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Although numerous studies have been implemented on identifying the impact of acoustic waves on mineral
beneficiation, its fundamental aspects remain unclear in the literature. The present work, for the first time,
systematically investigates the role of ultrasound pre-treatment (UPT) in the carbonaceous copper-bearing shale
flotation. To this end, conditioning was carried out at different powers of applied ultrasound. Non-treated and
UPT shale flotation tests were performed in the presence of frother (MIBC) and collector (KEX). To analyse
particle surface charge variation and collector adsorption properties after application of UPT, zeta potential and
ultraviolet—visible spectroscopy measurements were implemented, respectively. The generation of sub-micron
bubbles due to the acoustic cavitation was characterised by laser-based particle size measurements. Shale hy-
drophobicity was determined using the sessile drop and captive bubble techniques.

The micro-flotation results showed that the mass recovery increased by 40% at 20 W of applied ultrasonic
power. The positive effect of UPT on the copper-bearing shale flotation was related to: i) generation of ultrafine
bubbles due to the acoustic cavitation phenomenon and ii) the cleaning effect through transient bubble collapse.
However, rigorous ultra-sonication diminished the recoverability of the sample owing to the less intensified
number of ultrafine bubbles on the particle surfaces and formation of free H and OH radicals, which led to the
oxidation of particle surfaces. These statements were correlated well with the observations of the zeta potential,
particle size analysis and quantified ultrafine bubbles. Finally, we briefly highlighted fundamental knowledge
gaps in flotation and ultrasound-related issues for future work.

1. Introduction

Through ultrasonic wave propagation in a slurry, the environment
undergoes physical and chemical changes. This results in a series of
mechanical, thermal, electromagnetic, and chemical ultrasonic effects
including cavitation and sonochemistry. An acoustic cavitation phe-
nomenon induces an increase in medium temperature, promotes mass
transfer and produces ultrafine bubbles through three steps as (i) for-
mation of cavitation bubbles, (ii) growth, and then (iii) implosive
collapse [1]. A sonochemical impact of ultrasound is mainly related to
the implosion of fine bubbles and the generation of free radicals with a
great propensity for reaction. This property of acoustic waves is more
dominant at intermediate frequencies as the number of produced active
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bubbles is adequately high and mainly controlled by temperature and
power of sonication [2].

Over the last three decades, acoustic waves have been widely applied
to the froth flotation either as pre-treatment [3,4] or a simultaneous
process [5] to improve mineral floatability, increase flotation kinetics
rate and reduce reagent consumptions. Its positive effects are exten-
sively argued in the literature based on cleaning and removing slime
coatings [4,6], creation of ultrafine air bubbles through ultrasonic
cavitation phenomenon [7], facilitating superior collector adsorption
[8], generation of H and OH radicals [9], enhancement of contact angle
[10], and modification of medium properties, including pH, tempera-
ture, dissolved oxygen, and conductivity [11]. In addition to the ultra-
sonic treatment methods, i.e., pre-conditioning and flotation [12], the
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local position of homogeniser’s horn can cause either positive or nega-
tive effects on ultimate metallurgical responses (e.g., grade, recovery,
separation efficiency, kinetics) [13,14]. Although its macroscopic as-
pects have been intimately investigated, little attention is given to its
fundamental and particularly chemical impacts. For example, despite of
common believe in formation of micro/nano bubbles under acoustic
waves [15], Li et al. [16] showed that nanobubbles were not one of the
outcomes for ultrasonication. Such contradiction plausibly originates
from applying different experimental techniques and variation in the
practical and measurement approaches.

Ultrasound power critically affects particle and medium properties
through number of cavitated bubbles, elimination of oxidised or
passivated layers, increase in H and OH radical quantities and solution
temperature. Chen et al. [7] classified the ultrasonic effect into three
groups, based on the frequency of applied ultrasound viz. low (20-50
kHz), medium (200-1000 kHz) and high (greater than 1 MHz). It was
schematically demonstrated that at short acoustic times in the presence
of low frequencies, slime coating and oxidation films can be removed
from particle surfaces, while its prolongation was associated with the
formation of free H and OH radicals and transient bubbles. To verify this,
Cao et al. [17] reported the ultrasonication (>0.3 W/cmz) effect on
oxidised pyrite (by H202 solution for 12 min) and declared that ultra-
sound could induce surface cleaning at short-term durations (<20 s).
However, above 20 s further oxidation was occurred due to the presence
of Hy0, and nascent oxygen generated by the ultrasonic treatment.
Following this, Hassanzadeh et al. [11] studied the wettability and
collectorless (natural) floatability of chalcopyrite, pyrite, and quartz as a
function of ultrasound power (0-180 W) at a constant acoustic pre-
treatment duration of 15 s. They found that although quartz and py-
rite ultrasound-treated micro-flotation recoveries were lower than that
of conventional ones, an optimum power level of 60-90 W was identi-
fied for maximising the chalcopyrite recovery. Aldrich and Feng [3]
addressed similar results in case of a bulk base metal sulphide. They
disclosed that after ultrasonic excitation, floatability of sulphides
improved significantly, while the silicates were depressed to some
extent. These case studies all provided invaluable information regarding
the role of ultrasonication in froth flotation, however, none of them
systematically evaluated the mineral or bulk materials flotation where
this knowledge gap is filled out in the present work.

