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The global reduction in bauxite reserves has intensified efforts to identify alternative 

raw materials for aluminum production. Among these, alunite minerals have emerged 

as promising non-bauxite resources with significant industrial potential. The 

investigation focuses on ore samples obtained from the Zaylik alunite deposit in the 

Dashkesan region of Azerbaijan. The main objective is to develop an environmentally 

and economically efficient processing method that ensures a high yield of alumina 

(Al₂O₃) from alunite ore while enabling the simultaneous recovery of by-products such 

as potassium sulfate (K₂SO₄), sodium sulfate (Na₂SO₄), and ferrous hydroxide 

(Fe(OH)₂). Laboratory optimization determined that dehydration at 585℃ for two hours 

followed by dissolution in sulfuric acid produced favorable results. These conditions 

were later applied in a semi-industrial pilot plant. The dissolution process utilized sulfite 

acid (H₂SO₃), generated directly in a reactor through the introduction of sulfur dioxide 

(SO₂), with strict control of pH and temperature. The subsequent precipitation of 

aluminum and iron compounds yielded a mixture of Al(OH)₃ and Fe(OH)₂, which were 

separated and processed in an alkaline medium to obtain an aluminate solution. Through 

hydrolysis and calcination at 800–1200℃, pure alumina was produced. Concurrently, 

potassium and sodium sulfates were recovered from the liquid phase, serving as 

potential components for fertilizer production. Experimental results demonstrated that 

over 49% of a 5 kg dehydrated alunite sample dissolved during processing, achieving 

an alumina yield of 92–94%. The process operates efficiently at low temperatures 

(approximately 50℃) without requiring additional desilication or iron-removal stages. 

The periodic use of SO₂ ensured minimal waste generation and enhanced economic 

feasibility. Pilot-scale testing confirmed the reliability of laboratory findings, 

demonstrating that the proposed sulfite-acid-based technology is industrially 

applicable, environmentally sustainable, and capable of yielding multiple valuable by-

products. 
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1. INTRODUCTION

The progressive depletion of high-grade bauxite reserves, 

the primary raw material for the global aluminum industry, has 

in recent years created the need to broaden the sector’s raw 

material base [1, 2]. In this context, increasing attention has 

been directed toward the processing of alternative aluminum-

bearing minerals such as alunite, nepheline, leucite, and 

kaolins. Among these, alunite is regarded as the most 

promising substitute for bauxite, owing both to the abundance 

of its reserves and its considerable potential for future 

utilization. The development of advanced technologies for the 

complex processing of alunite ore, aligned with modern 

industrial requirements, is therefore considered a critical 

strategy for overcoming the challenges currently facing the 

aluminum industry [3-5]. 

In recent years, numerous methods have been developed for 

processing non-bauxite resources in the aluminum industry [6, 

7]. However, the major drawback of these approaches lies in 

their limited economic competitiveness. By contrast, recent 

advancements in alunite processing indicate that this mineral 

can serve as a viable alternative to bauxite and holds 

significant potential in aluminum production. 

Alunite ore is composed predominantly (approximately 40–

60%) of the alunite mineral, 

(K,Na)₂SO₄·Al₂(SO₄)₃·2Al₂O₃·6H₂O, with the remainder 

consisting of quartz, minor hematite, kaolinite, and other 

components. The typical composition of alunite includes 

around 38% Al₂O₃, up to 11.4% alkalis (Na₂O+K₂O), 

approximately 36% SO₃, 39–41% SiO₂, and 3–5% Fe₂O₃. This 

composition demonstrates that, alongside aluminum oxide, 

alunite ore contains significant amounts of sulfate compounds 

Mathematical Modelling of Engineering Problems 
Vol. 12, No. 10, October, 2025, pp. 3687-3695 

Journal homepage: http://iieta.org/journals/mmep 

3687

https://orcid.org/0009-0004-0392-3860
https://orcid.org/0009-0002-8183-8827
https://orcid.org/0009-0002-6884-0842
https://orcid.org/0000-0002-3496-8947
https://orcid.org/0000-0003-4267-7039
https://crossmark.crossref.org/dialog/?doi=10.18280/mmep.121032&domain=pdf


and alkali metals (K,Na). As a result, in addition to alumina, 

alunite processing offers the potential to produce potassium 

fertilizers, sulfuric acid, alkalis, and other valuable products, 

making the complex processing of this ore particularly 

advantageous [8-14]. 

Mineralogically, alunite is primarily classified as a zeolite, 

which occurs in two main groups: sodium and potassium. The 

alunite ores extracted for processing typically contain a 

mixture of both forms. Globally, alunite deposits are known in 

approximately 130 countries, with one of the largest located in 

the Republic of Azerbaijan—the Dashkesan Zaylik deposit 

[15]. 

