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Abstract

With vast reserves on earth and high value, various types of minerals have been
extracted, well purified and applied in multiple fields including architecture,
transportation, technology, etc. The key of flotation process is to realize a
hydrophobic state of mineral surfaces which always relies on the proper chemical
reagent-collector. Numerous researchers devoted much into the designing of collector
or back-end processing of mineral particles shape, ignoring the fact that most minerals
belong to different types of crystals. In this work, the main idea is to understand
minerals as crystals so as to put up with a novel strategy through crystallization
controlled flotation with great application prospect for soluble and semi-soluble
minerals. Here, the modulation of crystallization as well as following flotation
behaviors were detailed researched by taking potassium chloride as an example which
is the main resource for extraction of potassium element. The various crystallization
paths were also unveiled through surficial studies and related flotation mechanisms
were elaborately researched, paving a path to the strategy of crystallization modulated
flotation for other soluble and semi-soluble minerals.

Chapter I and II briefly introduced the justification, objectives and previous
researches of antecedents about this research. In Chapter III, the materials,
researching methods and characterization in this thesis were shortly introduced.
Chapter IV focused on a development of green supersaturation method for preparing
KCI crystals with various shapes. Chapter V was about the preparation of KCI
samples with two different exposing facets as (200) and (222), where their
corresponding flotation behavior with ODA as collector and the related mechanism
were studied in detail. Chapter VI presented the successful growth of KCI samples
with needle-, hopper- and cubic-like structure, and their growing mechanism, flotation
behaviour as well as mechanism were elaborately unveiled. In the Chapter VII, we
further demonstrated the influence of ethanol on crystallization and flotation process
of KCl, where the mechanism of promoted KCI flotation behavior induced by ethanol
addition was well researched. At last, Chapter VIII summarized the conclusions of

this thesis and provided a few perspectives on soluble salt flotation research.

Keywords: Crystallization; AFM; KCIl; Surficial properties; Supersaturation; Soluble

salt flotation.
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Extended Abstract

Chapter I: A concise description of justification in this work was firstly given.
Besides, the objectives and related goals of this thesis were listed, to help draw an
outline of significant purposes in upcoming chapters.

Chapter II: A thorough out introduction of researching background of sylvite flotation
was provided in this chapter, including the information of its resource, common
minerals type. Afterwards, the good water solubility of sylvite was emphasized where
basic physical and chemical properties of other similar soluble minerals were
introduced. Notably, the recovery methods, in most cases, flotation processes of the
soluble minerals were discussed. At last, the flotation mechanisms of NaCl (as the
most common associate mineral of KCIl) and KCI researched in last a few decades
were described, followed by some promising researching aspects for understanding
their flotation mechanisms.

Chapter III: The materials, main methods as well as characterizations applied in
experiments of Chapter IV, V, VI and VIIL.

Chapter IV: Controllable and green construction of morphology and structure in
potassium chloride (KCl) crystals is necessary in the fields of pharmaceuticals,
catalysis, minerals, and jewels design. Here, the work presented a lucid way for
preparing KCl crystal with various morphology including hopper-, sphere- and hollow
cube-like structure through green supersaturation modulation. Parameters including
stirring speed, cooling range, cooling rate, and excess inorganic composing ions
influenced the growth kinetics of hopper KCl crystal as well as the surficial
morphology and structure: (1) Metastable region and stable conditions were beneficial
for uniform growth of crystal; (2) Small size of crystal particles were obtained with
high shear force; (3) Corner angle of crystal would be abraded in slow cooling rate; (4)
Non-uniform crystal appeared in improper cooling range condition; (5) Additional
composing ions might introduce deformed structure according to the basic crystal
repeating unit with corresponding elements. Based on the above study of growth
kinetics, hopper-, sphere- and hollow cube-like crystal were obtained. The
morphology and structure properties of various crystal were researched by
three-dimensional visualization, X-ray diffraction (XRD), and scanning electron
microscope (SEM) for optimized application such as higher exposing surface area of
hopper-like crystal than original cubic crystal. The main exposed faces for smooth
cubic, hollow cubic, and hopper structure exhibited were (200), (220), and (400) facet,
respectively, which could be a consequence of the inner beveling. Surface of spherical
structure was a circular arc with relative high roughness, being ascribed to the
formation mechanism of spherical structure from cubic structure. Therefore, the work
presented a strategy to controllably design KCI crystal with different structure and
morphology in a green way.
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Chapter V: Sylvite (KCl) is a classical soluble mineral with high solubility, endowing
the possibility to precisely adjust its surficial structure for flotation recovery. In this
work, efforts have been originally made to study flotation be- haviors of KCI with
(200) and (222) exposing facets. KCI (200) crystals had a higher recovery than that of
KCl (222) with octadecylamine hydrochloride (ODA). FTIR and XPS results
indicated that interaction force between KCIl and ODA was not chemical absorption.
Zeta potential results further implied the mechanism that the ODA reacted with KCI
by static force and KCl (200) possessed a lower potential than KCI (222) and thus
facilitated the flotation process. 2D as well as 3D AFM results provided microscopic
details of perfect cubic KCI (200) and octahedron KCI (222) samples where layered
growing method of former samples exhibited more edges with hanging Cl bonds,
leading to its more negative surficial potential and less hydrophilic property,
enhancing flotation recovery. Moreover, adhesion & adsorption force further
illustrated that KCI1 (200) obtained a stronger interaction with bubbles, in coincidence
with its better flotation recovery. KCl crystals with (200) exposing faces promoted
flotation in comparison with crystal with (222) faces, offering strategy to reserve (200)
faces for designing KCl crystals with high recovery.

Chapter VI: By understanding minerals as crystals, a crystallization-controlled
methodology was performed to enhance the floatability of soluble minerals. Here,
aimed strategies were applied to modulate the crystallization of KCI salt to grow
crystals with various shapes as cubic-, hopper- and needle-like structure. Stereoscope
and scanning electronic microscopy (SEM) helped to unveil the morphologies where
X ray diffraction (XRD) characterized their high crystallinities. Afterwards, Atomic
Force Microscope (AFM) was performed to research the crystallizing behaviors that
cubic-like structure was obtained by turbid fast growth, while hopper-like structure
formation was due to the constant high supersaturation and needle-like crystal
occurred under still fast crystallization. Flotation tests with octadecylamine
hydrochloride (ODA) as collector demonstrated the floatability of samples obeyed the
order as needle-like (96.19 %) > hopper-like (81.59 %) > cubic-like (80.08 %) KCI
samples. The mechanism was studied by surface area and related interaction tests.
BET result demonstrated the highest surface area of needle- like structure than that of
hopper-like and cubic-like structure. Besides, induction time combined with adhesion
& desorption force tests further explained the better interaction of needle-like sample
with bubble than cubic-like sample. While the special structure of hopper-like
structure with lower weight but inner filled solution resulted in its near equivalent
floatability with cubic-like sample. In conclusion, a new strategy for promoting
flotation behavior by designing the crystallization of soluble KCl was proposed,

shedding some light on further application on other soluble or semi-soluble minerals.
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Chapter VII:

Keywords: Sylvite, crystallization, supersaturation, cooling method, evaporation,
Pb*, zeta potential, flotation, stereoscope, AFM, FTIR, XPS, BET,
adsorption/desorption force, conducting time, ethanol, surface tension, surfaces;
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Chapter 1. Introduction

1.1. Justification

As one of the essential parts on our planet, plants have been playing a vital role
not only for atmospheric balance but also as key part in the whole food chain.
Respiration and photosynthesis reactions are the most two important functions for
plants growth where potassium element is critical during these processes. Global
potassium resources mostly exist in the form of potassium sulphate, potassium
chloride and potassium nitrate, with relatively simple composition and high potassium
content, accounting for more than 80% of the global total. Efficient development and
comprehensive utilization of salt-lake resources has been an inevitable choice for
mining companies to reduce costs, improve benefits, optimize structure, and enhance
core competitiveness. In addition, salt-lake has been regarded as the main resource of
potash where potassium element exists in form of carnallite, whose chemical
component is KCl-MgCl,-6H,0. For decades, the most applied method to recover
potassium from salt-lake is by decomposition of carnallite, followed by flotation or
anti-flotation process in order to yield high purity of KCI out of NaCl for later
fertilization production preparation. Hitherto, most researches focused on the
improvement of flotation reagents with higher recovery, where the industrial
production has already reached a mature efficiency with limited room for further
improvement but unclear flotation mechanism. The interaction between the most
applied collectors and KCIl or NaCl is a key parameter to understand the flotation
behavior which remains unclear yet. Novel aspects with hope to realize a better
flotation behavior are in urgent need to not only understand the flotation behavior but
also shed innovative light on the potassium fertilizer industrial production.

In order to realize a new prospective of soluble salts, the fundamental properties
normally provide some possibilities. One obvious and important feature of KCI or
NaCl is their high solubility in water which allows the formation of salt-lake as potash
to be resolved in water to reach a supersaturated saline. Unlike normal solid minerals,
soluble as well as semi-soluble minerals share an adjustable formation process, i.e.,
malleable crystallization. Conventional strategies to adjust the mineral particle
properties mostly focus on grinding process via various types of grinding medium or
controlled grinding period, to prepare mineral with aimed particle size distribution,
shape or exposing facets. However, the grinding process always consumes much
energy with limited modulation efficiency. The fact that most minerals belong to
various types of crystals has been ignored for long, which should stress attention for a
better understanding of minerals so as to modulate their properties.

1
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Among the broad types of minerals, soluble or semi-soluble minerals hold a
relatively special nature where the resolve/re-crystallization process provides the
possibility to construct the surfaces with ideal properties. It is a promising aspect to
understanding them as crystals to modulate the particle shape as well as surficial
structure for aiming purposes. The relationship between crystallization process and
mineral processing is in urgent need to be unveiled in order to yield a comprehensive
understanding of possible new strategy to modulate flotation behaviors of
soluble/semi-soluble minerals such as sylvite, hailite, carnallite and phosphogypsum,

etc.

1.2. Objectives
1.2.1. General objective

To propose a novel idea of crystallization modulated flotation strategy for
soluble and semi-soluble minerals. Taking a typical soluble mineral-potassium
chloride as an example, the relationship between solution condition and grown
crystals should be firstly unveiled to prepare KCl particles with various shapes, where
their corresponding flotation behavior as well as mechanism should also be well
studied to pave the path to the idea of crystallization modulated flotation for broader
applications.

1.2.2. Goals

1) To investigate the properties of KCl on basis of its crystallization features. By

modulating the solution condition, KCl crystal particles with various structures and

surficial properties will be prepared.

2) To study the formation process of KCl samples with (200) or (222) exposing
surfaces. To measure the effect of exposing facets on the flotation behavior of KCI
particles where the corresponding mechanism will be well studied.

3) To investigate diverse KCI particles preparation including hopper-like, needle-like
and cubic-like structures. The related formation mechanisms, flotation behaviors as
well as mechanisms will be elaborately unveiled.

4) To research the impact of ethanol which has been applied as the dispenser during
filtering process on KCI particle structure and flotation behavior. The inner

mechanism will be investigated in detail.
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Chapter II. Literature Review

2.1. Introduction

For centuries, ores with high values have been found widely distributed around
the world, where most abound with impurities which greatly hinder the extraction
process as well as applications. Multiple methods were applied to recover useful
minerals out from gangue. Based on physical properties like density and magnet,
several minerals could be well distinguished from others with dramatically different
properties[1]. However, for most types of minerals with indistinguishable density or
non-magnetic ore as well as lower grade minerals, conventional physical strategies
were inapplicable. To solve the urgent challenge, flotation method based on chemical
properties was proposed which brought mineral engineering field with fresh new hope
followed by extremely high accuracy with aiming strategies. In the process of mineral
separation, the technical method of extracting useful minerals from ores by using the
difference in mineral hydrophobicity (mostly with help of collector adsorption based
on surficial properties of minerals) is called flotation.

Among the multiple types of ores, there are several minerals playing an
important role for plants growth where fertilizers are always in high demand with
necessary elements include potassium, nitrogen, phosphorus, magnesium, and so on.
Taking potassium element as an example, it not only helps with the main functions of
plants’ cells but also promotes the balanced adsorption and utilization of nitrogen and
phosphorus[2]. The main original ore of potassium is potash constituted by potassium
chloride. Due to the importance of fertilizers for agricultural crops, the annual demand
for potash keeps steadily increasing with the continuous growth of the global
population and the upgrading of the human diet habits. According to incomplete
statistics, the global potassium resources are relatively rich, the total amount is about
250 billion tons with extremely uneven distribution worldwide. As can be seen from
the global potassium resource distribution in Fig. 1[3], most of the global potassium
resources are concentrated in a few countries such as Canada, Russia, Laos and a few
northern European countries, resulting in obvious regional distribution characteristics
of potassium resource distribution and high demand of importing potassium resources

for most countries especially agricultural ones like China, India, Brazil, etc[4].
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Fig. II. 1. World map of significant potash-bearing marine evaporate basins[3].

As resource of abundant types ions including potassium, sodium, chlorine,
magnesium as well as other elements like lithium, boron, rubidium, cesium, iodine,
bromine, etc, as shown in Fig. 2[5]. Due to the great importance of potassium element
to fertilizers, salt-lake has been the main resource for production of potassic fertilizer.
The largest salt industrials are Sakatchewan company in Canada[3,5]. In nowadays
industrial production, the most applied recovery methods of potash salts to valued
productions include decomposition of carnallite, transformation of picromerite
followed by flotation or indirect flotation[6]. In order to realize a high efficiency and

benefits, abundant researches have been focused on the improvement of flotation

process.
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Fig. II. 2. Mineralogical subdivision of brine substrate[5].
Compared to classic flotation process of non-soluble minerals, the high solubility

property of salts brings several notable features during the flotation process. Firstly,
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unlike most flotation process with water as slurry, all the solution included should be
replaced by the saturated brine consisting of the same salt being floated[7]. Besides,
the reagents with higher concentration than CMCs in brine will form flocs and then be
attached to surfaces of salt particles and bubbles[8]. Furthermore, it is worth
mentioning that specific details should be addressed with different salts according to
their properties. For instance, the temperature of solution might bring drastic
influence to the formation of some salts like potassium chloride, magnesium sulfate
and potassium nitrate but slight effect on sodium chloride. One other notable detail is
that the brine slurry usually contains various types of ions with high concentration,
resulting in large ion strength property, viscosity and surface tension of the solution
which might magnify the influence of foreign ions. At last, the long-existing
dissolution/recrystallization on surfaces of KCI leads to the unstable property of
mineral surfaces which further hinders the related research of surficial status. As a
consequence, the experiments of soluble salts as well as semi-soluble minerals should
be carefully designed according based on the crystal properties, especially those
soluble salts whose formation process will be greatly affected by the solution
conditions like temperature, ions type and concentration, disorder degree, etc. In the
following section, research status of several typical soluble salts will be firstly
introduced to provide a basic understanding especially the crystal structure as well as
flotation methods.
2.2. Research state of typical soluble salts

For the past decades, the industrial extraction of salt-lake mainly focused on the
purification and application of potassium, magnesium and sulfate compounds. Among
the multiple soluble salts in salt-lake, there are a few types of salts with attention due
to their complicated reaction during industrial extraction like carnallite and
picromerite. As one of the most important products, sylvite is one of the aiming
valuable mineral while hailite is its common association mineral[9]. As described in
previous paragraph that flotation happens when the mineral particles exhibit a
hydrophobic surface (either by natural property or modified by chemical reagents, i.e.,
collectors), one drawback of soluble salts is that they normally have a hydrophilic
surfaces due to the high hydration energy of composing ions. As a result, collectors
design is one of the most researched aspects for the flotation process. Here, these
typical soluble salts will be divided into two types as double salt (carnallite,
picromerite, kailite) and single salt (sylvite, hailite) where their basic property and

research status will be introduced in detail.
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2.2.1. Carnallite

As demonstrated by previous section that potassium holds a vital function in
plants growing process, properties of its raw material-carnallite should be well
understood to help modulate the later formation of KCI. The carnallite crystals belong
to the orthorhombic (rthombic) halide minerals. The constitution of carnallite is
KCI1-MgCl,-6H,0, where by adding specific saline it will be resolved, decomposed,
filtered, rinsed and filtered to obtain crude potassium chloride. During the
decomposition process, the high concentrated K and C1" ions will crystallize out in
form of solid crystals under proper conditions with left saturated carnallite saline[10].
The key parameter of the decomposition process is to add saline which should be
carefully determined through the MgCl,-KCI-H,O ternary phase diagram as shown in
Fig. 3[11]. The main method to apply carnallite is to decomposition for potassium
chloride with relative high concentration followed by flotation. M. Hancer and J.
Miller studied the flotation of mixed salt that in the process of flotation, it was
difficult to directly float KC1-MgSO4-3H,O and carnallite which must be firstly
converted into other salts such as picromerite[12].

