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The Leaching Behavior of Potassium Extraction from Polyhalite Ore
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ABSTRACT: The extraction of potassium from polyhalite ore
(K,S0,-MgS0,-2CaSO,-2H,0) can help alleviate potassium
resource shortages in China. In this study, the leaching behavior
of potassium extracted from polyhalite ore in water was
investigated using leaching experiments and kinetic analysis. The
effects of various factors, such as liquid-to-solid ratio, leaching
temperature, leaching time, and polyhalite ore particle size were
comprehensively studied. It was found that high temperatures
improved the reaction rate and efficiency at the beginning (1—15
min) but reduced the final leaching efficiency of potassium. And
this phenomenon is discussed from the aspects of the dissolution— J %
reprecipitation of potassium, newly formed solid products during

the leaching process, and leaching thermodynamics. The leaching of potassium followed the Avrami model, with an apparent
activation energy of 26.29 kJ/mol. Additionally, it was determined that the mixed controlled step (surface chemical reaction and
diffusion) was the controlling step during potassium leaching. This study clarified the leaching mechanism of the polyhalite in water,
and the causes of hindering the leaching of potassium were analyzed. The research results can provide theoretical reference and
solutions for parameter design for the enhanced leaching process and selection of leaching agents in the future.
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1. INTRODUCTION

Potassium is an essential nutrient for plant growth and plays an
irreplaceable role in agricultural production, improving crop
yield and quality." China is a large agricultural country, and
ensuring food security is a strategic requirement for national

depth of polyhalite resources in the Sichuan Basin is relatively
large. The Xuanhan polyhalite deposits, for instance, have a
burial depth of more than 3000 m.* Therefore, traditional
mining technologies are neither technically nor economically
viable. In situ leaching mining techniques have matured and

development. However, China’s external dependence on
potassium salt increased approximately 50% in recent years,
affecting food security.”

Traditionally, potassium is extracted from soluble solid
potassium salts such as sylvite and carnallite as well as
potassium-rich brines. With the depletion of these resources,
there is a growing need to extract potassium from sparingly
soluble potassium salts, including potassium feldspar and
polyhalite.” Polyhalite (K,SO,-MgSO,-2CaSO,2H,0) is a
promising potassium resource, with a theoretical content of up
to 12.966% potassium and large reserves exceeding 10 billion
tons when converted to K,O in the eastern Sichuan Basin.”

Polyhalite crystallizes in a triclinic symmetry with the space
group P1 or FI. The structure consists of [CaOg] triangular
dodecahedra, [MgOy] octahedra, and [SO,] tetrahedra with K
located in an 11-oxygen-coordinated position.*° The crystal unit
cells of polyhalite are shown in Figure 1.°

High-grade polyhalite is directly used as a potash fertilizer
after being mined and crushed.” For low-grade polyhalite
resources that can be easily exploited, the roasting—hot leaching
method can be used to extract potassium. However, the burial

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

increasingly become mature, making it possible to develop and
utilize deeply buried polyhalite ores. The leaching performance
of polyhalite ore is key to in situ leaching mining technology.
Most previous studies on the leaching of potassium from
polyhalite focused on screening leaching agents.” Organic acids
and inorganic salts are commonly used reagents for the leaching
of polyhalite ores. Common organic acids include formic and
oxalic acids. The results indicate that organic acids facilitate the
leaching of K" and Mg*". However, one of the biggest issues with
organic acid leaching is serious environmental pollution. For
inorganic salt leaching agents, there is a general rule that the
leaching effect of polyhalite under the same solvent varies greatly
due to the mineralogical characteristics of polyhalite. For
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Figure 2. Photos of the polyhalite potassium ore in Chuan Xuan Di No. One well (a) at 3149 m and (b) at 3051 m. An, anhydrite; Po, polyhalite; H,

halite.
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Figure 3. Schematic diagram of the leaching instrument and polyhalite ore leaching process.

example, NaCl solution and Ca(OH), solution have good
solubilization effects on Quxian polyhalite. However, the
leaching effect of potassium from Kunteyi salt lake polyhalite
in NagCl solution and Ca(OH), solution is not as good as that of
H,0.

Currently, the research on the leaching behavior of polyhalite
in Xuanhan is not thorough or systematic, and the leaching
mechanism remains unclear. Whether this type of polyhalite ore
has good leaching performance depends on either the
thermodynamic stability or the formation of calcium sulfate
inclusions during the leaching process.

This study systematically investigated the effects of stirring
speed, liquid-to-solid ratio, leaching temperature, leaching time,

and polyhalite ore particle size on the potassium leaching
efficiency, and the leaching kinetics of potassium were analyzed.
The study determined the factors that affect the leaching rate
and the control steps of the leaching process. These findings
provide a basis for improving the process of potassium leaching
from polyhalite.