The impact of acoustic waves on the coal and graphite floatabilities
has been extensively reported in the literature [4,16,18-21]. For
instance, Li et al. [4] recovered clean coal from tailings using an
ultrasonic-assisted flotation process (270 W, 10 min). The results
showed that acoustic waves alleviated slime coating, decreased collector
adsorption and increased combustible recovery of coal particles. Similar
outcomes were stated by Ebrahimi and Karamoozian [22] who obtained
35%, 45% and 25% increase respectively in coarse (—800 + 400 pm),
medium (—400 + 100 pm), and fine (<100 pm) fraction sizes by
enhancing acoustic wavelength from O to 80 kHz. However, interest-
ingly an ultrasonic bath unit was utilized in this work which normally
operates in a range of power than in a controllable level. More recently,
Xu et al., [23] indicated that recovery of fine graphite particles (dsy =
22 pm) was improved by about 12% in a Hallimond tube at 3.76%
formation probability of surface microbubbles at 5 bar water. Kang and
Li [21] concluded that ultrasonic treatment not only changed the size of
flaky graphite, but also eliminated impurities on the graphite surface
and improved its hydrophobicity. The yield, carbon content and re-
covery of flotation concentrate were respectively 5.83%, 2.86% and
8.84% greater in the presence of ultrasonic pre-treatment (4 min, 1600
W). The aim of this study is to investigate the effect of ultrasound pre-
treatment on the carbonaceous copper-bearing shale flotation. In addi-
tion to micro-flotation experiments, particle surface charge variation,
the existence of acoustically created bubbles, adsorption properties and
particle morphologies were evaluated in detail. To the best of author’s
knowledge, this is the first contribution to the in-depth analysis of
ultrasonication impact in the froth flotation processes.
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2. Materials and methods
2.1. Copper-bearing shale sample preparation and characterisation

A bulk sample of copper-bearing shale (hereinafter named as shale
for short) originated from the Kupferscheifer stratiform copper deposit
was collected from Polkowice-Sieroszowice mine (Lower Silesia,
Poland). Since the key parameter in a conventional flotation process is
the feed particle size distribution, which optimal size range is ca.
20-150 pum [24,25], the sample was first crushed in a Cross Beater Mill
SK 300 (Retsch GmbH, Germany), and then a narrow size fraction of
—125 + 80 pm was separated. Additionally, the —40 pm fraction was
selected for zeta potential measurements in order to minimise particle
settling in the measuring cell of the analyser, which could negatively
influence the measurement results. The fractions were obtained by
sieving material through a set of 125, 80 and 45 um size sieves using a
HAVER EML 200 digital sieve shaker (Haver & Boecker, Germany) with
a screening time of 30 min at amplitude of 3 mm. The —125 + 80 um
fraction was additionally washed by sedimentation/decantation process
to remove potential weakly attached finer particles. For this purpose,
samples of 100 g were manually agitated in 1 L of water. Then, coarser
particles were let to sediment, and the supernatant water with dispersed
fine particles was carefully decanted. The procedure was repeated
several times until no fine particles were observed in the liquid.

The chemical composition of the sample was determined by X-ray
fluorescence (XRF, EDXRF PANalytical Epsilon 3X, USA). The average
percentage contents of Cu, Ca, Fe, Zn, Al, Si and S were 6.0, 8.0, 11.8,
1.3,0.3, 3.8, 10.6, and 1.7%, respectively. The investigated sample from
the Polkowice-Sieroszowice mine corresponds to the P-KS-2 shale
described by Rahfeld et al. [26], which was comprised of quartz (19%),
sheet silicates (27%), carbonate minerals (38%), copper minerals (8%),
other sulphides (<1%) and accessory minerals (6%). Fig. 1 shows the X-
Ray diffraction (XRD) pattern of the sample recorded on D8 Advance
diffractometer (Bruker, USA) with Cu Ka X-ray source (A = 1.5406 Z\) in
the range 26 = 10°-90°, with step 26 = 0.008° and a step time of 1 s.
Most intense diffraction peaks correspond to the aforementioned quartz,
silicates and carbonate minerals.