After decomposition of carnallite, there are mainly two methods to prepare
potassium chloride productions with high purity: directly flotation where potassium
salts like potassium chloride and potassium sulfate are the aiming flotation target and
indirect flotation where tailing mineral sodium chloride is the aiming target with left
potassium chloride with high purity[6]. For indirect flotation method which requires
special conditions for the raw ore with high cost of flotation reagents, it is not
available in many areas. At the meantime, due to the advantages of direct flotation
such as strong adaptability to the grade of sun-dried raw ore in salt pan, low
investment in plant construction and simple process, it is widely used in many salt

lake area for potassium fertilizer production of the industry around the world[13].
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Fig. II. 3. Ternary phase diagram of MgCl,-KCI-H,O under 35°C[11].

In real production process, carnallite always appears with other impurities where
sodium chloride is the most common salt. Wang Shijun, et al. researched that
according to the ratios of potassium chloride, sodium chloride and magnesium
chloride, raw carnallite ores could be divided into normal type, high magnesium type,
high sodium type and high sodium & magnesium types where the ratios would greatly
influence the decomposition process[14]. Based on their decomposition calculation at
different temperatures, it was demonstrated the higher recovery rate of decomposition
occurred when using high sodium type carnallite with ratios of MgCIl,/KCl as 1.625
and KCI/NaCl as 2.795. Besides, Bao Jiging et al. studied the dissolution &
transformation process of carnallite in solutions with different concentrations of NaCl
which was found to show little influence on the dissolution of carnallite[15]. Xia
Shuping et al. focused on the decomposition & crystallization kinetics of carnallite
and investigated the effects of solution temperature, stirring speed and magnesium ion
content in the decomposition mother solution on the decomposition & crystallization
process of carnallite[16,17]. They found that the concentration of magnesium ion in
solution had a direct effect on the decomposition rate of carnallite where the solution
viscosity would be dramatically influenced by the magnesium ions content[18].
Besides, Qian Lihua et al. further researched the effects of stirring condition, blade
material on the decomposition behaviors of carnallite as well as the nucleation and
growth of potassium chloride crystal in different mother solution in detail[19]. It was
pointed out that due to the presence of a large number of magnesium ions in carnallite
mother liquor, the nucleation rate of potassium chloride crystal increased greatly
while the growth rate decreased, resulting in smaller potassium chloride crystals with

carnallite mother solution than that in pure potassium chloride mother solutions[20].

2.2.2. Picromerite

Picromerite is also known as schoenite, which is composed by potassium,
megnasium and water with chemical formula as K,SO4-MgSO4-6H,O. As
demonstrated above that potassium is important during plants growing, while other
elements like sulfur and magnesium are also essential to plants. As a consequence,
picromerite can be applied as fertilizer for various types of agriculture field. For
instance, picromerite has been proved to help with the growth of cotton with a
production increase up to 9.2%-19.6%[21]. Pan. et, al. found that by applying
picromerite to pepper growth, the productivity as well as vitamin C content could be

promoted to reach a better economic benefit[22]. Other plants like grapes and

7
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tomatoes have also been demonstrated to show promoted growth with picromerite
fertilizer[23,24]. What’s more, due to the alkalescence property, picromerite is also
applied with saline-alkali soil remediation amendments to repair and regulate the soil
for crops planting[25-27].

High grade picromerite can be obtained by adding a certain proportion water to
dissolve and evaporate the mixed salt from natural evaporation of salt-lake brine as
raw material[28]. Cheng, et al. applied a multiple-temperature dynamic evaporation
experiments to obtain mixed salts containing picromerite by adding water to the raw
ore from salt-lake where picromerite concentrate could be collected by indirect
flotation of the mixed salts[29]. Jannet D.B. et al. studied the precipitation process of
potassium sulfate from K, Mg*" //CI, SO4*/H,O five-phase diagram system
solutions at 25°C[30]. It was found that picromerite was an intermediate product
during the precipitation of potassium sulfate, indicating that the metastable zone of
picromerite extended to and covered the crystalline zone of K,;SO4. Cao, et al.
prepared picromerite from mixed salt of potassium-sulfate brine through natural
evaporation by two-step decomposition and conversion method where the product
quality could meet the market requirement with high production effect[31]. Besides,
Zhang, et al. learnt the crystallization properties of picromerite to design a hot melt

cold crystallization method to prepare picromerite with large size[32].

2.2.3. Sylvite

The chemical composition element of sylvite is potassium chloride. It belongs to
the Face Center Cubic (FCC) type crystals. In case of KCl, by understanding this
typical soluble mineral as a type of crystal with the balance between resolve and
crystallization process, the solution condition might be carefully modulated in order to
realize a controllable formation process of KCI particles. Apart from the high
solubility of KCI in water, one other important property is that the temperature of
solution greatly affects the solubility which should be carefully maintained as

consistent to avoid undesired crystallization or dissolution.
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Fig. II. 4. The configuration of system containing (a) KCI saturated solution with KCI crystal, (b)
only KCl saturated solution[33].

As mentioned above that to recover sylvite, flotation methods are mainly divided
into two types including direct flotation where KCl is the target mineral through the
addition of collectors to directly obtain potassium chloride products. The other
method is indirect flotation referring to obtain non-target minerals, leaving potassium
chloride products in the tailings to reach a high purity. In most cases, hailite is the
typical indirect flotation target which will be introduced in the next section. The
research status of potassium chloride and sodium chloride should be introduced for a
better understanding.

For the direct flotation of KCI, collectors play a vital role to modify the surficial
property. Till now, both alkyl aliphatic amines and anionic alkyl sodium sulfonate are
the most applied collectors which firstly forms as flocs to be selectively adsorbed on
the surface of the potassium chloride crystal to change the hydrophobicity[34,35]. The
modified potassium chloride crystal exhibits hydrophobic property which could be
combined with bubbles to complete the flotation. For these amine collectors, the
length of molecules (i.e., the number of carbon atoms) is the key to affect the dosage
as well as flotation behaviors. At present, collector with carbon chain length above 12
has been the main choice around the world. For instance, cationic collector
dodecylamine hydrochloride (DDA: CH3(CH,),;NH;3Cl) and anionic collector sodium
dodecyl sulfonate (SDS: CH3(CH,);;SO3;Na) are mainly used for potassium chloride
flotation in the United States[36], while in Canada the mainly used collector for
potassium  chloride is cationic  octadecylamine  hydrochloride (ODA:
CH3(CH2)17sNH3CD[37].
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2.2.4. Hailite

Hailite is composed by sodium chloride (NaCl), which shares similar
crystallinity with sylvite as FCC type, resulting in their similar crystallization habit as
cubic structure according to their nature. However, they exhibit diametrically different
surficial charge that sylvite has a negatively charged surface while hailite shows
positive surface charges. Besides, with different hydration energy values, K and Na
ions have various ionic hydration behaviors in solution. Their above different
properties result in specific flotation strategies for sylvite and hailite, which will be
discussed in following section.

2.3. Flotation mechanism of sylvite and hailite

As mentioned above that sylvite and hailitte share the same crystal structure as
face center cubic. However, they were found to exhibit opposite surface charges and
other differences during flotation. Here, the main flotation mechanism of these two
types of salts will be introduced, and some prospective speculations will be given to
provide some new perspectives for the mechanism.

Although the direct flotation method to obtain potassium chloride concentrate
has been widely applied around the world, the interfacial reaction process and
flotation mechanism are still not well understood. The lack of theoretical guidance for
the production of direct flotation and recognition of the flotation reaction process and
the mechanism of adsorption of collector directly lead to the fact that there is no
definite collector preparation in the factory where the dosage of is determined by
experience. The type and grade of raw ore have been greatly changed compared to
previous progress under different whether and region, resulting in the flotation system
is not always in constituent but the factory fails to adjust the collector regime
according to the changes. It can be seen that the flotation mechanism of soluble salt is
an urgent key issue to the production process stabilization, collector development as
well as the high utilization rate of limited resources. Tons of previous researches have
been focused on the flotation mechanism of potassium chloride which could be

divided into the following types.

2.3.1. Ions exchange theory

As described as the title, ions exchange theory is based on the composing ions of
mineral and collector molecule. For potassium chloride, its composing ions are K"
and CI ions which should be compared with ions of functional groups in collectors. In
1935, this theory was provided by Gaudin for the first time that the most applied
amine salts with generated RNH; " during flotation for potassium chloride was due to
the similar ion size of RNH;" with K'[38]. In 1956, D. W. Fuerstenau et al. studied

10
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the single salt flotation paired by alkali and halide elements and provided an extension
for ions exchange theory[39]. The authors further demonstrated that those soluble
salts with similar anion ion size with NH;" would be exchanged so as to be attached
on crystal surfaces through the ions exchange process. In other word, the RNH;" ions
could be substituted by the K" ions on surfaces of KCI minerals to reach a well
adsorption state for further flotation behavior. The fact that K ions with radius as 1.35
A could be well matched with RNH;" whose similar radius is 1.43 A concluded their
relative high exchange possibility. Meanwhile, the mismatch of RNH;" ions with
other types of ions might render its difficulty to be attached, resulting its inability to
float other minerals like sodium chloride where the ion radius of Na” is 0.95 A which
is far smaller than that of RNH;". As a consequence, only when the size of anion ion
is in coincidence with that of functional group, the soluble salt could be floated by the
collector by the ions exchange effect.

However, this theory was later found to be inacceptable to many other soluble
salts flotation process. For example, alkyl sodium sulfonate with chemical component
as RSOs;Na was also found to have good floatability for potassium chloride while the
radius of RSO, is 2.4 A which oversized that of CI” ions as 1.8 A[40]. This theory
was therefore obsolete as a result and new theories were put up to explain the related

mechanism.

2.3.2. Dissolution heat theory

In the 1950s, Rogers and Schulman carefully studied the soluble salt flotation via
Langmuir single molecule membrane, surface tension tests along with flotation
experiments and proposed that the flotation of soluble salts mainly depends on the
competitive adsorption of water molecules and collector molecules on the surface of
soluble crystals[41]. They found that the hydration state of the crystal and the
collector was the main factor contributing to the flotation process. According to the
relevant theories, soluble salts could be classified into those with weak, moderate, and
strong hydration capacities. Salts with weak hydratability could be floated
simultaneously by both alkylamine collectors and alkyl sulfonate collectors. Those
with stronger hydratability could be floated by fatty acid-based collectors, while those
with very strong hydratability could not be floated. The strength of a salt's hydration
capacity can be determined by its enthalpy of dissolution which refers to the
difference between the lattice energy of the soluble salt crystal and the hydration
energy of the lattice ions themselves. This theory was named as the dissolution heat

theory.
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According to this theory, ions with strong hydration capacities (such as
magnesium, lithium, and sodium ions) could influence the thermal motion and also
reduce the migration frequency of the water molecules in their vicinity. Ions with
weaker hydration abilities, such as potassium, chloride, and iodine ions, would
correspondingly increase the migration frequency of water molecules around the ions.
Based on the varying hydration abilities of cations and anions, soluble salt crystals
with weaker hydration capabilities like potassium chloride could be floated by fatty
amine collectors and alkyl sulfonate collectors. Salts with stronger hydration abilities,
however, could not be floated by these two types of collectors. Nevertheless, due to
the lack of researching apparatus, the theory of dissolution heat was not further
investigated by elaborate experiments. Indeed, it still provided a basic speculation for
understanding the saline condition from an ionic aspect, promoting the later

researches for hydratability of various ions (Fig. II. 5)[42].
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Fig. II. 5. Radial distribution function of electrolyte ions systems[42].
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2.3.3. Surface charge/collector adsorption theory

One other classic theory about the soluble salt flotation is the surface
charge/collector adsorption theory, which was proposed at almost the same period as
the heat of solution theory. In 1968, Roman et al. proposed that the flotation process
of soluble salts was mainly completed by electrostatic adsorption between dissolved
collectors and crystal surfaces[43]. It was supposed that the surface charges of soluble
salt crystal particles in their corresponding saturated solution were different-the
surface of potassium chloride crystals was negatively charged, while the surface of
sodium chloride crystals was positively charged. When applying positively charged
amine collectors, it could be adsorbed on the surface of negatively charged potassium
chloride crystals to complete flotation but not for sodium chloride with positive
surface charges. This theory was a controversial theory since the flotation of soluble
salts was carried out in a saturated solution of the corresponding salt with relatively
high ionic strength. As a consequence, the double layer on the crystal particles surface
was almost completely compressed which made it difficult to determine the charge on
the surface of the soluble salt crystal particles.

In 1992, a research group of professor Miller from University of Utah measured
the surface charge of potassium chloride and sodium chloride particles in their
corresponding saturated solutions by experimental methods for the first time[44]. By
measuring the unbalanced electrophoretic mobility, it was determined that the surface
of potassium chloride was negatively charged while the surface of sodium chloride
was positively charged. This groundbreaking progress successfully ended the years of
controversy over the surface charge of soluble salts crystals. Furthermore, this group
also measured the surface charge of various alkali halide single salts and theoretically
calculated the surface charge of the crystals using the ionic lattice hydration theory
with relatively consistent and reliable results. At the same time, the study found that
the flotation of soluble salts could only occur with a large amount of collector in form
of precipitation. In 2010, Cao Qinbo et al. also found that the ODA collectors were
adsorbed on breaking KCl surfaces with lattice imperfection property[45]. It was
demonstrated via experimental and theoretical methods that the positively charged
hydrophilic group of cation collectors would interact with the negatively charged CI
of the lattice defect on the KCl crystal surface and thus being adsorbed to realize the

flotation process as shown in Fig. IL. 6.
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saturated KCI solution[46].

The surface charge collector adsorption theory has been well demonstrated by
the direct evidence through quantities experiments for the first time with further
support through theoretical calculations. This theory also unveiled the mechanism that
potassium chloride was floated by amine cationic collectors while sodium chloride
could not be floated by cationic collectors. However, further flotation experiments
also showed some results that were completely different from this theory. In particular,
it could not explain the phenomenon that potassium chloride could be floated by both
cationic (like alkylamines) and anionic collectors (like sodium alkyl sulfonates). As a
result, the surface charge collector adsorption theory indeed provided some possible
suggestion for help understanding the mechanism but also was proved to be a
dilemma. Although some later studies gave an explanation from the perspective of

surface lattice oxidation defects which still remained controversial[47].