In 2022, research and exploration activities conducted by 

the British company MAICON on behalf of the Azerbaijani 

government confirmed that the Zaylik deposit contains 

approximately 146 million tons of exploitable ore reserves [16, 

17]. As one of the largest alunite ore deposits worldwide, 

Zaylik is unique due to its scale of mineralization, formation 

conditions, and stratified structure, distinguishing it sharply 

from other known deposits. Its mineral paragenesis includes 

alunite, kaolinite (dickite), quartz, chalcedony, pyrophyllite, 

sericite, diaspore, zunyite, corundum, hematite, and fluorite. 

Among supergene minerals, gibbsite, limonite, and, less 

frequently, calcite and gypsum are also encountered. The ores, 

which occur in tuffogenic sediments of the Upper Jurassic age, 

are represented by two distinct stratified ore bodies, consisting 

mainly of alunite and quartz. Within the deposit, the alunite 

content ranges from 8% to 93%, with an average of 53% [18]. 

The crystal structure of alunite is trigonal, with a density of 

2.6–2.8 g/cm³ and a hardness of 3.5–4 on the Mohs scale. 

Based on the Zaylik alunite deposit, the All-Russian 

Aluminum-Magnesium Institute pioneered the reduction-

alkaline method for alunite processing [19]. In this process, 

alunite ore was first reduced with solar oil and elemental 

sulfur, followed by alkaline treatment using the Bayer method. 

However, industrial production was eventually discontinued 

due to equipment deficiencies, the high cost of alkali, and 

environmental concerns. Exploitation of the Zaylik alunite 

deposit as a raw material base for the Ganja Clay-Soil 

Combine began in 1964 and continued until 1997. 

A notable feature of the deposit is that alunite ores contain 

vanadium and gallium, metals widely used in nuclear reactors, 

aerospace, and rocket technologies [20, 21]. At present, efforts 

to extract aluminum from alunite remain largely at the research 

stage, focusing primarily on alkaline and acid-alkaline 

processing methods [22]. Each approach offers specific 

advantages and drawbacks, but in nearly all cases, aluminates 

are obtained and the process concludes with a Bayer stage. 

The present research builds upon earlier scientific advances 

in alunite ore processing, particularly the reduction-alkali 

method developed by the All-Russian Aluminum-Magnesium 

Institute and subsequent investigations on acid-alkali 

processing. Although these approaches enabled the extraction 

of alumina from alunite, effective industrial implementation 

was constrained by excessive alkali consumption, the 

complexity of desilication operations, and adverse 

environmental impacts. 

In contrast, the proposed method introduces several 

significant technological improvements. Sulfurous acid 

(H₂SO₃) is prepared directly within the reactor through the 

dissolution of sulfur dioxide (SO₂) gas in water, enabling rapid 

dissolution at low temperature (approximately 50℃). The 

process also eliminates the iron-removal stage, as iron remains 

in the Fe²⁺ state. The technology, initially validated through 

laboratory-scale experiments, was subsequently tested on a 

pilot scale, establishing a solid foundation for industrial 

application. 

This research is distinguished by the practical evaluation of 

the sulfite-based method under real pilot-scale conditions, in 

contrast to earlier works that addressed the process only 

theoretically or under laboratory settings. The integrated and 

waste-free nature of the technology—facilitating the 

concurrent recovery of K₂SO₄, Na₂SO₄, and Fe(OH)₂ alongside 

Al₂O₃—demonstrates both scientific novelty and 

technological relevance. Combining efficiency, environmental 

compatibility, and industrial feasibility, the developed 

approach represents a sustainable and economically viable 

alternative to conventional alumina production methods. 

Comparatively few studies have examined the processing of 

other aluminum-bearing raw materials, such as nepheline and 

kaolinite, using sulfate or sulfuric acid. Acid treatment of 

nepheline and kaolin results in the extraction of silica as a gel, 

necessitating additional purification steps for alumina 

recovery, which limits the economic feasibility of the method 

[23, 24]. By contrast, during the sulfite processing of alunite, 

silica remains in the form of quartz at the optimal annealing 

temperature and does not dissolve in an acidic medium. 

The present study aims to develop a semi-industrial 

processing technology for alunite ore using the sulfite method, 

building upon promising laboratory-scale results [25, 26]. The 

advantages of processing alunite with sulfite acid, which 

justified the transition from laboratory to pilot-scale 

verification, can be summarized as follows: 

•SO₂ is inexpensive and readily available for preparing the

solvent used in alunite processing. Sulfite acid is generated 

directly in the reactor by dissolving SO₂ in water. 

•Because the process is conducted in an acidic environment,

the challenge of desilication—one of the most difficult steps 

in alkaline processing methods—is avoided. 

•The sulfite acid method eliminates the problem of

deironing solutions, which is a major drawback of other acid-

based methods. In the presence of SO₂, iron remains in the Fe²⁺ 

state and is easily separated from aluminum. 

•Dissolution occurs at lower temperatures and within a

shorter reaction time. 

•The gangue material consists mainly of quartz, which has

applications in other industrial sectors and enables waste-free, 

comprehensive utilization of the ore. 

