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ABSTRACT

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 KCl salt to
grow crystals with various shapes as cubic-, hopper- and needle-like structure. Stereoscope and scanning elec-
tronic 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.

1. Introduction

minerals. Tons of efforts have been devoted to improve the flotation
recovery by various methods including exploring new types of collectors

As one of the most valued treasures from our planet, minerals(Potter
and Rossman, 1977) always contain high value of resources such as steel
(Huijgen et al., 2005), iron(Garvie and Buseck, 1998), copper(Chandra
and Gerson, 2009), et al(Zhan et al., 2022). Apart from those insoluble
materials, there are also other soluble or semi-soluble minerals including
phosphogypsum(Aminul Haque et al., 2020; Silva et al., 2022), calcium
carbonate(Morse et al., 2007), fluorite(Gao et al., 2021) and another
important type - inorganic salts like sylvinite(Kilic and Kilic, 2005). The
froth flotation(Celik et al., 2002; Farrokhpay, 2012; Xie et al., 2021) has
been wildly used as a powerful method to recover most kinds of
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(Peleka et al., 2018; Wu et al., 2016; Zhang et al., 2023), using different
grinding medium(Farrokhpay, 2012; Peng and Grano, 2010; Zhang
et al., 2021), adjusting mineral surficial properties(Ju et al., 2023; Lin
et al.,, 2022; Tang and Tong, 2020). 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.
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One important feature of minerals is that most of them pertained to
crystals with regularly arrangement of repeating units(Li et al., 2022; Xu
et al.,, 2018; Zhan et al., 2019). In nature, they grow under certain
conditions so as to exhibit predictable shapes according to their
belonging crystal types(Brooks and Andrews, 1974; Chopard et al.,
1991; Ehrlich, 1996). 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 isoaxial crystal
system rules(lhinger and Zink, 2000; Iwasaki and Iwasaki, 2002; Zhang
et al., 2019). Among the broad types of natural minerals which require
long period to form, soluble and semi-soluble minerals had the advan-
tage to re-grow when contacting with liquid(Foucaud et al., 2021;
Hoang et al., 2018), enlightening the idea of controllable design during
crystallization process.

Sylvite(Filippov et al., 2021; Monte and Oliveira, 2004; Thy et al.,
2006), 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 KCl crystal
with cubic crystal system and high solubility in water(Osipova et al.,
2022; Weedon et al., 2007). Moreover, its solubility highly relies on
solution temperature which promises the possibility to improve the
flotation recovery by designing the crystallization process in solution(Li
etal., 2015). As mentioned above, the soluble and semi-soluble minerals
share the advantage to be re-constructed according to the later re-
quirements(Ejtemaei et al., 2014; Feng et al., 2022; Marion et al., 2020)
like lower dosage of collector and foaming reagent, stronger interaction
force with bubbles, greater difference with tailings, et, al, 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 KCl through solution temperature combined with
evaporation and system turbulence, various shapes including cubic-,
hopper- and needle-like KCl 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.

2. Materials and methods
2.1. Materials

Analytical pure grade KCI reagent (Sinopharm Chemical Reagent
Co., Ltd., China) and deionized water (Millipore SAS, France) with re-
sistivity as 18.2 MQ-cm were mixed to prepare the saturated KCl solu-
tion to eliminate undesirable ions. ODA with analytical requirement of
purity was purchased from Aladdin Pharmacy company, China.

2.2. Preparation of KCI crystals 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 KCI 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 KCl 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 180 and 250 pm were
prepared for later flotation in order to exclude the influence of particle
size factor.
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2.2.1. Preparation of cubic-like KCI crystals

It’s known the fact that crystal habit of KCI 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.

2.2.2. Preparation of hopper-like KCI crystals

The formation of hopper-like KCI crystals appeared under constant
high value of oversaturation during crystallization of HCC crystals,
which had been reported in previous work(Desarnaud et al., 2018).
Similarly, a cooling process assisted by a constant speed programmable
thermostatic bath machine (XOYS-2010 N, ATPIO Lcd., Nanjing, China).
A designed vertical cylindrical jacketed crystallizer with 250 mL ca-
pacity was connected to the warm bath to realize a constant cooling
process from 30 °C to 27 °C with 3 °C/h cooling rate. 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
KCl crystals.