2.2. Reagents

Commonly used flotation reagents for sulphide ore flotation [27]
have been employed in this study and all were supplied by Sigma-
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Fig. 1. X-Ray diffraction pattern of the studied shale sample.
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Aldrich  (Germany). Potassium ethyl xanthogenate (KEX,
CH3CH,0CS2K, MW = 160.30 g~mol_1) was used as a collector. Before
employing, it was purified five times by recrystallisation from a petro-
leum ether/acetone mixture and stored in tightly closed container in a
refrigerator. Aqueous solutions of KEX were freshly prepared in Milli-Q
water (0.05 pS-cm ™! conductivity at 25 °C). As a frother, 4-methyl-2-
pentanol (MIBC, (CHs);CHCH,CH(OH)CHs, MW = 102.17 g-mol},
98%) was considered in constant concentration of 25 mg-dm’3, which
was slightly above the value of critical coalescence concentration (CCC),
determined by Karakashev et al. [28] as ca. 10 mgAdm’S. The CCC can be
determined as a minimum concentration of frother at which the coa-
lescence of air bubbles is prevented [29]. In addition, Szyszka et al. [30]
showed that flotation of Kupferscheifer shale was very efficient in the
vicinity of CCC.

Analytically grade decahydronaphthalene (CioH;g, MW = 138.25
g-mol™), supplied by Fisher Scientific, was applied as an index-
matching liquid in the dynamic light scattering analysis for bubble
size measurement.

Hydrochloric acid (HCI, 36.46 g-mol™!) and sodium hydroxide
(NaOH, 40.00 g-mol™1), both supplied by Avantor Performance Mate-
rials (Poland), were used to adjust pH in zeta potential measurements.

2.3. Methods

2.3.1. Pre-treatment

The conditioning of shale was carried out by mixing 1.0 g of solid
particles with 0.500 dm® of either water or aqueous solutions of flotation
reagents on a magnetic stirrer at 300 rpm for 10 min. The MIBC con-
centration was constant and equal to 25 mg-dm~3, while the concen-
tration of KEX ranged from 0 to 1.0 mg-dm 3. In the ultrasound pre-
treatment (UPT) experiments, the ultrasound was applied to the shale
suspension using an ultrasonic homogeniser Sonopuls HD 2070 (Ban-
delin , Germany) equipped with VS 70T sonotrode at 20 kHz frequency
and power ranging from 0 to 60 W (Fig. 2A).

2.3.2. Micro-flotation experiments

After the pre-treatment (and cooling down in case of UPT) the sus-
pension was transferred into a glass round cross-section flotation column
(@40 mm) with a length of 40 cm (to avoid the particle entrainment) and
a 10-16 um pore size ceramic frith. During flotation the suspension was
mixed with a magnetic stirrer (Fig. 2B). The flotation experiments were
carried out for 5 min at the air flow rate of 25 ml-min . After this time,
no more floated material was observed in the foam layer in all tests. The
floating and non-floating products were collected and dried in a vacuum
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dryer to determine their weights, and thus mass recoveries.

All experiments were performed at natural pH (6.0-6.5) and tem-
perature of 22 °C. The pH of suspensions did not change in the UPT tests.
All experiments were repeated three times, and the average values were
presented as the ultimate results.

2.3.3. Hydrophobicity

The advancing and receding contact angles of the liquids on the flat
shale surface were measured by a sessile drop method using an optical
goniometer (OCA 15EC, DataPhysics Instruments GmbH, Germany).
Prior to the measurement the shale surface was polished with 2000 grit
sandpaper, and then rinsed with a large amount of Milli-Q® water.
Then, a 1 pL liquid droplet was settled on the surface of shale and its size
was changed by injection and withdrawn of a 4 uL of liquid at a 0.5
pL-s~! rate. The images of droplet shape were recorded in 16 frames per
second rate and analysed with the SCA 20 Software. All measurements
were carried out in the saturated water vapour atmosphere. Each
experiment was repeated five times at random locations of the surface,
and the average values were calculated and illustrated in relevant
figures.

2.3.4. Single bubble tests

The investigation of bubble interaction with the shale surface as well
as bubble velocity was performed without and with UPT. The experi-
mental setup for monitoring the dynamic phenomena occurring during
the collision of a single bubble with a solid surface was described in
detail elsewhere [31]. Briefly, the experimental setup consisted of a 260
mm height square cross-section (40x40mm) glass column and a heavy-
walled capillary (VitroCom, USA), with an internal diameter of 0.025
mm, placed at the bottom. The flat shale sample (same as the one used
for sessile drop) was mounted into a Teflon holder and placed in the
glass column, filled with liquid, 250 mm above the capillary orifice. This
distance is much longer than that necessary for the rising bubble to reach
the terminal velocity [31]. The air bubble was generated through the
capillary by a single bubble generator [32]. The UPT was applied in the
same way as for shale dispersion for flotation. The process of bubble-
surface interaction was recorded with a 1 ms interval using a high-
speed camera (Optronis GmbH, Germany) equipped with a telecentric
lens and illuminator (Sill Optics GmbH & Co. KG, Germany). Recorded
images were evaluated by the image analysis in the MATLAB (Math-
Works, USA) software to calculate the bubble velocity and diameter. The
average bubble diameter was obtained to be of 993 + 3 um.

