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The kinetics of hydrochloric acid leaching of oxidized magnesite–iron nickel ores from the 
Gornostaevskoye deposit (Eastern Kazakhstan) were investigated. The ore has high contents of 
Mg (14.25 wt.%), Fe (10.8 wt.%) and Si (24.32 wt.%), with a Ni content of 0.87 wt.%. The optimal 
process parameters were determined as follows: S:L = 1:4, temperature = 85–90 °C, leaching 
duration = 120 min, HCl concentration = 18%, and stirring rate = 400 rpm. The extraction rates of Ni, 
Mg and Fe were 91.03%, 97.88% and 93.04%, respectively. The pregnant leach solution contained 
1.98 g L-1 Ni, 35.31 g L-1 Mg and 25.12 g L-1 Fe. Kinetic modeling indicated that the leaching of 
Ni, Fe, and Mg followed a mixed-control mechanism, with activation energies of 76.07 kJ mol-1 
for Ni, 125.45 kJ mol-1 for Fe, and 119.33 kJ mol-1 for Mg, confirming that the chemical reaction 
was controlled. Thermodynamic analysis revealed that pimelite, nickel silicate hydrate, and 
antigorite are the most reactive phases under hydrochloric acid leaching, on the basis of their highly 
negative ΔG values. The established mineral dissolution sequence, namely, pimelite > Ni − silicate 
hydrate > nepouite > antigorite > lizardite > talc > wüstite > hematite, reflects the combined influence of 
structural accessibility and thermodynamic favorability.
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Recently, the industries of electric vehicles and unmanned aerial vehicles using batteries have been developing 
rapidly. In particular, lithium-ion batteries (LIBs) with high energy density and long service life have been widely 
used. Nickel-rich cathode materials (such as nickel–cobalt–manganese (NCM) and nickel–cobalt–aluminum 
(NCA)) have advantages in terms of service life and thermal stability1. In addition, modern metallurgy produces 
a wide variety of nickel-containing alloys, including heat-resistant alloys, corrosion-resistant alloys, and shape 
memory alloys. In this regard, the demand for processing nickel-containing ores has been steadily increasing2. 
According to the USGS3, the global nickel reserves are more than 350 million tons, of which laterite ores account 
for 54%, sulfide ores for 35%, manganese nodules on the seabed for 10%, and other for 1%. Currently, most 
nickel is produced from sulfide ores. The constant reduction in the global reserves of sulfide nickel ores has made 
the extraction of nickel and other valuable metals from laterite ores attractive.

Nickel ores localized at deep depths in Kazakhstan are characterized by a specific composition and are 
represented mainly by lateritic deposits. These deposits include the Gornostaevskoye deposit (East Kazakhstan 
region), Batamshinskoye deposit, and Bugetkolskoye and Nikeltauskoye deposits (West Kazakhstan region). 
Kazakhstan has sufficient reserves of nickel ores and is among the top 20 countries in terms of nickel reserves4. 
In total, 2% of the world’s ore reserves are recorded in the territory of Kazakhstan, while metallurgical processing 
of lateritic nickel ores in the country is limited.

Industrial production of nickel from lateritic nickel ores is based on pyrometallurgical5,6 and hydrometallurgical 
processes7–9.
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Pyrometallurgy is a suitable method for processing sulfide ores. However, this process is unprofitable 
because of its considerable energy consumption. Hydrometallurgy is an acceptable option for processing 
laterite ore because of its lower energy costs and the possibility of simultaneously extracting valuable metals10. 
Hydrometallurgical processes such as heap leaching (HL)11, high-pressure acid leaching (HPAL)12–14, and 
atmospheric acid leaching (AAL)15–18 can extract nickel from laterite ore15,19.

Acid leaching of lateritic nickel ore is a complex process, the efficiency of which is affected by the 
physicochemical properties of the ore and the leaching parameters.

Atmospheric acid leaching methods include primarily sulfuric acid20,21, nitric acid10,22,23, and hydrochloric 
acid leaching24. To increase the efficiency of leaching, various additives, such as oxidizers, reducing agents, and 
complexing agents, are used.

The disadvantages of atmospheric leaching with sulfuric acid are longer leaching times, low metal recovery 
and higher acid consumption25. Similarly, the disadvantage of using HNO3 as a solvent is that it dissolves iron, 
which in turn leads to the formation of iron nitrates, which complicate the removal of impurities and can affect 
the efficiency of subsequent process steps26. The advantages of using HCl as a lixiviant are the easier production 
of metal chloride solutions containing Ni, Fe and Mg and the possibility of regenerating free hydrochloric acid 
from its spent solution10; therefore, hydrochloric acid was chosen as a leaching reagent27 since the ore minerals 
are completely exposed and impurities such as iron and magnesium are easier to remove from chloride media.

The authors in Ref28. studied the kinetics of laterite leaching with a NH4Cl–HCl solution; mineral dissolution 
proceeded in the following order: goethite > serpentine > hematite and magnetite, which is consistent with the 
results obtained when the extraction of metals into solution was calculated. The activation energies for nickel, 
cobalt and iron are 4.01 kJ mol−1, 3.43 kJ mol−1 and 1.87 kJ mol−1, respectively, which confirms the diffusion-
controlled extraction of these metals.

Santos et al.21 studied the leaching mechanism at a hydrochloric acid concentration of 8 M and reported that 
the order of mineral dissolution is as follows: goethite > lizardite > magnetite and hematite. On the basis of the 
linear Arrhenius equation, the authors calculated the activation energies of metal leaching to be 11.56 kJ mol−1 
for nickel, 11.26 kJ mol−1 for cobalt, and 10.77 kJ mol−1 for manganese. Thus, the diffusion regulation stage is 
internal diffusion, namely, diffusion regulation in a solid film.

Studies on the kinetics of the leaching of laterite ores with sulfuric acid29 have shown that the activation 
energies are 53.9 kJ mol−1 for nickel and 59.4 kJ mol−1 for magnesium, which are characteristic of a chemical 
reaction-controlled process. The similarity of the activation energies for the leaching of nickel and magnesium 
from the laterite material of saprolite with sulfuric acid means that the nickel in lizardite is weakly bound in 
the octahedral layer, and almost all of the nickel can be leached simultaneously with magnesium but without 
complete destruction of the silicate structure.

The problem of involving oxidized nickel ores in metallurgical processing in Kazakhstan remains unsolved. 
The purpose of this study is to investigate the kinetic patterns of nickel dissolution and the main impurities 
(iron and magnesium) present during hydrochloric acid leaching of laterite ores in Kazakhstan, namely, the 
Gornostaevskoye deposit. This work involves laboratory leaching of a sample of oxidized magnesite–ferrous 
nickel ore with an 18% hydrochloric acid solution under optimal conditions, followed by analysis of the resulting 
product solution and solid residues. This technique is aimed at determining the ratio of extraction of nickel, 
magnesium and iron into the solution, as well as developing an effective three-stage countercurrent washing of 
the silica residue for maximum removal of soluble compounds and improving the environmental friendliness of 
the process. The obtained kinetic data will be used to identify conditions that promote the selective transition of 
valuable metals into solution and minimize the dissolution of gangue.

The feature of this study lies in the oxidative–hydrolytic removal of Fe3⁺ from solution using H₂O₂, followed 
by controlled precipitation at pH 3.6–3.8 with the addition of MgO. This approach ensures high selectivity: 
Fe3⁺ is completely precipitated, while Ni2⁺ and Co2⁺ remain in solution. Nickel losses are minimized through 
controlled precipitation kinetics—stepwise MgO dosing, strict temperature control, and the use of the flocculant 
Praestol. In contrast to literature reports, where Ni recovery requires higher HCl consumption and prolonged 
leaching times30,31, the proposed method achieves comparable or superior extraction efficiency with lower acid 
consumption and a significantly shorter process time of only 2 h.

Methods
Materials
The initial raw material used for the work was oxidized magnesite–iron nickel ore from the Gornostaevskoye 
deposit in Eastern Kazakhstan. The ore was precrushed to the recommended granulometric fraction of 
−2 + 1 mm. The initial ore is a complex polymineral with a high silica content and considerable amounts of 
magnesium and iron, requiring the use of an adapted leaching technique for the effective extraction of target 
components, particularly nickel, magnesium and iron.

Nickel was leached using 37% hydrochloric acid supplied by BSK Company JSC (Russia). The molarity of 
concentrated HCl solution with a density of 1.18 g cm−3 is 11.65 M.

Hydrogen peroxide (H₂O₂, 37%) and magnesium oxide (MgO) were purchased from Sigma-Aldrich (USA) 
and used without additional purification. Praestol 2500 (Ashland Inc., USA) was added to the pulp before 
filtration to improve the filtration properties of iron-containing hydrated sediments and to form the required 
structure.

All the chemicals were of analytical grade (analytical grade, ≥ 99%), which ensured the reproducibility and 
accuracy of the results. Deionized water with a specific resistance of at least 18.2 MΩ·cm at 20 °C was used to 
prepare all the solutions and conduct the experiments.
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Methods
To study the material composition, crushed samples of the material were used, from which polished sections 
in the form of briquettes were made. Microscopic studies were conducted using an OLYMPUS BX 51 optical 
microscope. The morphology and elemental composition of the samples were studied using a JEOL JSM-7600F 
scanning electron microscope (Japan) equipped with an Oxford INCA Energy 350 energy-dispersive analysis 
system. Shooting was performed at an accelerating voltage of 15 kV and a working distance of 12.0 mm in high 
vacuum mode (HighVac), with a magnification of 300 ×.