2.2.3. Preparation of needle-like KCI crystals

The needle-like formation of KCl crystals was due to the faster
growth of KCI under one-dimension shape with a high level of super-
saturation 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 KClI 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
down to the bottom of solution where they could further grow while
maintaining the initial shape of needle structure.

2.3. Experimental design

2.3.1. Micro-flotation experiments

Batch flotation experiments were performed with a flotation ma-
chine equipped with 60 mL cell. Typically, 15 g samples were added into
60 mL saturated KCl solution and conditioned for 5 min. 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 con-
centration of ODA exceeds its solubility to work in form of flocs(Du
et al., 2014). A proper concentration as 5.56 x 10> mol/L of ODA(Li
etal., 2016; Zhou et al., 2021) was chosen to value the floatability of KCl
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.

2.3.2. 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 proba-
bility. With increasing reacting period, tests of various adhesion
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probability were obtained ant the period with 50 % adhesion probability
was thought to be induction time.

2.3.3. Adhesion & adsorption 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
KCl solution were determined by a surface tension meter (Powereach
JK99M2, China). Firstly, KCl samples with various structure and
180-250 pm were immersed in saturated KCl solution involving 5.56 x
107 mol/L ODA collector for 6 min 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 pN.
During a typical adhesion & adsorption force test, the saturated KCl with
a flat mineral bed composed by KCl particles on the bottom was put on
the lifting platform with 2 mm distance from the bottom of KClI 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.

2.3.4. AFM tests

The morphologies of various micro needle-like KCl crystal and sur-
face of cubic-like KCI crystals were tested by AFM (Bruker MMS, Ger-
many). For needle-like sample, to study the mechanism of needle
structure formation, a spinner was used to get a high speed of KCl so-
lution evaporation, along with the fast growth of KCl crystals in nano-
meter size. Low and high concentration with 50 mg/L of KCl solutions
were prepared to study the initial stage during fast growth of KClI crys-
tals, 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 pL of solution was dropped
on surface of clean mica and spined 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
KCl 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.

2.4. Characterization

XRD was conducted to reveal the crystallinity of crystal samples. The
morphologies of grown KCl crystal with different shapes were studied by
stereoscope as well as Scanning electronic microscope SEM. Fourier
transform infrared spectroscopy (FTIR) was used to learn the adsorption
of collector ODA with KCl samples and XPS (X-ray photoelectron spec-
troscopy) tests helped to understand the binding energy changes of
composing elements. Size information of ODA flocs was obtained by zeta
potential apparatus (Malvern Zeta-sizer Nano ZS90, UK) with suspen-
sion of ODA flocs in saturated KCl solution. The exposing surface area
information was studied by the Brunauer-Emmett-Teller (BET, V-
Sorb 4800P, China) in pure N, atmosphere.
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3. Results and discussion
3.1. Crystal structure and morphology

3.1.1. Crystal structure

According to the various strategies, three types of KCl 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. 1. were the XRD spectra of cubic-, hopper-like
and needle-like structured KCl crystals. Shared narrow and sharp peaks
at around 28.43, 40.60, 50.27, 58.72, 66.45 and 73.76 degrees were in
coincidence with the JCPD data of KCI(Ji et al., 2022; Li et al., 2021),
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.

3.1.2. Morphology

During flotation, the shape of minerals particles always stresses great
attention of all researchers. Here, the morphology of three types of KCl
samples were obtained by both stereoscope on the left and SEM on the
right as shown in Fig. 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 KCl structure. Standard sieves were conducted
to eliminate the size parameter before flotation tests. For first sample in
Fig. 2a and 2b, particles shared even size distribution with near cubic
forms that the slightly abraded corners could be ascribed to the stirring
impact. Their cubic-like formation was in good agreement with its
intrinsic property that KCl crystal belongs to cubic crystal system. In
Fig. 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 sam-
ples 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. 2e and 2f was thought to be originated by the fast
crystallization along the one-dimensional direction.
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Fig. 1. XRD patterns of cubic-, hopper- and needle-like KCl crystals.
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Fig. 2. Stereoscopic (left) and SEM (right) images of (a, b) cubic-, (c, d) hopper-
and (e, f) needle-like KCl crystals.