2. MATERIALS AND EXPERIMENTS

2.1. Materials and Reagents. The polyhalite ore sample
used in this study was obtained from Xuanhan, Sichuan
Province, China, and its appearance is shown in Figure 2. The
sample was primarily composed of polyhalite, with a few massive
halites and banded anhydrites distributed throughout. To
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Table 1. XRF Results of Polyhalite Ore (wt %)

Particle size (ym) K,0 MgO CaO
—450 + 300 13.10 8.29 17.29
—170 + 12§ 13.37 7.78 18.1S
—125+98 13.45 7.76 17.90
—88 + 63 13.33 8.02 17.48

SO,
50.20
50.62
5110
50.15

Na,O SiO, SrO Cl Al O,
0.88 0.99 0.31 0.89 0.10
0.69 0.69 0.32 0.63 0.07
0.52 0.64 0.33 0.58 0.06
0.58 0.98 0.32 0.58 0.09

prepare for a series of leaching experiments, the polyhalite ore
was ground using a pulverizer and then sieved to obtain different
particle size fractions (—450 + 300 ym, —170 + 125 yum, —125 +
98 pum and —88 + 63 um). Deionized water was used in all
experiments.

2.2. Leaching Experiment. The leaching reaction was
carried out in a 250 mL three-necked flask heated in a
thermostatic water bath to minimize experimental error. A total
of 120 mL of water at the selected temperature was placed in the
flask. Subsequently, the reactor was heated to a specific
temperature before the sample was added. At predetermined
time intervals, an aliquot of the solution was quickly removed
and filtered using 0.22 ym syringe filters. The concentrations of
potassium, magnesium, and calcium in the leaching solution
were measured by using inductively coupled plasma optical
emission spectrometry (ICP-OES) and atomic absorption
spectroscopy (AAS). Section 3.2.3 was researched in parallel
three times to ensure its reliability. Figure 3 shows a schematic of
the leaching instrument and the polyhalite ore leaching process.

The leaching efficiency of potassium and magnesium were
calculated using the following expression:

v-Cc

X =

m-w 1)
where ¢ is the concentration of potassium in the leaching
solution, v is the volume of the leaching solution, m is the mass of
the added polyhalite ore, and w is the mass fraction of potassium
in the polyhalite ore.

2.3. Analytical Methods. X-ray fluorescence spectrometry
(XRF; Zetium, PANalytical, Netherlands) was used to
determine the composition of polyhalite ore. The mineral
phase compositions of the polyhalite ore and the leaching
residues were detected using X-ray diffraction (XRD, Ultima IV,
Rigaku, Japan) using Cu Ka radiation with the testing angle
ranging from 10° to 60° at a scanning rate of 15°/min. The
microstructural and elemental distribution of the leaching
residues were detected and scanned using a scanning electron
microscope (SEM; Sigma 300, ZEISS, Germany; Inspect F50,
FEI, USA) equipped with a backscattered electron (BSE) and an
energy dispersive spectrometer (EDS; OXFORD, UK). The
particle size distribution of the polyhalite ore was analyzed by
using a laser particle size analyzer (Mastersizer 2000, Malvern,
Britain). The potassium, magnesium, and calcium contents of
the polyhalite ore and leachates were determined using
inductively coupled plasma optical emission spectrometry
(ICP-OES, Avio 200, PerkinElmer, USA) and atomic
absorption spectroscopy (AAS, ICE-3300, Thermo Fisher
Scientific, USA).

3. RESULTS AND DISCUSSION

3.1. Mineralogical Characteristics. In this study, minera-
logical analyses of ore samples are carried out using XRF, ICP-
OES, AAS, XRD, BSE, and EDS to determine the main
constituents and content of ore samples.

37164

The chemical compositions of the ore samples were analyzed
using an X-ray fluorescence spectrometer (XRF) and are given
in Table 1. As shown, the polyhalite ore was primarily composed
of K,0, MgO, CaO, and SO;, accounting for more than 13%,
7.7%, 17%, and 50% of the ore, respectively. Na,O, SiO,, SrO,,
Cl, and Al,O; were present in contents of less than 1% in all
particle sizes.

The potassium, magnesium, and calcium contents of the
polyhalite ore were determined using inductively coupled
plasma optical emission spectrometry (ICP-OES) and atomic
absorption spectroscopy (AAS), and the K—Mg—Ca molar ratio
was calculated. The results are summarized in Table 2.

Table 2. Contents of K, Mg, and Ca in the Polyhalite Ore (wt
%) and K—Mg—Ca Molar Ratio

Particle size (um) K Mg Ca K—Mg—Ca molar ratio
—450 + 300 12.31 4.43 13.32 2:1.16:2.16
—170 + 125 12.60 4.38 13.35 2:1.12:2.12
—125 + 98 12.49 4.32 13.81 2:1.11:2.21

—88 + 63 12.35 4.28 13.65 2:1.11:2.21
Theoretical values 12.97 4.03 13.29 2:1:2

The chemical composition of the polyhalite ore was analyzed
using X-ray diffraction (XRD), and the results are shown in
Figure 4. The results indicate that the ore sample was mainly
composed of polyhalite. The diffraction peaks of other minerals
that are not visible may be due to the low content.
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Figure 4. XRD pattern of the polyhalite ore.