X-ray fluorescence semiquantitative analysis was performed using an Axios 1  kW X-ray fluorescence 
wavelength-dispersive spectrometer (PANalytical). The obtained data were processed and interpreted in SuperQ 
software (Omnian 37).

X-ray phase analysis was performed on a D8 Advance diffractometer (Bruker) using Cu-Kα X-ray radiation 
at a tube voltage of 40 kV and a current of 40 mA in the two-theta range of 3–90° at a step size of 0.02°. Diffraction 
patterns were processed, and interplanar distances were calculated in EVA software. Phases were interpreted 
using the Search/Match program and the PDF-2, rel.2020 (ICDD) database.

The content of elements in the productive solutions was determined via atomic absorption spectroscopy 
using a Shimadzu AA-7000 spectrometer (Japan). Measurements were performed in a flame/graphite furnace 
(depending on the element) in accordance with the manufacturer’s guidelines. Calibration was performed using 
standard comparison samples.

Leaching experiments
A 200 g ore sample crushed to the recommended fraction of −2 + 1 mm was used to conduct the acid leaching 
experiment. This particle size was chosen as optimal in terms of uniform dissolution and ensuring good 
pulp filterability. Smaller fractions (< 0.5  mm) were not used because of the risk of silica gel formation and 
deterioration of filtration.

The leaching of oxidized magnesian–iron nickel ores with sequential countercurrent three-stage washing was 
performed under laboratory conditions. The leaching process was performed under the following conditions: 
S:L = 1:1–1:4, T = 20–90 °C, HCl = 100% stoichiometry, HCl concentration of 6–21 wt.%, and V = 100–500 rpm.

The following leaching conditions are recommended as optimal for subsequent studies: a hydrochloric acid 
concentration of 18 wt.%, S:L = 1:4, a process temperature of 85–90 °C, and a contact time of 120 min.

Two hundred grams of ore was loaded into a laboratory beaker for leaching with 18 wt.% hydrochloric acid. 
Separately, 400 ml of 18 wt.% HCl solution was prepared. Distilled water was used to dilute the acid. The resulting 
hydrochloric acid solution was poured into the beaker with the ore. This step achieved the required ratio of 
S:L = 1:4. The stirrer was set to 400 rpm to ensure uniform mixing. The reaction mass was heated gradually until 
a temperature of 85–90 °C was reached.

After the set temperature was reached, the leaching process was continued for 120 min with stirring at 400 rpm. 
Upon completion of the leaching process, saturated productive solution with a volume of approximately 700 ml 
and Ni, Mg, and Fe concentrations of 1.98 g L−1, 35.31 g L−1, and 25.12 g L−1, respectively, were drained. Ni 
(91.03%), Mg (97.88%), and Fe (93.04%) were extracted into the solution. The degree of extraction is calculated 
on the basis of the content of the element in the solution (g L−1), the total volume of the solution and the initial 
content of the given element in the ore sample.

Next, three-stage washing of the resulting silica cake was performed, with decantation of the washing solution 
and filtration at the last stage. The washing water from the first stage was sent to prepare the leaching solution. 
The full use of recycled washing water in the technological cycle allows for highly environmentally friendly 
production. After being washed and filtered, the cake contained 38.5% moisture. The silica cake was dried at 
105 °C for 2 h.

After the leaching process, the productive solution was drained and sent for further purification, and the silica 
cake was thoroughly washed sequentially by a countercurrent three-stage wash. The first wash was performed 
with clean water, and subsequent washes were performed with the wash water of the previous cycle. Wash water 
1 with a Mg content of 8.3 g L−1 was completely used to prepare the leaching solution. Wash water 2 was used to 
wash 1, wash water 3 was used to wash 2, and the remainder of wash 3 was used with the addition of clean water 
under the conditions of S:L = 1:1 for wash 3. After being washed 3 times, the resulting solution with silica cake 
was filtered via a vacuum filter. The filtrate was drained, and the wet silica cake was unloaded and dried.

All leaching experiments were conducted in triplicate and the average values were used to calculate metal 
leaching degrees (%) and kinetic parameters.

The basic flow chart of the leaching and precipitation stage is shown in Fig. 1.

Study of hydrolytic precipitation of iron from a productive solution containing nickel and magnesium
The hydrolytic precipitation process was conducted to study the possibility of the selective removal of iron(III) 
ions by using activating reagents.

The object of the study was a productive solution of the following composition: 1.98 g L−1 of Ni, 25.12 g L−1 
of Fe, and 35.31 g L−1 of Mg. The iron-containing cake in wet form after filtration and dry form after dehydration 
is shown in Fig. 2.

To convert divalent iron (Fe2⁺) into the trivalent form (Fe3⁺), an oxidizing agent, hydrogen peroxide (H₂O₂), 
was used according to the following reaction:

	 2F eC12 + 2HC1 + H2O2 → 2F eC13 + 2H2O, ∆G = −38.891
(
KJmo1−1)

, ∆H = −357223
(
KJmo1−1)

� (1)

Further precipitation of iron was accomplished by adding magnesium oxide (MgO), which ensured the 
hydrolysis of Fe3⁺ ions with the formation of poorly soluble iron(III) hydroxide:
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	 2F eC13 + 3H2O + 3MgO → 2F e(OH)3 ↓ 3MgC12, ∆G = −112.882
(
KJmo1−1)

, ∆H = −154.595
(
KJmo1−1)

� (2)

MgO performs a dual function: it creates a weakly basic environment for hydrolysis and binds the resulting 
chlorine ions as the soluble salt MgCl₂. The process was conducted at a temperature of 70 °C and a contact time 
of 20 min. MgO performs a dual function: it creates a weakly basic environment for hydrolysis and binds the 
resulting chlorine ions as the soluble salt MgCl₂30,31. A two-stage iron removal process (oxidative → hydrolytic) 
was developed to optimize acid consumption, chloride regeneration, and nickel recovery. In the first stage, 
dissolved Fe(II) was oxidized to Fe(III) with H₂O₂ at 70 °C, thereby minimizing additional acid demand. In the 
second stage, neutralization with MgO increased the pH to 3.6–3.8, leading to complete precipitation of Fe3⁺ 
as Fe(OH)₃. Notably, the neutralizing agent (MgO) does not introduce foreign ions but converts into soluble 
MgCl₂, thus maintaining the chloride balance in the system and enabling efficient chloride regeneration.

The selectivity of Fe precipitation relative to Ni was confirmed: at pH 3.6–3.8, Ni2⁺ remained in solution, 
whereas significant nickel precipitation was observed only at pH ≈ 8–9. Nickel losses were primarily attributed to 
surface adsorption on freshly formed Fe(OH)₃ and, to a lesser extent, to substitution at defect sites of amorphous 
Fe hydroxides formed during rapid precipitation. These losses were mitigated through gradual MgO dosing, 
strict temperature control, and the addition of a flocculant (Praestol), which facilitated agglomeration and 
improved solid–liquid separation.

Chemical composition and SEM of obtained iron-containing is presented in Appendix A.

Fig. 2.  Iron-containing cake: (a) wet and (b) dry.

 

Fig. 1.  Principal flow chart of the leaching process.
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Thus, this study demonstrated the efficiency of the scheme for oxidative–hydrolytic removal of iron from 
solutions containing nickel and magnesium. The thermal probability of the reactions was confirmed by the 
negative values of ΔG and ΔH.

Results and discussion
Characteristics of the samples
The object of the study was oxidized magnesian–ferrous nickel ore from the Gornostaevskoye deposit, Eastern 
Kazakhstan. The ore has the following main components (in wt. %): 0.87% Ni, 10.8% Fe, 14.25% Mg, 24.32% Si, 
0.07% Co, 1.73% Ca, 0.24% Cr, 0.17% Mn, and 47.5% O.

The ore has a high silica content, which is typical for oxidized nickel ores. A considerable proportion of 
magnesium and iron indicates the predominance of magnesian–ferrous minerals in the mineral matrix. The 
relatively low nickel content requires intensification of the leaching process to increase its extraction.

Scanning electron microscopy (SEM) was used to study the surface morphology of the powder samples. 
The presented micrographs (Fig. 3) show particles of different shapes and sizes, indicating the heterogeneity of 
the material under study. Individual particles have noticeable porosity, which may be due to natural crystalline 
anisotropy.

The mineralogical composition of oxidized nickel ores of the Gornostaevskoye deposit (Fig. 4) is 39.8% lizardite 
Mg3Si2O5(OH)4, 7.1% nepouite Ni3Si2O5(OH)4, 9.5% antigorite Mg48Si34O85(OH)62, 10.0% talc Mg₃Si₄O₁₀(OH)₂, 
9.3% pimelite (Ni,Mg)₃Si₄O₁₀(OH)₂·4H₂O, 9.4% nickel silicate hydrate (Ni,Mg)₃Si₂O₅(OH)₄·nH₂O, 10.7% 
wustite FeO, and 4.2% hematite α-Fe2O3. Chemical composition and SEM of siliceous cake after leaching is 
presented in Appendix B.