3.2. 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 under-
stand the inner mechanism so as to pave a path to later improvement of
applications. Considering that KCl 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 sam-
ples. Thus, AFM was applied to study the surface detail in microscopic
level for three types of KCl crystals: mild evaporation growth for large
scale cubic-like KCl, fast spin evaporated growth of 10 uL saturated so-
lution on mica for needle-like KCl, and still evaporation of 10 pL satu-
rated solution on mica for hopper-like KCl.

Shown in Fig. 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-
KCl crystal, the morphologies of chosen crystal for surficial test was
obtained by optical microscope of AFM setup as displayed in Fig. S1. The
cubic crystal in Fig. Sla showed a flat square surface, providing the
excellent chance for scanning its surface in nanometer scale as shown in
Fig. 3a and 3b where the crystal grew by layers with height of ~ 1.0 nm
which could be height of single layer of K-Cl. The seemed flat surface of
cubic structure was actually full of stages as in the 3D result with
abundant exposing edges.

Actually, the layered structure would be magnified by the fast still
crystallization in form of arena-like structure like in Fig. S1b. 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 results in Fig. 3¢ 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
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solution environment with stirring and cooling, the stages would be
amplified thus reach a well-grown branches on eight corners, showing a
hopper-like structure.

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. 3e and 3f still helped to understand its growth de-
tails. 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 KCl 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 KCl. Here, KCl pure
solution with concentration as 50 mg/L was prepared to study how the
KCl would grow on surface of mica. The AFM result in Fig. S2 demon-
strated 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 coincidence with the needle-like struc-
ture 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.

3.3. Flotation test

With the unveiled mechanism of cubic-, hopper- and needle-like KCl
crystal formation, their flotation behaviors were researched using ODA
as collector, as shown in Fig. 4. 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 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 demon-
strated the successful strategy of enhanced floatability of soluble crystal
by manipulating its crystallization. The related mechanisms were stud-
ied as following parts.

3.4. 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.

3.4.1. FTIR test

The adsorption of collector ODA on KCl crystals was first studied by
FTIR. Shown in Fig. 5 were the spectra of cubic-, hopper- and needle-like
KCl 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 (-CHs) and the symmetric stretching strong
absorption peak of methylene group (-CHj) of ODA(Chun, 2009; Nawaz
et al., 2012), demonstrating its successful adsorption on KCl crystals as
collectors. The interaction type was then researched by XPS.
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Fig. 3. Two-dimensional (left) and three-dimensional (right) AFM images of (a, b) cubic-, (c, d) hopper- and (e, f) needle-like KClI crystals.
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Fig. 4. Flotation kinetics results of cubic-, hopper- and needle-like KCl crystals
using ODA as collector.

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

Classical first-order model

Samples £, (%) ky (min~1) 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

3.4.2. XPS test

With the adsorption of ODA on KCl crystals, particles were success-
fully 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. S3 and S4. The related data was listed in Table 2 to
facilitate comparation the binding energy of cubic-, hopper- and needle-
like KClI before and after flotation. It’s clear that three of samples showed
similar binding energy of K and ClI peaks before flotation, indicating the
high purity of KCl component. Besides, in each case of the cubic-, hop-
per- 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 (Cao et al., 2010).
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Fig. 5. FTIR results of cubic-, hopper- and needle-like KCl crystals before and after flotation with ODA as collector, respectively.
Table 2
Peaks of potassium and chloride XPS survey of cubic-, needle-, and hopper-like KCl crystals before and after flotation.
Cubic-KCl Needle-KCl Hopper-KCl
Original (eV) Floated (eV) Shift Original (eV) Floated (eV) Shift Original (eV) Floated (eV) Shift
(eV) (eV) (eV)
K 292.80 292.87 -0.07 292.65 292.84 -0.19 292.95 292.74 0.21
295.58 295.67 —-0.09 295.40 295.60 —0.20 295.72 295.50 0.22
294.24 294.36 —0.12 293.90 294.35 —0.45 294.30 294.30 0.00
297.02 297.20 -0.18 297.50 297.10 0.40 297.40 297.00 0.40
Cl 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
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

