deaths,
destruction, and contamination of huge areas with heavy metals. However, the filtration

of tailings is a complex task, as low residual cake water content levels must be

8 The content of this chapter was published in Minerals Engineering 2021, 168, 106922 and was adapted
for the thesis.
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achieved under challenging filtration conditions to ensure maximum cost reduction and
safe storage of the tailings. In general, a target residual cake water content under
20 w% can be assumed [32]. From an engineering point of view, filter presses are
appropriate means to achieve this water content level. Despite the non-continuous
process, they allow for a high throughput at a high filtration pressure [87].
Unfortunately, the filter media used in filter presses have a limited service life. Besides
mechanical damage, deposition of fine particles inside the filter cloth increases with
increasing filtration cycles, which is referred to as blinding. As soon as the increased
filter medium resistance is too high for economical operation, the fabric must be
cleaned or replaced. Since the latter involves a high financial effort, effective cleaning
methods are reasonable and a more detailed investigation of possible options is

necessary.

6.2.2 Theory

The basis for the description of resistances of porous medium, such as filter cloths and
filter cakes, is the Darcy equation [104] (Equation 6-5) [105]. It describes the flow rate
m of a liquid flowing through a porous structure as a function of the liquid density p;,
the surface area A, the permeability P, the applied pressure difference Ap, the cake
thickness h., and the dynamic viscosity of the liquid n;. This equation is valid for

assumed laminar flow conditions and neglected friction.

m —p Ap Equation 6-5
pr-A he-m

The properties of the object passed by flow can be found in the permeability. For the
flow through a particulate network, it corresponds reciprocally to the height-specific
resistance ay. A commonly used approximation is the equation of Kozeny and Carman
[207] (Equation 6-6). Based on the hydraulic diameter of a system of spherical
particles, this results in the following relationship involving the Sauter diameter dg and
porosity €. [105].

(1—¢)? Equation 6-6

ay = 18083—d§

It can be seen that a reduction of the diameter has a strong negative effect on the
permeability. Furthermore, the filtration literature classifies the «;, - n; product in the
range between well to very well filterable (10! mPas m2) and almost unfilterable
(10%* mPas m) systems [105].
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These model ideas form the basis for dealing with more complex filtration tasks in
reality, where particle size distributions and particles that are spherical to a certain
extent only have to be separated. Tailings, for example, usually have relatively broad
particle size distributions with a high proportion of fines [14, 39, 57, 110, 152]. This is
important in the filtration process in several respects. Increasingly compressible
behavior of smaller particles due to interactions of the particles with the fluid and with
each other leads to higher residual cake water contents [101]. In order to ensure
compaction and the resulting structure of small pores with high flow resistance,
apparatuses with a higher pressure difference as a driving force have to be used [208]
[209]. For this reason, filter presses are commonly used for tailings filtration [32]. With
these, the residual water content levels of approximately 20 w% and lower required for
dry stacking can be achieved [32, 39, 151, 153, 154].

Furthermore, many problems affecting the cloth, such as a strong turbidity surge at the
beginning of filtration and the accumulation of permanently adhering particles
(blinding), are caused by the presence of fines [101]. Figure 6-7 shows this behavior
schematically for a cloth cross-section. The initial smallest free pore diameter d,

between two adjacent fibers is reduced to the diameter d, ,1inging Py particles adhering

to the fibers or already deposited particles.

Particle dp, blinding Cloth fiber

_><_

dp

Figure 6-7: The initial smallest free pore diameter d,, between two adjacent fibers is reduced
to the diameter d, hiinaing DY particles adhering to the fibers or already deposited particles.

Decreasing pore diameters not only affect the efficiency of the filtration process by
increasing the filter medium resistance, but also make it more difficult to regenerate

the filter press between the individual cycles as cake discharge is aggravated [71, 86].

Figure 6-8 shows filtrate volume flows over the time of several consecutive, constant
pressure filtration cycles for a theoretically optimal regeneration of the filter medium. It
also presents the filtrate volume flows considering blinding of the filter medium. The

requirement is the achievement of a certain residual cake water content. Assuming a
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constant filtration volume and feed slurry concentration, the same amount of water
must be discharged in each cycle, requiring the same area under each filtrate volume
flow versus time curve. In the first filtration process, it can be seen that the filtrate flow
decreases degressively from a certain initial filtrate flow until a specific time T at which
the cake is sufficiently dewatered, and the press is regenerated. If a theoretically
optimal regeneration of the fabric is included, the same initial resistance would always
be achieved for the following filtration and T, would remain constant. However, the
described blinding leads to a deviating behavior in real operation. The original initial
filtrate flow cannot be achieved and increasingly deteriorates in the following cycles.
To ensure identical dewatering, filtration must be increasingly longer and with lower
filtrate flow. If the tailings accumulation remains constant, this leads to the need for
timely fabric replacement.

Filtrate Flow / §
m?3 min? Initial Filtrate

\ Flow

Blinded
Initial Filtrate

Time /s

3 Ts, Blindingl > Ts E% Ts, Blinding2 > Ts, Blindingl

Figure 6-8: Schematic representation of consecutive filtration cycles for tailings filtration under
theoretically optimal regeneration conditions and under consideration of blinding.

As can be seen in literature, the major focus in the filtration of tailings is on filtration
itself. Publications deal with a pretreatment with lime and flocculation [32, 210, 211,
212]. Moreover, the influence of shear and conditioning of the process water are
subject of current research [213, 214]. Another aspect that is crucial to increasing
economic efficiency is to change [215] or split the particle size distribution (PSD) [216,
217]. The selection of suitable fabrics for filtration of tailings is often know-how of the
companies distributing the filtration equipment and of their suppliers. Publications show
that in addition to the use of woven fabrics [110], membranes can be used [218].

However, filter medium resistance is subject to a constant increase with the high
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number of filtration cycles, which is why a deeper understanding of the cleaning

behavior is necessary.

First of all, the cleaning options for filter media of filter presses should be discussed in
general terms. A distinction should be made between surface contamination and
contamination in the fabric. The former is the result of incomplete cake dropping where
the adhesion of the cake to the cloth outweighs the cohesion of the cake [75]. In
addition to time-consuming manual cleaning of the filter cloth, there are various
technical approaches to removing the adhering cake residues. Besides tilting the
plates [219], use of vibration [220], an impact load [221], a grid inlay [222] or installation
of a scraper [223], jet cleaning [92, 93] is one of the most common methods. While jet
cleaning has been found to reduce surface contaminants, it is associated with the risks

of transporting contaminants deeper into the cloth [111].

The removal of adherent particles can be divided into several mechanisms. Physical
cleaning is based on the fact that the adhesion between particles and fabric is
overcome by a sufficient peeling force [127]. This can be achieved by flow, often
induced by backwash in the case of filtration [65, 224], or by ultrasound [225, 226, 227,
228]. During operation of an ultrasonic bath, standing sound waves are generated. In
an elastic medium, sound occurs in the form of mechanical vibrations. The basic
cleaning process is the removal and transport of dirt particles according to the
cavitation principle. The vibrations introduced into the liquid cause local negative and
positive pressure phases, in which the negative pressure is below the vapor pressure
of the liquid. Existing germs thus expand into vapor bubbles, which then implode at
excess pressure. In the vicinity of the wall, this does not happen in a spherically
symmetric way, but rather results in the formation of a so-called microjet. In the vicinity
of a surface, this results in a considerable application of force by the accelerated liquid,
which can lead to component destruction. If the excitation frequency is higher, the
germs must be smaller. This results in smaller cavitation bubbles, which is why the
cavitation is less violent and the cleaning gentler [229]. It should be mentioned that
cleaning operations with ultrasound represent an enormous challenge in design and
process control due to local differences in the oscillating field, especially in large baths
[229, 230]. Although the use of an ultrasonic bath is suitable for cleaning particles
smaller than 30 um [229], the effectiveness of application for cleaning inter-weave filter
fabrics contamination is questioned, because literature refers to the difficulty of
cleaning blind holes [230]. Since the particles responsible for the reduction of filtrate
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accumulation in the course of blinding are located in the small pores, effective cleaning
is doubted. Also, the risk of cloth damage must be investigated. Chemical cleaning of
adhering particles can be achieved by either their partial or complete dissolution [88]
[231] or by wetting effects. By wetting the surface of the particle and the cloth, a liquid
film is formed in between, which reduces the adhesion forces. Dispersion and diffusion
of the particles into the liquid are facilitated. Furthermore, surfactants can be used to

reduce reattaching of removed particles [232].