2.3.4. Interfacial water structure theory

Since the previous surface charge theory could not well explain the controversial
fact that potassium chloride can be floated by both cationic and anionic collector, the
research group of Dr. Miller proposed the interfacial water structure theory based on
abundant experimental studies in 2000[48], The interfacial water structure theory is
the latest theory on the flotation theory of soluble salts and has been recognized by
other researches.

The interfacial water structure theory inherited and developed the heat of

solution theory that it was also believed that the hydration degree of crystal ions was
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an important parameter to flotation. One feature of aqueous saline is that water
molecules can form hydrogen bonds in three forms: one is the “ice-like structure
water” formed by hydrogen bonds, the other is the “liquid structure water” in the form
of hydrogen bonds between non-idealized simple water molecules, and the free water
molecules without formation of hydrogen bonds[49]. The interfacial water structure
theory believed that for soluble salt crystals, both the anions and cations had a certain
influence on the bulk water structure of the solution main influence on the "ice-like
structure water" in the solution[50].

According to the theory of interfacial water structure, if a certain salt can
enhance the “ice-like structure water” in the aqueous solution, then this salt is a
“water-structured dense salt”. On the other hand, if a certain salt can weaken the

3

“ice-like structure water”, then this salt is a “water-structured loose salt”’[48]. For
“dense water-structured salt" like sodium chloride, due to the enhancement of the
hydrogen bond network of water molecules in the solution, a dense water molecule
film can be formed on its crystal interface which prevents the collector molecules
from being adsorbed on the crystal surface. As a result, this type of soluble salts
cannot be floated by dodecylamine and sodium dodecyl sulfate collectors. As for
“water structure loose salt” with a destructive effect on the water structure of the
solution itself, the weakened hydrogen bond network between the water molecules in
the solution hinders the interaction between the water molecules on the crystal surface.
Therefore, when dodecylamine and sodium dodecyl sulfate are used for flotation, the
collector molecules can easily penetrate through this loose layer of water molecule
film to reach and be adsorbed on the crystal surface crystals of soluble salt to
complete flotation process.

For the first time, the water structure theory completely explained the flotation
process of soluble salts from the perspective of interfacial water structure. However,
the impact of soluble salts on the water structure of the solution remained unclear. In
2000, Hancer et al. researched the alkali halide single salts based on their influence on
the viscosity of the solution and flotation recovery[48]. It was concluded that since the
“dense water structure salt” could significantly increase the “ice-like structure water”
content in the bulk solution and lead to the increased viscosity of the solution in Fig. 7.
On the contrary, the corresponding “loose water structure salt” would reduce the
proportion of “ice-like structure water” in the solution and increase the ratio of “liquid
water” and free water molecules, thereby reducing the viscosity of the solution. On
the basis of the related viscosity measurement and further demonstration through
flotation experiments, the influence of alkali halides on the water structure of the

solution was preliminarily determined. Based on this theory, Ai Zhong et al. further
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applied molecular simulation calculations to explain the amines collector adsorption
behaviors on surfaces of potassium chloride and sodium chloride crystal[51]. It was
found that for potassium chloride with relative lower hydration energy, its surface
belonged to “loose water structure salt” with loose water film, benefiting the
penetration of amine collector so as to complete the flotation process. However, for
sodium chloride which was “dense water structure”, its dense water film on surface
prevented the adsorption of amine collector and resulted a disability for flotation. To
conclude, the interfacial water structure theory has been the newest and most

acceptable rule for understanding the soluble salt flotation mechanism.
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Fig. I1. 7. Interfacial water structure at KI, KCI, and NaCl surfaces[48].

2.4. Summary

As a consequence, the mechanism of KCl flotation has remained unclear due to
lack of direct observation during flotation process. However, there are still several
paths which could be further researched to get steps closer to the reaction. Here,
possible researching aspects or mechanism would be put up with to shed some light
on the understanding of this complex soluble minerals flotation:

1) The surfaces of KCl and NaCl are meant to be flat due to their FCC crystal
nature, which could provide possibility of directly observing in atomic level
with help of professional apparatus like Atomic Force Microscope. One can
observe the surface before and after the flotation process to understand the
differences so as to understand how the crystals would resolve and
recrystallize during the process. Besides, the adsorption of collectors on

mineral surfaces could also be observed to study the interaction in between;
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2)

3)

4)

Mostly, the collectors applied for recovering KCI belong to organic
substances, where the carbon chain and functional groups would mainly
affect the floatability. Till now, the previous studies focused on the length of
carbon chain, the size and charge feature of functional groups, and other
physical-chemistry properties like dissolve heat, interfacial water structure.
However, the key reaction could be the interaction between functional groups
and mineral surfaces. To some extent, their molecular structure might have
some match or mismatch effect, according to the crystallization prospect. For
example, as FCC structure, the three-dimensional structure of the K and CI
ion could be octahedron where for various exposing faces they would show
different repeating unit shape. From (100) facet, the main shape between
atoms is square while for (111) facet is triangle or hexagon, which may
conclude in a preferred interacting facet with a specific collector molecule;
As a typical soluble mineral, dissolve and re-crystallization may occur to the
surface of KCI which means the final flotation behavior could be sum effect
of both original particle property and also interaction between KCl and
solution. The mediate status of KCl particles’ surface should be stressed to
help reproduce the details during flotation process and avert the difficulty for
direct observation.

One special feature of KCl is its high solubility in water which endows the
idea to control the crystallization process in order to modify its particle
properties, such as shape, exposing faces, size, etc., during crystallization
process, to reach an ideal state for elevated flotation recovery compared to its
original cubic shaped particles, which was the researching theme in this

thesis.
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Chapter II1. Materials and Methods

In this chapter, a general description of the materials, researching methods,
experimental design as well as characterization technologies in chapter IV, V, VII and
VIII will be epitomized.

3.1. Materials

Chemical reagents including potassium chloride, hydrochloric acid, potassium
hydroxide, nitric acid, potassium nitrate, ammonia and ammonium chloride and
absolute ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd., China
with analytical high purity. Pure lead chloride (PbCl,) and octadecylamine
hydrochloride (ODA) reagents (collector applied in this research for floating
potassium chloride) was purchased from Aladdin Pharmacy company, China., also of
analytical purity to eliminate the impact of impurities. Deionized water with a
resistivity of 18.2 MQecm was obtained from Milli-Q (Millipore Corp., USA).
Experiments were conducted under ambient temperature as around 25 °C and no
frothers were applied during flotation process due to the exceptional floatability with
only ODA.

3.2. Methods

The methodology of proposed crystallization controlled flotation strategy
throughout this work is to modulate the solution condition and environment so as to
control the crystallization process. Methods applied in chapter IV, V, VI and VII will
be introduced as below where some shared the similar main idea which will be
stressed. Each experiment was performed with a fresh solution according to the

solubility of KCl in water under different temperature conditions.

3.2.1. Methods for Chapter IV-Controllable reparation of KCI with various
shapes through green supersaturation modulation

Sample preparation: The growing process of crystals highly depends on the solution
condition according to the solubility curve. For salt crystallization, the main variations
include the concentration of composing ions, temperature range and evaporation area
(liquid-gas area), and also the additives. After crystallization, the grown KCI samples
were immediately filtered by diameter of 0.22 um filter paper after each
crystallization experiment in order to avoid the further growth. Afterwards crystals

were kept in an oven at 45 °C overnight to dry up for other measurements.

Experimental design: A designed vertical cylindrical jacketed crystallizer with 250

mL capacity combined with mechanical stirring machine and a double blade parallel
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stir bar with length of 2 cm was performed, where warm water bath was provided by a
constant speed programmable thermostatic bath (XOYS-2010 N, ATPIO Ltd.,
Nanjing, China) to realize an accurate modulation with minimal configuration of 0.01
°C. By means of modulating cooling range, cooling rate and reaction period of water

bath, the KCl crystals with different morphology were grown in the crystallizer.

Typical batch cooling crystallization process: 100 mL of saturated KCI solution at 30
°C was added into the chamber of crystallizer and proper stirring speed was
performed to ensure an ideal mixture of the solid-liquid system. Subsequently, the
warm bath with 35 °C was set in advance for 30 min to keep all water cycle path
warm enough to ensure the later saline clear, i.e., no existence of solid salt. Typical
cooling program was set to cool the saturated KCI solution of 30 °C down to 27 °C
within certain period, where the filtration device was kept in an oven at 27 °C before
the program ended to minimize the further growth of KCl crystals during the sample
drying process.

Parameter impacts experiments: The cooling programming was well designed to
realize the modulation of cooling range and rate by setting different temperature and
reacting time, where the former was set to be same range as 3 °C but different starting
temperature as 24, 27, 30 and 33 °C without any other changes from typical cooling
process. For cooling rate impactor, the cooling range was set to be 30-27 °C to emit
the influence of environmental temperature condition with various cooling period
from 15 to 300 min (cooling rate from 12 °C/h to 0.6 °C/h), where the longer the
cooling period meant a lower cooling rate. For stirring speed parameter, increasing
speed as 100, 200, 300, 400, 500, and 600 rpm were applied for the system while all
other condition was kept the same with typical cooling experiment. In additive
impacts experiments, low dosage as 0.01 % and 2 % in column (in this case with 100
mL saturate solution, 0.01 mL and 2.0 mL of addition was added) was chosen to

research about the extra ions’ influence on crystallization.

3.2.2. Methods for Chapter V-Preparation of KCl samples with various exposing
facets

The growing process of crystals highly depends on the solution condition
according to the solubility curve. For salt crystallization, the main variations include
the concentration of composing ions, temperature range and evaporation area
(liquid-gas area), and also the additives. Here, based on properties of KCl salt, mild
crystallization reaction and addition of Pb ions methods were chosen to grow KCI

crystals with (200) exposing facets and (222) facets, respectively. For flotation
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experiments, the samples were sieved to gather same size range between 178 and 250
um to exclude the impactor of particle size. The detailed preparation methods were
described as below.

Preparation of KCI crystals with (200) exposing facets: 1t’s known the fact that crystal
habit of KCl is cubic with six square (200) faces. However, perfect cubic with sharp
corners only appears under gentle growing environment due to its easily
crystallization with slight decline of temperature as well as evaporation of water.
Hence, a mild isothermal evaporation method was performed to prepare the perfect
cubic KCI crystal. In a typical experiment, saturated KCl solution was poured into a
petri dish with diameter of 15 cm for 48 h with stirring speed at 300 rpm to grow even
cubic KCI crystals. For bigger cubic crystals, the evaporation period was extended to
one week and perfectly formed KCI samples were carefully moved to a filter paper for
quick drying to maintain the flat and immaculate surface for delicate tests like AFM.
Preparation of KCI crystals with (222) exposing facets: According to previous
research by L. Pastero, R[1], ratio of exposing facets including (200) and (222) of
KCI crystals highly depends on the additive of PbCl,. The increasing amount of lead
ions would promote the proportion of (222) face of KCI crystal. Thus, for pure (222)
exposing face KCl crystals with octahedron morphology, ratio at 1:500 in weight of
pure PbCl; in grams and saturate KCI solution in volume was prepared and ultrasonic
process with intensity at 200 W for 20 min was performed to ensure the well mixture
of composing substances. Then the solution was poured into a petri-dish for slowly
evaporation & crystallization reaction for a certain period, based on the requirement
of crystal size. After that, the well grown crystals were selected by a dropper and
dewatered by filter paper immediately in order to keep perfect crystals unblemished
for surficial observations as well as avoiding the further growth. Finally, Pb-KCI
samples were kept in an oven at 45 °C overnight to dry up for next measurements to
minimize the moisture absorption due to the high hydrophilia of KCI salt.

Floatation experiments: To study how potassium chloride with (200) exposing face
and (222) exposing face would affect the recovery process with ODA as collector
reagent, flotation experiments of cubic- and octahedron-shaped KCI crystals with
same size range of 178-250 pm were conducted in a flotation cell with capacity of 60
mL and the pulp concentration was set to be 25%, under ambient temperature around
25 °C. prior to the experiment, the collector ODA reagent was prepared by mixing 2
mL pure HCI into 99 mL octadecylamine solution. The mixture was heat up to 80 °C
until clear to maintain its high activity each time before flotation. During a standard
floatation process. 15 g of grown KCI crystal particles was added into 60 mL of
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saturated KCI solution and conditioned for 3 min. Then, 45 pL of transparent ODA
was added with mixing for another 2 min. Afterwards, bubbles were performed at
flow rate of 0.1 L/h with air as source for 2 min. Flotation process was carried out
then for two minutes to get the flotation kinetics date. All samples were immediately
filtered and transferred to an oven at 45 °C to dry up to avoid further crystallization
with remnant saturated KCI solution on surface of crystals. The flotation kinetics was

described by classical flotation kinetics
g=¢"T1-exp(-kt)] (1)

where € and € were real and theoretical recovery, %; k was flotation rate, min™, t was

the flotation time, min.

Adhesion & adsorption force test: During flotation process, another key parameter is
the interaction force between minerals and bubbles. Here, the adhesion & adsorption
force tests were conducted by a surface tension measurement apparatus (Powereach
JK99M2, China). Notably, the unstable bubble under solution hindered the accuracy
of interaction test but liquid drop helped to get a better understanding. The interaction
law between particles & bubble could be easily obtained by reversing the rule of
particles & flotation solution. During the test, a ring tip with a droplet with ~50 pL of
saturated potassium chloride solution was hanged where its weight was evaluated by
the digital sensor of instrument. Then, the cubic or octahedron samples were firstly
immersed in saturated KCI solution with 60 g/t addition of collector ODA for 10 min
in order to realize the same situation during flotation process. Then the samples were
dried at 45 °C for 4 h to dry up and placed on the surface of a glass slide with a
relatively smooth surface, which was later put on the instrument platform to move
forward the droplet with velocity at 0.01 mm/s to ensure the accuracy of this test. The
distance between droplet and particles was well designed in order to make sure about
the contact. Afterwards, the sensed real-time mass changes were recorded and
adhesion & adsorption force data could be read by analysis of the curve.
3.2.3. Methods for Chapter VI-Preparation of KCl samples with various shapes
The key idea of modulating the KCl crystal structure is to adjust the
oversaturation to control the growth preference. Solubility of KCI highly depends on
the temperature. For KCl crystallization process, the inter- face area of gas—liquid,
turbulence of solution system as well as cooling conditions greatly affect the
supersaturation thus further influent the growth of KCI crystals. Hence, various

strategies have been tried to prepare cubic-like, needle-like and hopper-like KCI
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crystals and the detailed methods are described as below. Notably, all samples were
totally dried and then divided into different size ranges by standard dry sieving
technique. Samples with size between 178 and 250 um were prepared for later
flotation in order to exclude the influence of particle size factor.

Preparation of cubic-like KCI crystals: 1t’s known the fact that crystal habit of KCl is
cubic structure. Here, a relatively fast but uniform crystallization method was
performed to collect cubic samples. First, 100 mL saturate solution of 55 °C was
prepared and heated up to 60 °C with a foil covered tightly to avoid evaporation of
water. The transparent solution was then transferred to cold water bath at 0 °C using
ice-water mixture with stirring speed as 400 rpm for 2 h. Afterwards, the grown cubic
crystals with wide size distribution were filtered and dried up in an oven at 45 °C for
overnight.

