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Abstract
The main source of potassium fertilizers is sylvinite ores consisting primarily of halite (NaCl), silicate and 
clay-carbonate slurries (clay-salt slurries). Processing of natural potash ores is mainly carried out by the 
flotation method, which separates KCl, NaCl, and clay-salt slurry. The research is aimed at revealing the effect 
of sonochemical pretreatment of the depressor reagents, CMC and starch, on dynamic viscosity, aggregate size, 
electrokinetic potential of these reagent solutions and sylvin flotation performance. It has been established 
that sonochemical treatment of depressor solutions decreases the size of aggregates of starch molecules by 
more than 133 times and that of aggregates of CMC molecules from 6 to 4 nm. It has been revealed that 
sonochemical treatment of anionic CMC solution shifts the electrokinetic potential towards the area of 
negative values with an increase in acoustic power, while sonochemical treatment of any acoustic power has 
no effect on the zeta potential of nonionic starch. It has been found that the sonochemical treatment lowers 
the dynamic viscosity of CMC and starch solutions: the viscosity of CMC solution at a maximum acoustic 
power of 420 W decreases by 44 % and the viscosity of starch solution at the same acoustic (ultrasonic) power 
decreases by 70 %. Furthermore, sonochemical pretreatment of sylvin flotation depressors contributes to an 
increase in KCl recovery and a decrease in the slurry content in the flotation concentrate. The possibility of 
reducing the consumption of ultrasonic treated depressor is also demonstrated. It is expedient to test the 
obtained findings in pilot-plant conditions. 
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Аннотация
Основной источник калийных удобрений – сильвинитовые руды, состоящие в том числе из галита 
(NaCl), силикатных и глинисто-карбонатных шламов (глинисто-солевых шламов). Обогащение при-
родных калийных руд главным образом осуществляется флотационным методом, при котором проис-
ходит разделение KCl, NaCl и глинисто-солевых шламов.
Исследование направлено на выявление влияния предварительной сонохимической обработки реа-
гентов-депрессоров – КМЦ и крахмала – на динамическую вязкость, размер агрегатов, электрокинети-
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Introduction
Potassium, along with phosphorus and nitro-

gen, is the most important component of mineral 
fertilizers, which enhances the yield of agricultural 
plants  [1–4]. The main source of potash fertilizer is 
sylvinite ore, which consist of halite (NaCl), silicate 
and clay-carbonate slurries (clay-salt slurries; herein-
after – CSS) [4, 5]. Beneficiation of natural potash ores 
is mainly carried out by the flotation method, which 
separates KCl, NaCl, and CSS [6–8]. 

Russia hosts one of the world's largest sylvinite 
ore deposits, the Verkhnekamskoe potassium-mag-
nesium salt deposit, which is rich in valuable sylvi- 
nite [9, 10]. To date, however, some of the best sylvi- 
nite ore lodes (layers) have already been mined-out 
at the deposit, and therefore the layers with lower 
content of sylvinite and with a higher content of CSS 
are increasingly being used. This leads to the dete- 
rioration of the ore processing performance [11, 12]. 
At the same time, the clay-salt minerals (CaSO4, 
MgCO3, CaSO4 · 0,5H2O, Fe2O3, CaMg(CO3)2, F–, MgCl2), 
which have a greater cation exchange capacity to the 
salts of primary aliphatic amines used as sylvin flota-
tion collecting agents, produce the greatest adverse 
impact on the KCl flotation [6, 11, 13, 14]. Competing 
adsorption of amines on CSS prevents their adsorp-
tion on the crystals of potassium chloride that leads 
to the deterioration or termination of the flotation 
process [12, 15]. 

To reduce the CSS content in the ore, mechan-
ical or flotation deslurrying of potassium ores is 
used prior to the sylvin flotation [12]. However, such  
methods are incapable of removing CSS complete-
ly. Even tenths of percent of clay-salt impurities 

remaining in the ore decrease the recovery of po-
tassium chloride to the flotation concentrate and 
also require additional consumption of collecting 
agents (aliphatic amines) [16, 17]. In this regard, at 
the stage of sylvin flotation prior to entering col-
lecting agents into the process, ore pulp is condi-
tioned by depressors, which are adsorbed on the 
surface of CSS, change the nature of the interphase 
molecular interactions, thus increasing the selec-
tivity of flotation. As a result, recovery of KC1 in-
creases, content of CSS in the flotation concentrate 
decreases, with reducing consumption of collecting 
agents [8, 11, 12, 18, 19].