The cleaning of filter cloths in minerals processing, especially in the area of tailings,
has been investigated to a limited extent. However, conclusions can be drawn from the
current solutions of manufacturers and suppliers as well as other areas. Major
suppliers of filtered tailings solutions offer jet cleaning for their filter presses [43, 89,
90]. Acid cleaning is recommended by several companies [89, 199, 200]. It is also
known for its use in ceramic filter media for ore concentrates [88] and in wastewater

sludge dewatering [231].

6.2.3 Experimental Studies

An investigation of cloth regeneration is of interest, because mineral processing
requires handling of large process flows containing a significant fraction of particles in
the lower micrometer range. The aim of this work therefore is to evaluate different
cleaning procedures using four acids (hydrochloric, acetic, sulfamic, and formic acid),
two bases (sodium and potassium hydroxide), and two types of ultrasonic baths
(47 kHz/35 W and 130 kHz/100 W) for three industrial filter cloths used at a silver, gold
and iron mine. Furthermore, acid and ultrasonic treatment at the same time, different
application times, and varying concentrations are examined. The evaluations are
based on permeability measurements, porometry tests, and elemental analysis.
Mechanical properties are investigated to determine whether cleaning the synthetic

filter cloths using the methods mentioned resulted in any degradation.
6.2.3.1 Sample Characterization

As process streams in the range of 5000 tph [217] are not uncommon, tailings filtration
takes place in multiple filter presses connected in parallel. Each filter is as large as
possible [40]. The industrial cloths investigated in this work therefore have a size of
four square meters. We examine a polyamide medium from a silver mine after around
5000 filtration cycles, another nylon cloth with around 6500 cycles from a gold mine,

and a polypropylene cloth from an iron mine after around 1000 cycles. These numbers
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of filtration cycles are in the normal range for cloth exchange [43]. The samples were
sent from North America and Asia to Germany in dried condition. Cloth washes were
carried out on these fabrics when necessary during operation. Their specific properties
in the unused state are listed below in Table 6-8. The laser scanning microscope (LSM)
images (10x) show that they differ in weave pattern and fiber types. The silver mine
medium has satin weave made of mono- and multifil fibers, the gold mine cloth is a
mono/mono plain weave, and the iron medium has a kind of twill weave with mono-
and multifil fibers. The flow resistances of the cloths in the unused condition are
measured with a pressurized filter housing and calculated based on the Darcy equation
(Equation 6-5). In addition, the diameters of the mean flow pore (MFP) are listed for
each cloth in its unused state. They are calculated from porometry tests (Equation 6-8).
The test and calculation methods are explained in detail in chapter 6.2.3.2. As is to be
expected due to the multifilament fibers used, the iron ore cloth has the lowest MFP,
followed by the silver and the gold cloth. This is compensated by the permeability of
this type of fiber, which means that the filter medium resistances are in a comparable
range.

Table 6-8: Listing of the filter cloth properties in the unused state including material, weave

type (incl. DIN 9354 nomination [118], fiber type, filter medium resistance, and mean flow pore
diameter.

Silver mine filter medium Gold mine filter medium Iron mine filter medium

;J im § m

1000 pm

Material PA

Weave Satin (30-04 01-02-02) Plain (10-01 01-02 00) Twill (21-01 03-01-01 02 03)
Fiber type  Mono/multi Mono/mono Mono/multi

Resistance 5.2 +2.9 x 108 m™’ 6.6 +55x 10" m™’ 43+0.1x108m™

MFP 35.8+2.2 um 54.4 + 1.4 pm 10.5+ 0.6 pm

Thickened tailings are dewatered at all three sites. Their filtration is challenging due to
their particle size distribution. In case of a monodisperse spherical distribution in the
order of the xso,3 values given in Table 6-9, the system would be in an unproblematic

range of cake resistance for filtration based on the equation of Kozeny and Carman
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[105]. However, particle size distributions of tailings are usually very broad, i.e., they
have a large fraction of fines below their xs0,3 value [14]. This has a decisive influence
on the filterability. Small particles build up compressible cakes due the increasing
impact of interparticle forces, particularly, if their size is <10 ym [101]. Furthermore,
the small particles bleed through the cloth at the beginning of filtration and also lead to
the blinding of the filter medium. There are two major blinding mechanisms — particles

getting between the fibers and particles migrating into multifilament yarns.

Table 6-9 lists an excerpt of the sum distributions of the three tailings measured by
laser diffraction. The high fraction of fine particles and the broad distribution are
obvious for all tailings. More than ten percent of the solid mass exists in the form of
particles with an equivalent diameter of <10 ym. Furthermore, Xso,3 values below 40 ym
are measured, while the xg0,3 values are between 79.0 and 120.8 pym. This broad PSD
and the resulting effect are also obvious from the laser microscope images, magnified
by a factor of 100, of the tailings particles. They show that the smallest fraction adheres

to the larger particles due to interparticle forces.

Table 6-9: Laser images (100x) of the tailings particles and an excerpt of the sum distributions
of the three mine tailings.

Silver mine tailings Gold mine tailings I[ron mine tailings

Image

X10,3

X50,3

X90,3

Angle dispersive X-ray fluorescence (XRF) analyses were performed to determine
whether there is an influence of elemental composition of filter cloth surface particles
on cleaning efficiency. The results of these tests are listed in Table 6-10 and show that
all three particle systems consist mainly of silica and also comparable fractions of
aluminum, potassium, and calcium. While the silver tailings have the highest silica
amount, the gold tailings contain highest aluminum and calcium concentrations,

whereas the iron tailings stand out in manganese and iron.
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Table 6-10: Results of angle dispersive XRF. Combined values of the elements independent
of the present oxidation numbers.

Na Mg Si Al P K Ti Mn Fe Ca LOI

Silver tailings 1% 1% 60% 8% <1% 5% 1% <1% 4% 4% 17%
Gold tailings 2% 3% 41% 11% <1% 5% <1% <1% 6% 17% 16%

Iron tailings 1% 3% 39% 7% <1% 3% <1% 5% 30% 5% 6%

6.2.3.2 Testing

The experimental studies presented in this work are basically structured as follows:
First, samples of the industrially used media from different tailings filtrations are
cleaned, with the parameters of cleaning agent, ultrasound, time, and concentration
being varied, which is explained in detail below. The effectiveness of the different
cleaning procedures is evaluated based on the process engineering parameters of
permeability and pore size determined by flow measurements and permeability tests.
Subsequently, an additional elementary analytical examination of selected sample
states is carried out to determine whether the composition of the tailings particles on
the surface of the filter cloth influences regeneration capacity. Possible negative effects
on the mechanical properties of the cloths, both by the high number of filtration cycles

and by the cleaning process, are analyzed by means of tensile tests.

The cleaning procedures consist of the use of 100 ml cleaning agent or demineralized
water in PP plastic containers, into which a round permeability sample (44.2 cm?
surface area) and a round porometer sample (3.8 cm? surface area) are placed. An
overview of the different procedures is given in Figure 6-9. 30 min of cleaning with four
different 1-molar acids (hydrochloric, acetic, sulfamic, and formic acid) and with two
1-molar bases (sodium and potassium hydroxide) is performed for each of the three
filler media, which corresponds to an area-related cleaning-agent load of
20.83 mol m2. The selection of these cleaning media is based on their good and
comparatively cheap availability. Each filter medium is also treated for thirty minutes in
an ultrasonic bath with 47 kHz and 35 W and with 130 kHz and 100 W in demineralized
water. These tests are carried out with typical laboratory ultrasound equipment
(Bransonic 1210E-MT (47 kHz, Branson Ultrasonics Corp.), Transonic TI-H-5
(130 kHz, Elma Schmidbauer GmbH)). Although sound between a frequency of 20 kHz

(just above the audible range) and 1 GHz is considered to be ultrasound by definition,
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frequencies of 20 kHz to 100 kHz are normally used for ultrasound-assisted immersion
cleaning [233]. This usual range is covered by the baths used. Ultrasonic cleaning with
simultaneous treatment with 0.1-molar hydrochloric acid was evaluated to determine
the potential for enhanced regeneration. Based on the above-mentioned tests, the time
of application of the cleaning agent is reduced to 15, 5 and 2 min for the samples from
the silver and gold mines in 1-molar hydrochloric or acetic acid. Samples from these
tailings are also subjected to thirty-minute cleanings with reduced concentrations of
0.1 and 0.01-molar hydrochloric and acetic acid.