Preparation of hopper-like KCI crystals: The formation of hopper-like KCI crystals
appeared under constant high value of oversaturation during crystallization of FCC
crystals, which had been reported in previous work[2]. Similarly, a cooling process
assisted by a constant speed programmable thermostatic bath machine. A designed
vertical cylindrical jacketed crystallizer with 250 mL capacity was connected to the
warm bath to realize a constant cooling process from 30 °C to 27 °C with cooling rate
as 3 °C/h. During this period, the corners of one cubic structure got the chance to
grow faster to form hopper-like structure with large exposing (200) face area and
relatively hollow cubic shape. These hopper-like KCI crystals were obtained in order
to compare the flotation behavior with needle-like and cubic-like KCI crystals.
Preparation of needle-like KCI crystals: The needle-like formation of KCI crystals
was due to the faster growth of KCI under one-dimension shape with a high level of
supersaturation which means two ways including high cooling rate and evaporating
rate. In order to yield the needle-like crystals, a combined method of cooling and
evaporating was performed here. Similar to method of cubic-like sample, saturate KCI
solution at 70 °C was prepared by adding weighed reagent to a proper amount of DI
water and heat to 75 °C with a foil cover. Afterwards, the clear solution was
immediately transferred to ice bath to accelerate the crystallization process but kept
still. Notably, the cover was removed to let evaporation occur at the same time with
cooling process. At the primary step, several thin and small needle-like crystals
appeared on the surface of solution, i.e., the liquid-gas interface, where the higher
concentration of K and Cl ions under fast water evaporation condition helped needles

to grew longer and thicker. During this period, due to the gravity, most of them fell
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down to the bottom of solution where they could further grow while maintaining the
initial shape of needle structure.

AFM tests: The morphologies of various micro needle-like KCI crystal and sur- face
of cubic-like KCl crystals were tested by AFM. For needle-like sample, to study the
mechanism of needle structure formation, a spinner was used to get a high speed of
KCI solution evaporation, along with the fast growth of KCl crystals in nanometer
size. Low and high concentration with 10 and 50 mg/L of KCI solutions were
prepared to study the initial stage during fast growth of KCl crystals, respectively. To
prepare the AFM sample, a fresh cleaved mica with 10 x 10 mm size, as the base for
observation due to its layered property, was fixed on center of the spinner. Then, 10
uL of solution was dropped on surface of clean mica and spun for 300 s to ensure a
good dispersion as well as fast evaporation. The mica with dispersed samples was
then dried at room temperature for 12 h for morphology scanning tests by AFM. For
surface of cubic KCI structure study, a mild evaporation method helped to obtain
perfect cubic crystals. Here, 200 mL saturated KCI solution at 25 °C was poured into
a glass made petri dish with diameter of 15 cm for more than 7 days. During the
crystallization period, well-structured cubic samples were carefully picked out and
dried by filter paper on the bottom to protect the flat surface. For AFM tests, the
ScanAsyst Air mode in the presence of equipped with probe with silicon tip on nitride
lever was used to get the surficial details and professional software NanoScope
Analysis 1.4 was performed to analyze the results.

Micro flotation experiments: Batch flotation experiments were performed with a
flotation machine equipped with 60 mL cell. Typically, 15g samples were added into
60 mL saturated KCl solution and conditioned for 5 minutes. Subsequently, the
mixture was poured into the cell and ODA was added as collector. It’s worth
mentioning that the flotation of KCI occurs only when concentration of ODA exceeds
its solubility to work in form of flocs[3]. A proper concentration as 5.56 x 10~ mol/L
of ODA[4,5] was chosen to value the floatability of KCI samples. Samples were
floated for 2 min with air at a flow rate of 50 cm’/min. All flotation tests were
conducted under room temperature as ~25 °C.

Induction time tests: The set up was a self-made system with a platform for
controllable movement of the tip with bubble. By connecting an industrial camera, the
reacting moment of bubble with sample particles could be recorded. For each
condition, the approaching and retracting process as one movement were repeated for

20 times to calculate the adhesion probability. With increasing reacting period, tests
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of various adhesion probability were obtained ant the period with 50% adhesion
probability was thought to be induction time.

Adhesion & desorption force tests: The interaction between aiming minerals with
bubbles and collectors also relies on their adhesion as well as adsorption force. Here,
the related force tests of needle-, hopper- and cubic- like KCI crystals and saturated
KCI solution were determined by a surface tension meter (Powereach JK99M?2,
China). Firstly, KCl samples with various structure and 180-250 pum were immersed
in saturated KCI solution involving 5.56 x10” mol/L ODA collector for 6 minutes in
order to show the interaction force during real flotation process. Afterwards, the
filtered and dried samples were carefully settled on the bottom of a container to make
a flat mineral bed for later tests. The droplet of 100 pL KCl was attached to a needle
with a small ring with diameter around 1 mm as tip, where the other end was
connected to a micro force sensor with high sensibility as ~0.1 uN. During a typical
adhesion & adsorption force test, the saturated KCI with a flat mineral bed composed
by KCI particles on the bottom was put on the lifting platform with 2 mm distance
from the bottom of KCI droplet. Notably, the gravity of droplet was cleared to zero
before each test to get a better curve with baseline recoupling with x axis which
helped reading interacted forces. The real time changes of reacted force on the droplet
were recorded by the micro force sensor and adhesion & adsorption force data could

be obtained with the data analyze.

3.2.4. Methods for Chapter VII-Preparation of KCI samples with various shapes
Synthesis of KCI crystals: Based on former study, the feature of KCI’s high
dependence of solubility on solution temperature implied us the strategy to grow
cubic shaped (as FCC type crystal) KCI crystals. During the synthesis process, 100
mL hot saturate KCI solution at 55 °C by adding weight KCI reagent into DI water.
Afterwards, the mixture was transferred to warm water bath at 60 °C to realize the
total clear solution. When the saturate KCI solution was ready, a film cover was
applied to avoid evaporation and then stirred at 400 rpm for 2 h till it cooled down to
room temperature as ~25 °C. Consequently, the cooled mixture was filtered to collect
the crystallized KCI samples. At last, those KCI crystals were heat up at 45°C in an
oven for 12 h to dry up for later characterization and tests.

Experiments of ethanol impact on KCI flotation: The fact that ethanol could be
miscible in any proportion with water entangled its impacts on KClI flotation behavior.
Here, the experiments were designed to above three parts to realize an ideal

understanding of the mechanisms.
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Addition of ethanol during filtering process: It is known that KCI is hydrophilic in
solution which brings the difficulty to absolutely dewater of KCI crystals. With
remnant water on surface, samples tend to form caking big clusters instead of
individual single crystals. To resolve this caking problem, one common method was
adding a certain amount of ethanol during filtering process. In this work, various
amounts including 1, 2, 5 and 10 mL of pure ethanol was evenly sprayed onto KCI
samples during filtering process as described in above section.

Impact of Ethanol during crystallization process: Salting-out reaction always
occurred when large amount of ethanol was added into saturated KCI solution. To
avoid this phenomenon, low percentage addition of ethanol as 0.05%, 0.10%, 0.20%,
0.30%, 0.40% and 0.50% were chosen to prepare ethanol-KCI co-saturated solution at
25°C. Then 5 g grown cubic KCl crystals with size range as 150-178 um were added
into the co-saturated solution and conditioned for 3 minutes, then stirred at 400 rpm
for 6 minutes. It is worth noting that the periods were designed for aim of repeating
the same solution condition with flotation which will be introduced as below section.
Following was the basic filtering and drying process which was the same with
preparation of pure cubic KCl crystals.

Flotation tests: In the flotation process, pure saturate KCl and ethanol-KCl
co-saturated solution with increasing percentage of ethanol were prepared firstly as
mother liquor of the system. 5g of cubic KCI crystals were weight for each test with a
flotation cell of 60 mL capacity. Collector ODA was prepared by adding 2 mL pure
HCI into 98 mL ocadecylamine where the mixture was heat up to 80 °C to make sure
about the total transparent solution for an ideal function. In a flotation test, the KCI
samples were added into 60mL of mother liquor and conditioned for 2 minutes with
stirring speed set as 1200 rpm. Then 45 L of hot ODA as collector was applied for
another 2 minutes and then bubbles were produced with air as resource and flow rate
as 0.1 L/h for 2 minutes. Froths were collected during the bubbles applying process
and concentrate was collected while leaving part as tailing. By weighting the
concentrate and tailing (after filtering and drying process), recovery data was
obtained.

Surface tension tests: Co-saturated solutions of ethanol and KCI with increasing
ethanol as 0.05%, 0.10%, 0.20%, 0.30%, 0.40% and 0.50% were firstly prepared and
immediately transferred to tightly covered tubes to avoid evaporation of ethanol.
Surface tension of solution was tested via Force tensiometer (Kruss, Bruker) with a
flat platinum slice which was washed by DI water and then fire to remove any

impurities.
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3.3. Characterizations

For observation of crystals, a stereoscopic was performed due to their large scale
of size with nearly perfect morphology. With smaller size crystals, scanning electron
microscope (SEM, Phenom ProX G6, Netherlands) was used for detailed observation
of intact octahedron and cubic KCl crystal surfaces. Atomic force microscope (AFM,
Bruker MMS, German) with ScanAsyst Air mode equipped with Air tip helped to
reveal the surficial morphologies of grown perfect cubic and octahedron KCl crystals
and the results were analyzed by Bruker Nanoscope Analysis 1.4 software. X-ray
photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB Xi+, America) and
X-ray diffraction with Cu Ka radiation (XRD, D8 Advance, Germany) tests with
Cu-Ka sealed tube were applied to study the crystalline structure of KCI crystals and
the latter also helped to understand the exposing face differences between
variously-shaped KCIl samples. Besides, FTIR (Nicolet 6700, UK) along with Zeta
potential test (Malvern Zeta-sizer Nano ZS90, UK) were conducted to study the
interaction between the collector ODA and mineral sample KCI. Especially for the
zeta potential test, KCIl samples were ground to obtain powder with particle size less
than 5 pm to suspend in saturated KCI solution. For zeta potential tests related with
ODA, the concentration was set to be the same as flotation process as 60 g/t in
saturate KCl solution. The mixture was conditioned for 20 min and then measured for
6 times to yield the average zeta potential information. The exposing surface area
information was studied by the Brunauer-Emmett-Teller (BET, V-Sorb 4800P, China)

in pure N, atmosphere.

3.4. Summary

This chapter first briefly introduces the materials used in this thesis, and then the
methods of the following four chapters were introduced. Afterwards, the
characterization applied in the main research was listed. The content of this chapter is

the experimental basis for the following chapters.
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Chapter IV. Controllably constructing morphology and
structure of potassium chloride crystal by green supersaturation

modulation

4.1. Introduction

Crystals lie everywhere near us not only as natural ones like snowflakes, ice,
diamonds, or other gemstones but also artificial crystals were also precisely designed
to ignite their great potential as nutrients, necessities and even treatment for
disasters'' ). For centuries, they have been playing an essential role in amazing

variety of forms such as salt'¥), pharmaceuticals™, micronutrient delivery!®’, minerals!”
y p ry

and many other fields'®!.

As main resource of element potassium, which is essential for plants growing'.
Potassium chloride (KCIl) has been designed with certain physical and chemical

properties for being widely applied in different fields, leather making, explosives,

[10-12]

porcelain, fertilizer, phosphors, and medicines For instance, hydroscopic

properties of KCl are reported to be closely related with effect of climate!'*). Besides.

enhanced Optical-simulated luminescence response of KCI aerosol was beneficial for

14-16

regeneration effect in the materials of detector!'* . Improving mechanical properties

of KCI1 was helpful for warehousing, transporting, and storage process to far-abroad
countries!'”). What’s more, served as carrier, KCI could be used to strengthen UV

emission lines for generation of photo electronic devices''®'”). The nature of crystals

[20,21]

shows vital effects in their function , therefore, it is of high necessity to

controllably synthesize crystal with many morphology and surficial properties to
ignite their promising applications'**],

The design of growing crystals has been a challenge to all researchers™**.

Different methods like specific solvent especially organic solvent method® 27,

additives method*®*”! and extreme heat &pressure method”*>*! are thought to be

well-known ways to yield new structures of crystals. Besides, tons of efforts were

attempted to synthesize diverse property of crystals!®***.

However, chemistry
reagents pollution has been posing great threat to human society in all sorts of aspects
including drinking water, food industry and even clothing contact. Demanding of

eliminating the undesirable chemistry additives is urgent in social activities.
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To some extent, only aimed morphology and exposure faces could bring the
desired effects. In general, the natural crystallographic habits are known to be rarely
influenced by normal conditions due to the crystallization thermodynamic equilibrium,
while the crystal structural, morphological as well as surficial properties may differ

depending on crystallization kinetics">.

By repeating the basic structure along
different paths, orientation and quantities, the crystals may end up with parallelism,
misaligned spiral growth, or secondary nucleation. Let along that in nature, the
crystals are rarely found to be in their equilibrium form which requires steep
conditions. The basic repeating unit finally pile up to form varied macroscopically
crystals which is also known as crystal clusters that may seem far dissimilar from the
ideal perfect structure, but the latter appears in a more common way.

It’s of significant scientific and technological importance to investigate the
method to design crystals without additives thus to pave an environmentally friendly
path to the applications of industrial crystals. Hence, the phenomenon that crystal
always grow in form of clusters sheds some new light to the controllable crystal
design by only modulating the general conditions like crystallization rate,
supersaturation, and temperature. In this work, as one of the most significant crystals
in nature an actual application, KCl was taking as an example to research the
strategies of controllable construction of crystals. The solubility of KCIl highly
depends on temperature of solution, ensuring the possibility of precise regulation of
the oversaturation of salt thus to modulate crystals during the cooling process. Batch
experiments were performed to research how the cooling method would affect the
morphology, surficial properties of KCI crystal. This work aims to help understand
the controllable design of crystals by supersaturation modulation, not only salts but

also medicine crystals, minerals, jewels and semi-soluble minerals.

4.2. Results and discussion
4.2.1. Supersaturation controlled crystallization

As a common method of mixing as well as energy input for reactions, stirring not
only helps the system unbalanced but also provides a certain level of mixing effect,
especially for multi-phase systems like solid-fluid mixture. The energy input increases
with higher stirring speed. To figure out the relationship between stirring speed and
the morphology of crystal, batch crystallization experiment of cooling process with
different speed including 100, 200, 300, 400, 500 and 600 rpm was performed and the
results were shown in Fig. IV.1a-d and Fig. IV. 2.
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Stirrina

Fig. IV. 1. Effect of conditional parameters for KCI crystal grown through batch cooling
experiments: Effect of stirring speed on crystal grown, (a) 100, (b) 200, (c) 400, and (d) 600 rpm
from 30 °C to 27 °C in 60 min; Effect of cooling range on crystal grown, (¢) 24-2 °C, (f) 27-24 °C,
(g) 30-27 °C, and (h) 33-30 °C (with cooling period of 60 min); Effect of cooling rate on crystal
grown, (i) 12 °C /h, (j) 3 °C /h, (k) 1.2 °C/h and (1) 0.75 °C/h from 30 °C to 27 °C with 400 rpm;
Effect of additive seeds amount on crystal grown, (m) 0.1 g, (n) 0.2 g, (0) 0.3 g, and (p) 0.4 g.
Scale bar=500 pum.