B

\_’

CONCENTRATE

FLOTATION
COLUMN

[]

——— O

MAGNETIC PERISTALTIC AR
STIRRER PUMP

Fig. 2. Schematic pre-treatment setup of sonication process (A) and micro-flotation (B) experiments.
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2.3.5. Particle size distribution

The shale particle size distribution was determined by a Mastersizer
2000 (Malvern Instruments, UK) laser diffractometer equipped with a
Hydro 2000MU dispersion unit. Each measurement was conducted by
dispersing a sample of shale particles in water using a dispersing unit
(pump speed of 2000 rpm). The mass of added sample was determined
by an obscurance parameter (the fraction of light “lost” from the ana-
lyser beam when the sample is introduced). For reliable measurements,
the obscuration was maintained at ca. 10% according to the manufac-
turer’s recommendations. The sample measurement time was set to 5 s,
and five consecutive measurements were taken, from which the average
value was then calculated. The values of light refraction index for
continuous and dispersed phases were set as 1.33 and 1.53, respectively,
and an adsorption coefficient for the dispersed phase was set to 0.1.

2.3.6. Zeta potential

The zeta potential of particles was measured with a Zetasizer 2000
(Malvern Instruments, UK) analyser. Series of suspensions of 0.010 g of
shale particles (-45 um) in 50 cm® of aqueous solution of KEX (0.4
mg-dm~>) and MIBC (25 mg-dm~>) were prepared. The pH of solutions
was set to a desired value by either HCI or NaOH solutions. After 10 min
of conditioning, the suspension was introduced in the electrophoresis
cell. The value of zeta potential was determined as an average of five
successive measurements.

2.3.7. Adsorption of collector

UV-visible absorption measurement was employed to determinate
the amount of KEX present in liquid after UPT KEX-MIBC with and
without shale. Spectra were acquired with an Evolution 201 UV-Vis
spectrophotometer (Thermo Fisher, USA). Each sample of aqueous so-
lutions was measured in the 1 cm optical path length quartz cuvette with
Milli-Q water as a reference. The maximum absorption peak of KEX was
at 301 nm. In the examined range of the wavelength, no effect of MIBC
addition on the absorbance value was noted.

2.3.8. Bubble size distribution

The size distribution of bubbles formed by the ultrasound treatment
was measured via two techniques due to the wide size range. The larger
bubble sizes were determined with a Mastersizer 2000 laser diffrac-
tometer (LD). The values of light refraction index for continuous and
dispersed phases were set as 1.33 and 1.00, respectively, while the ab-
sorption coefficient for dispersed phase was set to 0.1. The size of
smaller bubbles was determined by employing a Photocor Complex
Dynamic Light Scattering analyser (Photocor, Estonia) (DLS) equipped
with a 657 nm/28 mW laser and 288-channel autocorrelator, operating
in a multi-tau mode. The bubbles were generated in either pure water or
aqueous solutions of reagents used, and after 5 min (to allow larger
bubbles to rise to the surface of the solution so that they do not affect the
measurement) the sample was placed in a 27 mm diameter round glass
cell and submerged in analytical grade decahydronaphthalene (supplied
by Fisher Scientific, USA), as an index-matching liquid. The scattering
angle was set at 90° and temperature of measurements was 22.0 +
0.1 °C. The data analysis was performed using the DynalLS software
(Alango Ltd., Israel). Both LD and DLS measurements were carried out
on a liquid containing no shale particles to ensure that both coarse and
ultrasonically induced fine particles did not affect the results.

3. Results
3.1. Micro-flotation tests

The results of shale flotation tests without and with ultrasound pre-
treatment of suspension are presented in Figs. 3 and 4. Before applying
ultrasoundly pre-treated shale to the micro-flotation experiments, the
dosage of collector (KEX) was first optimised, and the obtained results
are presented in Fig. 3. As seen, when the sample was floated in the
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Fig. 3. Flotation recovery of shale as a function of KEX concentration (MIBC
conc. = 25 mg-dm’3) without and with UPT (at 20 W).
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Microflotation recovery [%]
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Fig. 4. Flotation recovery of shale in water, MIBC, KEX and KEX-MIBC as a
function of ultrasound treatment power (KEX 0.4 mg-dm > and MIBC
25 mg-dm™>).

solution containing only MIBC as the frother (KEX concentration equals
to 0 mg-dm ™) its recovery was 25%, which clearly indicates the poor
floatability of shale in the absence of collector. By increasing the dosage
of KEX, the shale recovery improved almost linearly, to 73% at 1.0
mg-dm~3,

The application of UPT resulted in higher recoveries for all KEX
concentrations compared to the respective values given under non-
ultrasonic conditions (Fig. 3). However, the difference varied based on
the KEX concentration. For example, the recovery difference observed at
the concentration of 0.4 mg-dm_3 was the largest (equalled to 23%),
while for the flotation with either no collector or its highest concen-
tration of 1 mg-dm ™2 the discrepancy was significantly lower, i.e., 10%.
One can evidently see that the application of UPT also significantly re-
duces the KEX consumption. For instance, to achieve the flotation re-
covery of 70%, the concentration of KEX was equal to 0.4 and 1.0
mg-dm~2 without and with UPT, respectively. The KEX dosage of 0.4
mg~dm_3 resulted in the recovery of 50% (Fig. 3), for this reason, it was
chosen for conducting further UPT test, since it allows to leave a margin
in the recovery if the ultrasonic effect would significantly reduce or
increase the flotation performance. The rest of flotation parameters were
the same and kept constant.