A large number of depressing agents (depres-
sors) for flotation of potassium ores is known, of 
which organic agents should be noted: carboxy- 
methylcellulose (CMC), modified urea-formalde-
hyde resins, modified starch, guar gum, epoxy res-
in, etc. [11, 12, 18]. These chemical compounds have 
proven to be effective CSS depressors. However, or-
ganic depressor molecules (e.g., CMC and starch) in 
solutions tend to form associates and supramolec-
ular structures, the formation of which is promot-
ed by increasing the agent concentration. Besides, 
ionogenic polymers, in particular CMC, are also 
characterized by the globulization of molecules and 
an increased intramolecular interaction [20–22]. As 
the concentration of organic depressor solutions in-
creases, the viscosity of the solution increases and 
simultaneously the depressor properties deterio-
rate [21]. Therefore, commercial operations seek to 
use dilute solutions of depressors (e.g., CMC < 2 %), 
which can increase the depressing effect of the 
agents and reduce their specific consumption. How-

ческий потенциал растворов этих реагентов и на эффективность сильвиновой флотации. Установлено, 
что сонохимическая обработка растворов депрессоров уменьшает размер агрегатов молекул крахмала 
более чем в 133 раза, агрегатов молекул КМЦ – с 6 до 4 нм. Выявлено, что сонохимическое воздействие 
на раствор анионного КМЦ с увеличением акустической мощности смещает электрокинетический по-
тенциал в область отрицательных значений, при этом сонохимическая обработка любой акустической 
мощности не влияет на дзета-потенциал неионогенного крахмала. Установлено, что сонохимическая 
обработка понижает динамическую вязкость растворов КМЦ и крахмала: вязкость раствора КМЦ при 
максимальной акустической мощности 420 Вт снижается на 44 %, вязкость раствора крахмала при той 
же акустической мощности ультразвука – на 70 %. Кроме того, предварительная сонохимическая об-
работка депрессоров сильвиновой флотации способствует увеличению извлечения KCl и снижению 
содержания шламов во флотационном концентрате. Также показана возможность снижения расхо-
да обработанного ультразвуком депрессора. Полученные результаты целесообразно апробировать 
в опытно-промышленных условиях.
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ever, the use of dilute depressor solutions leads to 
an additional introduction of water into the pro-
cess, which causes losses of potassium chloride due 
to dissolution and accumulation of excessive alkali 
liquors.

Sonochemical pretreatment of highly concen-
trated organic depressor solutions is a promising 
way of solving the aforementioned problems [23]. 
Under the effect of ultrasonic cavitation, various 
physicochemical properties of colloidal system, such 
as viscosity, size of depressor molecules aggregates, 
electrokinetic potential, the adsorption value of de-
pressor molecules on clay-salt impurities change, 
which, in turn, can increase the performance of flo-
tation of potash ores [24, 25]. In the literary sources, 
there is practically no information concerning the 
effect of ultrasonic pretreatment of depressors on 
both the physicochemical properties of a depressor 
and on the flotation performance of a sylvinite ore. 

The purpose of this study is to establish the effect 
of sonochemical pretreatment of depressors (CMC 
and starch) on the physicochemical properties of the 
depressor solutions, as well as on the performance of 
sylvinite flotation.

1. Research Materials and Methods
1.1. Flotation depressor (depressing agent)

Two types of organic depressors, carboxyme-
thyl cellulose (degree of polymerization of 750–850) 
and soluble starch amylodextrin (C.P.) (hereinafter – 
starch) were used to study the effect of sonochemical 
treatment on a depressor in sylvin flotation. For the 
tests, 4 % aqueous solution of CMC and 4 % aqueous 

solution of starch were prepared at the solution tem-
peratures of 30 °С.

In the process of sylvinite ore flotation benefi-
ciation the depressor was added to the pulp before 
adding the emulsion of collector and frothing agent 
at the stage of sylvinite flotation. At the same time the 
specific consumption of CMC was 400 g/t ore, that of 
starch, 160 g/t ore [11].

1.2. Sonochemical treatment 
of depressor solution

Sonochemical treatment of the depressor 
solution was carried out using the ultrasonic unit 
shown in Fig. 1. As a source of ultrasonic vibrations,  
UZTA-0,8/22-OMU (series “Wave”) ultrasonic  
generator with piezoelectric oscillating system 
with developed radiating surface (made of titanium 
alloy) in the metal case and with forced air cooling 
was used.