Lizardite is a magnesium-containing phyllosilicate (a mineral of the serpentine group) with hydroxyl groups. 
Under nickel ore conditions, magnesium in the lizardite structure can be partially replaced by nickel, resulting 
in the formation of a continuous series of mixed components up to the nickel end member, nepouite. Nepouite 
is a nickel-containing mineral of the serpentine group (analog of lizardite) with a bright green color32. Antigorite 
is a plate phyllosilicate of the serpentine group and is characterized by a layered structure. The ideal formula 
contains magnesium, but a considerable portion of Mg is usually replaced by divalent iron, which is reflected by 

(a) (b)

Fig. 4.  X-ray diffraction patterns of (a) initial laterite ore and (b) laterite ore samples after leaching.

 

Fig. 3.  SEM images of (a) original laterite ore and (b) laterite ore samples after leaching.
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the entry (Mg,Fe)₃Si₂O₅(OH)₄. In addition, impurities of other cations are possible: in the antigorite lattice, Mg2⁺ 
is partially isomorphically replaced by Fe2⁺, Mn2⁺, Ca2⁺ and even Ni2⁺ (in the presence of nickel in the rock) and 
Si4⁺ by Al3⁺ or Fe3⁺. Thus, the composition of antigorite varies within certain limits, although the basic formula 
remains the same as that of serpentine33. Talc is a 2:1 layered silicate (trioctahedral phyllosilicate) with the ideal 
formula of hydrated magnesium silicate34. Pimelite is a nickel–dynamic clay mineral (hydrous phyllosilicate) 
belonging to the smectite group. Its formula is similar to that of trioctahedral talc but with a dominance of Ni 
and the presence of water molecules in the interlayer spaces. Nickel silicate hydrates are mixtures of various Ni-
containing magnesium hydrosilicates formed in the weathering zone of ultramafic rocks. The name garnierite 
is often used to describe these green nickel silicates35. The formula (Ni,Mg)₃Si₂O₅(OH)₄ indicates a similarity to 
serpentine: nickel replaces magnesium in the layer structure 1:1.

After leaching of the initial ore ((Fig. 5a)., dissolution of the phases of lizardite, nepouite, pimelite, nickel 
silicate hydrate, and wustite is observed. The residue after leaching (Fig.  5b) has the following composition: 
41.0% quartz, 24.0% antigorite, 19.6% talc, and 15.4% iron silicone oxide. The elemental mass balance between 
solution and residue is in Appendix C.

Dissolution process optimization
Effect of time
The effects of time on the leaching efficiency of nickel (Ni), iron (Fe), and magnesium (Mg) from laterite ore 
were investigated in the range of 0–180  min at a solid-to-liquid ratio of 1:4, a temperature of 85  °C, a HCl 
concentration of 18%, and a stirring speed of 400 rpm. The results are shown in Fig. 6. The leaching efficiencies of 
all three metals increased considerably within the first 60 min, after which the dissolution rates gradually leveled 

Fig. 6.  Effect of time on Ni, Fe, and Mg leaching from laterite ore (S:L = 1:4, t = 85 °C, C(HCl) = 18 wt.%, 
400 rpm).

 

Fig. 5.  (a) Original ore of fraction −2 + 1 mm; (b) cake after leaching, dried at 105 °C (a).
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off. Magnesium demonstrated the highest leaching efficiency, reaching nearly 99% at 120 min. The maximum 
recoveries of nickel and iron were slightly lower, approximately 92% and 94%, respectively. On the basis of the 
stabilization of the leaching curves, the equilibrium leaching time was determined to be 120 min, which was 
selected as the optimum duration for subsequent experiments.

Effect of temperature
The effects of temperature on the leaching efficiency of nickel (Ni), iron (Fe), and magnesium (Mg) from laterite 
ore were studied at four temperatures: 20, 40, 60, and 85 °C. The experiments were conducted at a constant 
leaching time of 120 min, using an HCl concentration of 18 wt.%, a solid-to-liquid ratio of 1:4, and a stirring 
speed of 400 rpm. The results, shown in Fig. 7, indicate that temperature had a considerable influence on metal 
dissolution. For all three metals, an increase in temperature substantially increased the leaching efficiency.

At 85 °C, the maximum leaching efficiency was greater than 90% for Ni and Fe and nearly 99% for Mg. At 
lower temperatures (20–60 °C), the extraction rates were considerably lower, especially for Fe and Mg, whose 
extraction rates remained below 50% at 60 °C. On the basis of these results, 85 °C was selected as the optimum 
leaching temperature for further experiments, as it provided the highest recovery rates for all target metals.

Effect of acid concentration
The effects of hydrochloric acid concentration on the leaching of nickel (Ni), iron (Fe), and magnesium (Mg) 
from laterite ore were investigated over the range of 6–21 wt.% HCl. The experiments were performed at a fixed 
leaching time of 120 min, a temperature of 85 °C, a solid-to-liquid ratio of 1:4, and a stirring speed of 400 rpm. 
The results are presented in Fig. 8.

Increasing the acid concentration led to a considerable improvement in the extraction efficiency of all three 
metals. At lower concentrations (6–12 wt.% HCl), metal recovery was relatively low, particularly for Fe and 
Mg, with extraction efficiencies less than 60%. As the acid concentration increased to 15 wt.% and 18 wt.%, the 
metal recovery improved markedly. The maximum leaching efficiencies were achieved at 18 wt.% HCl, yielding 
approximately 92% for Ni, 94% for Fe, and 99% for Mg.

A further increase to 21 wt.% HCl resulted in only a slight improvement or even a plateau of recovery, 
indicating diminishing returns. Therefore, 18 wt.% HCl was selected as the optimum acid concentration for 
subsequent experiments, balancing high metal recovery and efficient acid usage.

Effect of the solid-to-liquid ratio
The effects of the solid-to-liquid ratio (S:L) on the leaching efficiency of nickel (Ni), iron (Fe), and magnesium 
(Mg) from laterite ore were studied at four ratios: 1:2, 1:3, 1:4, and 1:5. The experiments were performed under 

Fig. 8.  Effect of acid concentration on Ni, Fe, and Mg leaching from laterite (S:L = 1:4, τ = 120 min, t = 85 °C, 
400 rpm).

 

Fig. 7.  Effect of temperature on Ni, Fe, and Mg leaching from laterite (S:L = 1:4, τ = 120 min, C(HCl) = 18 wt.%, 
400 rpm).
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constant conditions: a stirring speed of 400 rpm, a leaching time of 120 min, a temperature of 85 °C, and a HCl 
concentration of 18 wt.%. The results are shown in Fig. 9.

As S:L increased from 1:2 to 1:4, a notable increase in metal extraction was observed. This effect is attributed 
to the increased availability of acid per unit mass of solid, which enhances the leaching kinetics. The highest 
recoveries for all three metals (approximately 92% for Ni, 94% for Fe, and nearly 99% for Mg) were achieved 
at an S:L of 1:4. Increasing the ratio further to 1:5 resulted in only marginal gains or plateaus in the extraction 
efficiency, while a larger volume of acid solution was needed.

On the basis of these results, a solid-to-liquid ratio of 1:4 was determined to be optimal, providing efficient 
leaching performance with reasonable acid consumption.

Effect of stirring speed
The effects of stirring speed on the leaching efficiency of Ni, Fe, and Mg from laterite ore were studied at five 
speeds: 100, 200, 300, 400, and 500 rpm. The experiments were conducted under fixed conditions: a solid-to-
liquid ratio of 1:4, a temperature of 85 °C, a leaching time of 120 min, and a HCl concentration of 18 wt.%. The 
results are shown in Fig. 10.

The leaching efficiency of the metals increased with the stirring speed, particularly between 100 and 400 rpm. 
The dissolution rate considerably increased up to 400 rpm, reaching a maximum Ni extraction of approximately 
92%. A further increase to 500  rpm did not result in a notable improvement, indicating that mass transfer 
limitations were minimized at 400 rpm.

Therefore, 400 rpm was selected as the optimum stirring speed for subsequent experiments, as it ensured 
efficient mixing and high nickel recovery without unnecessary energy consumption.

Leaching under optimal conditions
Under the optimum leaching conditions (Fig. 11), a solid-to-liquid ratio of 1:4, a HCl concentration of 18 wt.%, 
a temperature of 85 °C, a stirring speed of 400 rpm, and a leaching time of 120 min, the maximum extraction 
efficiencies for nickel, iron, and magnesium from laterite ore were achieved. Nickel leaching reached 92.3%, 
iron leaching reached 93.7%, and magnesium leaching reached 98.9%. These results confirm that the selected 
conditions are highly effective for the simultaneous recovery of all three metals.

In this work, it can be concluded that applying an HCl concentration of 18 wt.%, a solid-to-liquid ratio of 1:4, 
a leaching time of 120 min, a temperature of 85 °C, and a stirring speed of 400 rpm ensures optimal dissolution 
of Ni, Fe, and Mg from laterite ore.

Fig. 10.  Effect of stirring speed on Ni, Fe, and Mg leaching from laterite (S:L = 1:4, τ = 120 min, t = 85 °C, 18 
wt.% HCl).