Fig. IV. 2. Stereoscopic results of hopper-like KCI crystals grown by batch cooling experiments
from 30 °C to 27 °C in 60min, with 300 and 500 rpm, respectively.
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Intuitively, the size of crystal reached a good distribution in hopper-like size
under 400 rpm condition. With lower stirring speed (100, 200, and 300 rpm), the
crystals showed hopper structure but in unevenly size and shape distribution, while
small crystal pieces tended to be broken from the bigger hopper structure under high
rotational speed (500 and 600 rpm). The crystallization process usually requires a
gentle solution environment, i.e., a proper mix ability of the crystal-saline system. The
homogeneous morphology of crystal in Fig. IV. 1¢ demonstrated that this system well
fitted the mixing purpose under 400 rpm. The mechanism could ascribe to the

suspension critical speed Nt calculation according to Pavlushenko’s formula:

g0.6pg.8 dgA-Dl.Q

Nt =0.105 ﬂ0'2p0'6d2'5

(D

With Nt the suspension critical speed of mixer (revolutions per second, rps); g
the acceleration of gravity in m/s*; pp and p the density of solid-state particles and
liquid-state solution in kg-s*/m®, respectively; p the viscosity of the fluid being mixed
in Kg's/mz; d, D and d, the diameter of mixer, mixing vessel, and grown crystal in m,
respectively. Based on the equation, the Nt would be 5.69 rps, i.e., 391 rpm, close to
the experimental result 400rpm. The satisfied distribution of hopper-like crystals
came from the well mixed solid-liquid system, while the higher stirring speed offered
redundant energy for crystallization, thus destroying the hopper structures to small

pieces in Fig. IV. 2b.
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Fig. IV. 3. llustration of atoms on face, edge, and corner position of cubic crystal.

The phenomenon that solubility of KCl is subject to changes in temperature, as
mentioned above, gives an insight of the idea that the hopper structure may change
under different cooling range. Batch cooling experiments of 3 °C within ranges of
24-21 °C, 27-24 °C and 33-30 °C were set to see the morphological differences of
crystals from that of 30-27 °C crystals. As shown in Fig. le-h, the crystals in different
conditions all exhibited hopper-like structure but diverse size distribution. In Fig. I'V.
le, the inner cubic owned a relatively large length attached with eight much smaller
branches on corners. However, in Fig. IV. 1f and g, the size of branches on corners
were better developed thus those crystals showed obvious hands with almost
non-existed inner cubic structure. The different shapes could be well explained by
various growing strategies that as shown in Fig. IV. 3, there will be three main
growing directions on one cubic structure-from center to corner (green), along edge
(yellow) and perpendicular to square face (pink) with a declined growing rate (vice
versa during resolving process). During crystallization, it’s obvious that corners are
immersed in large area of saturation KCI with abundant K or Cl ions to help grow. On
edges, there will be relatively less chances to contact with saturated solution while on
faces, ions possessed the least saturated KCI solution. It could be inferred that the
greater growing rate difference between corner and face direction occurred under
increasing temperature conditions. In other words, when the temperature was set to be
low, the (200) face of KCI crystals tended to grow which required a gentle
environment, thus benefiting the formation of inner cubic structure. On the contrary,
if the temperature was high, the difference of growing rate between corner and face
direction was magnified that the growth along corner direction was better promoted
than on face direction. The corners of primary small cubic became the secondary
nucleation sites for later cubic. Consequently, the branches on eight corners got
preferentially developed and the final crystals showed a hopper-like structure.
Notably, according to the Oswald Ripening theory, dissolution and nucleation
occurred during the crystal growing process. The temperature condition is a key
parameter of the balance of these two reactions, improper condition might bring on
non-uniform crystals. As demonstrated in Fig. IV. 1f, g and h, the best size
distribution occurred under proper temperature condition (in Fig. IV. 1g, 30-27 °C),
while IV. If and 1h displayed small pieces and oversized aggregations. Thus, the
proper cooling range of hopper-like KClI crystals should be set as 30-27 °C.
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Apart from cooling range, the cooling rate is another key factor of the grown
hopper-like structure. Solubility of KCI highly depends the temperature, thus the
cooling way offers oversaturation of crystallization. The cooling rate greatly affected
the oversaturation thus induced the change in growing speed of crystals. To research
the correlation between cooling rate and morphology of crystals, in this work, various
cooling rate as 12.0, 3, 1.2 and 0.76 °C/h. Obviously, the lower cooling rate offered a
steadier growing environment for KCI crystals. Representative results were shown in

Fig. IV. li-l and others in Fig. IV. 4 with same evolution law.

0.6°C/h

37

Studv on svlvite flotation through controlled crvstallization methodologv



M. en C. Yuan Yuan

Fig. IV. 4. Stereoscopic results of hopper-like KCI crystals grown by batch cooling experiments
from 30 to 27 °C in with stirring speed at 500 rpm and cooling rate as 6, 4, 2.4, 2, 1.5, 1, 0.86 and
0.6 °C/h. Scale bar=500 pum.

Crystals in figures showed the revolution trend from hopper-like structure with
distinct cubic corners to spherical particles. In Fig. IV. li, the crystals were in
different size but the same hopper-like morphology, which should be ascribed to the
proper oversaturation as well as Oswald ripening theory as mentioned above. With the
slower cooling rate, the crystals got a relative peaceful grow to display an even size
distribution as in Fig. IV. 1j and k. However, the latter result exhibited a hopper-like
structure with better developed branches compared to the former. This structure could
be inferred that at the very beginning of cooling stage, the saline kept clear without
crystal seeds formation due to the supersaturation of KCI under 25 °C. Burst of
nucleation happened only when the real oversaturation exceeded that value.
Immediately followed a fast growth, and dissolution of some KCI seeds, thus helped
formation of the inner hopper structure. Later, however, with a steady cooling
environment with 1.2/h in Fig. IV. 1k, the branches obtained chances to show an ideal
development as big cubic. With a slower cooling rate in Fig. IV. 11 at 0.75 °C/h, the
branches achieved a better grow as well as attrition on the surface of cubic corners
where the latter phenomenon usually occurred with long enough crystallization
process. As a result, the crystals showed an aggregation with several spherical small
particles. Among which some remained a hopper-like structure with 8 spherical small
particles as displayed on upper left corner in Fig. IV. 11, illustrating the similar

growing mechanism as above results.

g .4? ,' %

7 KCl reagent

~

Fig. IV. 5. Stereoscopic results of KCl reagent
One other impactor involved was the additive seeds that always pertained great

influence on the morphology of crystals. Analyzed grade of KCl was used as an
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environment-friendly additive without non-necessary substance to study the influence
on cooling experiments. The original reagent pertained a rough surface as shown in
Fig. IV. 5. Limited amounts including 0.1, 0.2, 0.3 and 0.4g KCI was added into the
saturated salinity at 30 °C and the results were displayed in Fig. IV. 1m, n, o and p.
It’s clear that crystals showed an even distribution and discrepancy from reagent
morphology with only 0.1g additive seeds, while big size particle with a spherical
shape remained with more seeds, indicating the possibility of adjusting crystal
morphology and shape distribution with low amount of original reagent. Inferred was
the mechanism that additive seeds helped breaking the balance of saturated solution,
dissolve, and growth of KCI occurred on surface of seeds at the same time, thus to
help average the morphology of grown crystals. However, excessive seeds aggravated
the crystallization of KCl on surface of seeds but the dissolve was restrained thus
reserved those big particles in reagent. As a consequence, proper amount of crystal
seeds would help with modulating morphology of grown crystals with the dynamic
adjustment between dissolve and crystallization of the additive seeds.
4.2.2. Crystal Products
4.2.2.1. Hopper-like structure

As a typical FCC (Face-centered cubic) type crystal, a standard basic KCl crystal
would grow to be a cubic structure with sharp corners. In this work, the grown crystal
by cooling method showed a hopper like structure, as shown in the inserted picture in
Fig. IV. 6. The special anisotropic structure could be attributed to the faster growth on
corners and edges than the centers of its faces. Before the core cubic grow as a bigger
cubic, the eight corners turned to be the site of secondary nucleation, then the corners
of secondary cubic became the sites of ternary nucleation, and so on, thus to form a
hopper-like structure with higher exposure of crystal face area in comparison with
basic cubic structure, as illustrated in the inserted pictures in Fig. IV. 6. Their
corresponding X-ray diffraction (XRD) results demonstrated that they exhibited
similar crystal faces but the hopper structure crystal pertained much stronger
diffracted intensity, indicating the success of high exposing crystal faces area of the
hopper-like structure. Notably, the connected part between two “steps” might be the
extra crystal face (220) and (222), in consistent with XRD result. Aided by the
multi-staged structure, the hopper-like crystal exhibited greater surface area than that

of a cubic crystal.
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Fig. IV. 6. X-ray diffraction and Stereoscopic results of cubic and hopper like structure KCI
crystals

Based on results above, the different growing rates of lattice plane contributed to
the various appearances with the same hopper-like structure. To further unveil the
influence of common cooling parameters, series of batch experiments were applied
here to study the different shapes of KCI crystals by additive-free method.

Demonstrated above was the phenomenon that the KCI crystals tended to show a
hopper-like structure during the cooling process in proper range and rate.
Nevertheless, the evolution of this special structure remained unclear which should be
an interesting part to help understanding the mechanism. In this part, the beginning
temperature of solution and cooling rate were set to be 30 °C and 3 °C/h based on
previous research to get the uniform hopper-like structure, thus the different
crystallization period should be the only factor to influence the crystals. By collecting
crystals of those batch experiments, evolution of hopper-like structure would be easily
unveiled as shown in Fig. IV. 7.

It's clear that at the first stage of crystallization as in Fig. IV. 7a, hopper-structure
appeared in a rough and frizzy way, indicating the fast nucleation with high
supersaturation as mentioned before. Meanwhile, those crystals with thin and
underdeveloped branches ended up in aggregations due to their high surficial energies.

As time elapsed, the branches of crystals in Fig. IV. 7b acquired the chance to further
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grow to exhibit less sharp structure, ensuring the hopper-like structure with a better

distribution. By comparing Fig. IV. 7b, ¢ and d, there was a tendency that the crystals

kept in a form composing of 8 small units but increasing sphericity. Growth as well as

attribution were thought to be the main mechanisms of this phenomenon. More

detailed revolution results were displayed in Fig. IV. 8, with the similar conclusion

illustrated by those typical morphologies.
C) '

180 min

Fig. IV. 7. Stereoscopic results of KCI crystals grown by batch cooling experiments from 30 °C

for increasing period with cooling rate at 3 °C/h, scale bar=500 pm.

Fig. IV. 8. Stereoscopic results of KCl crystals grown by batch cooling experiments with stirring

rate of 400 rpm and cooling rate at 1 °C/h from 40 °C for 1, 2, 3, 4, 6 and 9 h, respectively (3.2.2)

4.2.2.2. Sphere-like crystals

41

Studv on svlvite flotation through controlled crvstallization methodologv



M. en C. Yuan Yuan

Normally, the perfect cubic structure exhibited six foursquare faces as the
surface, coming with the high possibility of cohesion, thus hindered the separation of
crystals during production transfer process and got medicine invalidated. Though by
cooling method, superficial area of produced hopper-like crystal increased by the
stackable growth of cubic units but remained the foursquare surface. Therefore,
efforts have been made to grow crystals with special shapes to avoid clusters
formation. It’s known that the morphology of crystal production shows an important
role in the transportation process as well as application. One of the most favored
shape of crystals is spherical structure with low possibility of aggregation.
Nevertheless, it’s hard to change the intrinsic propriety of crystals at ambitious
temperature and pressure without additives. Hence, in this part, only the spherical-like
structure of KCI crystals by abrasion from cubic habit was studied to help understand
the evolution of cubic-to-spherical crystal.

Shown in Fig. IV. 9 was the evolution of aspheric KCI crystals. During the
cooling experiments, a greater value of cooling range between 40-30 °C was set to get
a better morphology of crystals to help research the evolution process. Similar to the
conclusions in Fig. IV. 1i, j, k, | and Fig. IV. 4, the former crystals displayed a
hopper-like structure as in Fig. IV. 9a, b ¢ and also d, demonstrating a common
phenomenon during cooling process. However, in Fig. IV. 9e, the units of a hopper
structure became smooth to form a bigger cluster. Notably, the eight units as the
branches of a hopper structure got chance to grow completely as cubic formation to
form a bigger cubic with obvious crossing lines in the center. Besides, due to the
Oswald ripening, some crystals were dissolving and others growing, thus showing in
various size distribution. With a slower growing rate in Fig. IV. 9f, the limited ions
tend to form crystals only in relative greater size, single cubic-like crystals with
crossing lines could also be found. Similar conclusion appeared in slower cooling rate
as shown in Fig. IV. 9g and h. The final crystal in Fig. IV. 9i pertained a spherical
morphology of size over 500 um with smooth surfaces, indicating the tendency of
increasing size and smoothness with smaller cooling rate. Apart from cooling rate, the
evolution of the spherical crystal in Fig. IV. 9i (i.e., cooling rate at 1 °C / h) was also
studied as shown in Fig. IV. 10. Cubic crystals with crossing lines pertain a great
percentage in Fig. 10c, then they got abraded to show spherical surfaces instead of
well-cubic forms. Finally, as time elapsed, the cubic crystal with eight smaller cubic
units turned to show a whole structure with spherical structure in Fig. IV. 10!, The

quantity of KCl crystals displayed a decreasing trend here which could be ascribed to
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the Ostwald Ripening theory that small pieces of crystals would dissolve to form

bigger crystal due to the difference of ions concentration near surface of crystals.

Fig. IV. 9. Stereoscopic results of KCI crystals grown by batch cooling experiments from 40 °C to
30 °C with decreasing cooling rate at 20, 13.33, 10, 6.67, 5, 2.5, 1.67, 1.25 and 1 °C/h. Scale
bar=500 pm.
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300 min

Fig. IV. 10. Stereoscopic results of KCI crystals grown by batch cooling experiments with stirring
rate of 400 rpm and cooling rate at 3 °C/h from 30 °C for 30, 45, 75, 90, 120, 180, 210 and 300

min, respectively. (3.2.3)

4.2.2.3. Hollow cube-like crystals

Demonstrated was that the crystals shapes are affected by adding extra ions that
might also introduce impurities thus lower the production qualities. Interestingly, the
composing ions of crystals in solution may show influences on the final shape. Taking
KCI for example, the structure of KCl is face-centered cubic, indicating the repeating
unit consisted by K and CI element with ratio of 1:1 as shown in Fig. IV. 11. Actually,
there are many types of foreign chemical like NaCl, MgCl, and K,SO4 during
industrial manufacture process of extracting KCl from salt-lake, and plentiful
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attention has been stressed to research the impacts of Na", Mg”" and SO4> which is
not the main content in this discussion but only the two constituent ions of KCI.
Moreover, the pH of solution is not always at 7 which means extra H or OH ions, for
example, flotation of KCl was always conducted under pH~6 by using

octadecylamine hydrochloride as collector*®>*!

. (Surface chemistry features in the
flotation of KCl) In this section, to understand how excess K or ClI ions in solution
will influence the KCl crystals shapes, certain quantities of KOH and HCI was added

into the solution and cooling process was performed.

2mL HCI

Fig. IV. 11. Stereoscopic results of KCI crystals grown by batch cooling experiments from 30 to
27 °C with existence of 0.1mL of KOH (a) and HCI (d), and ImL of KOH (b) and HCI (¢) from 30
to 23 °C for 700 min, especially. Scale bar=500 pm. Atomic illustration of KC1 with CI (c) or K (f)

as center atom.