Cleaning Procedures

Constant Constant Constant Constant
* 30 minutes * 30 minutes * 1-molar acid * 30 minutes
* 1-molar agent Variation Variation Variation
Variation e 47 kHz; 35 W * 15 minutes HCl e 0.1-molar HCl
* Hydrochloric acid * 130 kHz; 100 W * 5 minutes HCl * 0.01-molar HCI
* Acetic acid * 47 kHz & 0.1-molar * 2 minutes HCl * 0.1-molar C;H40;
* Sulfamic acid HCI * 15 minutes C;H40; * 0.01-molar C;H40,
* Formic acid * 5 minutes GH.10;
* Sodium hydroxide * 2 minutes G;H40,
e Potassium

Figure 6-9: Overview of the used cleaning methods.

A pressurized filter cell according to VDI guideline 2762 [107] is used for permeability
tests. For virgin fabric characterization, it is usual to give a specific permeability per
area and time at a certain pressure. However, to obtain a pressure-independent pure
filter medium resistance Rgy clear waters an adapted form of the Darcy equation
(Equation 6-7) can be used [106]. This is done by gravimetrically measuring the
permeate accumulation m of a laminar flow of demineralized water through the fabrics

and by neglecting friction.

Ap Equation 6-7
m

1, A
Rfm,clear water [m ] = E P

The effects of progressive blinding, which in terms of process engineering are reflected
by a decreasing permeability and an increasing filter medium resistance, are due to a
permanent, non-regenerable reduction of the pore necks in the fabric by embedded
particles (Fig. 4). Porometry tests are suitable for measuring this directly. Basically, the

pore distribution is measured by means of gas flow. In the case of a sample wetted
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with silicone oil in advance, the flow pressure is first increased continuously, and the
corresponding volume flow is recorded to plot the wet curve. Based on the Young-
Laplace equation for cylindrical pores (Equation 6-8), the pore diameters d, are
emptied with increasing pressure difference Ap depending on the surface tension of
the oil y and the wetting angle 6 between oil and sample. Despite the highly non-
cylindrical pore shape, porometer tests are the method of choice for various analogous
applications, such as porous structures [148].

_4-y-cosb Equation 6-8

d, ip

At a certain pressure, the emptying of the first and thus largest pore of the sample is
detected. This represents the so-called bubble point pore diameter. With increasing
pressure, smaller pores can be emptied, and in parallel the flow rate through already
opened pores increases. If the flow rate is only increased by increasing the pressure
and not by further emptying, the dry curve is recorded by continuously decreasing the
pressure. The pore size at which half of the volume flow rate is reached, the so-called

mean flow pore diameter, can be determined mathematically from both curves.

The tests are carried out using a capillary flow porometer CFP 1500 AFX (Porous
Materials Inc.) and linear, non-reactive polydimethylsiloxane AK 10 (Wacker Chemie
AG) as wetting agent. According to the manufacturer's data, this agent has an
approximate surface tension of 20 mN m* [234] and, therefore, leads to complete
wetting of the low-energy solid samples of PP (critical surface tension: 29 mN m) and
PA (46 mN m?) [235]. The critical surface tension of the mineral tailings is assumed to
be higher and, hence, the tailings are also wettable. The choice of AK 10 as wetting
agent is based on extensive comparative tests in literature of commercially available
wetting agents [236]. For example, one advantage of using a silicone oil is the low
volatility. This means that the test results can be regarded as independent of the time
taken to carry out the measurement. Measurements were made up to a differential
pressure of 300 kPa, which can empty a capillary of approximately down to 0.27 uym

for the given wetting agent and complete wetting.

To evaluate whether the elemental composition of the tailings influences the
regenerability of the filter medium, investigations with energy dispersive XRF are

made. These tests are carried out for the used condition of the silver and gold mine
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cloths as a reference as well as after thirty minutes of cleaning in 1-molar hydrochloric
acid and after thirty minutes of ultrasonic cleaning at 130 kHz and 100 W.

Potential change in the mechanical properties of the fabrics due to the number of
filtration cycles passed and additional cleanings using solvents and/or ultrasonic
treatments is studied by means of tests on a tensile testing machine. The sample
shape is based on ASTM standards for textile testing [237, 238, 239]. Fabric cut-outs
from 3 cm to 7 cm with bilateral tapering in the middle of the long side are used in warp
and weft direction. Besides reference measurements of the unused fabric, the used
fabric, and the fabric after 30 min cleaning in 100 ml 1-molar hydrochloric acid and
ultrasound treatment at 47 kHz and 35 W is investigated. For permeability and
porometry testing, the samples are treated either for 30 min with a 1-molar HCI solution
(based on their surface area, this corresponds to a loading of 20.83 mol m2), with
ultrasound (47 kHz), or simultaneously with 0.1-molar HCI solution and ultrasound
exposure (47 kHz). The tensile tests were carried out to detect potential damage to the
fabrics by a higher loading of detergent (47.62 mol m-2) due to the smaller sample size
with simultaneous exposure to the more abrasive ultrasound (larger cavitation bubbles
[229]). This is to outline what could happen if the chemical or ultrasonic cleanings were
applied multiple times to the same fabric. The PA fabric from the gold mine was
selected for this purpose. Polypropylene is very well-resistant over a large pH range.
Polyamide is only partly resistant in the acidic environment. In addition to a wealth of
standardized tests for the determination of polymer properties [240], direct statements
on chemical resistance in fiber form are published [122]. In this paper, the mechanical
property to be compared is the tensile strength of the fabric and its conditions in warp

and weft direction.

6.2.4 Results & Discussion

The results of the permeability measurements are the primary evaluation metrics. They
allow the most direct conclusions to be drawn with respect to the behavior in operation.
For this purpose, Figure 6-10 shows logarithmically on the ordinate axis the cloth
resistances of the samples in the unused and used states as well as for the cleanings
with the different agents (hydrochloric / acetic / sulfamic / formic acid & sodium /
potassium hydroxide). In all measurements the values were determined in triplicate
due to the limited availability of industrial sample material. The highest and lowest
measured values are represented by the limits of the deviation bars. It is obvious that

the industrially loaded media (silver 5000 / gold 6500 / iron 1000 filtration cycles) with
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values in the range of 10! to 102 have a significantly higher resistance than the
corresponding unused states with resistances in the range of 107 to 108 These
enormous differences justify the determination of filter medium resistances by means
of permeability tests instead of the usual extraction from filtration data, since the
resistance increases by a factor of 2-5 due to interaction of the fabric with the first
particle layer according to Purchas and Sutherland [86]. As expected, the resistances
of the cleaned states lie between those of the unused and used states. The acid
cleanings are more effective than the base variants except for acetic acid. Basically,
the cleaning characteristics of the different filter fabrics and, thus, the effectiveness of
the different chemicals are comparable for all three fabrics. However, it is clearly shown
that for the silver mine and iron mine the level of the unused medium is not reached,
but all resistances are by a factor of 10 at least higher. The lowest resistance values
can be reached with hydrochloric and sulfamic acid, but all regenerations are far away
from the unused state. The results of the permeability measurements for the cloth of
the gold mine contrast with this. An almost complete regeneration for the treatment
with acids, especially with hydrochloric, sulfamic, and formic acid, followed by acetic
acid, can be seen. Analogous to the silver and iron tailings, the base regenerations
reduce the resistances insufficiently and are therefore not to be considered effective.
Treatments of unused cloths with the cleaning types do not lead to a significant change
compared to the untreated virgin filter medium. Therefore, only the resistances in

unused state are shown as reference.
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Figure 6-10: Representation of the filter medium resistances measured by permeability tests
in the unused and used states and after 30 min of cleaning with different 1-molar solvents
(hydrochloric acid, acetic acid, sulfamic acid, formic acid, sodium hydroxide or potassium
hydroxide solution) for the silver, gold, and iron mine cloths.