The installation has a nominal operating fre-
quency of 22 ± 1.65 kHz and the intensity of radiation 
not less than 3.5 W/cm2. Electronic generator with 
timer and power regulator (40–100 %). At an ultra-
sonic impact at 100 % power, the total power con-
sumption is 1600 VA, the active power input is 650 W, 
providing acting acoustic power of about 420 W. The 
depressor solution temperature was maintained by 
thermostat 3. A depressor solution in an amount of 
500 ml was placed into reactor 4, then treated by ul-
trasound at different levels of acoustic power (from 
168 to 420 W in increments of 84) and exposure du-
ration of 150 s. For comparison, control tests without 
sonochemical treatment under identical conditions 
were performed.

1

2

4

5

3

Fig. 1. Schematic representation of laboratory installation for sonochemical treatment of depressing agent:
1 – radiating element; 2 – ultrasonic generator; 3 – thermostat; 4 – reactor with a jacket; 5 – tripod
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1.3. Measurement of aggregate size 
and zeta potential of depressor solution

The aggregate size and zeta potential of CMC 
and starch depressors were measured by a Zetasizer 
Nano ZS laser instrument using the dynamic light 
scattering method with non-invasive backscattering 
technique. The viscosity values used to measure the 
aggregate size and zeta potential were taken equal to 
the reference values of water viscosity at a given tem-
perature. The refractive index of the CMC solution is 
1.515; that of the starch solution is 1.340. 

Ten measurements of aggregate size in a sample 
volume were taken sequentially by the instrument, 
and then the results were averaged. There were three 
parallel measurements per sample.

1.4. Measurement of viscosity-temperature properties 
of the depressor solution

The dynamic viscosity of the ultrasonically trea-
ted and untreated depressor solutions was determined 
with an SV-10 AND vibro-viscosimeter. The technique 
for determining viscosity is based on changing the 
resonance frequency of oscillations in a liquid of dif-
ferent viscosity at a given known value of the solu-
tion density. The initial density of 4 % CMC solution 
at 30 °С was 1.02 kg/m3; that of 4 % starch solution at 
30 °С was 1.01 kg/m3.

The solution temperature was measured by the 
vibro-viscosimeter's temperature sensors directly 
during the viscosity measurements. The temperature 
of the depressor solutions was changed using a labo-
ratory thermostat. 

The limit of tolerable relative error of the visco- 
meter is ±3 %, the repeatability of viscosity measure-
ment results, not more than 1 % (standard deviation).

1.5. Flotation tests
Dry sylvinite ore from flotation plant BKPRU-3 

and sylvinite flotation feed (deslurried sylvinite ore) 
originating from flotation plant SKRU-3 of PJSC “Ural-
kali” of various chemical compositions (see Table 1) 
were used as raw materials for flotation production of 
potassium chloride in the tests.

Potassium chloride of “C.P.” grade and sodium 
chloride of “C.P.” grade were used for the prepara-

tion of saturated solutions used in the sylvin flotation 
study. The saturated solution was used only once.

Granulated primary amines (distilled) of C17–C20 
fraction and triethylene glycol C6H14O4 were used 
as a collector and frothing agent for sylvin flotation, 
respectively. To prepare the amine hydrochloride 
solution, solid stearylamine (pre-milled) with a con-
centration of 0.8 wt. % was added to distilled water 
and chemically pure (C.P.) hydrochloric acid in the 
amount 15 % higher than necessary to neutralize the 
stearylamine. The resulting solution was stirred and 
thermostatted at 70 °С for 90  min. Then the agent 
temperature was reduced to working temperature 
of 60 °С. Then the frothing agent was added to the 
amine hydrochloride solution in the amount of 30 % 
by weight of the dry collector.