Shown in Fig. IV. 11 are the results of KCI crystals with 0.1%, 2% addition of
KOH and 0.1% and 2% addition of HCI during crystallization procedure. Interestingly,
the morphologies of Fig. IV. 11a and 11d shared the similar hopper-like structure but
different details of branches. Here, the KOH and HCI were thought to be original of
only K/CI ions since OH/H ions with 0.1% and 2% dosage were later found to be not
working as effective factors during crystallization. With limited extra K ions, the
small units of hopper structure showed more spherical shape, indicating the
importance of K ions as the face centered member of cubic structure. This
phenomenon was further demonstrated in Fig. IV. 11b that when excessive K ions
were added in solution for longer period and full reaction, the cubic structure of KCl
maintained with smooth edges on prisms of cubic structure. According to the atomic
structure diagram in Fig. IV. 11c, the K atoms occupied the center of each prism with

Cl atom as corner atom, thus helping formation of structure by 12 K atoms as
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structure of cubic without sharp corners (Cl atoms). In Fig. IV. 11d, when small
amount addition of Cl ions was applied, crystals also exhibited hopper structure with
thin arms on eight corners, while they grew to get connected by a framework structure
with more Cl ions in Fig. IV. 11e. The phenomenon should be explained by the same
mechanism above that connected Cl atoms on corners promised the structure of
prisms. Notably, the deformation of crystallization habit requires restrict conditions
which promises KCl crystals with cubic-like structure under constant temperature and
pressure. For the cooling process with extra K or Cl ions, the abundant adding ions
would work as frames of cubic-like structure, thus exhibiting crystals as smooth cubic
with K element at center on prisms or hollow cubic with Cl ions at corners as

illustration in Fig. IV. 11f.

0.1 mL NH,H,0

Fig. IV. 12. SEM morphology result of KCI crystals grwon by batch cooling experiments with 0.1
mL additive as NH4Cl, KNO3;, HNO3, and NH3-H,O stirring rate of 400 rpm and cooling rate at 3
°C /h from 30 °C for 60 min, respectively.

It’s worth noting that to exclude the OH and H' ions impacts, additive ions
NH4CI, KNOs;, HNO; and NHj3-H,O were also applied to batch cooling crystallization
of KCl as shown in Fig. IV. 12 with dosage as 0.1% and 13 as 2%. It could be
concluded that extra HNO; and NH3-H,O had limited influence on the shape of KCI
crystals as hopper structure. However, with additive NH4Cl in Fig. IV. 12a and 13a,
both low and high dosage yield KCI crystal with well-grown branches from 8 corners,
similar with results with extra HCI. With 0.1% and 2% extra KNO; in Fig. IV. 12b
and 13b, both KCI crystals possessed cubic form with relatively perfect shape. The
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shapes of these crystals were not in excellent coincidence with that with extra HCI
and KOH, it could be ascribed to the minor impact of NH;" and NO;™ ions. Here, the
supplementary results only aimed to help understand the extra composing K and CI
ions’ influence on KCI crystals. The above results further demonstrated the idea of

modulating crystallization based on intrinsic repeating unit of KCl crystals.

2.0 mL HNO,

Fig. IV. 13. SEM morphology result of KClI crystals grown by bath cooling experiments with 2.0
mL additive as NH4Cl, KNO3;, HNO3, and NH3-H,O stirring rate of 400 rpm and cooling rate at 3
°C/h from 30 °C for 120 min, respectively.

4.2.3. Structural and surficial properties
4.2.3.1. Structure

Based on above work, various morphology of KCI crystal have been prepared
including hollow cubic, smooth cubic, hopper and spherical KCI crystals as shown in
inserted pictures in Fig. IV. 14, along with their corresponding XRD results that all of
them showed high purity and crystallinity. It’s clear that smooth cubic structure
contains high percentage of (200) face while hollow cubic relatively more (220) face
which could be a consequence of the inner beveling. For hopper structure, the
abundant complicating exposing area displayed extra (222) faces. Limited faces of
(200) and (400) were shown in spherical structure due to its isotropy. In conclusion,
various shape with special exposing area would contribute to the different intensity of
crystal faces, promising their further applications related to the properties of exposing

faces.
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Fig. IV. 14. XRD results of smooth cubic with KOH, spherical, hollow cube with HCI, hopper and

standard cubic KCl structure, and corresponding stereoscopic results.

4.2.3.2. Roughness

Aimed shapes prepared above guaranteed them with special structures for wilder
application but the surficial morphology of grown crystals remained unveiled. Here,
SEM combined with three-dimensional graph was performed to help understand the
surficial properties as shown in Fig. IV. 15. SEM and their corresponding
three-dimensional results of smooth cubic with KOH additive in Fig. IV. 15a and 15b
showed a relative flat surface on the cubic part, with a smooth corner instead of sharp
one, indicating the preferred formation of foursquare face rather than prisms. The
surface of spherical structure in Fig. IV. 15¢ and 15d exhibited a circular arc with
relative high roughness which could ascribed to the formation mechanism of spherical
structure from cubic structure as explained above. For hollow cubic structure in Fig.
IV. 15e and 15f with addition of HCI, prisms with sharp corners remained with a
foursquare hole on center of the six faces of one cubic structure. Similarly, hopper
structure in Fig. IV. 15g and 15h showed holes in center of each face, with eight
branches on direction of corners. On the contrary, the original basic cubic of KCl
structure in Fig. IV. 151 and 15j displayed rather flat surfaces due to the well

crystallization.
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40-20 1200min

Fig. IV. 15. SEM results of smooth cubic with KOH, spherical, hollow cube with HCI, hopper and

standard cubic KClI structure, and their surficial 3D plot results.

4.3. Conclusions
In summary, a green and controllable approach was proposed for preparation of
various structure and morphology of KCl through supersaturation modulation. Hopper

-, sphere- and hollow cube-like crystals were obtained in the work. The parameters
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including stirring speed, additive seeds, pH condition, cooling range and rate in the
supersaturation modulation technology were well researched and explained. At certain
condition, the crystal would grow in a uniform state, otherwise, they would form as
small pieces, abrasion of crystals, etc. Different products were analyzed in the
structure, morphology and surficial property. Three-dimensional visualization was
applied in detecting roughness and appearance of crystal. The main exposed faces for
smooth cubic, hollow cubic, and hopper structure were (200), (220), and (400) facet,
respectively, which could be a consequence of the inner beveling. Spherical structure
surface showed a higher roughness than the others, which was originated from the
formation mechanism of spherical structure to cubic structure. Herein, the work
developed an environment-friendly method to prepare different crystal structure for

application as template, flotation, and others.
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Chapter V. Novel insights into sylvite flotation modulated by

exposing facets

5.1. Introduction
KCl, one of key water-soluble minerals "), was mined and processed to provide
potassium compounds for agricultural industry " and other chemicals like medicine

(6] etc. Since the 1940s, the majority of potash ore

B] battery M4 ceramics 7, plastics
was extracted through flotation in potash industry ") As the increased demand of
potash elements and lower grade of potassium ore, potassium supply is in ur- gent
requirement all over the world "', Hence, further improving flotation recovery is
critical for optimization of flotation system in industry.

Adjusting hydrophobicity of crystal surfaces and the selectivity of bubble and
crystal interaction during flotation process were main way to improve recovery of

potash ores!'* 4.

For decades, precursors focused on developing various surfactants
(called as collectors) comprising of hydrophilic group and hydrophobic chain in
difference of flotation selectivity and capability, such as, primary alkylamines
(R-NH2)!"*! in early stages, sodium alkylamines (R-SO3;Na)!'"), sodium alkylsulfates
(R-0SO;Na)!'”), and fatty acids (R-COOH)!'®. Despite abundant types of collectors
were applied in the industry, flotation recovery still requires further improvement.
Considering that most minerals are crystals whose one typical feature is the
well-defined notion of standard repeating units with discernible crystallographic plane,
crystal samples exhibit different physical and chemical properties with various

[19-21]

exposing faces For instance, one extreme but common example is

two-dimensional crystal materials type showing obvious anisotropy like

22,23] 26]

molybdenite!”**’], mica®¥, talc!*®! and highly oriented pyrolytic graphite (HOPG)!

that can be easily exfoliated to layers along basal (001) plane but difficult to destroy
from the other vertical (010) direction, where the Ilatter plane with hanging

unsaturated bonds tends to be more active to react with collectors and bubbles during

[

flotation process’®’ >, On behalf of natural KCI crystals which belongs to typical

face-centered-cubic (FCC) type, the most common two structures with single-type

exposing faces are i. six square (200) faces composing one cubic structure and ii.

3031 Moreover, thanks to

[32,33]

eight triangle (222) faces forming an octahedron structure!
KCl crystals’ good solubility which highly relies on solution conditions , samples

with various exposing faces can be obtained during the crystallization process by
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well-designed strategies. It is likely that the uncommon exposing facets may bring
new possibility or show disadvantages, which should be well researched for reaching
an ideal flotation recovery. Hitherto, few studies investigated the work about
improving floatation of KCI by modulating exposing facets.

During the industrial production, the most used method to recover potassium is
by cold decomposition followed with froth flotation using ODA (not only for
recovery of KCI but also for restrain of tail mineral NaCl) as collector****!. Here, KCl
crystals with only one type of exposing faces as (200) and (222) were obtained where
the surfaces details were shown by atomic force microscope (AFM) to research their
growing mechanisms. Flotation performances of two types of KCl samples as well as
their corresponding interaction with ODA were well studied by fourier transform
infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS). Besides,
the induction time test and adhesion & adsorption force tests were conducted to
further study the interaction behaviors during flotation process. The related
mechanism of different flotation recovery with two types of KCI crystals were

researched.

5.2. Results and discussion
5.2.1. Morphology characterization

By cooling and lead addition methods, two types of KCIl crystals were
successfully prepared and their morphology information was studied by SEM and
stereoscopy, as shown in Fig. V. 1. It’s clear that cubic morphology appeared during
cooling method, while octahedron morphologies showed up with existence of small
amount of lead ions. The uneven size distribution was due to the easily crystallization
of KCl in solution but sieves helped to narrow samples to proper size ranges for other
tests. In Fig. V. 1c and 1d, the cubic and octahedron samples shared nearly perfect
shapes with only one type smooth surfaces, indicating their high crystallinity which

was further researched by XRD test in the following results.
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Octahedron

Fig. V. 1. SEM results of cubic (a) and octahedron (b) crystals, and their corresponding

stereoscope results.

5.2.2. Crystal Structure

As one of the most important features of crystals, the crystalline structure of KCl
samples with cubic and octahedron shapes were studied here. Firstly, the XRD test
was performed to cubic and octahedron and corresponding results were displayed in
Fig. V. 2. Peaks at around 24.5° ,28.5° ,40.6° ,50.2° ,58.8° ,66.5° and73.8°
were ascribed to (111), (200), (220), (222), (400), (420) and (422) faces of KCI
crystals, which were in high agreement with the PDF#73-0306 data of KCI®"*®*. The
high and narrow peaks demonstrated that both two samples pertained high purity of
KCI crystal while the cubic sample showed high intensity of (200) face and
octahedron sample of (222) face, indicating their different main exposing faces.
Besides, the addition of lead ions did not change the structure of KCl crystal but only
the exposing face, giving the chance to study the influence of KCIl exposing face on

its recovery possibility as discussed in the coming part of this work.
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process were highly coincident with classical first-order model, as listed in table V. 1.
The flotation rate of KCI (200) was higher than that of KCI (222). The KCl (200)
samples achieved a recovery at 83.35%, while recovery of KCI (222) was about
53.42%, demonstrating a better interaction between cubic KCI crystals with bubbles

Fig. V. 2. XRD results of cubic and octahedron crystals.

5.2.3. Flotation affected by crystal facets
The flotation experiments of two types of crystals with (200) and (222) exposing

faces with size range at 178-250 um using ODA as collector were conducted, and the

flotation kinetics results were shown as Fig. V. 3. Both flotation recovery in the

under collector as ODA.

100

(=N [}
S [=}
T T

Flotation recovery (%)
i
[

Cubic-(200)
Octahedron-(222)

o
(=}
T

0 1 1 1
0.0 0.5 1.0 1.5 2.0
Time (min)

Fig. V. 3. Flotation kinetics results of KCI1(200) and KCI1(222) crystals using ODA.

Table V. 1. Kinetic parameters for flotation kinetics of classical first-order model.

Classical first-order model

Samples € (%) k; (min™) R’
Cubic 84.24 2.27 0.999
Octahedron 54.31 2.06 0.994
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5.2.4. Interaction between KCI crystal and collector

In most cases, the minerals would absorb collectors to reach a hydrophobic stage
so as to attach to bubbles for being floated. The good flotation behaviors of two
samples implied the possible interaction between KCI particles and ODA. Here, FTIR
tests was used to study if ODA was absorbed on KCI crystals. From Fig. V. 4, it was
clear that before flotation, both KCI1 (200) and KCI (222) samples showed peaks at
1638.00 and 1114.00 cm™', belonging to KCIP** After reaction, there were new
peaks at 2917.77, 2850.27, 1473.35 and 719.32 cm™ on KCI (200) and 2919.70,
2852.20, 1473.35 and 875.53 cm™ on KCI (222) samples, which all belong to ODA,

(41.42] However, the

demonstrating the successful adsorption of ODA on KCI samples
interaction type remained unclear which needed further investigation by following

XPS tests in Fig. V. 5.
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Fig. V. 4. FTIR results of KCI(200) and KCI1(222) crystals before and after flotation, respectively.

To further figure out the interaction details between KCI crystals and collector
ODA, binding energy information of different elements of KCl (222) before and after
flotation was tested by XPS and the related results were displayed in Fig. V. 5. In the
survey map, Pb, K and CI element narrow map of original KCIl (222) sample were
shown in left four maps in Fig. V. 5a, 5c, 5e and 5g, respectively and their
corresponding maps after flotation in right maps of Fig. V. 5b, 5d, 5f and 5h. Notably,
the Pb 4f peaks at 138.64 ¢V and 143.65 eV in Fig. 5¢ belonged to KPb,Cls*!, it
could be ascribed to the minor addition of Pb ions inserting in the crystal structure of
KCI (222). By comparing the peaks between left and right, the binding energy
difference could be clearly seen that no movement occurred in Pb 4f, K 2p and CI 2p

spectra, indicating that none of new chemical bonds appeared. As a consequence, the
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force between KCI (222) and ODA do not belong to chemical adsorption but probably

only physical reaction that needed other investigation.
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Fig. V. 5. XPS spectra of KCI(222) samples before: (a) survey, (c) Pb 4f, (e) K 2p, (g) Cl 2p and
after flotation: (b) survey, (d) Pb 4f, (f) K 2p, (h) CI 2p.

The above FTIR and XPS results suggested that the ODA’s adsorption on KCI
could be ascribed to non-chemical force. To reveal the mechanism, zeta potential of
KCI (200), KCI (222) before and after reacting with ODA were tested and related
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results were displayed in Fig.6. It’s known the fact that ODA is a cationic collector
with positive charge which was also demonstrated here. In Fig. V. 6, before reaction,
KCI (222) and KCI (200) possessed -3.29 mV and -6.41 mV, respectively. According
to previous work!**!, similar to LiCl with negative zeta potential, the hydration energy
of K ion is higher than that of Cl ion which promotes the dissolve of K ions into
solution instead of Cl ions on surface of KCI crystal structure, resulting in the more
left ClI" with negative charge of KCl crystals as demonstrated in Fig. V. 6. The
different zeta potential of these two samples would be well explained in later
discussion. Anyway, as a result, the more negative zeta potential of KCI (200)
indicated the better static interaction with cation collector ODA (5.51 mV) than that
of KCl (222) crystal during flotation, well explaining the different flotation behaviors.
Afterwards, cubic and octahedron samples achieved an increased zeta potential to

-0.38 and -0.32 mV, close to zero, suggesting the possible physical static force

. . .. . . . 45
between KC1 and ODA which was in coincidence with previous conclusion'**’.
6 551
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Fig. V. 6. Zeta potential results of KCI (200), KCI (222) crystals before and after reacting with
ODA, and of ODA in saturate KCl solution.