A visual examination illustrates these results. When looking at fabric sections of the
gold mine in the unused (Figure 6-11a), the used (Figure 6-11b), and after thirty
minutes of cleaning with 1-molar hydrochloric acid cleaned state (Figure 6-11c) at

tenfold magnification, the causes of the different permeabilities can be identified.
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Figure 6-11: Micr‘oscopies(of the gold rh"in,e cIotAh (céke sidé) in the unused (a) and used states
(b) and after 30 min of cleaning with 1-molar HCI (c).

Many particles are permanently deposited in all spaces on the cake side of the used
fabric, including the pores. Those particles are almost completely removed after
cleaning. Only a few remaining particles can be detected. The danger of a resulting
change in mechanical properties makes it necessary to check these properties by

means of tensile tests.
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Due to their frequent use in industrial cleaning applications, the investigation of
ultrasonic treatments is another part of this work. Figure 6-12 shows the filter medium
resistances of the three fabrics for the unused and used state and after treatments in
two different ultrasonic baths (47 kHz and 35 W; 130 kHz and 100 W) as well as after
thirty minutes of cleaning in 0.1-molar hydrochloric acid. In addition, the values for a
combination of the low-frequency ultrasonic bath and the above-mentioned acid
cleaning are shown. All regeneration procedures result in a resistance between the
unused and used condition. The effects of the two different ultrasound treatments as
well as of cleaning with 0.1-molar HCl can be considered similar in terms of
measurement accuracy. For the silver and gold cloths, the resistances are improved
by a factor of about ten, whereas for the iron cloth the improvement is less significant
(less than a factor of ten). The reason is the presence of multifilament fibers on the
surface of the iron fabric. These have a finer pore structure and, thus, exhibit increased
intra-fiber impurities, which are more difficult to clean with both ultrasound and
chemicals. Cavitation bubble or microjet forming and chemical reactions due to low
convection are not pronounced there. Moreover, the diagram shows that a
superposition of ultrasound and acid does not have any additional positive effect. This

can be observed for all tailings.
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Figure 6-12: Representation of the resistances measured by permeability tests for the silver,
gold and iron cloths in the unused and used states and after varied ultrasonic treatments
(30 min ultrasonic treatment with 130 kHz and 47 kHz, 30 min 0.1-molar hydrochloric acid and
ultrasonic-acid superposition).
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Ultrasound treatments as well as cleaning with 0.1-molar acid is noticeably less
effective than the addition of 1-molar hydrochloric acid. This is evident from Figure
6-13, which shows the logarithmic variation of the acid concentrations for hydrochloric
and acetic acid from 1 to 0.01-molar for the cloth of the gold tailings. An increase in the
medium resistance with decreasing acid concentration is found. The concentration
dependence is very pronounced. Starting from the unused state, almost the complete
range to the used reference state is crossed. At a higher concentration of acid, more
hydronium ions are available for cleaning. For the silver fabric, which can only be
cleaned incompletely, this dependence must be confirmed for hydrochloric acid
cleaning, but to a smaller extent. The dependence cannot be noticed for acetic acid.
Since this weak acid only partly dissociates in agueous solution, ineffective cleaning is
observed even at the highest concentration used.
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Figure 6-13: Representation of the resistances measured by permeability tests for the silver
and the gold cloths in unused, used, and cleaned states at variable concentrations (1, 0.1 and
0.01-molar hydrochloric or acetic acid).

The variation in time is different. Figure 6-14 shows the gold and silver tailings filter
medium resistances treated with 1-molar hydrochloric and acetic acid baths for 2, 5,
15, and 30 min. For the silver fabric, chemical cleaning is not noticeable due to the
multifilament fibers. The values measured for the gold fabric show that cleaning is time
dependent and approaches a constant value. Furthermore, it is shown again that

cleaning with HCl is more effective than with acetic acid in the time interval considered.
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Figure 6-14: Representation of the resistances measured by permeability tests for the silver
and the gold cloths in the unused, used, and cleaned states for variable treatment times (2, 5,
15, and 30 min 1-molar hydrochloric or acetic acid).

As explained, the reduction in permeability results from the size of the pores that
decreases with increasing blinding. Therefore, exemplary pore size testing was
performed for verification of the flow through tests after treatment with various cleaning
agents. Since damages and defects in the medium influence bubble point
measurements, the change in MFP diameter was determined. Figure 6-15 shows the
MFPs for the four acid and the two base procedures of all three fabric types as well as
the values of the corresponding used state in relation to the values of the unused
medium. The unused fabrics have very large pores (silver 35.8 um / gold 54.4 ym /
iron 10.5 ym), with the MFP of the gold medium being highest due to the exclusive use
of monofilaments. In contrast to this, the pores of the used state are far smaller (silver
9.4% / gold 3.2% / iron 10.2%), indicating how much the pore size is reduced as a
result of blinding. Cleaning of the silver and the iron medium did not result in increasing
the MFP diameter significantly. The pore diameters for the gold cloth increase
significantly, especially for hydrochloric, sulfamic, and formic acid. For sulfamic acid,
the diameter even is in the range of the unused medium. The conclusion that acetic
acid is the least effective acid cleaning agent is confirmed by the permeability
measurements. For all samples, the base purifications turn out to be insufficient.
Beyond confirming the permeability tendencies, the MFP results allow the conclusion
to be drawn that the cleaning of the particle inclusions in the multifilament fibers is not
significant, while monofilament fabrics are well regenerable. In order to investigate the

influence of the measurements based on a flow with increasing pressure on the results
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proper, another three measurements of the same samples were carried out. No

changes outside of measurement inaccuracies were measured.
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Figure 6-15: Representation of the mean flow pore results in the used state and after 30 min
of cleaning with different 1-molar solvents (hydrochloric acid, acetic acid, sulfamic acid, formic
acid, sodium hydroxide or potassium hydroxide solution) related to the unused value for the
silver, gold, and iron mine cloths.

Apart from the fiber type, differences in the elemental composition of the tailings are to
be considered a potential reason for deviating cleaning efficiencies, especially if the
cleaning agents are varied. For this reason, elemental analysis of the particles by angle
dispersive XRF is complemented by investigations of the main elements of the particles
in the cloth by energy dispersive XRF for different cloth states. First, it has to be clarified
whether all elements present are cleanable and whether an influence of the fiber types
used can be detected. For this reason, the silver fabric was measured as a
representative of fabrics with mono- and multifilament fibers and the gold fabric was
measured as a representative of purely monofilament filter media. Table 6-11 lists the
loadings of the used condition as well as those of the condition treated for thirty minutes
in 1-molar hydrochloric acid and thirty minutes in a higher-frequency ultrasonic bath
(130 kHz). The main elements (Si/ Al / Fe / K/ Ca / Mn) are given in ug cm without
differentiating their oxidation states. Despite the increased error liability caused by the
measuring method, statements can be derived from the measurements of the light
elements, since these represent by far most of the particles and show clear tendencies

independent of the influence of other elements. The ultrasonic cleaning of both fabrics
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results in a slight reduction of all main elements only, an increase of the Ca- value is
an indication of the measurement inaccuracy. Notwithstanding this, the hydrochloric
acid bath reduces all main elements to a quantitatively larger extent. In addition to
these two findings that all elements are cleanable and that the acid cleaning is more
effective than the ultrasonic treatment, it is notable that the total load can be reduced
much more for the purely monofilament fabric compared to the cloth containing
multifilament fibers. Considering that all main elements are cleanable, it may be
concluded that the use of multiflament fibers limits the cleaning success rather than
the elementary composition, because particles contained in the fibers cannot be
removed effectively either mechanically or by chemicals.

Table 6-11: Results of energy dispersive XRF. Combined value of the elements independent
of the present oxidation numbers.

Cloth State Si/ Al/ Fe/ K/ Ca/ Mn / Sum/
mgcm?2  upugcm?2  ugcem?  ugcecm?2  ugem?  pgem?  ugcm?