 

Fig. 9.  Effect of the solid-to-liquid ratio on Ni, Fe, and Mg leaching from laterite ore (400 rpm, τ = 120 min, 
t = 85 °C, 18 wt.% HCl).

 

Scientific Reports |        (2025) 15:41342 8| https://doi.org/10.1038/s41598-025-25276-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Kinetic analysis
Shrinking core model and Arrhenius equation
The application of various kinetic models for the leaching process allows us to obtain data on the mechanism 
of the hydrometallurgical process, as well as to obtain equations for modeling and predicting changes in the 
concentrations of extractable metals from the ore, which can serve as an economically more advantageous 
alternative to conducting multiple experiments.

The most commonly used model for studying the kinetics of leaching is the shrinking core model36, which can 
be represented as the following Eqs. (3)-(6) that describe processes with different rate-limiting stages:

	 x = kt� (3)

	 1 − (1 − x)(1/3) = kt� (4)

	 1 − 3(1 − x)(2/3) + 2(1 − x) = kt� (5)

	
(1 − x)−1/ 3 − 1] +

(1
3

)
(1 − x) = kt� (6)

Equation (3) is applicable to a film diffusion-controlled process; Eq. (4) represents a chemical reaction-controlled 
process; Eq. (5) represents a product layer diffusion-controlled process; and Eq. (6) represents a mixed-controlled 
process (a combination of film diffusion and chemical reaction).

The fitting was performed using 10 data points corresponding to the initial to intermediate leaching stages 
(t = 5–180 min), where kinetic control is most evident. The number of data points (n) and the selected fitting 
range were consistent across all models to ensure comparability. As shown in Fig. 12, Eq. (6), which describes 
processes occurring in a mixed regime, where the diffusion rate through a liquid film is comparable to the 
reaction rate, best describes the leaching of all three metals; i.e., for Ni, Fe and Mg from the ore, R2 is equal to 
0.92, 0.83, and 0.98, respectively. On the basis of Eq. (6), the apparent rate constants of the leaching process at 
different temperatures were calculated. On the basis of the Arrhenius equation (Eq. (7) and the graph of lnK vs. 
1/T, Ea = R*slope. The activation energies of the process were determined as follows:

	 k = Ae
−Ea
RT � (7)

where k is the reaction rate constant (min−1), A is the exponential factor, Ea is the activation energy, R is the gas 
constant (J mol−1 K−1), and T represents the leaching temperature (Kelvin).

The results are presented in Table 1 and Fig. 13. As shown in Table 1, the calculated activation energies were 
76.06 kJ mol−1 for nickel, 125.45 kJ mol−1 for iron, and 119.33 kJ mol−1 for magnesium. Ea for all three metals 
was > 40 kJ mol−1, which means that the process is controlled by a chemical reaction37, which also confirms the 
results obtained via the shrinking core model (SCM).

Application of order-based kinetic models for leaching process evaluation
Among the commonly used kinetic modeling approaches, pseudohomogeneous reaction order models, 
including zero-, half-, first-, and second-order models, provide a simple yet effective framework to characterize 
the rate behavior of solid–liquid reactions38–40.

These models assume that the leaching rate depends on the concentration or fraction of the unreacted solid 
and are widely used because of their clear mathematical form, ease of linearization, and capacity to describe 

Fig. 11.  Leaching of Ni, Fe, and Mg from laterite ore under optimal conditions (S:L = 1:4, 18 wt.% HCl, 
t = 85 °C, 400 rpm, τ = 120 min).
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basic kinetic regimes. In the present study, these models were applied to experimental leaching data for nickel 
(Ni), iron (Fe), and magnesium (Mg) extracted from lateritic ore under optimized hydrochloric acid conditions.

The kinetic expressions vary depending on the reaction order and can be expressed in the following forms 
(Eqs. (8)-(11)):

The zero-order pseudohomogeneous model assumes a constant leaching rate, independent of the concentration 
of unreacted material. It is typically applicable when the reagent is present in large excess or when surface 
reaction sites are quickly replenished.

	 X = kt� (8)

t, °C

Apparent rate constants k 
determined from Eq. (4)

Ni Fe Mg

20 6 × 10–6 3 × 10–7 2 × 10–6

40 9 × 10–5 2 × 10–5 2 × 10–5

60 0.0004 0.0006 0.0011

85 0.0024 0.0029 0.0112

Ea, kJ mol−1 76.07 125.45 119.33

Table 1.  Apparent rate constants k determined from Eq. (4) and activation energies determined from the lnK 
vs. 1/T Arrhenius plot.

 

Fig. 12.  Determination of the rate-controlling factor of dissolution of nickel (a), iron (b) and magnesium (c) 
for the data presented in Fig. 6 (using mean values of Metal leaching (%)).
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In the half-order pseudohomogeneous model, the rate is proportional to the square root of the unreacted fraction. 
This type of behavior may occur in systems where the reaction proceeds via diffusion to a few surface sites.

	 (1 − X)(1/2) = kt� (9)

The first-order pseudohomogeneous model assumes that the rate of reaction is directly proportional to the 
remaining unreacted material. This model is one of the most frequently used kinetic models in leaching studies 
and is suitable for cases where surface chemical reactions are rate controlled.

	 ln(1 − X) = kt� (10)

In the second-order pseudohomogeneous model, the rate is assumed to be proportional to the square of the 
unreacted fraction. This model may be appropriate when the leaching rate increases significantly with increasing 
surface area.

	
1

(1 − X) = kt� (11)
 

The results of fitting the experimental data to Eqs. (8)-(11) are shown in Table 2.
As shown in Table 2, the pseudo-second-order model best describes the leaching of all three metals, with R2 

values of 0.94, 0.85 and 0.95 for Ni, Fe and Mg, respectively. A graphical representation of fitting the experimental 
data to the second-order pseudohomogeneous model is shown in Fig. 14.

The applicability of the pseudo-second-order model to acid leaching of multi-phase solids is justified by 
its underlying assumption of surface-controlled reactions involving chemical interactions between protons 
and reactive sites. Similar to sorption systems, the leaching of nickel, iron, and magnesium from laterite ore 
occurs via proton exchange mechanisms that are governed by valence forces, consistent with previous reports on 
heterogeneous dissolution kinetics (Ho & McKay, 1999)41.

Hixson and Crowell model
The Hixson–Crowell model42 describes the dissolution rate of solid particles by accounting for changes in 
surface area as a function of particle size reduction. It is assumed that the mass of the solid decreases uniformly 

Model

R2

Ni Fe Mg

Zero-order 0.7090 0.5414 0.6306

Half-order 0.6927 0.5128 0.6080

First-order 0.8449 0.7530 0.9056

Second-order 0.9418 0.8466 0.9475

Table 2.  Correlation coefficients of linear fitting data from Fig. 6 to pseudohomogeneous models.

 

Fig. 13.  Arrhenius plot for determining Ea (for data presented in Fig. 6 (using mean values of Metal leaching 
(%)).
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with time and that the surface area of the particle decreases proportionally to the cube root of its volume. The 
model is mathematically represented by Eq. (12):

	 C
1/3
t = C

1/3
0 − Kt� (12)

where Ct(%) is the amount of dissolved element at time t, C0(%) is the initial amount of the element in the 
solid phase, and K  is the Hixson–Crowell constant reflecting the rate of surface–volume-controlled dissolution.

To evaluate the applicability of this model to the leaching system, the experimental data were plotted as the 
cube root of the remaining solid fraction versus time (Fig. 15). A linear correlation indicates that the dissolution 
process is significantly influenced by the reduction in particle size and surface area during leaching. Conversely, 
the absence of a linear relationship implies that the surface area variation does not predominantly govern the 
rate of dissolution under the studied conditions. Figure 14 shows low R2 values for all three metals, indicating 
that the leaching rate is not primarily controlled by particle size reduction or surface area changes. This finding 
suggests that the process is governed by surface chemical reactions or diffusion mechanisms rather than 
geometric shrinkage.

Gompertz model
The Gompertz model is an empirical sigmoidal equation commonly used to describe processes with an initial 
lag phase, a rapid growth stage, and a final deceleration. The linear equation of the model is expressed as follows:

Fig. 15.  Hixson and Crowell kinetic model fitting for the data presented in Fig. 6 (using mean values of Metal 
leaching (%)).

 

Fig. 14.  Second-order kinetic model fitting to the data presented in Fig. 6 (using mean values of Metal 
leaching (%)).
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ln

[
−ln

(
Ct

Cmax

)]
= lnα + βlogt� (13)

where Ct represents the amount of leached element at time t; Cmax is the maximum dissolution; α is the 
undissolved proportion at time t = 1 and described as the location or scale parameter; and β is the leaching rate 
per unit time, described as the shape parameter43.

A good fit to the Gompertz model indicates that the leaching process proceeded in a sigmoidal manner, 
suggesting a multistage mechanism involving induction, surface activation, and saturation. Conversely, poor 
agreement implies that the leaching reaction lacks such transitional phases and may follow simpler kinetics44.