Fig. 4 shows the influence of UPT on floatability of shale particles in
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four different chemical environments i.e., only water, MIBC solution (25
mg~dm_3), KEX solution (0.4 mg~dm_3) and KEX-MIBC mixture. As seen,
the flotation recovery of shale particles in pure water and KEX was very
poor and did not exceed 10%, irrespective of UPT conditions. The
addition of MIBC slightly improved the floatability of shale, however,
the recovery was still very low and equal to 25% without UPT. These
results also showed that floatability of shale particles in the frother so-
lution was UPT dependent. The application of UPT at 20 W increased the
recovery of shale by 10%, and then exposure to a higher power (60 W)
had no significant influence on the flotation effect. The recovery was
25%, which is similar to that obtained for non-UPT conditions.

The mixture of KEX and MIBC resulted in improved recoveries
because of synergistic interactions between collector and frother mole-
cules. In this case, the application of UPT had a significant effect on the
material flotation performance. The recovery increased from 50% for
non-ultrasonic pre-treated to 75% at 20 W of applied power. However,
the further increase in the US power led to a substantial decrease in the
flotation recovery compared to 20 W, and at the highest applied power
(60 W), the recovery decreased to 50%, reaching to the level of float-
ability of non-UPT shale. In other words, at power levels greater than 20
W, ultrasonication had a deleterious impact on the floatability of shale-
bearing copper particles.

3.2. Hydrophobicity

Fig. 5 comparatively exhibits resultant advancing (64) and receding
(6r) contact angle measurements for shale in the presence of pure water,
MIBC, KEX and their mixture using the sessile drop technique. As
known, the Og appears during the formation of the bubble-particle
aggregate (the TPC contact line expands causing the liquid front to
recede), while the advancing angle determines its stability. Thus, the 0g
is most relevant angle to consider in analysing the particle-bubble
attachment mechanism, while the 65 for detachment. As can be
evidently observed (Fig. 5), the values of 6 are greater than 0g under all
experimental conditions. The 6z was the least in water and slightly
increased from 10° to 16° in the presence of frother, collector and their
mixture. The 05 in water was 37°, and it can be clearly seen that the
addition of a flotation collector (KEX), did not change significantly its
value. On the other hand, MIBC, despite being a surface active substance
that accumulates mainly at the gas-liquid interface (as a frother), also
has the ability to modify the hydrophobicity of shale as demonstrated by
values of both 6y and 6,4, which were higher in comparison to water and
KEX. It can also be noticed that addition of KEX to MIBC solution made
no significant difference in hydrophobicity of shale in comparison to
sole MIBC.

50

[ Advancing
Receding

E3 .

45
40—.
35-
30—-
25—-

20

Contact angle [°]

X

Water MIBC KE KEX-MIBC

Fig. 5. Advancing (0,) and receding (6r) contact angles on shale surfaces
measured by the sessile drop method (KEX 0.4 mg-dm 3 and MIBC
25 mg-dm’z).
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3.3. Particle-bubble attachment

A series of single bubble tests were performed to show the influence
of UPT on kinetics of particle-bubble attachment, that is the time of
three-phase contact (TPC) formation. It also allows determining the
dynamic receding (fr) contact angle, which is essential to the quantifi-
cation of mineral surface wettability and floatability. The single bubble
test as a captive bubble method was preferred over the sessile-drop
technique as it mimics the flotation conditions [33]. Fig. 6 shows ex-
amples of recorded images illustrating the phenomena occurring during
attachment of bubble to the solid surface of shale without and with ul-
trasonic pre-treatment in the KEX-MIBC solution. Upon the collision
with the solid surface the bubble bounced a few times, and then stayed
motionless beneath the shale surface — the thin film of liquid separating
the bubble and the surface did not rupture, and thus the bubble did not
attach to the surface. The TPC at the shale/liquid/air interface was not
formed even after 30 min. It manifests that, irrespective of UPT, the
liquid film between the bubble and shale surface was very stable and did
not rupture, and thus the attachment of bubble was not possible. The
receding contact angle was not determined here, indicating that the
shale surface did not exhibit hydrophobic properties without and with
ultrasonication.