As mentioned above, flotation happens by the selected adsorption by collectors
on minerals surfaces to reach a hydrophobic condition in order to interact with
bubbles. As a consequence, the surficial properties of minerals show a vital role in
this reaction. AFM, as a powerful atomic level method to reveal the surficial
morphology, was adopted to help understand the properties of KCI (200) and KCI
(222) crystals whose slowly grown perfect samples pertained flat surfaces. Shown in
Fig. V. 7a and 7b were the surficial morphology of cubic and octahedron from the

microscope equipped with AFM where the former sample had a clean and flatten
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surface but latter with several triangle islands. The KCI (200) sample with cubic
structure was grown by mild evaporation which allowed a slow and steady growth to
exhibit a nearly perfect cubic shape with flat surfaces, in coincidence with FCC
crystal structure. However, the KCl (222) sample with octahedron shape was grown
by a different way from cubic structure that on each (222) triangle face, the extra ions
firstly formed a small triangle island and then bigger. Those islands finally
successfully grow to connect with each other to form another layer, thus to realize a
bigger octahedron crystal. More detailed surficial information was displayed in Fig. V.
7c, 7e by two-dimensional results and their corresponding three-dimensional results
from AFM tests in Fig. V. 7d and 7f. It’s worth noting that the AFM results were
corresponding to their microscope results where a flat and clean spot was chosen to
endow the engagement of the tip. It’s clear that on the surface of KCIl (200), there
were many stages composing of layers with large amount of exposing “edges”,
indicating the growth of (200) faces were by layers and the possible plentiful hanging
CI on the edges that resulted in its lower zeta potential value. For KCI (222) sample,
there was one triangle island in Fig. V. 7d and 7f, in consistent with the microscope
result in Fig. 7b. The uneven distribution of smaller punctate hills on surface might be
the undergrown triangle islands. One other fact that CI ion possessed higher binding
energy with Pb ion than that with K ion, further strengthened the ability of KCl (222)
to confine Cl ions inside the structure rather than dissolve into bulk saline. Compared
with layered surface with abundant exposing edges on KCl (200) surface, the
island-formation growth method hindered the exposing of edges as well as hanging
Cl' and lead to the relatively more positive surficial charge than KCIl (200), as
demonstrated by previous zeta potential results. In addition, the surficial properties
also played a vital role in minerals’ hydrophilia which further influenced the
interaction with bubbles during flotation process. Contact angle results of saturated
KClI solution on KCI (200) and KCI (222) in Fig. V. 7g and 7h suggested that the
former cubic sample had a less hydrophily which could be ascribed to its more
exposing of Cl” with lower hydration energy than K'. The less hydrophilic KCI (200)
facilitated the adsorption of cubic KCI crystals with bubbles to obtain a better
flotation recovery as described above. In consideration of the morphology and shape
features of KCl (222) crystal, it’s reasonable that one other disadvantage of its low
floatability was that the unstable gravity center of octahedron structure hindered the

attachment with bubbles during turbulent solution environment of flotation process.
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Fig. V. 7. (a, b) Micrographs, (c, d) two dimensional & (e, f) three-dimensional AFM and (g, h)
contact angle results of KC1 (200), KCI (222) crystals, respectively.

As one result from surficial properties, adhesion & adsorption forces between
mineral particles and collectors are thought to be another important test to unveil the
flotation mechanism. Known as one typical hydrophilic mineral, KCI processed a
relatively bubble-repelling property. Here, the adhesion & adsorption forces between
ODA-adsorbed KCl (222), KCI (200) samples with saturate KCI solution were studied
to get a better understanding of the interaction behavior during flotation process, and
the related results were displayed in Fig. V. 8 with a few typical records during the
approaching & retracting process inserted in Fig. V. 8a. The real-time record of force
revealed the adhesion force during the approach and retract procedure. It’s clear that
before contacting, the force was recorded to be a straight line without any change,
until point A as shown in Fig. V. 8 (a;), where a slight jump-into adhesion happened
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with a force at 68.0 uN. Afterwards, the liquid drop and sample KCI (200) platform
moved together for a short time and then started the retract process. With the platform
going down slowly, the adsorption occurred between the drop and sample, reaching a
maximum adsorption force at 198.5 uN at point B. At last, the departure of drop from
the sample occurred with the increase of distance at point C, the whole process ended
with part of solution remaining on surface of sample which led to the remaining
negative value instead of zero as shown in Fig. V. 8(a4). Similarly, the adhesion and
desorption force of sample KCI (222) in Fig. 8b were read as 100.4 uN and 280.5 uN,
respectively. The stronger interaction force between KCI (222) with KCl saturated
solution implied its weaker interaction with bubbles due to the difference between
liquid and gas properties. Hence, the adhesion & adsorption force between KCl (222)
and bubbles would be lower than that between KCI (200) and bubbles, giving another
explanation of the worse flotation recovery of KCI (222) crystals.
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Fig. V. 8. Adhesion & adsorption force results of (a) KClI (200) and (b) KCI (222) crystals with
saturated KCI drop, inserted in (a) were the photograph of (a;) approaching, (a,) contacting, (a3)

adhesion and (a4) adsorption process, and (c¢) corresponding force information.

5.2.5. Illustration for flotation process

All the results above suggested that the KCI (200) samples pertained a better
flotation recovery compared with KCI (222) samples, the related mechanism has been
well studied and the main concepts were illustrated in Fig. V. 9. It is shown that KCI
(200) sample with cubic structure has 6 square (200) surfaces where the K and Cl ions

in solution get to be attracted to stages of multilayers with abundant of edges and
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hanging unsaturated bonds. Nevertheless, KCI (222) crystal with octahedron structure
contains 8§ triangle (222) surfaces where new K and Cl ions form small triangle
islands to help grow bigger octahedron structure. Its islands formation instead of
layers piling up growing way indicated the integrality of KCIl units with limited
defects. The less hydrophily of Cl ions than K ions endows its higher possibility to
stay in crystal structure while hydrated K ions preferring to resolve in solution
(saturated KCI solution, in this case). The more hanging Cl ions on surfaces of KCI
(200) than KCI (222) crystals well explained its weaker hydrophily as well as lower
surface charge that further facilitate its floatability by using ODA.

>
=]

o«
=]
T

=)
=
T

Flotation recovery (%)_

. KCI-(222)
B Islands formation 3,1 /
limited CI-
&= -3.20 mV %0 0.5 10 15
Time (min)

Fig. V. 9. Illustration of flotation behavior of KCI crystals with various exposing faces.

5.3. Conclusions

The KCl crystal with (200) and (222) exposing faces displayed various flotation
recovery as 83.35% and 53.42%, respectively. The improved flotation ability of KCI
(200) could be ascribed to the below mechanisms:

(1) By combining XRD and SEM results, it was concluded that KCI (200)
samples was in cubic structure while KCI (222) samples with octahedron shape. FTIR
result demonstrated the successfully adsorption of ODA on both KCI (200) and KCI
(222) crystals after flotation, where XPS spectra helped to exclude the chemical
interaction in between,;

(2) Zeta potential tests demonstrated that KCI (200) crystals pertained a more
negative zeta potential as -6.41 mV than that of KCI (222) as -3.29 mV, facilitating
the stronger adsorption with cationic collector ODA with 5.51 mV surficial potential;

(3) The surfaces details obtained by AFM tests indicated that the growing
method of KCI (200) crystals is by layers piling up to form stages with abundant
edges and hanging Cl bonds, while KCI (222) was by formation of independent

triangle islands with limited edges. The former sample with large amount of less
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hydrated Cl bonds led to its lower zeta potential and less hydrophilic stage to show a
better interaction with bubbles to reach a better flotation recovery.

(4) After adsorption of ODA, KCI (200) samples showed a weaker adhesion &
adsorption force with KCl saturated solution than KCl (222), indicating its stronger

interaction force with bubbles as well as easier floatability.
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Chapter VI. Novel strategy for improved sylvite flotation

through controlled crystallization

6.1. Introduction

Since As one of the most valued treasures from our planet, minerals''! always

3

contain high value of resources such as steel™, iron”!, copper'™, et al™. Apart from

those insoluble materials, there are also other soluble or semi-soluble minerals

[10

including phosphogypsum!®®, calcium carbonate'™), fluorite!'”’ and another important

type - inorganic salts like sylvite!''l. The froth flotation''>'* has been wildly used as a
powerful method to recover most kinds of minerals. Tons of efforts have been

devoted to improve the flotation recovery by various methods including exploring

[12,15,16] 17-19]

new types of collectors , using different grinding medium! adjusting

[20-22

mineral surficial properties”®?*. However, most of those methods focus on the

trailing-end modulation instead of improving the mineral properties hindering the
flotation process such as exposing faces, shapes and many other varieties that may
bring out the better recovery of minerals themselves. To solve the flotation problem,
it’s vital to study the intrinsic properties of minerals so as to yield a direct control for
ideal floatability.

One important feature of minerals is that most of them pertained to crystals with

23-25

regularly arrangement of repeating units'> ") In nature, they grow under certain

conditions so as to exhibit predictable shapes according to their belonging crystal
types****]. For instance, quartz was found with columnar shapes in clusters since its
composing component SiO, belonged to tripartite or hexaxite crystal system while

diamond was more found to be isolated ones with composing C element arranged by

29-31

isoaxial crystal system rules”””'! Among the broad types of natural minerals which

require long period to form, soluble and semi-soluble minerals had the advantage to

32-34

re-grow when contacting with liquid®*>¥, enlightening the idea of controllable design

during crystallization process.

[35-37]

Sylvite , as the main resource of potassium element, has been stressing

researchers’ attention as fertilizer, medicine and aerospace materials. Meanwhile,

sylvite is also a kind of mineral constituent by KCI crystal with cubic crystal system

[38,39

and high solubility in water®®**). Moreover, its solubility highly relies on solution

temperature which promises the possibility to improve the flotation recovery by

[40

designing the crystallization process in solution'*”). As mentioned above, the soluble
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and semi-soluble minerals share the advantage to be re-constructed according to the

431 Jike lower dosage of collector and foaming reagent, stronger

later requirements!
interaction force with bubbles, greater difference with tailings, et, a/, in order to yield
a better flotation recovery.

Here, taking sylvite as an example, crystal growth of its composing crystal KCl
was well designed to produce samples with different shapes and their related flotation
behaviors were also described. By modulating the crystallization of KCI through
solution temperature combined with evaporation and system turbulence, various
shapes including cubic-, hopper- and needle-like KCI crystals were obtained without
additional reagents. Afterwards, their different crystallization behavior was revealed
by AFM. Flotation tests and related mechanisms were further researched in detail.
This work paved a path to promote the flotation by modulating the crystallization

process for soluble and semi-soluble minerals.

6.2. Results and discussion
6.2.1. Crystal structure and morphology
6.2.1.1. Crystal structure

According to the various strategies, three types of KCI crystals were collected
and their corresponding structure was studied by XRD while their morphology
information was researched by stereoscope as well as SEM. As FCC crystals, the
crystallinity of KCl is a key parameter of its properties. Shown in Fig. VI. 1. were the
XRD spectra of cubic-, hopper-like and needle-like structured KCl crystals. Their
shared narrow and sharp peaks at around 28.43, 40.60, 50.27, 58.72, 66.45 and 73.76
degrees, in coincidence with the JCPD data of KCI"***! indicating their high purity
and well crystallinity. By comparing the peaks among three samples, all possessed the
strong intensity of (200) facet. The highest (200) peak of hopper-like sample and
lowest of needle-like sample could be ascribed to their special structure which should

be further demonstrated by the morphological result.
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Fig. VL. 1. XRD patterns of cubic-, hopper- and needle-like KClI crystals.

6.2.1.2. Morphology

During flotation, the shape of minerals particles always stresses great attention of
all researchers. Here, the morphology of three types of KCI samples were obtained by
both stereoscope on the left and SEM on the right as shown in Fig. VI. 2. Intuitively,
three samples exhibited various shapes with cubic-, hopper- and needle-like structure,
respectively. It’s worth noting that these crystals with different size distribution were
due to the easily formation of KCI structure. Standard sieves were conducted to
eliminate the size parameter before flotation tests. For first sample in Fig. VI. 2¢ and
2d, with constant cooling method, the higher concentration of K and Cl ions on
corners lead to their preferential growth, resulting in the hopper-like structure. It’s
worth mentioning that hopper-like samples had a wild size distribution that one large
particle was chosen in SEM test to display a detailed observation. Moreover, the
needle-like structure in Fig. VI. 2e and 2f was thought to be originated by the fast

crystallization along the one-dimensional direction.
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Fig. VI. 2. Stereoscopic (left) and SEM (right) images of (a, b) cubic-, (¢, d) hopper- and (e, f)
needle-like KCI crystals.

6.2.2. Crystal growth mechanism

The successful preparation of cubic-, hopper- and needle-like crystals were
precisely designed by crystallization property of KCl. However, the detailed growth
behavior remains unclear which might help to understand the inner mechanism so as
to pave a path to later improvement of applications. Considering that KCI belongs to
FCC type crystal whose surface is supposed to be flat square, AFM could be applied
to image the topography of cubic KCI structure. What’s more, the needle-like crystal
formation was ascribed to the fast crystallization which could be similar with the fast
spin-evaporation process during preparation of AFM samples. Thus, AFM was
applied to study the surface detail in microscopic level for three types of KCI crystals:
mild evaporation growth for large scale cubic-like KCl, fast spin evaporated growth
of 10 pL saturated solution on mica for needle-like KCIl, and still evaporation of 10

pL saturated solution on mica for hopper-like KCI.
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Fig. VI. 3. Two-dimensional (left) and three-dimensional (right) AFM images of (a, b) cubic-, (c,
d) hopper- and (e, f) needle-like KClI crystals.

Shown in Fig. VI. 3 are their two-dimensional AFM result with the height
information of lined area inserted, and corresponding three-dimensional result.
Especially, due to the relatively large scale of cubic- and hopper- KCI crystal, the
morphologies of chosen crystal for surficial test was obtained by optical microscope
of AFM setup as displayed in Fig. VI. 4. The cubic crystal in Fig. VI. 4a showed a flat
square surface, providing the excellent chance for scanning its surface in nanometer
scale as shown in Fig. VI. 3a and 3b where the crystal grew by layers with height of
~1.0 nm which could be height of single layer of K-CI. The seemed flat surface of
cubic structure was actually full of stages as in the 3D result with abundant exposing

edges.

Fig. VI. 4. Stereoscopic images of cubic- and hopper-like KCI crystals.
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Actually, the layered structure would be magnified by the fast still crystallization
in form of arena-like structure like in Fig. VI. 4b. Instead of the smooth formation of
cubic structure during mild evaporation, the layers parallel to four edges of the upper
square appeared with fast growth. The corresponding AFM result in Fig. VI. 3c and
3d exhibited the stages-formation with height around 99.9 nm, much larger than that
of cubic stage. With further growth of the arena-like structure in uniform solution
environment with stirring and cooling, the stages would be amplified thus reach

well-grown branches on eight corners, showing a hopper-like structure.

3.2nm

0.0 Height 3.0um

Fig. VI. 5. AFM image of KCl seeds with low concentration.