The fitting of the experimental leaching data to the Gompertz kinetic model is shown in Fig. 16. The linear 
regression yielded high R2 values for Ni (0.8893) and Mg (0.8971), indicating a good fit and suggesting sigmoidal 
leaching behavior with distinct kinetic phases. In contrast, the fit for Fe was less satisfactory (R2 = 0.7284), 
implying a more irregular or simplified dissolution mechanism. These results support the applicability of the 
Gompertz model for Ni and Mg, which are likely to undergo surface activation and saturation-controlled 
dissolution, whereas Fe exhibits a different leaching pathway.

The Gompertz model parameters α and β, which are calculated for nickel and magnesium leaching, provide 
valuable insight into the kinetics and mechanism of the dissolution process under acidic conditions45,46.

For nickel, the values α = 2.86 and β = –2.37 suggest a short induction period followed by a moderately rapid 
leaching phase. The relatively low α indicates that the leaching of nickel begins quickly, likely because of the 
immediate availability of reactive nickel-bearing phases and minimal surface passivation. This behavior implies 
that nickel dissolution is surface controlled with good accessibility to protons in the early stages.

In contrast, magnesium has α = 8.53 and β = –2.81, indicating a pronounced induction phase despite a slightly 
faster rate in the active stage. The high α value reflects a delayed onset of dissolution, possibly due to surface 
barriers such as passivation layers, slower activation of magnesium-rich phases, or structural constraints within 
the ore matrix. This finding suggests that although the dissolution of magnesium eventually accelerates, it 
requires an initial transformation or exposure of reactive sites before it becomes kinetically significant.

In summary, despite similar values of β, the leaching behaviors differ: nickel undergoes rapid and early 
dissolution, whereas magnesium experiences a lag period before accelerating, highlighting the importance of 
induction effects in multicomponent systems.

Avrami model
The Avrami model47 is widely applied to describe nucleation and growth processes and has been adapted for 
leaching kinetics to represent complex, time-dependent mechanisms. It is assumed that the leaching reaction 
may proceed via phase boundary advancement, nucleation, or structural transformation. The model is expressed 
in its linearized form as Eq. (14):

	 ln [−ln(1 − X)] = nln (t) + ln(k)� (14)

where X is the fractional conversion (leaching extent), t is time, k is the rate constant, and n is the Avrami 
exponent that provides mechanistic insight (e.g., values of n close to 1 suggest linear growth, whereas values 
considerably different from 1 may imply nucleation, diffusion, or a combination of processes).

The linearized Avrami plots for the leaching of Ni, Fe, and Mg at 85 °C are shown in Fig. 17. The regression 
lines and corresponding R2 values demonstrate an excellent fit for all three metals, with R2 = 0.9789 for Ni, 
R2 = 0.8866 for Fe, and R2 = 0.9462 for Mg.

Fig. 16.  Gompertz kinetic model fitting for the data presented in Fig. 6 (using mean values of Metal leaching 
(%)).
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The calculated Avrami exponents (n) were 0.25 for Ni, 0.27 for Fe, and 0.56 for Mg. These relatively low n 
values suggest that the leaching mechanism is likely not dominated by progressive nucleation or uniform phase 
growth48,49. Instead, the values imply irregular surface-controlled dissolution, possibly influenced by structural 
heterogeneity, surface passivation, or variable reaction sites within the ore particles. The stronger linearity for 
Ni and Mg also supports the applicability of Avrami kinetics to systems with a complex but consistent reaction 
front, whereas the more scattered data for Fe may reflect a less uniform mechanism.

Elovich model
The Elovich model50 is frequently applied to describe heterogeneous chemisorption processes and systems with 
variable activation energies of surface reactions. It is assumed that the rate of reaction decreases exponentially 
with increasing conversion because of surface site saturation or energetic heterogeneity. The linearized Elovich 
equation is expressed as Eq. (15):

	
X = 1

β
ln (αβ) + 1

β
ln(t)� (15)

where X represents the leached fraction at time t, α represents the initial leaching rate (when t → 0), and β is 
related to the desorption or activation energy and describes the rate at which the surface becomes less reactive.

The Elovich model fitting for nickel, iron, and magnesium leaching at 85 °C using the linear form X versus 
ln(t) is shown in Fig. 18. The results show excellent linear correlation for Ni (R2 = 0.9829) and Mg (R2 = 0.9059), 
whereas Fe has a moderately good fit (R2 = 0.8404). These correlations support the applicability of the Elovich 
model, especially for Ni and Mg.

The values of α and β obtained from the plots are as follows (Table 3):
The low α values for Ni and Fe indicate a slow initial leaching rate, possibly because of the need for surface 

activation or penetration of the leaching agent through a passive layer. In contrast, the higher α value for Mg 
suggests faster initial dissolution, which may be attributed to better exposure or higher reactivity of magnesium-
bearing phases51,52.

With respect to β, the higher values for Ni and Fe imply a greater decrease in the reaction rate over time, which 
is consistent with surface deactivation or limited reactive sites. The lower β for Mg indicates more sustained 
leaching activity, potentially because of higher accessibility and lower surface heterogeneity.

Thermodynamic analysis
Thermodynamic calculations allow prediction of the energetic feasibility and stability of phases involved in 
leaching processes, as well as determination of the optimal conditions for the selective extraction of target 
components from multicomponent ores. In this study, changes in the standard Gibbs energy (ΔG) and enthalpy 
(ΔH) were calculated for the leaching reactions of various silicate and oxide minerals typical of nickel-containing 
ores using the HSC Chemistry 10.0 program.

The lowest values of ΔG and ΔH (Table 4), indicating the highest thermodynamic favorability, were obtained 
for antigorite (Mg₄₈Si₃₄O₈₅(OH)₆₂), for which ΔG was –3887.07  kJ mol −1 and ΔH was –4642.55  kJ mol −1. 
Nickel silicates also showed high solubility: pimelite (Ni₄Si₆O₁₅(OH)₂ 6H₂O) with ΔG = –3302.6 kJ mol −1 and 
ΔH = –3321.5  kJ mol −1; and nickel silicate hydrate (Ni₃Si₂O₅(OH)₄ 2H₂O) with ΔG = –757.6  kJ mol −1 and 
ΔH = –749.5  kJ mol −1. The nepouite form of nickel silicate (Ni₃Si₂O₅(OH)₄) also has considerable negative 
thermodynamic characteristics: ΔG = –720.5  kJ mol −1 and ΔH = –688.7  kJ mol −1. Moreover, lizardite, a 
magnesium-containing phyllosilicate widespread in nickel ores, tended to dissolve less readily (ΔG = –250.7 kJ 

Fig. 17.  Avrami kinetic model fitting for the data presented in Fig. 6 (using mean values of Metal leaching 
(%)).
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mol −1; ΔH = –296.5  kJ mol −1), as did its amorphous analog talc MgSi₄O₁₀(OH)₂ (ΔG = –216.1  kJ mol −1; 
ΔH = –279.9 kJ mol −1). Iron oxides were the least favorable for leaching: for FeO (wustite) and Fe₂O₃ (gematite), 
the ΔG values were –44.3 kJ mol −1 and –15.5 kJ mol −1, respectively.

To assess the stable phases of the components involved in the coprocessing of magnesium-containing and 
iron–nickel ores, diagrams of the potential–acid stability (Eh–pH) of the Ni–Mg–Fe–Cl system (Fig. 19) were 
constructed at a temperature of 85 °C, a pressure of 1 bar and the following component molalities: Fe – 0.448 m, 
Ni – 0.0337 m, Mg – 1.44 m, and Cl – 5.36 m. The diagrams cover the pH range of 0 to 14 and the Eh potentials 
from –2 to + 2 V, including the water stability boundaries indicated by the dotted lines (H₂/H⁺ and O₂/H₂O).

In the nickel system (Fig. 19a) in a reducing environment (Eh < –0.4 V), the stable phase is the intermetallic 
compound NiH0.68, covering a wide pH range of 0–14. With an increase in potential from –1.2 to −0.5 V and a 
pH of 4–14, a region of stability of metallic nickel (Ni⁰) is formed, which is replaced with further oxidation at pH 
8.8–14 by the Ni(OH)₂ phases and, at high Eh values (> 1.0 V), by NiO∙OH and Ni₂O(OH)(+3). In a weakly basic 
and moderately oxidizing environment, the Fe₂NiO₄ spinel is stable, indicating the possibility of the formation 
of mixed oxide phases.

For magnesium (Fig. 19b) under reducing conditions (Eh < –1.2 V), the stable phase is the hydride MgH₂. 
When a neutral and alkaline environment (pH 7–13) with Eh < 0.7  V is reached, the stable form becomes 
Mg(OH)₂, and at high potentials, MgO₂. In acidic solutions (pH 1–6.8), the MgCl+ complex is formed, indicating 
that magnesium can form soluble chloride compounds in the presence of Cl⁻. At pH values from 0 to 6.8, Mg+2 

Probable reaction sequence Reaction ΔG, kJ mol−1 ΔH, kJ mol−1

1 Mg48Si34O85(OH)62(antigorite) + 96HCl = 48MgCl2 + 34SiO2 + 79H2O −3887.1 −4642.6

2 Ni4Si6O15(OH)2⋅6H2O(pimelite) + 8 HCl = 4NiCl2 + 6SiO2 + 9H2O −3302.6 −3321.5

3 Ni3Si2O5(OH)4⋅2H2O(nickel silicate hydrate) + 6HCl = 3NiCl2 + 2SiO2 + 6H2O −757.6 −749.5

4 Ni3Si2O5(OH)4(nepouite) + 6HCl = 3NiCl2 + 2SiO2 + 5H2O −720.5 −688.7

5 Mg3Si2O5(OH)4(lizardite) + 6HCl = 2SiO2 + 3MgCl2 + 5H2O −250.7 −296.6

6 Mg3Si4O10(OH)2 (talc) + 6HCl = 3MgCl2 + 4SiO2 + 4H2O −216.1 −279.9

7 FeO(wüstite) + 2HCl = FeCl2 + H2O −44.3 −15.6

8 Fe2O3(hematite) + 6HCl = 2FeCl3 + 3H2O −15.5 −116.8

Table 4.  Reactions used for thermodynamic calculations and their parameters (ΔG, ΔH).