The morphology and elemental distribution of the polyhalite
ore were determined by using backscattered electron (BSE) and
energy dispersive spectrometry (EDS). The BSE images and
related EDS results for the polyhalite ore are shown in Figure 5
and Table 3.

Three different minerals were found to be present in the
particles, as shown in Figure Sb. Based on EDS (Table 3) results,
the dark black part of position 1 in Figure Sb is the major
composition likely being periclase and dolomite. The major
composition of the dark gray part at position 2 in Figure Sb was
confirmed to be polyhalite. The major composition of the bright

https://doi.org/10.1021/acsomega.3c04733
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Figure S. BSE images (a, b) and elemental mappings (c—h) of polyhalite ore.
Table 3. EDS Analysis Results
Elements (wt %)
Position in Figure S K Ca Mg N (6] Si Fe Main minerals
1 0.32 - 38.65 0.49 60.34 0.21 - Periclase or Dolomite
2 9.66 14.32 4.76 23.05 48.21 - - Polyhalite
3 - - 046 44.44 4.99 0.44 49.67 Pyrite
Mapping 11.13 11.22 5.59 18.70 52.70 0.47 - Polyhalite
white part of position 3 in Figure 5b is likely pyrite. Elemental field characteristics. Therefore, the influence of the flow field
mapping of the polyhalite ore surface in Figure Sc—h revealed characteristics on the leaching of polyhalite was investigated
large amounts of K, Mg, Ca, and S, with sporadic Si. In addition, through mechanical agitation.
K, Mg, Ca, O, and S were uniformly distributed and have good The effects of stirring speed on potassium leaching efficiency
relevance, and the mass percentages of K, Mg, Ca, O, and S were investigated at stirring speeds of 250, 350, 450, and 550 r/
(Table 3) were similar to those of polyhalite, indicating that this min, while other leaching parameters were maintained at a
mineral is p.obrhalite. ) ) ) leaching temperature of 90 °C, a particle size of —170 + 125 pum,
By combining the data in Table 1, Table 2, Figure 4, Figure 5, . . .
. ! ; and a liquid-to-solid ratio of 10:1 mL/g. The results are
and Table 3, we can confirm that the ore sample is a high-purity o
polyhalite ore, possibly containing small amounts of anhydrite, p resented' m Flgu.re 6. . . .
halite, periclase, dolomite, pyrite, and silicates. According to Flgure 6, w1t'h an mc-reas.e in stlrr?ng speed from
3.2. Effect of Reaction Conditions on the Potassium 250 to 450 r/min, the leaching efficiencies of K increased from
Extraction Efficiency. 3.2.1. Effect of Stirring Speed. The 46.54% to 51.92% when the leaching time exceeded 10 min.
leaching mechanism of polyhalite in water is a typical solid— This is because increasing the stirring speed suspended the solid
liquid two-phase reaction. The flow field environment affects the particles in the solution, enabling better contact between the
heat—mass transfer of the solution reaction. Mechanical stirring leaching solution and the particles. Additionally, a higher stirring
can reflect flow patterns, velocity distribution, and other flow speed can reduce the thickness of the diffusion layer formed
37165 https://doi.org/10.1021/acsomega.3c04733
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Figure 6. Effect of stirring speed on leaching efliciency of potassium
from polyhalite ore in water.

around the particles, accelerating the mass transfer and external
diffusion of the reactants.'’

When the stirring speed was higher than 450 r/min, there was
no significant improvement in potassium leaching. This is
because the solid particles were fully suspended in the solution,
and increasing the stirring speed no longer reduced the thickness
of the mass transfer boundary layer, indicating that the effects of
external diffusion and external mass transfer became negligible.
Therefore, all subsequent experiments were conducted at 450 r/
min to investigate the effects of other leaching factors.

3.2.2. Effect of Liquid-to-Solid Ratio. The liquid-to-solid
ratio had a considerable influence on the polyhalite extraction
efficiency and concentration of K* after leaching. The effects of
liquid-to-solid ratio on the leaching of polyhalite minerals were
examined at liquid-to-solid ratios of 6, 10, 14, and 18 mL/g.
These experiments kept the stirring speed, temperature, and
particle size constant at 450 r/min, 60 °C, and —170 + 125 ym,
respectively. The results are listed in Figure 7.

As shown in Figure 7a, when the liquid-to-solid ratio
increased from 6:1 to 18:1 mL/g, the potassium leaching
efficiency increased sharply from 48.69% to 99.99% in 180 min.
The liquid—solid ratio mainly affected leaching in two ways.
First, increasing the liquid—solid ratio can increase the relative
amounts of the leaching agent to solids, increase the contact
surface between particles and leaching agent, thus increasing the

leaching efficiency.'’ Second, increasing the liquid—solid ratio
also reduces the viscosity and improves the fluidity and diffusion
of the reaction system, which improves the mass transfer of the
leaching reaction.'” Moreover, when the liquid-to-solid ratio
decreases, the concentration of insoluble products increases
correspondingly, which may cover the ore surface, preventing
the leaching reaction and thus decreasing the leaching efficiency
of potassium.