3.4. Bubble velocity

Fig. 7 displays variation in the bubble velocity in non-treated (0 W)
and ultrasonically treated (20 W and 60 W) liquids viz. water and so-
lutions of MIBC, KEX, and KEX-MIBC. As seen, without ultrasonication,
bubbles in water reached to the surface with the velocity of 25 cm-s,
which is in line with the data given in the literature [34,35]. The bubble
velocity in the KEX solution was almost identical as for sole water. As
expected, KEX did not adsorb at the liquid-gas interface, and thus did
not change the bubble velocity. Since MIBC created a retarded surface
on the bubble to some extent, the bubble velocity naturally decreased
from 25 to 13 cm-s~*. This tendency remained constant for the bubbles
in ultrasound-treated liquids with a little increase in their velocities with
increasing ultrasound power.

3.5. Particle size distribution

The particle size distributions (PSDs) of shale before (0 W) and after
10 min of UPT at 20 and 60 W powers are shown in Fig. 8. As evidenced,
the ultrasonic pre-treatment had a slight impact on the PSD. Even if the
intensity of acoustic waves did not cause any reasonable change on the
particle size reduction but it rather de-aggregated the studied sample.
The ultrasonic treatment caused the appearance of finer particles, which
was mainly due to the breaking effect of low frequency ultrasound.
There was also an increase in the volume of medium-size particles (100
um) for 20 W UPT, which may indicate aggregation of finer particles.

3.6. Zeta potential of shale

Fig. 9 shows the zeta potential values of shale particles measured as a
function of pH in water, MIBC, and KEX-MIBC solutions before and after
the ultrasonic pre-treatment. As can be seen, the zeta potential of the

ow 20W 60 W

Fig. 6. Images of air bubble under the surface of shale after 0, 20 and 60 W UPT
in KEX-MIBC solution (KEX 0.4 mg-dm’3 and MIBC 25 mg-dm’3)A
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shale did not differ significantly under all conditions applied. The sur-
face of shale was negatively charged at natural and alkaline pHs. The
isoelectric point (pHiep), read-off from the graph, was slightly reduced
from 3.5 to 3.0 when the acoustic radiation was applied. Peng et al. [36]
reported the same value of pHije,, (i.e., 3.5) for a similar type of mineral
sample (Legnica—Glogow Copper Basin copper ore), which is in line with
our findings.

3.7. Adsorption of collector

Fig. 10 shows the amount of KEX remained in the liquid after the 10
min UPT of KEX-MIBC solution without and with presence of shale,
based on UV-Vis measurements. The results showed that ultrasound
treatment had negligible influence on KEX molecules, the reduction of
its amount in case of 20 and 60 W UPT was 2 and 3%, respectively.
Therefore, it can be assumed that the decrease in the KEX amount, in the
test with shale, was fully related to its adsorption on the shale particles
surface. The difference in KEX adsorption on the shale, among 0, 20 and
60 W UPT, is not very significant. However, it can be seen that as the
ultrasonic power increased, slightly more KEX remained in the solution.
A negligible decrease in the degree of KEX adsorption at 60 W was
observed as a result of increased temperature of the aqueous solution. It
can be seen in Fig. 11 that the ultrasound caused almost linear increase
in the liquid temperature within 10 min. At 20 W, the relative temper-
ature increased by 4.8 °C, and for 60 W a rise of 8.4 °C was recorded.

3.8. Cavitation and generation of ultrafine bubbles

Fig. 12 illustrates the size distribution of air bubbles in aqueous so-
lutions of MIBC and KEX after 10 min of ultrasonication. Analyses were
performed using the laser diffraction analyser (LD, Fig. 12A) and dy-
namic light scattering (DLS, Fig. 12B). One can see that LD detected
relatively large bubbles of about 1000 um, whereas DLS displayed
bubbles smaller than 1 pym. For the non-UPT solution there was a
negligible amount of bubbles present in the solution, but a significant
change can be observed after UPT (Fig. 12B). It was also confirmed by
naked-eye observation (Fig. 12C) of scattering of the light sent through
solution (the Tyndall effect). The glass column filled with the solution
was illuminated by light from a telecentric illuminator (A = 632 nm). As
can be seen from the Fig. 12C, the higher the ultrasound power applied,
the more intense is the light scattering and the greater amount of sub-
micron sized bubbles in the liquid. This effect lasted for the next
several days, which indicated the longevity of these small bubbles.
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Bubbles smaller than 1 um can be counted as nanobubbles (NBs), also
called in the literature as ultrafine bubbles [37]. It can be stated that
since LD is designed and mainly applied for the particle size measure-
ment, it may not be the appropriate technique for identifying small
bubbles. The reason is ascribed to the Mie’s theory, which presumes only
a slight difference between the refractive indices of air bubbles and
water as 1.00 and 1.33, respectively. Unlike the bubbles, particles
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deviate the angle of light scattered by passing through a laser beam
effectively leading to substantially high accuracy of their detection
compared to the bubbles. Detailed information about the advance pro-
gresses on generation, detection and application of surface nanobubbles
in flotation can be found elsewhere [38-40].