In the case of needle-like structure, the relatively small size of structure hindered
the observation by microscope but its 2D and 3D AFM results in Fig. VI. 3e and 3f
still helped to understand its growth details. Obviously, with the fast spin-evaporation
method, the saturated KCl crystallized rapidly in form of thin and long structure,
similar to needles samples during the cooling-evaporation combined strategy. The
height of needle structure was about 40.3 nm which was ~40 folds of one single
layer’s height, indicating its property as KCIl crystal. Although the fact that
needle-like KCI possesses tiny size for microscope, it was feasible to observe its
initial formation as crystal seeds during spin-evaporation process under low
concentration of KCIl. Here, KCIl pure solution with concentration as 50 mg/L was
prepared to study how the KCI would grow on surface of mica. The AFM result in Fig.
VI. 5. demonstrated that at the beginning stage of crystallization, K and Cl ions would
gather together for later growth. Interestingly, with spin-evaporation during sample

preparation, these ions tended to form tiny thin chains with height around 12.0 nm, in
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coincidence with the needle-like structure with saturated KCl solution. The
mechanism of needle-like KCI crystal was concluded that with rapid crystallization, K

and Cl ions firstly immigrated to form chains and then resulted in needle-like crystals.

6.2.3. Flotation test

With the unveiled mechanism of cubic-, hopper- and needle-like KCI crystal
formation, their flotation behaviors were researched using ODA as collector, as
shown in Fig. VI. 6. The floatability was in decreasing order of needle-like >
hopper-like > cubic-like, where all fit well with classical first-order model as
displayed in Table VI. 1. The highest flotation rate and recovery of needle-like KCI
indicated its better interaction with ODA. Apart from needle-like structure,
hopper-like structure pertained similar flotation recovery with cubic-like KCI but
greater floating rate as 3.15 min™' than 2.49 min™". It’s reasonable to speculate that due
to the special structure, hopper-like crystal with proper size could be quickly absorbed
to bubbles with the four “feet” on top of branches, resulting in fast flotation rate at
beginning. However, the final recovery was similar with cubic-structure indicated its
limited improvement, which could be ascribed to its requirement of proper size of
bubbles to be captured. For needle-like structure, its excellent flotation rate and
recovery demonstrated the successful strategy of enhanced floatability of soluble

crystal by manipulating its crystallization. The related mechanisms were studied as

following parts.
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Fig. VL. 6. Flotation kinetics results of cubic-, hopper- and needle-like KCI crystals using ODA as

collector.
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Table VI. 1. Kinetic parameters for flotation kinetics of classical first-order model.

Classical first-order model

Samples €o (%) k; (min™) R?

Cubic-like 80.08 2.49 0.998
Hopper-like 81.59 3.15 0.997
Needle-like 96.19 3.41 0.989

6.2.4. Flotation Mechanism

The good floatability of prepared cubic-, hopper- and needle-like KCl crystals
suggested the possible interaction among particles, bubbles and collector ODA. To
unveil flotation mechanism as well as the different behaviors of various samples,
FTIR, XPS, BET, induction time and adsorption & desorption force tests were
conducted as displayed as following content.
6.2.4.1. FTIR test

The adsorption of collector ODA on KCI crystals was first studied by FTIR.
Shown in Fig. VI. 7. were the spectra of cubic-, hopper- and needle-like KCI crystals
before (grey) and after (colored) interacted with ODA during flotation process. By
comparing the grey and colored curves, it was clear the three samples all exhibited
new peaks at around 2917.70 and 2850.5 cm’ that could be ascribed to the
antisymmetric stretching vibration of methyl group (-CH;) and the symmetric
stretching strong absorption peak of methylene group (-CH) of ODA(Chun, 2009;
Nawaz et al., 2012), demonstrating its successful adsorption on KCI crystals as

collectors. The interaction type was then researched by XPS.
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Fig. VI. 7. FTIR results of cubic-, hopper- and needle-like KCI crystals before and after flotation

with ODA as collector, respectively.

6.2.4.2. XPS test

With the adsorption of ODA on KClI crystals, particles were successfully floated.
The interaction between them was studied by XPS examine any new bonds where the
binding energy information of K and Cl as shown in Fig. VI. 8 and 9. The related data
was listed in Table VI 2 to facilitate comparison the binding energy of cubic-, hopper-
and needle-like KCl before and after flotation. It’s clear that three of samples showed
similar binding energy of K and CI peaks before flotation, indicating the high purity
of KCI1 component. Besides, in each case of the cubic-, hopper- and needle-like KCI
crystal, there was no changes before and after the flotation process, demonstrating that
there was no new chemical production after interacting with ODA. Hence, the
mechanism could be ascribed to the physical interaction like static force, as reported

by previous research!®!.
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Fig. VI. 8. Potassium XPS survey of (a, d) cubic-, (b, ¢) needle- and (c, f) hopper-like KClI crystals

before and after flotation.
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Fig. VI. 9. Chloride XPS survey of (a, d) cubic-, (b, ¢) needle- and (c, f) hopper-like KCI crystals
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Table VI. 1. Peaks of potassium and chloride XPS survey of cubic-, needle-, and
hopper-like KCI crystals before and after flotation.

Cubic-KCl Needle-KCl Hopper-KCl

Shift Shift Shift

Original Floated Original  Floated Original ~ Floated

(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

292.80 292.87 -0.07 292.65  292.84 -0.19 29295 29274 0.21

295.58  295.67 -0.09 29540  295.60 -0.20 295.72  295.50 0.22

K
294.24 29436 -0.12 29390  294.35 -0.45 29430  294.30 0.00
297.02  297.20 -0.18 297.50  297.10 0.40 29740  297.00 0.40
198.20 198.23 -0.03 197.99  198.24 -0.25 198.33  198.09 0.24
199.85 199.83 0.02 199.53  199.81 -0.28 199.96  199.72 0.24
Cl

200.96  200.85 0.11 200.92  200.48 0.44 201.30  201.20 0.10

196.60 196.33 0.27 196.70  196.50 0.20 196.70  196.70 0.00

6.2.4.3. BET test

The above XRD, FTIR and XPS results suggested that the prepared cubic-,
hopper- and needle-like KCl samples possessed high purity, same exposing faces
while stereoscope and SEM results exhibited their various shapes as well as surface
area. Here, BET tests were applied to study the surface area of KCI crystals with three
shapes. Fig. VI. 10. displayed the BET value of prepared crystals with size between
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178-250 pm in N, atmosphere. The decreasing surface area values were in order of
needle-like > hopper-like > cubic-like KCI crystal, in coincidence with their flotation
recovery with ODA as collector. It’s worth noting that different from normal
collectors working as molecules, ODA in saturated salt solution with concentration
higher than its CMC (4x10” mol/L) would function with flocs form. The size of those
flocs relied on the concentration. In this case, the size of ODA flocs with
concentration 5.56x10” mol/L in saturated KCI solution was tested by zeta potential
apparatus. The tested size of flocs as ~3.2 um, similar to previous research as 2.1
pm(Fangqin, 2012), much smaller than the interstices of hopper-like structure,
implying that the higher surface area of KCI crystal, the more ODA flocs would be
adsorbed. As a consequence, with same weight of crystals in flotation as 15 g, the
needle-like structure with higher BET value could adsorb more ODA flocs so as to
yield the best flotation recovery. One other important fact was that due to the fast
grow of needle-like KCIl, more cracks or defects could appear on surfaces of structure

which resulted in its higher BET as well as higher flotation recovery.
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Fig. VI. 10. BET results of cubic-, hopper- and needle-like KCI crystals with size of 178-250 um.

6.2.4.4. Induction time tests

Apart from the adsorption amount of ODA collector, induction time was one
powerful test to predict the floatability of minerals. In this work, to study the flotation
behavior of cubic-, hopper- and needle-like KCI crystals, conditions of induction time

tests including ODA dosage and particle size range were with kept the same with
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flotation process. Shown in Fig. VI. 11. were the induction time results of three
samples where needle-like KCIl sample had the shortest induction time as 30 ms.
While Hopper-like structure showed a longer result as 100 ms, followed by the
longest induction time of cubic-like KCI as 150 ms. The consequence in an increased
induction time as needle-, hopper- and cubic-like structure was in consistent with their
worse flotation recovery, indicating the better interaction between needle-like
structure with bubble during flotation process. Besides, the inserted three pictures of
KCl samples absorbing on bubble displayed their three-phase-contact (TPC)
information that needle-like structure possessed long TPC on regard of its relatively
lower gravity weight. In case of hopper- and cubic-like KCI, they had similar size but
similar TPC result where the former had slightly less weight due to its special
structure. Notably, the four parallel faces on one side of hopper structure could be
anchored on bubbles with specific size to yield a more stable interaction than the one
flat square face of cubic structure. As a consequence, needle-, hopper- and cubic-like
structure KCI crystals showed a prolonged induction time thus behaved a declined

floatability.
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Fig. VI. 11. Induction time results of cubic-, hopper- and needle-like KCI crystals using ODA as

collector.

6.2.4.5. Interaction
Although induction time reveals the reaction process between mineral and

bubbles during flotation, the interaction details remain unclear. Here, the adhesion and
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desorption forces between ODA adsorbed cubic-, hopper- and needle-like KCI
crystals and saturated KCl solution were tested as displayed in Fig. VI. 12. Grey lines
showed the approaching process of the KCI saturated drop to the mineral bed where
three samples all appeared a slightly jump-into force, which was read as the adhesion
force value as shown in Fig. VI. 12d. After approaching, sample bed and the drop
contacted and moved together for a short time then started the retracting process with
force recorded by colored lines. The desorption forces were read by the largest value
where all results were exhibited in Fig. VI. 12d. Compared with cubic-like KCl,
needle-like had the lower interaction force with saturated KCI solution which implied
its stronger interaction with bubble, in coincidence with the different flotation of these
two samples. Nevertheless, hopper-like structure had the highest adhesion &
desorption with KCI saturated solution, which could be explained by its special
structure that when approaching the drop, a certain part of solution emerged in the
hollow part of hopper-structure and remained there, changing its original property so
as to obtain a promoted interaction force. To some extent, this disadvantage of
hopper-like structure hindered its floatability, resulting its near-equal recovery with
cubic-like structure. As a result, the adhesion & desorption force tests well
demonstrated the better flotation behavior of needle-like sample than cubic-like
structure. Meanwhile, the special hopper-like structure had shorter induction time but
a worst interaction with bubbles, exhibiting a similar flotation recovery with

cubic-like samples.
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Fig. VI. 12. Adhesion & adsorption force results of (a) cubic- (b) hopper- and (¢) needle-like KC1

crystals with saturated KCl drop, and (d) corresponding force information.

6.3. Conclusions

In this work, a crystallization-controlled methodology was for the first time
applied to enhance the flotation behavior of soluble mineral - KCI salt. Various
strategies were precisely designed including fast crystallization with stirring, constant
speed crystallization and fast still crystallization to grow KCI crystals with cubic-,
hopper- and needle-like structure, respectively. Stereoscopy and SEM results showed
their regular shape and XRD tested demonstrated their high crystallinity. The surficial
information was obtained by AFM which also explained the growth mechanism. Then,
the flotation tests by using ODA as collector indicated a declined recovery as needle-,
hopper- and cubic-like sample, demonstrating the better performance of needle-like
sample by modulating the crystallization. BET tests revealed the higher surface area
of needle-like structure which could absorb more ODA flocs during flotation thus
achieving a better recovery. Induction time as well as adhesion & desorption force
tests further explained the faster and stronger interaction of needle-like sample with
bubbles, resulting its best floatability. As a consequence, the enhanced flotation
recovery of sylvite was achieved by modulation of its crystallization process,
providing the methodology for other soluble minerals like hailite, picromerite and

semi-soluble minerals like fluorite and phosphogypsum.
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Chapter VII. Impact of Ethanol on flotation of sylvite flotation

7.1. Introduction
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Conclusions

Potash, as main resource of potassium element, presents primary role in
agriculture area which greatly benefits both nature and human beings. To realize a
prominent recovery of potassium element in form of KCIl, flotation has been applied
for decades with excellent recovery and selectivity. The most applied reagent for
collecting KCl is ODA while the process remained space for further improved
delicate research. Moreover, the soluble property of KCI endows it with special
phenomenon that the resolve and re-crystallization may occur during flotation process.
Taking KCl as one typical soluble mineral, the crystallization properties could be
considered to show great impact on particle morphological as well as structural
features. The crystallization-controlled flotation strategy was put up with in this work,
for the first time, to shed some lights on soluble and semi-soluble mineral collecting
area, which possessed great potential on understanding and designing the future
flotation process for multiple minerals like hailite, carnallite and phosphogypsum, etc.
Throughout this thesis, I came to the following conclusions:

1. Hopper-, sphere- and hollow cube-like crystals were obtained through
various parameters including stirring speed, additive seeds, pH condition, cooling
range and rate in the supersaturation modulation technology.

2. It was found that at certain condition, the crystal would grow in a uniform
state, otherwise, they would form as small pieces, abrasion of crystals, etc. The
solution environment showed great impact on the crystals’ formation.

3. The main exposed faces for smooth cubic, hollow cubic, and hopper structure
were (200), (220), and (400) facets, respectively, which could be a consequence of the
inner beveling.

4. Spherical structure surface showed a higher roughness than the others, which
was originated from the formation mechanism of spherical structure to cubic
structure.

5. The KCI crystal with (200) and (222) exposing faces displayed various
flotation recovery as 83.35% and 53.42%, respectively.

6. By combining XRD and SEM results, it was concluded that KCI (200)
samples was in cubic structure while KCI (222) samples with octahedron shape. FTIR
result demonstrated the successfully adsorption of ODA on both KCI (200) and KCI
(222) crystals after flotation, where XPS spectra helped to exclude the chemical
interaction in between.

7. Zeta potential tests demonstrated that KCI (200) crystals pertained a more
negative zeta potential as -6.41 mV than KCI (222) as -3.29 mV, facilitating the
stronger adsorption with cationic collector ODA with 5.51 mV surficial potential.

8. The surfaces details obtained by AFM tests indicated that the growing
method of KCI (200) crystals is by layers-piling up to form stages with abundant
edges and hanging Cl bonds, while KCI (222) was by formation of independent
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triangle islands with limited edges. The former sample with large amount of less
hydrated Cl bonds led to its lower zeta potential and less hydrophilic stage to show a
better interaction with bubbles to reach a better flotation recovery.

9. The surfaces details obtained by AFM tests indicated that the growing
method of KCI (200) crystals is by layers piling up to form stages with abundant
edges and hanging Cl bonds, while KCI (222) was by formation of independent
triangle islands with limited edges. The former sample with large amount of less
hydrated Cl bonds led to its lower zeta potential and less hydrophilic stage to show a
better interaction with bubbles to reach a better flotation recovery.

10. After adsorption of ODA, KCI (200) samples showed a weaker adhesion &
adsorption force with KCl saturated solution than KCl (222), indicating its stronger
interaction force with bubbles as well as easier floatability.

11. Various strategies were precisely designed including fast crystallization with
stirring, constant speed crystallization and fast still crystallization to grow KCI
crystals with cubic-, hopper- and needle-like structure, respectively.

12. Stereoscopy and SEM results showed their regular shape and XRD tested
demonstrated their high crystallinity.

13. The flotation tests by using ODA as collector indicated a declined recovery
as needle-, hopper- and cubic-like sample, demonstrating the better performance of
needle-like sample by modulating the crystallization.

14. BET tests revealed the higher surface area of needle-like structure which
could absorb more ODA flocs during flotation thus achieving a better recovery.

15. Induction time as well as adhesion & desorption force tests further explained
the faster and stronger interaction of needle-like sample with bubbles, resulting its
best floatability.
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