Figure 7b shows the concentration of potassium in leaching
solution under different liquid—solid ratios and leaching times.
However, this is contrary to the leaching efficiency of potassium,
where the concentration of potassium in leaching solution
decreases from 10.24 g/L to 7.01 g/L with liquid—solid ratio
increasing from 6:1 mL/g to 18:1 mL/g at 180 min. Although a
high liquid-to-solid ratio can result in a high potassium
extraction efficiency, the potassium solution formed has a low
concentration, making it difficult to utilize further. Therefore, a
balance between leaching efliciency and concentration is
necessary when determining the optimal liquid—solid ratio.

3.2.3. Effect of Reaction Temperature and Time. The effect
of temperature and time on the dissolution of potassium from
the polyhalite ore was investigated at 50 °C, 60 °C, 75 °C, and 90
°C, respectively, based on the geothermal temperature of
polyhalite ore layers. While other leaching parameters were
maintained at a stirring speed of 450 rpm, a liquid-to-solid ratio
of 10:1 mL/g, and a particle size of —170 + 125 pm.

The leaching efficiencies of potassium and magnesium at
different temperatures are shown in Figure 8 and Figure 9. The
K—Mg molar ratios in the leaching solution at different
temperatures are shown in Figure 9. The calcium concentrations
at different temperatures are listed in Figure 10.

As shown in Figure 8, the temperature strongly influences
potassium leaching efficiency. The leaching efficiency of K
increases rapidly at the beginning of the leaching process. When
the reaction time is 10 min, the leaching efficiencies of potassium
are 29.54%, 40.18%, 48.44%, and 51.92% at the temperatures of
50 °C, 60 °C, 75 and 90 °C, respectively. Moreover, the higher
the temperature, the higher the leaching efficiency of potassium
in 1-15 min. This is because increasing the temperature
decreases the viscosity of the reaction medium and accelerates
diffusion and mass transfer, which can promote water from the
surface to enter the interior of the ore particles, accelerating the
decomposition of the polyhalite ore. Moreover, the average
kinetic energy of the molecules increases with an increase in the
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Figure 7. Effect of liquid—solid ratio on leaching efficiency of potassium (a) and potassium ion concentration (b) in the leaching solution.
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Figure 10. Effect of the reaction temperature and time on the
concentration of Ca in the leaching solution.

leaching temperature, causing more frequent and stronger
collisions between the molecules, and hence increasing the
reaction rate.”

However, when the leaching time exceeds 15 min, the
leaching efliciency of potassium at 75 °C, 60 °C, and 50 °C
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gradually exceeds 90 °C with further prolonging of the reaction
time. The leaching efficiency of potassium decreases from
72.90% to 63.27% at 180 min, as the reaction temperature
increases from 50 to 90 °C. The results show that higher
temperatures suppress the leaching efficiency of K in the later
stages of the leaching reaction, which is an interesting
phenomenon. And this phenomenon is discussed from the
aspects of the dissolution-reprecipitation of potassium, newly
formed solid products during the leaching process, and leaching
thermodynamics.

As shown in Figure 8 and Figure 9, Mg is in good agreement
with the change trends of the K leaching efficiency vs
temperature and time. The K—Mg molar ratio in the leaching
solution was almost equal to 2, which is consistent with the
theoretical molar ratio of potassium and magnesium in
polyhalite. Additionally, no newly formed K-bearing minerals
were significantly found in the leaching residue (and will be
discussed in more detail in Section 3.3.1), indicating that the
potassium ions released from polyhalite dissolution in water do
not form secondary potassium bearing minerals (e.g., K,SO,,
K,Cas(80,),-H,0, K,Cas(SO,)sH,O0, KzMgz(SO4)3; K,Mg-
(80,),-4H,0, K,Mg(SO,),-6H,0). This excluded the possi-
bility that the low leaching rate of potassium due to K-bearing
precipitates production at high temperatures in the later stages
of the leaching reaction.

As shown in Figure 10, the concentration of calcium in the
leaching solution first increased and then decreased with an
increasing leaching time. This is attributed to calcium ions
reacting with sulfate ions to form calcium sulfate. Furthermore,
at the beginning of the reaction, the higher the temperature, the
lower the calcium ion concentration. Increasing the temperature
will shorten the “induction period” of calcium sulfate at the
initial crystallization stage, thereby accelerating the crystal
nucleation rate.* Moreover, as shown in Figure 14b—d, the
particle size of the leaching product decreases with an increase in
the leaching temperature, which leads to an increase in the
viscosity of the system and hinders the mass transfer and
diffusion of reactants during the leaching process. This may also
be one of the reasons for the low leaching efficiency of
potassium.