Silver Used 625.2 104.5 196.6 62.0 35.0 13.2 1036.5
Ultrasonic 446.9 86.6 169.8 46.7 37.8 11.0 798.8

HCI 345.6 77.1 97.9 374 54 3.2 566.6

Gold Used 1794.6 246.6 207.7 118.4 187.2 3.6 2558.1
Ultrasonic 678.3 109.4 129.2 69.4 260.7 2.2 1249.3

HCI 1134 13.6 41.7 10.2 17.7 0.7 197.3

In addition to the positive effects of fabric cleaning on the service life and, thus, on the
operating costs of a filtration plant, tensile tests are carried out to assess potential risks
associated with cleaning. As apart from progressive blinding, mechanical defects limit
the application duration of the filter medium, three sets of tests are carried out. The PA
fabric was investigated, because these fibers have a limited chemical resistance
compared to PP fibers, especially in an acidic environment [122]. As a baseline, the
mechanical strength of the unused fabric in warp and weft direction is determined.
Subsequently, a measurement of the material in the used state is carried out for both
directions to check whether the high number of filtration cycles causes a change in the
maximum transmissible tension. The third set are tests after a thirty-minute cleaning in
a 1-molar hydrochloric acid bath with simultaneous exposure to the lower-frequency,
more abrasive ultrasound (47 kHz). This corresponds to more than two cycles of
chemical cleaning carried out for the permeability samples in the chemical load. The
measured tensile stresses for destruction are shown in Figure 6-16. In the warp

direction, the used and cleaned values are below those of the unused state. The
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reduction in tensile strength is associated with wear resulting from operation, but the
used and cleaned conditions are very similar on the average. While a slight negative
tendency of the mechanical properties is found to result from industrial use, the
cleaning used for this test does not increase this tendency. In the weft direction, the
maximum transmissible stresses of all conditions are significantly lower. This can be
explained primarily by the lower number of weft threads per area as a result of the
production process. In contrast to the warp direction, however, even higher tensions
can be transferred in the used and the cleaned states than in the unused condition.
This shows that even for the chemically more volatile material, a simulated stress of
more than two cleanings does not have any negative effect on the mechanical
properties. However, this publication is not intended to examine the long-term behavior
of the fibers for chemical resistance in any way, but to show that chemical cleaning
may be an option even for conditionally stable materials. The influence on cleaning is
just derived by exposing the material to limited cleaning measures in this paper. For
application in industry, a long-term use would be relevant. Many influences affect the
properties of plastics, so they should be tested directly in their specific area of
application. Field tests would also be necessary to find out how often a chemical
cleaning should be applied before the fabric must be replaced according to a risk

evaluation as described by Wisdom [43] , for example.
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Figure 6-16: Representation of the gold mine cloth breaking strength values in the unused and
used states and after 30 min of cleaning with 1-molar hydrochloric acid and simultaneous
ultrasonic treatment in warp and weft direction.
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6.2.5 Conclusions and Outlook

The applicability of cleaning procedures for filter cloths in tailings filtration was
evaluated by tests using solvents and ultrasound. On a laboratory scale, an
enlargement of the pore diameters and, as a consequence, of the permeabilities could
be demonstrated, independent of the tailings. Regeneration up to the unused state
was achieved by using acids. Ultrasonic baths and base cleaning procedures were
less effective. Simultaneous application of ultrasound and acid did not result in any
further positive effect. In general, it can be stated that not the elementary composition,
but the fiber types present in the fabric play a decisive role for cleaning. Incomplete
cleaning was evident for multifilament fibers, complete cleaning was observed when
only monofilament fibers were used. Additional, admittedly limited investigations on
negative effects of the cleanings used on mechanical properties of the fabrics by
means of tensile tests did not reveal any significant deterioration. Long-term tests in
the real process and integration into the process chain will be needed next in order to
be able to select the optimal times for the chemical cleaning and to investigate the

stress induced in the cloth by the necessary cleaning steps.
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7 Conclusion

The explained aim of this thesis is to characterize the main challenges of the tailings
filtration process, namely cake detachment, abrasive wear and blinding of the filter
cloth, and additionally to provide guidelines for process optimization. In general, it can
be concluded that the filtration process in recessed plate filter presses is highly
complex, and its optimization depends on the interplay of multiple elements. These
process elements can be likened to the links of a chain. Although each can be
optimized individually, the overall performance of the process is primarily determined
by the weakest link. While awareness of this interdependency is crucial for process
optimization, it is advisable to analyze and evaluate each sub-element separately. For
this reason, the present dissertation focuses on individual investigations of cake
detachment, abrasive wear of the filter medium caused by the falling cake and blinding
of the filter cloth by permanently adhering particles before placing them in a holistic

context.

The detachment of the cake is a crucial step in the filtration process which directly
impacts subsequent elements. Specifically, it influences filter medium abrasion and
blinding. Thus, in the sequence of the sub-element optimization, cake detachment
should be considered first. To enable this, a methodology is introduced which is based
on filtration tests and shear tests analogous to a Jenike shear tester. This approach is
associated with higher uncertainties compared to newer methods such as ring shear
tester or triaxial testing but simplifies on-site application since it is performed using the
filtration chamber with adhering filter cake and cloths directly after the filtration process.
Thus, the main advantage of the selected methodology is the possibility to determine
the impact of process parameters such as filter medium, filtration pressure, air blow
desaturation pressure and air blow time on cake characteristics. In particular, the
presented procedure allows to assess compaction, saturation, adhesion, and
cohesion. Both, compaction and saturation impact adhesion and cohesion. In terms of
filter process optimization, detaching the cake in one whole piece is crucial. Thus,
process parameters should be adjusted to decrease adhesion between cake and filter

cloth and increase cohesion and, therefore, the stability of the cake.

The evaluation of the different filter media yielded no significant differences in the
considered detachment parameters. This is attributable to the preselection of suitable

filter media in terms of particle retention and energy consumption for the specific
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separation task. Additionally, the observation in the laboratory is limited by the number
of cycles which is far below the four-digit range in the real process. Furthermore,
deviating long-term behavior occurs in industrial recessed plate filter presses for
different regions of the filter medium, for example due to a different distance to the inlet
or filtrate outlet. While the comparably low number of cycles influences the impact of
the filter cloth, it is not relevant for the other process parameters. Thus, an evaluation
regarding the impact of the filtration pressure on cake detachment is possible. The
measurements for different filtration pressures indicate a positive correlation with both,
adhesion and cohesion. Furthermore, since the relative change in adhesion exceeds
that of cohesion, an increase in filtration pressure leads to a worsening of cake
detachment. In contrast, if the filtration pressure is too low, no filter cake forms due to
insufficient cohesion. As a consequence, the possibilities to improve cake detachment
by filtration pressure optimization are limited. Therefore, it is advisable to perform a
gas differential pressure desaturation. This process is shown to strongly influence
adhesion and cohesion characteristics. Of interest, the two observed process
parameters, namely air blow pressure and air blow time, differ in their effect on
detachment. Therefore, simultaneous adjustment of the two parameters allows for
substantial cohesion elevation with only minor increase in adhesion. In more detail, to
reduce the impact of adhesion, higher air blow times are crucial since both, cohesion
and adhesion eventually reach a stable plateau but adhesion increases
instantaneously at short air blow times. However, a trade-off regarding the throughput
of the tailings filtration application needs to be considered and settled upon. In a
second step an increase of the air blow pressure allows to elevate cohesion while
maintaining a comparably low adhesion. Due to the interdependency of the two air
blow parameters, optimization is complex and a mathematical model to describe the
desaturation from a holistic point of view is necessary. The common and presumably
most precise mathematical approach by Nicolaou requires the experimental
determination of multiple parameters and is, therefore, not suitable for mining
applications. For this reason, a new and simplified mathematical approach is
introduced in this thesis, which is tailored to tailings filtration and, thus, is limited to the
range of desaturation prior to the strength peak. The application of the new
mathematical model allows to reduce the number of required experiments for the
determination of the optimal air blow parameters which are fundamental for cake

detachment optimization.
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Successful adjustment of the process parameters and the resulting effective
detachment and falling of the filter cake in one piece results in a strong abrasive load
on the filter medium at protruding elements of the filter plate, such as the stay bosses
and the lower sealing edge. Thus, after the optimization of cake detachment the
abrasive wear of the filter cloth by the falling cake is the next sub-element of the
filtration process which is analyzed in this thesis. Usual abrasion tests are not
considering the direction-specific load in combination with the surface structure of the
filter fabric. To overcome this limitation, an apparatus is developed in the framework of
this dissertation which enables for the first time the replication of the application-
specific load on the filter medium. This scientific advance allows to consider the
direction-dependent surface structure and demonstrates conformity with the real

process through visual comparison of the abrasion pattern.