3.4.3. 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 KCl crystals with three shapes. Fig. 6. displayed the BET
value of prepared crystals with size between 178 and 250 pm in N at-
mosphere. The decreasing surface area values were in order of needle-
like > hopper-like > cubic-like KCl 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 (4 x 10" mol/L) would
function with flocs form. The size of those flocs relied on the

Surface area (g/m’x107?)
B (=}
1 1

38}
1

T

T
Hopper Needle

Fig. 6. BET results of cubic-, hopper- and needle-like KClI crystals with size of
178-250 pm.

Cubic

concentration. In this case, the size of ODA flocs with concentration
5.56 x 10" mol/L in saturated KCl solution was tested by zeta potential
apparatus. The tested size of flocs as ~ 3.2 um, similar to previous
research as 2.1 ym(Fangqin, 2012), much smaller than the interstices of
hopper-like structure, implying that the higher surface area of KCl
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 KCl, more cracks or defects could appear on surfaces
of structure which resulted in its higher BET as well as higher flotation
recovery.

3.4.4. 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 KCl
crystals, conditions of induction time tests including ODA dosage and
particle size range were with kept the same with flotation process.
Shown in Fig. 7. were the induction time results of three samples where
needle-like KCl 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 KCl 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) infor-
mation that needle-like structure possessed long TPC on regard of its
relatively lower gravity weight. In case of hopper- and cubic-like KCl,
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-



Y. Yuan et al.

100

—n—Needle

Probability of adhesion(%)

20 - . —a—Hopper
' ' —e— Cubic
O L . 1 " i‘: L ll " 1 " | " 1
0 50 100 150 200 250 300

Contacting time (ms)

Fig. 7. Induction time results of cubic-, hopper- and needle-like KCl crystals
using ODA as collector.

(a) o Cubic
20 A [
| )
' Retract
4 | ~slif——
| \
5 2123 N |
5 100} o |
2 ! .
it | |
- ‘ ' .
| ! |
I L3
i -
_— 611 uN
Approach
L T T T T
] SO0 L0 1500 20008
| iy
( ) Needle
120 4
Z: &1
=
d
ot
a0
Approach |
! 589 uN
T v T T T T
[ S0 [ (00 1500 2000

Distance {um)

Minerals Engineering 211 (2024) 108695

like structure KCl crystals showed a prolonged induction time thus
behaved a declined floatability.

3.4.5. Interaction

Although induction time reveals the reaction process between min-
eral and bubbles during flotation, the interaction details remain unclear.
Here, the adhesion and desorption forces between ODA adsorbed cubic-,
hopper- and needle-like KCl crystals and saturated KCI solution were
tested as displayed in Fig. 8. Grey lines showed the approaching process
of the KCl 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. 8d. 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. 8d. Compared with cubic-like KCI, needle-like had the lower
interaction force with saturated KCl 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 KCl 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
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Fig. 8. Adhesion & adsorption force results of (a) cubic- (b) hopper- and (c) needle-like KCl crystals with saturated KCl drop, and (d) corresponding force

information.
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hopper-like structure hindered its floatability, resulting its near-equal
recovery with cubic-like structure. As a result, the adhesion & desorp-
tion 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.

4. Conclusions

In this work, a crystallization-controlled methodology was for the
first time applied to enhance the flotation behavior of soluble mineral -
KCl salt. Various strategies were precisely designed including fast crys-
tallization with stirring, constant speed crystallization and fast still
crystallization to grow KCl crystals with cubic-, hopper- and needle-like
structure, respectively. Stereoscopy and SEM results showed their reg-
ular 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 modu-
lating the crystallization. BET tests revealed the higher surface area of
needle-like structure which could absorb more ODA flocs during flota-
tion 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 float-
ability. 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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