To further explore the influence of temperature, the
thermodynamic parameters of Gibbs free energies (AG) and
reaction equilibrium constants (Log K) of the polyhalite
dissolution process (eq 2) were calculated by eqs 3—7,"” while
thermodynamic data of reactants and products can be acquired
from related literature (Table 4),"°"'® and the results are shown
in Figure 11.The major mineral compositions of leaching
residues are CaSO,2H,0. Thus, it is deduced that there exist
chemical equations in polyhalite leaching with water as follows:

K,S0,-MgS0,-2CaS0,-2H,0 + 2H,0

— 2K* + Mg** + 280} + 2CaS0,-2H,0 2)
AH. = Y vAH(P) = Y v HI(R) (3)
ASE= D uASHP) — D uASHR) (4)
AGh= Y vAGIP) = Y vgAGI(R) ()
AG = AH — TAS (6)
AG = —RT InK (7)
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Table 4. Thermodynamic Data of Reactants and Products

Substance

A;H,%(298.15 K) (kJ-mol™")

A; G,%(298.15 K) (kJ-mol ™)

AS,%(298.15 K) (J-K "mol™!)

K,$0,-MgS0,-2CaS0,-2H,0 (cr)'® —6121 + 21 —559 + 21 599.1 + 1.3
CaS0,2H,0 (cr)'"'® —2022.63 —1797.28 194.10
H,o()'"*® —285.83 —237.129 69.91
Ca?*(aq)'""* —542.83 —553.58 —53.10
K*(ag)'""® —252.38 —283.27 102.50
Mg*(aq)'”"* —466.85 —454.80 —138.10
SO, (aq)'""® —-909.27 —744.53 20.10
100
56 410 80
S
= z
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Figure 11. Relationship between AG, Log K, and temperature for the
possible reactions during polyhalite leaching with water.

Time/min

Figure 12. Effect of particle size on leaching efficiency of potassium
from polyhalite ore in water.

where AH is the enthalpy change, kJ-mol™"; AS is the entropic
change,J-K‘l-mol_l; AG is the Gibbs free energy, kJ-mol™; v is
the stoichiometric number; T is the reaction temperature, K; Ris
the mole gas constant, 8.314 J-K™"-mol™'; K is the equilibrium
constant.

According to Figure 11, within the temperature range of 50—
90 °C, the AG of reaction 2 increases with increasing
temperature, and the equilibrium constant Log K decreases
with increasing temperature. Generally, the more negative the
AG value and the more positive the Log K value of the Ieachin%
reaction, the greater the forward trend of the reaction.'>'?
This implies that increasing the reaction temperature
thermodynamically reduces the driving force of the chemical
reaction, thus weakening the forward trend of the polyhalite
leaching reaction. Therefore, the variation of experimental
results with temperature is consistent with the thermodynamic
trend.

Furthermore, an increase in temperature leads to a significant
expansion of the polyhalite formation region in the phase
diagram of six-component s?rstem Na*, K¥, Mg**, Ca**//CI",
$O,2—H,0 at 15—83 °C.>' Additionally, the analysis of this
phenomenon from a phase chemical point of view indicates that
an increase in temperature leads to a decrease in the solubility of
polyhalite.

3.2.4. Effect of Particle Size. To examine the effect of particle
size on the leaching of polyhalite mineral, the experiments were
carried out using the ore with particle sizes of =450 + 300 ym,
—170 + 125 pm, —125 + 98 um, and —88 + 63 um, while the
stirring speed, solid-to-liquid ratio, and temperature were kept
constant at 450 r/min, 10 mL/g, and 60 °C, and the results are
shown in Figure 12.

As shown in Figure 12, the smaller the particle size, the higher
the leaching efficiency and the faster the leaching of polyhalite.

This is because with a decrease in particle size the specific surface
area increases, the contact surface between the solid and liquid
reactants grows, and the internal diffusion resistance decreases.

3.3. Characterization of Leaching Residue. To under-
stand the structural evolution and mechanism of the leaching
process, the morphologies of the leaching residues were
analyzed by using XRD, BSE, and EDS.

3.3.1. XRD Analysis of the Leach Residue. The leaching
residue was analyzed by using XRD to determine the phase
composition of the leaching product.

Figure 13 indicates that all major diffraction peaks of the raw
ore could be assigned to polyhalite, the diffraction peaks of
polyhalite in leach residues significantly weakened, indicating
that most of the polyhalite was dissolved in water after leaching.
Meanwhile, new evident peaks are detected at 11.69°, 20.76°,
23.44°, and 29.14° in the XRD pattern of the leaching residue,
which belongs to gypsum (CaSO,2H,0). Compared with
polyhalite, the characteristic peaks of gypsum were most
prominent, indicating that gypsum is the primary component
of residues. Additionally, no characteristic peaks of newly K-
bearing minerals were significantly found in the leaching residue,
indicating that the potassium ions released from polyhalite
dissolution in water do not form secondary potassium bearing
minerals.