The subsequent experiments evaluated the impact of filter medium type and edge
geometry on the number of abrasions until rupture. The comparison of different filter
media suitable for tailings filtration demonstrates significant influence of materials and
filter medium type. Specifically, to improve filter cloth lifetime polyamide cloths are to
be preferred over polypropylene or needle felt. Additionally, optimization of the edge
geometry of the filter chambers represents a second but less impactful opportunity to
reduce abrasive wear. However, in terms of edge geometry optimization it is important
to consider other functions, e.g., sealing and stability of the plate stack. At this point
the evaluation in the laboratory apparatus is limited. A comparison of the laboratory
measurements with real operation beyond the level of visual examination is also crucial
to further validate this promising yet experimental approach. In more detail, this
includes checking the absolute values and the ratio of number of abrasions until rupture
between the different filter media. Furthermore, the load case is simulated with a focus
on the direction and repetition of the load. However, the behavior of the metal brushes

used differs in part from that of a falling filter cake, for example due to bending.

Once the selection of the filter medium is sufficiently optimized regarding abrasive
wear, the main reason for replacement of the filter medium shifts towards blinding. This
is due to the fact that at some point, the increasing pressure loss due to more and
more permanently adhering particles slows down the filtration process to an
unacceptable extent. To reverse this process and to reduce the resulting plastic waste

by cloth exchange and, if possible, to reduce costs, fabric cleaning is to be preferred.
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Therefore, as a third aspect of this thesis the possibilities of cloth regeneration are
investigated on industrially used blinded tailings cloths.

The performed measurements demonstrate that the cleaning technique which enables
the best results largely depends on the filter fabric. For fabrics with multifilament fibers
water jet cleaning is most sufficient. For this method, the regeneration depends on the
flux and the spray time. However, excessive spraying leads to fraying of the fibers and
should be avoided. In conclusion, with appropriate flux and spray times, water jet
cleaning is advisable for multifilament fabrics. A simplified cost calculation, based on
water and energy requirements, shows it to be competitive with cloth replacement.
These results do not translate to the investigated monofilament gold mine cloth, for
which water jet cleaning insufficiently improves the flow resistance. This is attributed
to the rigid structure and a matrix of precipitated CaCOs. Therefore, alternative
regeneration techniques are considered in a second study, namely cleaning in acid,
base and ultrasonic baths as well as combination of acid and ultrasound application.
For the gold mine cloth most effective regeneration was achieved by a hydrochloric
acid bath. This technique is dependent on both concentration and time. Compared to
water jet cleaning, this approach is more expensive and, therefore, not competitive to
filter medium exchange. However, the treatments in this study are proven to cause no
damage to the filter cloth, thus in terms of waste reduction a regeneration by
hydrochloric acid might still be worth considering. In summary, both cleaning studies
are simplified and do not include peripheral or safety aspects. Therefore, more precise
economic, scale-up and case-by-case considerations are necessary. On the one hand,
there is a reduction in plastic waste, but on the other hand, the recirculation of
additional process water and the use of chemicals must be considered. Furthermore,
the current prices of electricity, water, raw materials, and equipment are important. If
successful and cost-effective cleaning of the blinding is possible, the main reason for
filter cloth exchange shifts again towards abrasion. As a result, the selection of an

abrasion resistant fabric gains importance.

The quintessence of the conclusions of the different sub-elements is their
interdependency and the relevance to consider tailings filtration in a holistic point of
view. The chronological sequence of the individual elements is relevant and,
furthermore, an improvement in one aspect increases the importance of the others.
The scientific advance provided by the present thesis generates benefit for operators
and suppliers in the field of tailings filtration not only by the progress achieved in the
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individual aspects but by bringing them together and demonstrating their linkage.
Besides, it provides starting points for further research.
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8 Outlook

Based on this work, it is possible to expand the research of tailings filtration in recessed
plate filter presses in several directions. Further assets for mining companies and
equipment suppliers would be the comparison of site and lab data as well as a scale-
up of the characterization methods introduced. Concerning the cake detachment
studies, the usage of a small-scale recessed plate filter press instead of a lab scale
chamber filter press would give the opportunity to scale-up and include membrane
squeeze technology. However, the transfer of adhesion and cohesion measurements
directly after filtration is more complex. Concerning filter media abrasion resistance
more tailings filter media should be tested since a nearly unlimited extent of different
filter media is available on the market. In addition, the number of abrasions until rupture
in real-world application should be compared to the lab data shown in this thesis. This
includes the number of loads for a specific fabric as well as the ratio between the
different types tested. In addition, further improvement of the apparatus is
recommended. In this regard, one possibility is to equip the abrasion elements with
mine specific tailings particles. Building upon this, suppliers could use the apparatus
to improve plate edge geometry. Furthermore, operators have the possibility to
compare plate geometries of different suppliers by cut-outs of filter plates instead of
simplified geometries. Regarding the cleaning of filter media, the effectiveness of the
different regeneration methods in lab scale must be compared to mine site application.
In addition, the extension of the cost calculation by the peripheral equipment in real-
world application would provide more insights. Long-term tests in mineral processing
plants will show if undesirable side effects, for example fabric damage, occur. In
addition, safety aspects for the usage of chemicals and high-pressure nozzles must
also be integrated in site design. The recirculation of cleaning water or disposal of

chemicals must also be coordinated with the overall concept of the filtration plant.

Beyond the aspects discussed in this work, the inclusion of digital technologies into the
design and operation of tailings filtration plants is an interesting field for operators,
suppliers, and researchers. One aspect is the usage of sensor technology. Online
process monitoring integrated into the plates to determine cake water content enables
quality control and throughput optimization. Coupled with further research into the
filtration behavior of tailings and its mathematical description, a model-predictive

control system could be implemented. Furthermore, location- and time-resolved
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simulations will enable operation and design improvement of the filter presses if the
corresponding computing power is available. Due to the closed plate stack, the filling
process has not yet been adequately described. The velocity of the slurry feed and the
stack geometry could be optimized by simulating the splitting of the feed into the
individual chambers. In addition, a simulation of the cake structure build-up would be
useful for determining the filtration time. Both require a detailed characterization of the
corresponding tailings suspension and their particulate network. Of outstanding
importance are the rheological and sedimentation behavior of the slurry as well as the
compression properties of the network. All three are significantly influenced by the

volume concentration of the solids.

Within this work the number of tailings and filter media is limit to a few mine sites. Since
every mineral processing plant is different, investigation of further tailings particle
systems and corresponding filter media is recommended. A specific focus should be
laid on the swelling clay minerals because their presence alters the filtration behavior
and, therefore, filtration plant throughput significantly. Especially, the effect of clay
content variation for a specific mine site due to deeper mining in the pit is a challenge
faced by plant operators. By adding swelling clay minerals to tailings in laboratory
studies, it would be possible to develop mathematical models for the dependence of
the relevant filtration parameters. Furthermore, mining is forced to process finer ore
bodies due to increasing demand in mineral commodities paired with reduced ore
grade. This requires finer grinding for mineral separation which represents a major
challenge in filtration due to elevation of the specific cake resistance and, therefore,
filtration time. Although the effects are known from other applications, specific studies
and mathematical modeling using real tailings systems would represent an interesting

field of research.