 

Metal α β

Ni 0.0882 13.05

Fe 0.0935 12.39

Mg 0.2543 6.72

Table 3.  α and β values calculated from Elovich model fitting.

 

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

0.5

0.6

0.7

0.8

0.9

1.0
 Ni
 Fe
 Mg
 Linear Ni
 Linear Fe
 Linear Mg

X

ln(t)

y = 0.0766x + 0.5438
R2 = 0.9829

y = 0.0807x + 0.5467
R2 = 0.8404
y = 0.1488x + 0.2776
R2 = 0.9059

Fig. 18.  Elovich kinetic model fitting for the data presented in Fig. 6 (using mean values of Metal leaching 
(%)).
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and MgCl+ are in equilibrium with MgH2. Above pH 7, only magnesium hydroxide exists in solution as the 
dominant form of magnesium, whereas at lower pH values close to 7 or less than 5, free magnesium ions and the 
MgCl+ complex are present.

The iron diagram (Fig. 19c) reflects the stability of the Fe₂O₃ oxide phase at high potentials (Eh > 1.0 V) and 
at pH > 4. In the range of Eh of 0.6–1.0 V and pH < 7.6, the stability of the Fe₂NiO₄ spinel is observed, similar to 
the nickel diagram. With decreasing potential (Eh < 0 V), the soluble form of HFeO- becomes stable. In an acidic 
medium (pH < 4) and oxidizing conditions, complex ions FeCl+ and Cl2+ are formed, which are characteristic of 
soluble iron(II) and iron(III).

Analysis of the chlorine diagram (Fig. 19d) reveals that at Eh > 1.4 V, the stable form is perchlorate ClO−
4 , 

whereas at low potentials, Cl⁻ ions dominate. In an acidic and weakly oxidizing environment (pH 1–6, Eh 0–1 V), 
complex ions FeCl+ and MgCl+ are observed, as well as a slight presence of Cl+, which indicates the active 
participation of Cl⁻ in complex formation.

Thus, the constructed diagrams allow us to identify the ranges of thermodynamic stability of individual and 
mixed phases under conditions close to technological ones. Of greatest interest are the regions with stable deposits 
of Ni(OH)₂, Mg(OH)₂ and Fe₂NiO₄ at pH 8–11 and Eh 0.3–0.8 V, which can be used for targeted precipitation and 
the selective isolation of components during the hydrometallurgical processing of multicomponent solutions.

Leaching mechanism
Understanding the leaching mechanism is key for developing efficient and sustainable hydrometallurgical 
technologies. Determining the rate-limiting stage allows not only accurate interpretation of experimental data 
but also optimization of the process parameters to improve the recovery of target metals. In the case of laterite 

Fig. 19.  Eh‒pH diagrams for the system Ni–Mg–Fe–Cl (t = 85 °C, p = 1 bar, molality of components: Fe – 
0,448 m, Ni – 0,0337 m, Mg – 1,44 m, and Cl – 5,36 m): (a) for Ni compounds; (b) for Mg compounds; (c) for 
Fe compounds; and (d) for Cl compounds.
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ores containing nickel (Ni), iron (Fe) and magnesium (Mg), the dissolution process is complex because of the 
multicomponent composition and differences in the crystal chemistry of the phases.

The kinetic analysis was performed via an integrated approach using various models, namely, the shrinking 
core model (SCM), pseudohomogeneous models of different orders, and the empirical models of Elovich, Avrami 
and Gompertz, which allowed for a comprehensive assessment of the leaching mechanism. Equation (6), which 
describes the mixed regime (simultaneous influence of diffusion through the liquid film and chemical reaction at 
the phase boundary), agrees best with the experimental data for all three metals: R2 = 0.92 for Ni, 0.83 for Fe and 
0.98 for Mg. This finding indicates that neither mechanism is the only limiting link and that the contribution of 
both must be considered. It is assumed that the chemical reaction predominates in the early stages of the process, 
whereas the diffusion resistance increasingly plays a role in later stages.

The calculated activation energy (Ea) values were 76.07 kJ mol−1 for Ni, 125.45 kJ mol−1 for Fe and 119.33 kJ 
mol−1 for Mg, which considerably exceed the threshold value of 40 kJ mol−1, which is typical for reactions limited 
by the chemical stage37. These data verify the dominance of the chemical reaction as the rate-limiting stage of 
leaching under the studied conditions.

Among the models of different orders, the pseudo-second-order model showed the best fit to the experimental 
data: R2 = 0.94 for Ni, 0.85 for Fe and 0.95 for Mg. This outcome confirms that the leaching rate is determined by 
the interaction of acid ions with active sites on the particle surface and that the reaction itself probably proceeds 
via a bimolecular mechanism or involves two types of active sites. The Gompertz model revealed a sigmoidal 
kinetic pattern for Ni and Mg, suggesting an induction period, a rapid dissolution stage, and a final slowdown. 
On the basis of the calculated parameters, it was found that nickel (α = 2.86; β = –2.37) is characterized by a 
short induction phase and rapid initial dissolution, whereas magnesium (α = 8.53; β = –2.81) exhibits a delay in 
reaction because of surface or structural barriers. These results emphasize the importance of the α parameter as 
an indicator of the induction effect: nickel begins to leach immediately, whereas magnesium requires preliminary 
surface activation. For Fe, less pronounced agreement is observed, which may be due to more complex mineral 
associations or competing reactions.

The Avrami model, traditionally used to describe the growth and nucleation processes, also agrees well with 
the experimental data for Ni and Mg. The calculated values of the n parameter (n < 1) indicate an irregular or 
interface-limited mechanism, which may be due to the heterogeneous structure of the particles or different 
accessibilities of the reactive phases.

The Gompertz and Avrami models gave somewhat different values of the α parameter for magnesium, 
which is explained by the different physical and mathematical natures of these models. The Gompertz model, 
which describes sigmoidal kinetics, emphasizes the presence of a pronounced induction stage before active 
leaching44, whereas the Avrami model indicates a high initial rate of the process48, which may be due to the 
high availability of magnesium-containing phases. These differences are not contradictory but complement each 
other, emphasizing the multistage and complex nature of the leaching mechanism, including surface activation 
and structural transformations in the solid phase.

The Elovich model demonstrated a high degree of agreement with the experimental results for Ni and Mg and 
was satisfactory for Fe, indicating surface heterogeneity and a decrease in reactivity as the process proceeded. 
The parameters α and β allowed us to identify differences in the initial leaching rate and the nature of surface 
passivation. Thus, on the basis of all the results obtained, a brief summary of the leaching mechanisms for each 
metal separately is shown in Fig. 20.

The most likely sources of nickel in the ore are the phases of pimelite (Ni₄Si₆O₁₅(OH)₂ 6H₂O) and hydrated 
nickel silicate (Ni₃Si₂O₅(OH)₄ 2H₂O). On the basis of the ΔG values (–3302.6 and –757.6 kJ mol−1, respectively), 
the leaching reactions are thermodynamically favorable, with pimelite expected to react first (Table 4). Kinetic 
analysis (pseudosecond order, Gompertz model, and SCM) revealed a short induction period and a rapid onset, 
confirming the presence of readily accessible phases. Thus, Ni leaching is controlled by a chemical reaction, 
especially in the early stages, involving rapidly soluble silicate compounds. The prevailing rate of nickel leaching 
is also evidenced by the lowest value of activation energy (Table 1) compared with magnesium and iron.

Notably, lizardite can also act as a source of nickel. The authors of53 reported that the reaction of sulfuric acid 
in the sulfation–roasting–leaching process with serpentines, particularly lizardite, is more thermodynamically 
probable than that with phyllosilicates (goethite). In our case, under the conditions of ore containing a large 
amount of lizardite (Fig. 4), hydrochloric acid leaching is also effective for extracting nickel from laterite ores.

The main carriers of Mg are antigorite (Mg₄₈Si₃₄O₈₅(OH)₆₂), talc and lizardite. The reaction with antigorite 
has the most negative ΔG (–3887.07 kJ mol−1), indicating a high thermodynamic probability (order 1 in Table 
4). However, the high enthalpy (ΔH) and high α value according to the Gompertz model indicate the presence 
of a considerable induction period. This induction period occurs possibly because, under the conditions of 
a real multicomponent system—laterite ore, antigorite is less accessible because of its structure and requires 
preliminary destruction or activation. Thus, Mg is leached more slowly during the initial stages, despite the high 
thermodynamic possibility, which is confirmed by structural barriers and the combined mechanism (SCM).