3.3.2. BSE and EDS Analysis. Based on the XRD analysis
results of the leaching residue, it was found that the solid product
CaS0O,4-2H,0 is produced during the leaching of polyhalite. The
morphology of CaSO,-2H,0, whether it is precipitated and
coated on the surface of unreacted polyhalite, and the
compactness of the coating all have important effects on the
leaching behavior of polyhalite.
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Figure 13. Comparison of XRD patterns of the residues at various
reaction temperatures: 50 °C, 60 °C, 75 °C, and 90 °C.

Therefore, the morphologies of the leaching residues at
different temperatures were analyzed using BSE, and the results
are presented in Figure 14.

As shown in Figure 14, the particle size of the polyhalite ore in
the residue decreases slightly, and a considerable number of
CaSO,-2H,0 crystals were observed. The crystal morphology of
CaSO42H,0 in the leach residue is mainly a sheet at the
temperatures of S0 °C. The sheet morphology of CaSO,-2H,0
gradually transformed to a columnar or needle-like morphology
with increasing temperature. A decrease in the particle size of
CaSO,-2H,0 leads to an increase in the viscosity of the leaching
system, which may increase the mass transfer resistance and
hinder the reaction, and this is consistent with the results in
Figure 8.

To further explore whether CaSO,-2H,O precipitated and
coated on the surface of unreacted polyhalite and the
compactness of the coating, BSE-EDS-Mapping analysis was
used to further identify the elemental distribution of the
unreacted polyhalite particles. The results are presented in
Figure 15 and Table 5.

As shown in Figure 15 and Table 5, most of the calcium was
precipitated as CaSO,-2H,O during the leaching of polyhalite,
and a portion of CaSO,2H,0 covered some areas (e.g,
positions 2 and 5) on the surfaces of the unreacted polyhalite
particles and then blocked the reaction between water and
polyhalite ore to a certain extent. The mass percentages of K,
Mg, Ca, O,and S at position 6 (Figure 15b) were similar to those
of polyhalite, indicating that CaSO,-2H, O crystals did not cover
the regions. A small amount of potassium was detected in some
regions (e.g., position 3 and position 4), and the mass
percentages of K on the surface of the leaching residues are
much smaller than those of the raw ores, indicating the presence
of coating on the regions but not dense, which can be further
confirmed by the element distribution images of the leaching
residues (Figure 15e—j). Because the polyhalite particles could
not be thoroughly coated, some areas of the polyhalite particles
could still establish effective contact with the leaching agent.

3.4. Leaching Kinetics of Potassium and Magnesium
from Polyhalite. To obtain a better understanding of the
mechanisms of potassium leaching from polyhalite ore in water,
leaching kinetic analysis was employed to explore the chemical
behaviors occurring during the leaching reaction.

3.4.1. Kinetic Model. The leaching of polyhalite ore in water is
a typical solid—liquid two-phase reaction. Generally, the rate of
mineral leaching can be controlled by diffusion through a fluid
film, diffusion through an ash or product layer, or surface
chemical reactions. Because the leaching reaction proceeds
under mechanical stirring, the diffusion resistance through the
liquid film should be negligible. Furthermore, solid product of
CaSO42H,0 formed on the surface of unreacted polyhalite
particles during leaching according to XRD, BSE, and EDS
analysis results (Figure 13, Figure 15, and Table S). Because the
CaSO4-2H,0 wrapped on the surface of unreacted polyhalite
particles hinders the contact between the leaching solution and
unreacted polyhalite, controlled diffusion through an ash or
product layer may become a control step. Combined with the
selection the basis of kinetic models, the reaction kinetics of
polyhalites can be interpreted using shrinking core models and
the Avrami model.”***

Surface chemical reaction- and diffusion-controlled processes
can be applied to describe the kinetics of the polyhalite leaching
process, which can be expressed as follows:

1—(1—x)% =kt

(surface chemical reaction-controlled) (8)

2
=S (-2 =kt

(product-layer diffusion-controlled) (9)

where «x is the potassium leaching efficiency, ¢ is the leaching
time (min), and k; and k, are the apparent rate constants
determined using eqs 8 and 9, respectively.

The results of 1 — (1 —x)*and 1 — 2x/3 — (1 — x)*/3 versus
time t at different temperatures are shown in Figure 16a,b,
respectively.

As shown in Figure 16, the kinetic data of potassium fit poorly
to the surface chemical reaction control model and the product
layer diffusion control model (R? < 0.99). Therefore, the kinetics
of potassium leaching from the polyhalite ore in water cannot be
analyzed using a surface chemical reaction control model or
product layer diffusion control model.

The Avrami model was initially developed to describe
crystallization kinetics.”””> The leaching reaction can be
regarded as the reverse of the crystallization process. Thus, the
Avrami model can also be used to explain the kinetics of the
crystal leaching reaction.”