In this regard further potential can be found in the enormous quantities of tailings
themselves. Since the processes for the separation of minerals improve and the price
of the individual components elevates compared to the time of mining, they can be
used as a secondary source of commaodities such as rare earth elements. As they are
already comminuted, processing is easier compared to rock. Further approaches are
the alternative use as a building material, sand substitute or CO> storage. In the latter,

atmospheric COz is bound in the form of carbonates.
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Overall, this thesis has provided valuable insights and recommendations for optimizing
tailings filtration processes and simultaneously paved the way for future investigations.
In this regard the newly developed mathematical model for desaturation optimization
and the apparatus for direction-specific abrasive wear simulation are particularly
noteworthy. By continuing to explore and apply these methods, we can strive towards

more efficient and environmentally friendly solutions for tailings management.
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Symbols

Latin Symbols

A

Acl,single nozzle

a

Qi jn

dp blinding

Ee,area specific

Area

Cleaned area by one single nozzle

Fit parameter

Filtration pressure-, air blow pressure- and height-

dependent kinetics fit parameter

Fit Parameter

Experimentally determined constant
Sauter diameter

Pore diameter, initial smallest free pore diameter

Reduced diameter by particles adhering to the fibers

or already deposited particles

Required electrical energy for cleaning per square

meter

Adhesion force

Capillary force

Gravitational force

Line force

Gravitational constant

Cake height
Time-dependent cake height
Variable for air blow pressure
Variable for filtration pressure
Experimentally determined constant

Length

149



Symbols

Mfm,cleaned

Mftm,used
n

P

Pe,single nozzle

Pc

pce

Rfm,unused
Rin
Rfm,cleaned
Rfm,clear water

Rfm,used

S

S()

Seo
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Mass

Mass of water

Mass of solids

Mass flow

Mass flow of the cleaned filter medium
Mass flow of the used filter medium
Experimentally determined constant

Permeability

Electrical power demand of the test setup including

one nozzle

Capillary pressure

Capillary inlet pressure

Flow resistance

Time dependent

Inner radius of a liquid bridge

Curvature radius of a liquid bridge

Flow resistance of the filter cake

Flow resistance of the filter medium

Flow resistance of the unused filter medium
Interference flow resistance

Flow resistance of the cleaned filter medium
Filter medium clear water flow resistance
Flow resistance of the used filter medium
Saturation

Time-dependent saturation

Saturation value at equilibrium



T Cake thickness

T. Cake thickness

T Specific time for cake dehumidification before press
regeneration

t time

ta Spray cleaning time

Vi water—filled Volume of water-filled voids

Vy total Total volume of voids

|74 Volume of solids

/4 Volume of voids

Viv,area specific Area-specific water demand

v Velocity

Uy Velocity in the voids

Vg Stokes’ sedimentation velocity

Vtotal Total velocity

W, Cake width

X Particle diameter

x(t); Time-, filtration pressure- and air blow pressure-

dependent quantity

Xij oo Filtration pressure- and air blow pressure-dependent

value at equilibrium of a quantity

Xij0 Filtration pressure- and air blow pressure-dependent

initial value of a quantity

Xijo Measured filtration pressure- and air blow pressure-

dependent initial value of a quantity

X103 Volume-related equivalent diameter at 10% of the

sum function

151



Symbols

X50,3 Volume-related equivalent diameter at 50% of the

sum function

X903 Volume-related equivalent diameter at 90% of the

sum function

Greek symbols

a Angle

a-value Cake resistance

an Height-specific cake resistance
14 Surface tension

p-value Filter medium Resistance

y Shear rate

Ap Pressure difference

€ Porosity

n Dynamic viscosity

m Dynamic viscosity of the liquid
0 Wetting Angle

ol Fluid density

Ps Solid density

o Tensile stress, tensile strength
0, Main tensile stress

05 Main tensile stress

O Filter cake tensile cohesion
Occ Filter cake to filter cloth tensile adhesion
oy Normal stress

Ot Tensile strength

Ox x-x-tensile stress



y-y-tensile stress

Shear stress, shear strength

Filter cake shear cohesion

Filter cake to filter cloth shear adhesion
Maximum tensile strength

Shear strength

X-y-shear stress

y-x-shear stress

Yield shear stress

Angle
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Abbreviations

AB
AMD
CAPEX
DND
EDX
FP

LSM

MFP
NY
OPEX
PA

PP

PSD
SEM
TSF
WAXS
WDXRF
XRD

XRF

Air blow (=Gas differential pressure dewatering)

Acid mine drainage

Capital expenditure
Distance-nozzle-diameter
Energy-dispersive X-ray spectroscopy
Filtration pressure

Laser scanning microscope, laser

microscopy

Mean flow pore

Nylon

Operating expense
Polyamide

Polypropylene

Particle size distribution
Scanning electron microscope
Tailings storage facilities

Wide-angle X-ray scattering (WAXS)

Wavelength-dispersive X-ray fluorescence

X-ray diffraction

X-ray fluorescence

scanning
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Appendix

A Additional Information to Chapter 4.2

Table A-1: Fit parameter of water content modeling for a cake thickness of 40 mm.

Combination Parameter Value
250 kPa FP, 250 kPa AB,  Water content,sg 500 20.20
40 mm Water content,sg 250,00 17.61
a250,250,40 0.02917
1250 kPa FP, 250 kPa AB, Water content,,s50250,0 19.84
40 mm Water content;,s0,250,0 17.61
@1250,250,40 0.03603
1250 kPa FP, 550 kPa AB, Water content,,s50550,0 19.84
40 mm Water content, ;s 550,00 15.85
@1250,550,40 0.09449
Water content
Xij. 1atio 0.5 - (Water content,sq 50 1505 :?/i/[);;;:{sc();ntentlzs0‘250‘1805) 0.9004
Table A-2: Fit parameter of saturation modeling for a cake thickness of 40 mm.
Combination Parameter Value
250 kPa FP, 250 kPa AB,  Saturationsg ;s 100
40 mm Saturation,sg 50,00 85.33
A250,250,40 0.03308
1250 kPa FP, 250 kPa AB, Saturation;,sg 2500 100
40 mm Saturation;;sg 2500 85.33
@1250,250,40 0.03008
1250 kPa FP, 550 kPa AB, Saturation;,sgsso.0 100
40 mm Saturation;sg 550,00 76.20
@1250,550,40 0.09752
Xy eo Faio Saturatiomzsessosos 0.8928

0.5- (Saturationzso‘zso‘lgm + Saturationlzso‘zso‘lgos)
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Table A-3: Fit parameter of shear adhesion modeling for a cake thickness of 40 mm.

Combination Parameter Value
250 kPa FP, 250 kPa AB,  Adhesion,s ;50,0 0.890
40 mm Adhesion;sg 550,00 2.787
a250,250,40 0.04196
1250 kPa FP, 250 kPa AB, Adhesion,;so2s50,0 1.617
40 mm Adhesion, s 250,00 2.787
@1250,250,40 0.08254
1250 kPa FP, 550 kPa AB, Adhesion,;soss50,0 1.617
40 mm Adhesion, s 550,00 3.150
@1250,550,40 0.10426
Xi o TaIO Adheslomzsossoses 1.1349

0.5- (Adh95i0n250,250,1805 + Adh95i0n1250,250,1805)

Table A-4. Fit parameter of shear cohesion modeling for a cake thickness of 40 mm.

Combination Parameter Value
250 kPa FP, 250 kPa AB,  Cohesion;sg 2500 1.245
40 mm Cohesion;,sg 250, 3.538
a250,250,40 0.01346
1250 kPa FP, 250 kPa AB, Cohesion,sg 2500 1471
40 mm Cohesion ;50 250, 3.538
@1250,250,40 0.01565
1250 kPa FP, 550 kPa AB, Cohesion,;sgss0,0 1471
40 mm Cohesion;s¢ 550, 4.989
@1250,550,40 0.03995
X, o 11O Cohesion,;s0,550,180s 1.4101

0.5- (COheSionzso,zso,wOs + COh€5i0n1250,250,1805)
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Figure A-1: Filter cake saturation of 250 kPa filtration pressure and 250 kPa air blow pressure
combination for variation of the desaturation time for cake thicknesses of 40 and 55 mm.
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Figure A-2: Filter cake to filter fabric shear adhesion of 250 kPa filtration pressure and 250 kPa

air blow pressure combination for variation of the desaturation time for cake thicknesses of 40
and 55 mm.
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Figure A-3: Filter cake shear cohesion of 250 kPa filtration pressure and 250 kPa air blow
pressure combination for variation of the desaturation time for cake thicknesses of 40 and
55 mm.