The flotation tests were carried out using a “FML 
3/240 FL” laboratory flotation machine. Dry initial ore 
was mixed with mother liquor at a L/S phase ratio of 
2.5. The resulting pulp (ore suspension) under stirring 
was firstly added with an ultrasound treated or un-
treated depressor at a given consumption of the agent, 
then conditioned for 3 minutes, and then added with 
the “collector-frother” composition at a consumption 
of 65 g/t of ore, and then conditioned again for 1 mi-
nute. The laboratory flotation machine’s cell was filled 
with ready ore suspension in the volume of 500 ml (the 
ore mass of 194 g, the mother liquor volume of 400 ml). 
The flotation machine was switched on with the im-
peller rotation velocity of 29 RPS and the air flow rate 
of 100 l/h. The duration of the flotation process was 
6 min (three flotation cycles were performed per sam-
ple, the results of which were averaged). The collec- 
ted froth product and flotation tail were filtered with 
a vacuum filter, then dried to constant weight. After 
drying, gravimetric analysis of the obtained products 
and tails was carried out and the content of potassium 
chloride in the flotation concentrate and the flotation 
tails was determined using a PFA 378 flame photome-
ter. The analysis for the content of CSS in the flotation 
concentrate was carried out using an EDX-8100P “Shi-
madzu” energy dispersive X-ray fluorescence spec-
trometer with helium sparging. Such elements as Ca, 
Si, Al, Mg, S, and Fe were referred to CSS.

Table 1
Chemical composition of sylvinite ore originating from BKPRU-3 flotation plant 

and sylvin flotation feed from SKRU-3 flotation plant of PJSC “Uralkali”

Flotation plant
Weight percent of components, %

Fraction
NaCl KCl Insol. res.* MgCl2 CaSO4

BKPRU-3 66.65 26.59 4.59 0.27 1.9 (–0.900 + 0.315) mm

SKRU-3 70.30 27.10 0.46 0.13 2.01 (–0.900 + 0.315) mm
* Insol. res. – insoluble residue.
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Fig. 2. Differential curves of volume distribution of aggregates of molecules in ultrasound-treated 
and non-treated CMC solution at duration of ultrasound exposure of 150 s:

1 (red) – without ultrasonic treatment; 2 (green) – 168 W; 3 (gray) – 252 W; 4 (turquoise) – 336 W; 5 (blue) – 420 W
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Fig. 3. Differential curves of volume distribution of aggregates of molecules in ultrasound-treated and non-treated starch 
solution at duration of ultrasound exposure of 150 s:

1 (red) – without ultrasonic treatment; 2 (green) – 168 W; 3 (blue) – 252 W; 4 (gray) – 336 W; 5 (turquoise) – 420 W

As can be seen from Fig. 2, with increasing po- 
wer of sonochemical influence the size of aggre-
gates of molecules decreases: from 6 nm (without 
ultrasound treatment) to 4 nm (at acoustic power of 
ultrasound of 420  W). In  concentrated solutions of 
CMC (above 1 %) exposed to ultrasound, breaking of 
bonds of macromolecules, which become loose and 
possess more expanded form, happens [26–28].

As can be seen from the analysis of the differential 
curves describing the volume distribution of starch 

2. Findings Discussion

2.1. Influence of sonochemical treatment 
of depressor on aggregate size

The results of the investigation of the effect 
of sonochemical treatment modes of depressor 
solutions on the size of aggregates (differential 
curves of the volume distribution of aggregates 
of CMC and starch molecules by size) are shown  
in Figs. 2 and 3.
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molecules aggregates, presented in Fig. 3, large starch 
aggregates without sonochemical treatment had dif-
ferent sizes: about 50, 900, and 8000 nm. Aggregates 
around 8000 nm in size were observed to dominate, as 
indicated by the volume distribution curve (curve 1). 
With gradual increasing the acoustic power of ultra-
sonic treatment, the distribution curves of starch ag-
gregates shifted toward decreasing the aggregate size, 
and the height of the volume distribution peaks also 
decreased. At the same time, after ultrasonic treat-
ment, the peak of aggregate distribution in the area of 
8000 nm disappeared. At acoustic power of 420 W the 
maximum decreasing the aggregate size to 60 nm with 
volume distribution of 20 % and 600 nm with volume 
distribution less than 10 % is observed. Thus, after ex-
posure to ultrasound at maximum power, the size of 
starch aggregates decreased by more than 133 times: 
from 8000 nm to 60 nm.

2.2. Effect of ultrasonic treatment of depressor 
on the change in electrokinetic potential 

The results of the studies of the effect of sono-
chemical treatment of depressors solutions on ze-
ta-potential are shown in Fig. 4.