The Avrami model successfully described the leaching
kinetics of various solid—liquid reactions.”® The kinetic equation
of the Avrami model is given as

—In(1 — x) = kt" (10)
The logarithm is taken on both sides of eq 10 to obtain eq 11.
In[-In(1 —x)] =Ink+ nint (11)

where x is the leaching efficiency of potassium, k is the apparent
reaction efficiency constant of the leaching process, t is the
leaching time, and # is the characteristic constant. When n < 0.5,
the Avrami equation is diffusion-controlled; when 0.5 < n < 1,
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Figure 14. BSE images of polyhalite ore and the leach residue: (a) polyhalite ore; (b) residue (50 °C); (c) residue (75 °C); (d) residue (90 °C)
(Reaction time: 180 min, Particle size: —170 + 125 um, L/S:10:1 mL/g, Stirring speed: 450 r/min).

the leaching process is a mixed type of chemical reaction and
diffusion control.”’

The plots of In[—In(1 — x)] versus In t at different
temperatures for potassium leaching are presented in Figure 17.

As shown in Figure 17, the correlation coefficient R* of the
Avrami model is greater than 0.99, indicating that the models fit
the data well in the leaching experiments. Furthermore, the n
values obtained using the Avrami equation at different
temperatures were all between 0.5—1, and the leaching process
was a mixed type of chemical reaction and diffusion control.

3.4.2. Calculation of the Activation Energy. The apparent
activation energy is an important feature used to describe the
control of the leaching kinetics. Chemical bonds are destroyed
during a chemical reaction; thus, the activation energy of the
chemical-reaction-controlled process is typically higher than
that of the diffusion controlled process. The relationship
between the activation energy and kinetic control steps is
presented in Table 6.%*7**

The apparent activation energy of the leaching process was
calculated using the Arrhenius equation, which reveals the
temperature dependence on the reaction rate constant (k). The
equation used is as follows:

k = k, exp[—Ea/(RT)] (12)

where k is the reaction rate constant at temperature T, k, is the
pre-exponential factor, min™', T'is the reaction temperature (K),
R is the mole gas constant (8.314 J/(mol'K)), and Ea is the
apparent reaction activation energy (J/mol).

According to the Arrhenius equation (eq 12), the plot of In k
versus 1/T was constructed, and the slope for the figure was
—Ea/R. The results are shown in Figure 18.

From the slope of the fitted equation shown in Figure 18, the
activation energy is calculated to be 26.29 kJ/mol. According to
the relationship between the activation energy and kinetic
control steps (Table 6), the leaching reaction was confirmed to
be a mixed control (chemical reaction and diffusion).

3.4.3. Establishment of Kinetics Equation. The effects of the
liquid-to-solid ratio and particle size on the reaction kinetics
were analyzed using eq 11, and the results are presented in
Figure 19a,c, respectively.

A kinetic equation was established to determine the cause of
the varied reactions of different liquid-to-solid ratio (L/S),
particle sizes (r,), and temperatures (T) that influenced the
leaching efficiency of potassium during the leaching process.
This is expressed as follows:

k = ky(L/S)*r," exp(—Ea/RT) (13)
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Figure 15. BSE images (a, b, ¢, d) and elemental mappings (e—j) of residues (Reaction time: 180 min, Particle size: =170 + 125 ym, L/S:10:1 mL/g,
Stirring speed: 450 r/min, Temperature: 90 °C).

~In(1 — x) = ko(L/S)“rob exp(—Ea/RT)t" (14) where k is the reaction rate constant at temperature T; k is the

frequency factor, min~'; a is the reaction order of liquid-to-solid

The logarithm is taken on both sides of eq 13 to obtain eq 15. ratio; b is the reaction order of particle sizes; T is the reaction

E temperature, K; R is the mole gas constant, 8.314 J/(mol-K);

1nk=1nko+aln(L/S)+blnr0——a P T & ’ " )
RT (1s) and Ea is the apparent reaction activation energy, J/mol.
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Table S. EDS Analysis Results

Elements (wt %)

Position in Figure 15a—c K Ca Mg S O Si Main minerals
1 0.02 23.41 0.24 19.42 56.91 - Gypsum
2 0.08 23.20 0.64 19.38 56.70 - Gypsum
3 2.88 24.18 2.09 20.18 50.67 - Gypsum, Polyhalite
4 5.57 16.29 291 17.02 57.66 - Gypsum, Polyhalite
N 0.40 19.22 1.05 18.27 61.06 - Gypsum
6 10.65 14.33 4.33 20.49 50.19 - Polyhalite
7 1.38 31.13 0.67 23.75 43.08 - Anhydrite, Polyhalite
Mapping 5.47 16.77 2.05 17.92 57.61 0.18 Gypsum, Polyhalite
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Figure 16. Relationship between 1 — (1 — x)'/? (a), 1 — 2x/3 — (1 — x)** (b), and time at different temperatures
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Figure 18. Arrhenius plot of the Avrami model reaction rates for
potassium extractions against reciprocal temperature.