Table A-5: Fit parameter of water content modeling for a cake thickness of 55 mm.

Combination Parameter Value

250 kPa FP, 250 kPa AB,  Water content,sg 500 20.20

55 mm Water content,sg 250, 17.61
Q250,250,55 0.01752

Table A-6: Fit parameter of saturation modeling for a cake thickness of 55 mm.

Combination Parameter Value

250 kPa FP, 250 kPa AB,  Saturations;se 100

55 mm Saturation,sg 250, 85.33
350,250,55 0.01375

Table A-7: Fit parameter of filter fabric to filter cake shear adhesion modeling for a cake
thickness of 55 mm.

Combination Parameter Value

250 kPa FP, 250 kPa AB,  Adhesion,s ;50,0 0.890

55 mm Adhesion;sg 550,00 2.787
a250,250,55 0.01156

Table A-8: Fit parameter of shear cohesion modeling for a cake thickness of 55 mm.

Combination Parameter Value

250 kPa FP, 250 kPa AB,  Cohesion,sg s 1.245

55 mm Cohesion,sg 250,00 3.538
350,250,55 0.01057
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B Additional Information to Chapter 6.1

The publication in Chapter 6.1 deals with water jet cleaning of an industrially blinded
iron ore filter cloth. The first part of this Appendix section extends the investigation by
further measurements of the silver and the gold mine cloth also provided by FLSmidth.
These two additional fabrics are part of the chemical and ultrasound cleaning study in
Chapter 6.2 and, therefore, the supplementary data enable comparison. Furthermore,
an estimation of cleaning costs for the chemical filter cloth regeneration (Chapter 6.2)
is provided in the second part of this Appendix section.

B1 Silver Mine Filter Cloth Water Jet Cleaning

Figure B1-1 shows the flow resistances resulting from front-wash water jet cleaning of
the silver mine polyamide filter medium having monofile and multifile fibers for different
water flux and spray time. The industrial blinded cloth has around 5000 filtrations cycles
and, therefore, a very significant difference in flow resistance between the used state
(1.24 x 10** m1), shown by the dot-dashed line, and the unused state (5.19 x 108 m™),
shown as dashed line. Analogous to the iron ore cloth, water jet cleaning reduces the
flow resistance drastically even for low flux and spray time. However, the effect is
declining for higher flux. The cleaning effect is mainly dependent on the water jet flux
and is only slightly affected by the spray time. The assumed required cleaning
threshold based on a hundredfold improvement in flow resistance compared to blinded
state amounts to 1.24 x 10'1°m-2. The threshold is reached for all combinations of flux
and spray time excluding 5 and 15 s spray time at the lowest flux of 0.06 m®m=2s=.
Therefore, water jet cleaning can be stated effective for this filter medium. However,
there is no further improvement of flow resistance above a flux of 0.81 m®m=2st and it
is not possible to achieve an unused state of the filter medium resistance by spray
cleaning. Since a small number of adhering particles supports bringing and cake build-

up at the beginning of the filtration, this is no disadvantage.
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Figure B1-1: Silver mine filter medium flow resistance after front-wash cleaning for the different
spray times over flux. Blinded (after 5000 filtration cycles) and unused state are depicted as a
reference with a dot-dashed and a dashed line.

The silver mine filter cloth flow resistances resulting from back-wash water jet cleaning
for different flux and spray time are shown in Figure B1-2. Analogous to the front-wash
cleaning, a strong decrease of the flow resistance even for a low flux can be seen.
Higher flux and spray time results in an increased cleaning effect, whereby, the flux is
the significant influence. Furthermore, the resistance decrease is declining and
spraying with higher flux than 0.81 m®m=?s? shows no further regeneration effect.
Therefore, unused filter medium state is not achieved. In contrast to the front-wash
less combinations of flux and spray time reach the threshold resistance of
1.24 x 10'9m and the cleaning curves are flatter. Nevertheless, it can be stated that

back-wash water jet cleaning is also effective for this cloth.
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O Spraytime 15 s
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Figure B1-2: Silver mine filter medium flow resistance after back-wash cleaning for the different
spray times over flux. Blinded (after 5000 filtration cycles) and unused state are depicted as a
reference with a dot-dashed and a dashed line.

Overall, it can be concluded that water jet spray cleaning of the silver mine filter cloth
is possible but front-wash is easier to apply for tailings filtration applications.
Furthermore, front-wash cleaning is slightly more effective for this fabric than back-
wash spraying. This is similar to the behavior of the iron cloth investigated in Chapter
6.1.

B2 Gold Mine Filter Cloth Water Jet Cleaning

Figure B2-1 shows resulting flow resistance by front-wash water jet cleaning with
different flux and spray time for the gold mine cloth consisting of monofile
polypropylene fibers. The unused flow resistance of 6.57 x 10’ m* and the used state
of 4.04 x 10** m™ is shown as dashed and dot-dashed line, respectively. There is a
decrease in resistance by water spraying even for low flux, however, the effect is poor.
Furthermore, the cleaning effect is not enhanced for higher flux and, again, the spray
time has no significant effect. By taken a hundredfold improvement of the flow
resistance as a reference, which amounts to 4.04 x 10° m%, none of the combinations

of flux and spray time results in a sufficient cleaning.
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Figure B2-1: Gold mine filter medium flow resistance after front-wash cleaning for the different
spray times over flux. Blinded (after 6500 filtration cycles) and unused state are depicted as a
reference with a dot-dashed and a dashed line.

Back-wash water jet cleaning results for the gold mine cloth for different flux and spray
time are shown in Figure B2-2. Analogous to front-wash, there is only a small decrease
in flow resistance for all combinations of flux and spray time. Both the set threshold
resistance of 4.04 x 10°m and the unused condition of the cloth is not reached.

Therefore, back-wash water jet cleaning is also not effective for the gold mine cloth.
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Figure B2-2: Gold mine filter medium flow resistance after front-wash cleaning for the different
spray times over flux. Blinded (after 6500 filtration cycles) and unused state are depicted as a
reference with a dot-dashed and a dashed line.

In conclusion, it can be stated that water jet cleaning of the monofile gold mine cloth is
not successful. This is caused by a precipitated CaCO3 matrix embedding the particles
consisting of the other minerals and the rigid behavior of the monofile fibers and the

plain weave.
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C Additional Information to Chapter 6.2

The results in Chapter 6.1 show that water jet cleaning is an effective cleaning method
for two of the three industrially blinded filter cloths provided by FLSmidth. Furthermore,
it is cost effective in first estimation. The fabric from the gold mine which could not be
cleaned by jet cleaning could be sufficiently regenerated by chemical cleaning, as can

be seen Chapter 6.2.

In addition to the investigations in the corresponding publication of the chemical
cleaning, a simplified cost estimation for all chemicals was made. Simplified, small
guantities in technical quality at the current price from Carl Roth were taken and
correlated to the used concentration of 20.83 mol m2. The results are listed in Table C-
1. The prices per mole do not show significant differences. For the applied cleaning
method, this results in costs per m?2 in the range between 35 and 61 €. Since
hydrochloric acid cleaning performed best this price is most relevant. It is estimated to
cost 44 € m2. Therefore, it is significantly more expensive than water jet cleaning and
is assumed not to be competitive with filter fabric replacement in terms of cost and

effort. However, the advantage of plastic waste reduction would be given.

Table C-1: Cost estimation of chemical cleaning of filter fabrics for the reagents used in
Chapter 6.2.

Chemical Price / € mol* Price / € m?
Hydrochloric acid 2.1[241] 44
Acetic acid 2.8 [242] 59
Sulfamic acid 2.9 [243] 61
Formic acid 1.8 [244] 37
Sodium hydroxide 1.7 [245] 35
Potassium hydroxide 2.8 [246] 58
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D Copyright Information of Industrial Filter Media Abrasion Image
Image Copyright Permission
Permission is hereby granted to Mr. Bernd Frankle to use and thereby publish the

following image in his doctoral dissertation, with credit to copyright by FLSmidth
(OFLSmidth).
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