As can be seen from Fig. 4 (curve 1), the values 
of zeta potential of the CMC solution gradually shifts 
to the area of negative values with increasing sono-
chemical treatment power. In this case, the maximum 
negative zeta potential value of -35.85±1.79 mV is 
observed at an ultrasonic power of 420 W. It should 
be noted that CMC belongs to the group of ionogen-
ic anionic depressors, having carboxyl group in its 

composition, which imparts to this agent a negative 
value of electrokinetic potential. As noted above (see 
section 2.1), ultrasound breaks the internal bonds of 
the CMC supramolecular structures that leads to for- 
ming expanded forms and growing anionic structures, 
which shift the zeta potential to the area of negative 
values [20, 24]. Since sonochemical treatment of CMC 
solution reduces zeta potential of this depressor solu-
tion, the sorption of CMC aggregates on the surface of 
positively charged slurry particles, such as hematite, 
should increase, due to which the hydrophilicity of 
these particles may increase.

Analysis of Fig. 4 (curve 2) shows that sonochemi- 
cal treatment at any acoustic power insignificantly 
affects the zeta potential of starch aggregates. At the 
same time, the electrokinetic potential at all acoustic 
powers of sonochemical treatment is close to 0. The 
peculiarities revealed are explained by the fact that 
starch belongs to the group of non-ionogenic orga- 
nic depressors that do not carry a charge [29, 30]. The 
fixation of this depressor on the surface of silicate 
slurry minerals, such as quartz, occurs through the 
formation of hydrogen bonds, where a large number 
of polar groups of each depressor molecule is in-
volved, thus achieving a strong bond of the depres-
sor with the mineral [31, 32]. It is possible that under 
the influence of ultrasound on the starch solution 
the starch aggregates, as in the case of CMC, become 
loose, thereby increasing the number of active polar 
groups, which are more firmly bound to the surface 
of the slurry minerals and lead to an increase in its 
hydrophilicity. 
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Fig. 4. Effect of ultrasonic treatment of depressor on the change in electrokinetic potential:
1 – CMC solution; 2 – starch solution
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2.3. Influence of sonochemical treatment  
on viscosity-temperature properties 

of depressor 
The effect of ultrasonic treatment of CMC and 

starch solutions on the change in dynamic viscosity 
and temperature is shown in Table 2.

The analysis of Table 2 shows that with increas-
ing acoustic power of the agents sonochemical treat-
ment, the dynamic viscosity of the solutions decreas-
es, while their temperature increases. The maximum 
decrease in the dynamic viscosity and increase in the 
temperature of CMC solution are observed at son-
ochemical treatment acoustic power of 420 W, and 
these parameters reach 5.05 ± 0.05 mPa-s and 38 °С, 
respectively; the ultrasonic treatment of starch solu-
tion at the same acoustic power decreases the vis-
cosity to 2.66 ± 0.03 mPa-s, while the temperature of 
the solution increases to 41 °С. Sonochemical treat-
ment had the greatest effect on the starch solution, 
in which the dynamic viscosity decreased by 3.3 times 
when the maximum acoustic power of ultrasound was 
applied. 

At the same time, as shown in Table 2, increasing 
the temperature of the agent solutions without using 
sonochemical treatment insignificantly decreased 
the dynamic viscosity of the solutions, indicating 
that the greatest contribution to the change in vis-
cosity was made by ultrasonic treatment. It should 
be taken into account that sonochemical treatment 
generates and subsequently collapses gas bubbles 

in the liquid, which locally increases pressure and 
temperature [21, 33, 34]. This local change in tempe- 
rature raises the temperature of the entire solution 
and the change in pressure causes the colloidal solu-
tion aggregates to disperse, causing the viscosity 
of the medium to decrease.

2.4. Effect of sonochemical depressor treatment  
on the clay-salt slurry content in concentrate 

and KCl recovery
In the tests on flotation separation of sylvinite 

components, the effect of sonochemical pretreat-
ment of depressing agents (CMC and starch) on the 
recovery of KCl and the content of clay-salt slurry 
in the concentrate was studied. In these studies, we 
used sylvinite ore originating from BKPRU-3 flota-
tion plant with a high content of insoluble residue 
(the initial composition of the ore is presented in  
Table 1). The results are shown in Table 3.