4. Discussion

The obtained results of micro-flotation tests given in Fig. 4 clearly
showed that there was no flotation of shale in pure water and aqueous
solution of KEX. The values of isoelectric points of shale/liquid (Fig. 8)
and bubble/liquid [41] interfaces were within the same range, i.e. pHiep
3. Thus, in pure water and in the presence of KEX both the shale and
bubble surfaces were negatively charged under the measurement con-
dition, and repulsive electrostatic interactions prevented the liquid film
rupture. The contact angles measured by the sessile drop method for
water and KEX solution on the surface of shale were very similar (Fig. 5).
On the other hand, the UV-Vis tests revealed that KEX molecules
adsorbed on the shale surface. However, their amount was not sufficient
to render the surface hydrophobicity. Low receding contact angles ob-
tained (10-15°) classify shale as either not or poorly floatable [33].
Nevertheless, the sessile drop method did not reflect the flotation sys-
tem, and the values of receding contact angles (fgr) might be over-
estimated compared to the captive bubble technique. The single bubble
tests (Fig. 6) showed that there was no receding contact angle, and as a
result the three-phase contact at the gas-shale-solution interface was not
formed, and thus effective flotation did not take place.

Flotation of shale particles was slightly improved when MIBC was
added, however, the recovery was still very low and did not exceed 25%.

—O0OWus
——20WUS
——B0WUS

Intensity [a.u.]

Bubble radius [nm]

Fig. 12. Air bubble size distribution in aqueous solution of MIBC (25 mg-dm‘3) and KEX (0.4 mg~dm'3) after 10 min sonication: obtained by A) the LD and B) DLS
measurements, and C) demonstration of light scattering in solution. Fig. A), due to the inability of the instrument to measure a sample containing only liquid, does

not contain data for the 0 W measurement.
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Low floatability of coarse shale in the presence of frothers only was also
documented elsewhere [42]. MIBC is a non-ionic surface-active sub-
stance that preferentially adsorbs at the liquid-gas interface and has an
impact on the bubble size and its velocity. Therefore, MIBC affected the
particle-bubble collision by increasing the sliding time between the
bubble and the particle in a micro-flotation cell. It can also be found in
the literature that some frothers can affect mineral hydrophobicity [42-
44]. Kowalczuk et al. [42] have already demonstrated this effect for the
copper-bearing shale and MIBC system. The authors state that frother
enhances flotation of shale by uncovering its natural hydrophobicity,
which is observed by the sessile drop measurements. In our case, MIBC
slightly affected the shale hydrophobicity, which was confirmed by the
obtained contact angles values. Even MIBC did not significantly change
the hydrophobic state of shale, its molecules might accumulate onto the
surface and, at the time of collision with bubble, re-orientate quickly and
facilitate the mineral-bubble attachment [33]. Some literature suggests
that molecules of MIBC can adsorb on the surface of carbonaceous
matters (e.g., coal) [43], among which the shale may also be included.

As our research showed, the presence of both the frother and col-
lector made it possible to achieve shale flotation recovery of ca. 50%.
The mixture of KEX-MIBC improved the floatability as a result of syn-
ergistic interactions between their molecules. Although it was not
possible to quantitively determine the interactions, the results showed
that improvement in the recovery was a function of KEX concentration
(Fig. 3). The interaction between the frother and collector molecules
might be explained by the affinity of frother to form a hydrogen bond
with the oxygen atom present in the functional group of the thiol col-
lector (KEX). This kind of association might only be formed in the three-
phase system, when the mineral is present [45]. Moreover, such inter-
action might preferentially take place under more turbulent conditions,
what could explain why shale floated in the flotation column (dynamic
process), and there was a lack of TPC formation, and thus the particle-
bubble attachment in the single bubble test (nearly static process).

The results showed that the application of ultrasonic pre-treatment
had a significant impact on the floatability of shale when the recovery
increased by 23% at 20 W of ultrasound power (Fig. 4). As we suggest
basing on literature, the improved recovery, resulting from UPT, is
mainly related to: i) creation of ultrafine bubbles (NBs) on the particle
surface and ii) cleaning effect through collapsing NBs. These surface fine
bubbles are extremely negatively charged and have high stability (long
longevity) at the particle-liquid interface having Brownian movements
[46,47]. Their presence on the mineral surface plays a bridging role
among conventional-sized bubble and particles leading to improvement
in their floatability, as so-called secondary collector. The excessive in-
tensity of ultrafine bubbles generated at UPT, as evidenced in Fig. 12,
can lead to the formation of particle-carrier bubbles and eventually
partial aggregation of particles (Fig. 8), resulting in a high probability of
particle-bubble collision. These ultrafine bubbles can deposit on hy-
drophobic mineral surfaces, and thus improve the bubble-particle
attachment efficiency [48]. In this context, Calgatoto et al. [49]
proved that small NBs can enhance flotation of quartz particles by
reducing the induction time. Another verification of NBs presence at the
shale surface is the more negative zeta potential of particles pre-treated
at 20 W in the presence of both KEX and MIBC, as shown in Fig. 9. As
mentioned before, NBs are highly negatively charged.