Fe is probably present as wustite (FeO) and hematite (Fe₂O₃). Thermodynamically, both reactions are less 
favorable (ΔG = –44.34 and –15.53 kJ mol−1), which explains the low rate and R2 according to the Gompertz 
model. Leaching kinetics indicate a slow and irregular process, with probable surface and structural limitations. 
Iron is leached slowly, primarily because of the low reactivity of the phases and passive surfaces. Additionally, the 
iron leaching process has the highest activation energy value—125 kJ mol−1 (Table 1), which may also indirectly 
indicate a low process rate compared with that of nickel and magnesium.

Thus, the order of reactions under conditions of real multicomponent laterite ore of the Gornostaevskoye 
deposit most likely corresponds to that shown in Fig.  20. If we divide the abovementioned minerals into 
subgroups, we can see that under conditions of hydrochloric leaching, the order of dissolution is as follows: 
phyllosilicates (pimelite, nickel silicate hydrate) > serpentines (nepouite, antigorite, lizardite, talc) > iron oxides 
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and hydroxides (wustite, hematite). The authors of28 leached laterite ore with a NH4Cl–HCl solution and 
obtained a similar order: goethite > serpentine > magnetite and hematite.

Conclusion
This study presents a comprehensive investigation into the hydrochloric acid leaching behavior of oxidized 
laterite ore from the Gornostaevskoe deposit in East Kazakhstan, with a focus on the dissolution mechanisms, 
kinetics, thermodynamics, and mineral transformation pathways of nickel, magnesium, and iron-bearing phases.

Under the optimized leaching conditions, i.e., 18% HCl, a solid-to-liquid ratio of 1:4, a temperature of 85 °C, 
a leaching duration of 120 min, and a stirring speed of 400 rpm, high metal extraction efficiencies were achieved: 
92.3% for nickel, 98.9% for magnesium, and 93.7% for iron. These values highlight the suitability of hydrochloric 
acid as a leaching reagent for complex multicomponent laterite ores, enabling efficient metal recovery while 
offering the advantages of chloride system regeneration and improved impurity removal.

Kinetic modeling using the shrinking core model (SCM) revealed that the dissolution process is controlled 
by a mixed mechanism combining surface chemical reactions and diffusion through the product layer. The 
calculated activation energies—76.07 kJ mol−1 for Ni, 125.45 kJ mol−1 for Fe, and 119.33 kJ mol−1 for Mg—
further confirm that the overall leaching kinetics are predominantly chemically controlled, especially in the early 
stages of the reaction.

The application of various kinetic models, including pseudo-second-order, Gompertz, Avrami, and Elovich, 
provided deeper mechanistic insights. The pseudo-second-order model yielded the highest correlation 
coefficients (R2 > 0.94 for Ni and Mg), suggesting that the leaching rate is closely related to the interaction between 
acid protons and reactive mineral surfaces. The Gompertz model indicated a sigmoidal leaching behavior for 
Ni and Mg, with nickel showing an immediate onset of dissolution and magnesium exhibiting a pronounced 
induction phase because of surface or structural barriers. In contrast, iron displayed irregular kinetic behavior, 
likely associated with its presence in less reactive oxide phases such as hematite and wüstite.

Thermodynamic modeling supported the experimental findings by identifying the most energetically 
favorable reactions. Among all the studied minerals, antigorite exhibited the most negative Gibbs free energy 
(ΔG = –3887.1 kJ mol−1), followed by pimelite and nickel silicate hydrate, indicating their high leaching potential 
under acidic conditions. Eh–pH stability diagrams confirmed the formation of soluble chloride complexes in 
acidic environments and suggested favorable zones for the selective precipitation of Ni(OH)₂, Mg(OH)₂, and 
Fe₂NiO₄ under controlled pH and redox conditions.

The sequence of mineral dissolution was determined on the basis of a combined assessment of thermodynamic 
parameters (ΔG, ΔH), mineralogical composition, and experimental leaching kinetics. The following order of 
reactivity was established:

Pimelite → Nickel silicate hydrate → Nepouite → Antigorite → Lizardite → Talc → Wüstite → Hematite.
This dissolution sequence reflects the relative thermodynamic favorability and the kinetic accessibility of 

the mineral phases. The initial rapid leaching of Ni and Mg is attributed to the decomposition of highly reactive 
nickel and magnesium phyllosilicates (pimelite and hydrated garnierite-type silicates), whereas the slower, late-
stage leaching of Fe corresponds to the breakdown of more inert iron oxides.

Fig. 20.  Hydrochloric leaching mechanism of Ni, Mg, and Fe from Gornostaevskoe deposit laterite ore.
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In conclusion, the integrated approach combining mineralogical characterization, leaching experiments, 
kinetic modeling, and thermodynamic simulation provides a robust framework for understanding and 
optimizing the acid leaching behavior of laterite ores. The insights obtained in this study are directly applicable 
to the design of hydrometallurgical processes for the efficient and selective recovery of valuable metals from 
complex nickel-bearing laterites.

Data availability
The authors declare that the data supporting the findings of this study are available within the paper. Should any 
raw data files be needed in another format, they are available from the corresponding author upon reasonable 
request. Source data are provided with this paper.

Received: 19 August 2025; Accepted: 20 October 2025

References
	 1.	 Meng, F., Xiong, X., Tan, L., Yuan, B. & Hu, R. Strategies for improving electrochemical reaction kinetics of cathode materials for 

subzero-temperature Li-ion batteries: a review. Energy Storage Mater. 44, 390–407 (2022).
	 2.	 Xiong, X. et al. Hydrometallurgical process and recovery of valuable elements for limonitic laterite: a review. Chin. J. Chem. Eng. 

73, 189–201 (2024).
	 3.	 Alonso, E. et al. World Minerals Outlook—Cobalt, Gallium, Helium, Lithium, Magnesium, Palladium, Platinum, and Titanium 

through 2029. Scientific Investigations Report (US Geological Survey, 2025).
	 4.	 Dong, B. et al. The effect of pre-roasting on atmospheric sulfuric acid leaching of saprolitic laterites. Hydrometallurgy 218, 106063 

(2023).
	 5.	 Abdirashit, A. et al. Investigation of the possibility of obtaining nickel-containing ferroalloys from lateritic nickel ores by a 

metallothermic method. Metals 15, 428 (2025).
	 6.	 Marzoughi, O. & Pickles, C. A. Solid state reduction and magnetic separation of nickeliferous laterite ores: review and analysis. J. 

Ind. Eng. Chem. 140, 65–87 (2024).
	 7.	 Pandey, N., Tripathy, S. K., Patra, S. K. & Jha, G. Recent progress in hydrometallurgical processing of nickel lateritic ore. Trans. 

Indian Inst. Met. 76, 11–30 (2023).
	 8.	 Stanković, S., Stopić, S., Sokić, M., Marković, B. & Friedrich, B. Review of the past, present, and future of the hydrometallurgical 

production of nickel and cobalt from lateritic ores. Metall. Mater. Eng. 26, 199–208 (2020).
	 9.	 Mamyrbayeva, K. K., Kuandykova, A. N., Chepushtanova, T. A. & Merkibayev, Y. S. Review of technology for hydrometallurgical 

processing of lateritic nickel ores over the past 20 years in the world. Non Ferr. Met. 13–21; https://doi.org/10.17580/nfm.2024.01.03 
(2024).

	10.	 Sufriadin, et al. Atmospheric hydrochloric and nitric acid leaching of a limonite ore from the Wolo mine area, Southeast Sulawesi. 
Indonesia. J. Met. Mater. Miner. 34, 1875 (2024).

	11.	 Oxley, A., Smith, M. E. & Caceres, O. Why heap leach nickel laterites?. Miner. Eng. 88, 53–60 (2016).
	12.	 Duman, B. Ö. & Can, İB. Effects of staged-addition of acid on high Ni Co recovery and low scale formation in HPAL of a lateritic 

ore. Hydrometallurgy 213, 105935 (2022).
	13.	 Gultom, T. & Sianipar, A. High pressure acid leaching: a newly introduced technology in Indonesia. IOP Conf. Ser. Earth Environ. 

Sci. 413, 012015 (2020).
	14.	 Önal, M. A. R. & Topkaya, Y. A. Pressure acid leaching of Çaldağ lateritic nickel ore: an alternative to heap leaching. Hydrometallurgy 

142, 98–107 (2014).
	15.	 Wahab, W., Deniyatno, D., Saranga, M. & Supriyatna, Y. I. Kinetics study of leaching ore nickel laterite using hydrochloric acid in 

atmosphere pressure. RISET Geol. Pertamb. 32, 14–26 (2022).
	16.	 Gharabaghi, M., Irannajad, M. & Azadmehr, A. R. Leaching kinetics of nickel extraction from hazardous waste by sulphuric acid 

and optimization dissolution conditions. Chem. Eng. Res. Des. 91, 325–331 (2013).
	17.	 MacCarthy, J., Nosrati, A., Skinner, W. & Addai-Mensah, J. Atmospheric acid leaching mechanisms and kinetics and rheological 

studies of a low grade saprolitic nickel laterite ore. Hydrometallurgy 160, 26–37 (2016).
	18.	 Rice, N. M. & Strong, L. W. The leaching of lateritic nickel ores in hydrochloric acid. Can. Metall. Q. 13, 485–493 (1974).
	19.	 Zhang, Z. F., Zhang, W. B., Zhang, Z. G. & Chen, X. F. Nickel extraction from nickel laterites: processes, resources, environment 

and cost. China Geol. 8, 187–213 (2025).
	20.	 Muntaqin, A., Rahmasari, L., Wahyuni, N. L. E. & Sihombing, R. P. The effect of sulfuric acid concentration on nickel recovery 

from laterite ore by using atmospheric acid leaching method. J. Kim. Ris. 7, 20–27 (2022).
	21.	 Santos, A. L. A. et al. Kinetics of atmospheric leaching from a Brazilian nickel laterite ore allied to redox potential control. Min. 