Table 6. Kinetic Control Step and Activation Energy

Kinetic control step
Diffusion control
Mixed control

Chemical reaction control

Activation energy (kJ-mol™")
<10, 4-12
10—40, 12—41.8
>40, >41.8, >42

According to eq 15, In k is plotted as In(L/S) when the

leaching agent is an aqueous solution and the temperature and
particle sizes are constant, and the result is shown in Figure 19b.
Figure 19d shows the results of In k plotted against In r, when the
leaching agent is an aqueous solution and the temperature and
liquid—solid ratio are constant.

37172

a (reaction order of the liquid-to-solid ratio) and b (reaction
order of particle sizes) were calculated based on Figure 19b,d
and were 0.4452 and —0.244S, respectively. Then the data of 4,
b, and Ea were substituted into eq 14, and the plot of —In(1 — x)
versus 1, "*5(L/S)*M5? exp(—26294.69/RT)t**%/1073 was
constructed, and the slope for the figure was k,/1000. The
results are listed in Figure 20.

The k, calculated from Figure 20 was 1913.90, and the
macroscopic leaching kinetic equation of potassium from
polyhalite ore in water is
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Figure 19. Relationship between In[—In(1 — x)] and In ¢ for potassium leaching (a, c); the Arrhenius plots for the leaching kinetics of polyhalite (b, d);
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3.5. Mechanism Analysis of Polyhalite Ore Leaching
Process. According to the K—Mg molar ratio in the leaching
solution (Section 3.2.3), the concentration variation of Ca in the
leaching solution (Section 3.2.3), and the XRD and SEM-EDS-
Mapping analyses of the polyhalite ore before and after leaching
(Section 3.3), the leaching mechanisms of K in polyhalite are
shown in Figure 21.

It is reasonable to deduce that polyhalite is dissolved and
ionized into K*, Mg**, Ca**, and SO,*~ in water. Ca’* reacts with
SO,>” in the liquid phase to form CaSO,-2H,0, which reduces
the activity and concentration of Ca®* and SO,*”, thus

.
y 5

A ¥ Gypsum inclusions Qlyhalite)\

P 4 )

P X5 ; 4

—In(1 — x) = 1913‘9(L/S)0'4452r0_0'2445
exp(—26294.69/RT )t

Polyhalite |0
I
OK ©Mg ©Ca ©S ©0 H
(16) Figure 21. Schematic diagram of the leaching mechanism of the
polyhalite in water.
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promoting the progress of the leaching reaction. Some CaSO,-
2H,0 crystals covered the surfaces of the unreacted polyhalite
particles, which probably passivated the polyhalite surface and
hindered potassium leaching. Most calcium sulfate exists
independently in a crystalline form and constitutes the main
component of the leaching residue.

Comprehensive analysis of leaching experiments, character-
ization of leaching residue, thermodynamics, and kinetics, and
the main reasons for hindering the leaching of potassium are
listed as follows: (a) the thermodynamic driving force of the
leaching reactions of polyhalite with water is small; (b) the solid
CaS0O,4-2H,0 product was coated on the surface of undecom-
posed polyhalite particles.

NaCl solution could improve the solubility of CaSO,-2H,0,
and it also affects the nucleation, crystalline form, and
morphology of CaSO,2H,0.” Thus, we can try to using
NaCl as a leaching agent to remove the CaSO,-2H,0 product
layer wrapped around the outside of undecomposed polyhalite
particles to achieve enhanced leaching of K from polyhalite ore.

4. CONCLUSIONS

(1) Leaching experiments indicated that high temperature
improves the leaching efficiency at the beginning (1—1S min).
With further extension in the leaching time, the leaching
efficiency of potassium at 75 °C, 60 °C, and 50 °C gradually
exceeded that at 90 °C. When the reaction time was 180 min, the
higher the temperature, the lower the efficiency of potassium,
which is caused by the fact that temperature rising will reduces
the thermodynamic driving force of the leaching reaction.

(2) The XRD, BSE, and EDS analyses of the leaching residue
showed that a considerable number of CaSO,-2H,O crystals
were produced during polyhalite leaching. Some CaSO,-2H,0
crystals covered the surfaces of the unreacted polyhalite
particles, which may have passivated the polyhalite surface and
hindered potassium leaching. These CaSO,-2H,0 inclusions are
nondense. In some areas of polyhalite particles, effective contact
with the leaching agent can still be established through the pore.
Therefore, the leaching reaction can still proceed slowly until
equilibrium is reached.

(3) The kinetic analysis shows that the leaching kinetics of
potassium are well described by the Avrami model, and the
leaching process of potassium from polyhalite ore in water was
controlled by a mixed mechanism of surface chemical reaction
and diffusion, with an apparent activation energy Ea of 26.29 kJ/
mol.

(4) Future research will focus on select NaCl as potential
“enhance” leaching agent, to achieve green and efficient leaching
of K.
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