The ultrafine bubbles have also the cleaning effect through
collapsing caveated bubbles, which release a tremendous amount of
pressure and temperature on particle spots. Such phenomenon removes
oxidation layer and slime coatings from the shale particles and results in
the production of more free, fresh and active surfaces to efficiently
interact with KEX. Lastly, propagation of acoustic waves naturally cre-
ates thermal friction leading to an increase in the solution temperature
[50], which was proved by the temperature measurements (Fig. 11). As
known, elevated temperature may cause favourable adsorption of col-
lector on the particle surface, which is finally associated with superior
recovery [10]. In this regard, Gungoren et al. [51] investigated the effect

Ultrasonics Sonochemistry 84 (2022) 105962

of temperature during ultrasonic conditioning for the quartz-amine
flotation. They claimed that the increase in the flotation recovery
could be associated with the increase of amine molecules activities with
temperature, and further the decrease caused by extremely turbulent
conditions in suspension. We observed a similar decline in recovery
when the power exceeded 20 W, at which the maximum recovery
appeared (Fig. 4).

The micro-flotation results in the function of KEX concentration
(without and with 20 W UPT) revealed that ultrasonic pre-treatment led
to a significantly lower collector consumption (Fig. 3). Actually, the
influence of ultra-fine bubbles generated by acoustic cavitation as a
secondary collector has been verified. At least a 50% reduction in col-
lector consumption for galena/xanthate system was reported by Celik
[52] as a result of ultrasonic pre-treatment under appropriate condi-
tions. It is most likely that nanobubbles can act like a collector making a
bridge among conventional bubbles and fine particles leading to the
decrease in the collector dosage requirement. Detailed information
regarding such phenomenon is presented elsewhere [53].

The comparative results of dynamic light scattering at 0, 20 and 60 W
powers (Fig. 12B) proved that there was no ultrafine bubble without
ultrasonication (0 W), however, 20 W created a reasonable amount of
such bubbles, which was lowered at 60 W. The worsened floatability of
shale for higher power of UPT might be related to the lower intensity
(and thus concentration) of ultrafine bubbles (NBs) as well as creation of
micron-sized bubbles (MBs), which was most probably related to the
coalescence of NBs and caveated transient bubble with low stabilities.

In addition to that, as reported in the literature, the longer sonication
and higher power levels might facilitate the formation of OH radicals
interacting with water molecules and eventually the production of
hydrogen peroxides (H203) through a thermal decomposition process
[9]. The Hy0; is a strong oxidant agent capable of oxidising copper
surface, reducing its hydrophobicity and at last diminishing its recov-
erability. Although, as aforementioned stated, the elevated temperature
might cause favourable adsorption of collector on the surface, excessive
temperature might accelerate the desorption of collector from the sur-
face. Breitbach et al. [54], who investigated the effect of ultrasound on
the adsorption and desorption processes, reported that the ultrasound
promoted desorption due to heat generated as a result of the ultrasonic
energy dissipation. The mechanism of KEX action as a collector in the
sulphide flotation is based on either the physical adsorption or the for-
mation of insoluble sulphates on the surface of the mineral. Gurpinar
et al. [48] claimed that hydrodynamic turbulence created by ultrasonic
treatment can easily break the physical bonds between the collector and
the mineral surface.

5. Conclusions and perspectives

The objective of this study was to determine the influence of ultra-
sound pre-treatment on the floatability of carbonaceous copper-bearing
shale particles. Series of experiments were conducted applying ultra-
sound power from 0 to 60 W.

The application of UPT at 20 W resulted in higher mass recoveries of
shale from 50% (without ultrasonic pre-treatment) to 75%. It was
mainly related to generation of ultrafine bubbles on the solid surface and
cleaning effect. Nevertheless, exceeding the ultrasonication power from
20 W to 60 W led to reduction in the floatability most likely due to the
creation of HyO» as a consequence of ultrasonically produced free H and
OH radicals. In addition, micro-flotation tests of ultrasound pre-treated
material approved over 50% reduction in the collector (KEX)
consumption.

Considering the given practical results in this work and existing in-
formation in the literature, the following future works were highlighted
to be worth to further investigations:
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- Very limited information is known about the effect of ultrasonication
power on the particle surface and its roughness. Further in-depth
studies are required to clarify this in future.

- Stability of generated NBs in terms of acoustic cavitation in bulk and
particle surfaces still needs more clarification to be well understood
especially in terms of their detection.

- Although beneficial impact of acoustic waves has been known for a
few decades and proven in this work, there is a considerable lack of
practical trials in both pilot and industrial scales.

- Still it remains unknown in the literature that to which extent the
minerals can be dissolved as a function of ultrasound power.

Addressing these issues will help to better understand the impact of
ultrasound on flotation.
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