Metall. Explor. 38, 187–201 (2021).
	22.	 Yu, J., Ma, B., Shi, L., Wang, C. & Chen, Y. Collaborative extraction of valuable components from saprolitic laterite ore through 

two-stage nitric acid leaching. J. Ind. Eng. Chem. 138, 311–322 (2024).
	23.	 He, F., Ma, B., Wang, C., Zuo, Y. & Chen, Y. Dissolution behavior and porous kinetics of limonitic laterite during nitric acid 

atmospheric leaching. Miner. Eng. 185, 107671 (2022).
	24.	 Rice, N. M. A hydrochloric acid process for nickeliferous laterites. Miner. Eng. 88, 28–52 (2016).
	25.	 Ucyildiz, A. & Girgin, I. High pressure sulphuric acid leaching of lateritic nickel ore. Physicochem. Probl. Miner. Process. 53, 475–

488 (2017).
	26.	 Ma, B. et al. Pilot-scale plant study on the innovative nitric acid pressure leaching technology for laterite ores. Hydrometallurgy 

155, 88–94 (2015).
	27.	 McDonald, R. G. & Whittington, B. I. Atmospheric acid leaching of nickel laterites review. Part II. Chloride and bio-technologies. 

Hydrometallurgy 91, 56–69 (2008).
	28.	 Li, J. et al. Leaching kinetics and mechanism of laterite with NH4Cl-HCl solution. Minerals 10, 754 (2020).
	29.	 Luo, W., Feng, Q., Ou, L., Zhang, G. & Chen, Y. Kinetics of saprolitic laterite leaching by sulphuric acid at atmospheric pressure. 

Miner. Eng. 23, 458–462 (2010).
	30.	 Chen, S. et al. Behavior of rare earth, iron, and phosphorus during purification of rare earth sulfate leach solution using magnesium 

oxide. Hydrometallurgy 196, 105377 (2020).
	31.	 Shayakhmetova, R. A. et al. Magnesium and silicon recovery from chrysotile asbestos waste of the deposit Zhitikara. Kazakhstan. 

Sci Rep 14, 31866 (2024).
	32.	 Brindley, G. W. & Wan, H. M. Compositions, structures, and thermal behavior of nickel-containing minerals in the lizardite-

nepouite series. Am. Mineral. 60, 863–871 (1975).
	33.	 Capitani, G. & Mellini, M. The modulated crystal structure of antigorite: the m = 17 polysome. Am. Mineral. 89, 147–158 (2004).
	34.	 Rayner, J. H. & Brown, G. The crystal structure of talc. Clays Clay Miner. 21, 103–114 (1973).

Scientific Reports |        (2025) 15:41342 19| https://doi.org/10.1038/s41598-025-25276-x

www.nature.com/scientificreports/

https://doi.org/10.17580/nfm.2024.01.03
http://www.nature.com/scientificreports


	35.	 Springer, G. Compositional and structural variations in garnierites. Can. Mineral. 12, 381–388 (1974).
	36.	 Faraji, F., Alizadeh, A., Rashchi, F. & Mostoufi, N. Kinetics of leaching: a review. Rev. Chem. Eng. 38, 113–148 (2022).
	37.	 Ghasemi, S. M. S. & Azizi, A. Alkaline leaching of lead and zinc by sodium hydroxide: kinetics modeling. J. Mater. Res. Technol. 7, 

118–125 (2018).
	38.	 Lin, M. et al. High-efficiency extraction of Al from coal-series kaolinite and its kinetics by calcination and pressure acid leaching. 

Appl. Clay Sci. 161, 215–224 (2018).
	39.	 Dickinson, C. F. & Heal, G. R. Solid–liquid diffusion controlled rate equations. Thermochim. Acta 340–341, 89–103 (1999).
	40.	 Demirkıran, N. & Künkül, A. Dissolution kinetics of ulexite in perchloric acid solutions. Int. J. Miner. Process. 83, 76–80 (2007).
	41.	 Ho, Y. S. & McKay, G. Pseudo-second order model for sorption processes. Process Biochem. 34, 451–465 (1999).
	42.	 Hixson, A. W. & Crowell, J. H. Dependence of reaction velocity upon surface and agitation. Ind. Eng. Chem. 23, 923–931 (1931).
	43.	 Apua, M. C. & Madiba, M. S. Leaching kinetics and predictive models for elements extraction from copper oxide ore in sulphuric 

acid. J. Taiwan Inst. Chem. Eng. 121, 313–320 (2021).
	44.	 Tjørve, K. M. C. & Tjørve, E. The use of Gompertz models in growth analyses, and new Gompertz-model approach: an addition 

to the Unified-Richards family. PLoS ONE 12, e0178691 (2017).
	45.	 Wang, J. & Guo, X. The Gompertz model and its applications in microbial growth and bioproduction kinetics: past, present and 

future. Biotechnol. Adv. 72, 108335 (2024).
	46.	 Magalhaes, J., Silva, J., Castro, F. & Labrincha, J. Kinetic study of the immobilization of galvanic sludge in clay-based matrix. J. 

Hazard. Mater. 121, 69–78 (2005).
	47.	 Avrami, M. Kinetics of phase change. I general theory. J. Chem. Phys. 7, 1103–1112 (1939).
	48.	 Khanna, Y. P. & Taylor, T. J. Comments and recommendations on the use of the Avrami equation for physico-chemical kinetics. 

Polym. Eng. Sci. 28, 1042–1045 (1988).
	49.	 Janković, B., Stopić, S., Güven, A. & Friedrich, B. Kinetic modeling of thermal decomposition of zinc ferrite from neutral leach 

residues based on stochastic geometric model. J. Magn. Magn. Mater. 358–359, 105–118 (2014).
	50.	 Aharoni, C. & Tompkins, F. C. Kinetics of adsorption and desorption and the Elovich equation. Adv. Catal. 21, 1–49 (1970).
	51.	 Inyang, H. I., Onwawoma, A. & Bae, S. The Elovich equation as a predictor of lead and cadmium sorption rates on contaminant 

barrier minerals. Soil Tillage Res. 155, 124–132 (2016).
	52.	 kinetic and thermodynamics studies. Alghanmi, S. I., Al Sulami, A. F., El-Zayat, T. A., Alhogbi, B. G. & Salam, M. A. Acid leaching 

of heavy metals from contaminated soil collected from Jeddah, Saudi Arabia. Int. Soil Water Conserv. Res. 3, 196–208 (2015).
	53.	 Ribeiro, P. P. M. et al. Nickel carriers in laterite ores and their influence on the mechanism of nickel extraction by sulfation-

roasting-leaching process. Miner. Eng. 131, 90–97 (2019).

Acknowledgements
This research was funded by the Science Committee of the Ministry of Science and Higher Education of the 
Republic of Kazakhstan (grant no. AP19678908 “Development of a complex technology for processing oxidized 
magnesia-ferruginous nickel ores”), grant no. AP19678908

Author contributions
Shayakhmetova R.: Conceptualization, Data Curation, Project Administration, Formal Analysis, Visualization, 
Validation, Funding Acquisition, Writing – Review & Editing. Mukhametzhanova A.: Conceptualization, In-
vestigation, Methodology Visualization, Formal Analysis, Writing – Original Draft. Osipov P.: Formal Analysis, 
Visualization, Validation. Kali A.: Investigation, Data Curation, Formal Analysis. Kuandykova A.: Investigation, 
Formal Analysis, Data Curation, Writing – Original Draft. Rakhym A.: Data Curation, Formal Analysis, Visual-
ization, Writing – Original Draft, Writing – Review & Editing.

Funding
This research was funded by the Science Committee of the Ministry of Science and Higher Education of the 
Republic of Kazakhstan (grant no. AP19678908 “Development of a complex technology for processing oxidized 
magnesia-ferruginous nickel ores”).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​2​5​2​7​6​-​x​​​​​.​​

Correspondence and requests for materials should be addressed to A.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Scientific Reports |        (2025) 15:41342 20| https://doi.org/10.1038/s41598-025-25276-x

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-25276-x
https://doi.org/10.1038/s41598-025-25276-x
http://www.nature.com/scientificreports


Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |        (2025) 15:41342 21| https://doi.org/10.1038/s41598-025-25276-x

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Mechanism, kinetics and thermodynamics of nickel, iron, and magnesium hydrochloric acid leaching from laterite ore
	﻿Methods
	﻿Materials