It is clear from Table 3 that the application of 
the non-treated ultrasound CMC solution reduces 
the content of clay-salt slurry in the concentrate to 
22.84 ± 0.46 wt. % and increases the potassium chlo-
ride recovery by 1.44 % as compared to the test re-
sults where no depressor was used. Applying sono-
chemical treatment of CMC solution at an acoustic 
power of 168–252 W further increases KCl recovery 
and reduces the content of clay-salt slurry in the flo-
tation concentrate (tests 3–4). At the same time the 
best results (increase of KCl recovery and decrease 

Table  2
Effect of ultrasonic treatment and increasing temperature of CMC 

and starch solutions on dynamic viscosity

Depressor 
type 

Acoustic power, 
W 

Solution 
temperature, 

°C

Solution dynamic 
viscosity, mPa-s

Solution 
temperature, 

°C

Solution dynamic 
viscosity, mPa-s

with ultrasonic treatment without ultrasonic treatment

CMC

0 30 9.01 ± 0.09 30 9.01 ± 0.09

168 32 7.27 ± 0.07 32 8.74 ± 0.09

252 35 5.70 ± 0.06 35 8.44 ± 0.08

336 37 5.18 ± 0.05 37 8.24 ± 0.08

420 38 5.05 ± 0.05 38 8.14 ± 0.08

Starch

0 30 8.87 ± 0.09 30 8.87 ± 0.09

168 32 4.18 ± 0.04 32 8.27 ± 0.08

252 35 3.33 ± 0.03 35 8.07 ± 0.08

336 38 2.92 ± 0.03 38 7.78 ± 0.08

41 2.66 ± 0.03 41 7.49 ± 0.07
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of the slurry content) are observed at acoustic power 
of ultrasound of 252 W. However, further increase in 
the acoustic power of sonochemical treatment up to 
336–420 W (tests 5–6) reduces the performance of 
the ultrasonic treated depressor. Similar regularities 
are observed when using ultrasound-treated starch 
(tests 8–11). The optimum acoustic power at which 
the maximum KCl recovery and the minimum slur-
ry content in the flotation concentrate are observed 
is 252 W.

The positive effect of sonochemical pretreatment 
of depressors on the flotation performance is prima- 
rily due to the effect of ultrasonic cavitation, which 
contributes to the dispersion of large aggregates of 
CMC and starch (see sections 2.1 and 2.2), thereby 
increasing the number of active polar groups, which 
probably are more firmly bound with the surface of 
slurry particles and lead to an increase in their hy-

drophilicity, thereby improving the sylvin flotation 
performance. 

Decreasing sylvin recovery and increasing 
the content of slurry in the concentrate when  
using high-power ultrasound-treated depressors 
are most likely connected with the processes of 
degradation and oxidation of organic macromo- 
lecules of CMC and starch, which thus lose their  
activity [35–37].

2.5. Applying sonochemical pretreatment to reduce 
depressor consumption

In order to confirm the possibility of reducing 
sylvin flotation depressor consumption, laboratory 
flotation tests were carried out, the results of which 
are provided in Table 4. Starch was chosen as the 
depressor since it is more efficient than KMC in in-
creasing KCl recovery (see section 2.4). The depres-

Table 3
The effect of depressor sonochemical pretreatment on clay-salt content 

in flotation concentrate and KCl recovery

Test 
No. Depressor Acoustic power, W Content of clay-salt slurry in 

concentrate, mass % KCl recovery, %

1 Without depressor Without sonochemical 
treatment 25.70 ± 0.51 23.07 ± 0.05

2

CMC

Without sonochemical 
treatment 22.84 ± 0.46 24.51 ± 0.32

3 168 21.85 ± 0.44 25.36 ± 1.11

4 252 9.57 ± 0.19 29.68 ± 2.25

5 336 11.41 ± 0.23 28.16 ± 0.23

6 420 17.98 ± 0.36 25.26 ± 1.01

7

Starch

Without sonochemical 
treatment 12.98 ± 0.26 26.63 ± 1.24

8 168 9.14 ± 0.18 28.86 ± 1.27

9 252 7.02 ± 0.14 30.29 ± 0.05

10 336 26.19 ± 0.52 20.76 ± 0.86

11 31.85 ± 0.64 19.79 ± 2.08

Table 4
Effect of ultrasound-treated depressor consumption on KCl recovery  

at acoustic ultrasound power of 252 W and exposure time of 150 s

Depressor 
consumption, 
g/t ore

160* 160 150 140 130 120 110 100

KCl recovery, 
% 55.72 ± 0.25 62.05 ± 2.02 60.31 ± 0.14 59.82 ± 0.99 59.32 ± 1.69 57.92 ± 3.78 54.84 ± 0.68 52.02 ± 0.23

* The use of ultrasonically-untreated depressor solution.
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