2. METHODOLOGY

A pilot plant (Figure 1) was employed to process alunite 

samples with sulfuric acid, following the “new principle-

technological scheme for the complex processing of alunite 

ore” (Figure 2) developed by the authors, with the key 

technological parameters established through prior laboratory 

experiments. 

For the research, medium-grade samples were collected 

from the Dashkesan Zaylik alunite deposit in the Republic of 

Azerbaijan. During acid treatment of the alunite mineral, the 

first stage involves decomposition through dehydration. 

Specifically, six moles of constitutional (hydration) water 

contained in the mineral structure are released upon heating. 

This dehydration begins at approximately 500℃. Laboratory 

experiments demonstrated that when alunite ore samples are 

heated at 500–600℃ for two hours and subsequently treated 

with sulfuric acid, ore disintegration is facilitated, enabling a 
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more efficient transfer of valuable components into the liquid 

phase. Experimental results further indicated that the optimal 

technological parameters for this process are a temperature of 

550℃ and an annealing duration of two hours. 

Figure 1. Pilot plant for processing alunite ore with sulfuric 

acid 

Table 1 presents the chemical composition of both raw ore 

and dehydrated samples with respect to the main components. 

Chemical analysis confirms that the ore contains appreciable 

amounts of Ti, Zr, and Sr. Moreover, given the established 

findings regarding the accumulation of Ga in aluminate 

solutions during alunite processing, it may be inferred that the 

loci of Ga concentration during treatment can be identified and 

separated. Such an approach could considerably reduce the 

overall processing costs of alunite ore. 

Figure 2. Principle technological scheme of complex 

processing of alunite ore by the sulfuric acid method 

Table 1. Chemical composition (% mass) of Zaylik alunite ore and a sample dehydrated at 585℃ 

Sample Name Na2O Al2O3 SiO2 SO3 K2O CaO Fe2O3 TiO2 SrO V2O5 ZrO2 Cr2O3 Rb2O YTİ* 

Ore 1.66 21.74 30.73 22.62 4.10 0.11 3.35 0.40 0.16 0.05 0.01 0.0004 0.0003 14.88 

Dehydrated at 

585℃ 
1.86 23.12 31.34 23.06 4.21 0.12 3.46 0.40 0.16 0.06 0.01 0.0022 0.011 12.00 

* “Loss on Ignition (LOI) – amount of volatile components after calcination”

Figure 3. Electronic image of the sample and energy spectra of the elements included in the composition of the rock 

Extensive experimental investigations have demonstrated 

that alunite mineral undergoes transformation into steklite 

(anhydrous phase) at 550℃: 

(Na,K)2SO4•Al2(SO4)3•2Al2O3•6H2O→ 

(Na,K)2SO4•Al2(SO4)3 +2Al2O3 + 6H2O 
(1) 

SEM analysis was conducted on alunite ore samples 

dehydrated at 550℃ for 2 hours, and the corresponding results 

are presented in Table 2 and Figure 3. 

Physico-chemical analyses of the alunite samples were 

performed using the following instruments: 

•X-ray spectrometer RFA, Universal S8 Tiger (BRUKER,

Germany) for complete chemical characterization of the rock; 

•Derivatographs STA-448 F3 Jupiter (NETZSCH,

Germany) and STA PT 1600 (LINSEIS, Germany) for 

Electronic images 1 mm

Total Spectrum 

Full scale 3965 imp. Cursor: 0.0000      keV 
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thermogravimetric analyses of the rock under an inert 

atmosphere; 

•Diffractometers D2 PHASER (BRUKER, Germany) and

Miniflex 600 (RIGAKU, Japan) for X-ray phase analysis 

(XRF) of the rock and its thermally treated products, using 

CuKα radiation; 

•Scanning electron microscope JSM 6610LV (JEOL, Japan)

equipped with an X-MAX spectrometer (OXFORD 

Instruments, England) for SEM analyses of the rock and 

products obtained upon heating. 

Table 2. SEM analysis of alunite ore samples dehydrated at 

585℃ for 2 hours 

Element 
Mass 

(%) 

Atom 

(%) 

Compound 

(%) 
Formula 

Na 1.71 1.56 2.31 Na2O 

Al 14.95 11.60 28.24 Al2O3 

Si 14.74 10.99 31.54 SiO2 

S 11.30 7.38 28.22 SO3 

Cl 0.26 0.15 0.00 

K 4.53 2.43 5.46 K2O 

Ti 0.24 0.11 0.41 TiO2 

Fe 2.77 1.04 3.56 FeO 

O 49.49 64.75 

Cəmi 100.00 

3. EXPERIMENTAL PROCEDURE, RESULTS, AND

DISCUSSION

In each experiment, 5 kg of alunite ore samples, containing 

52% alunite mineral, finely ground to -200 μm using industrial 

equipment and dehydrated at 550℃ for 2 hours, were used. At 

the initial stage, approximately 50–52% of the total volume of 

the reactor (1) (Figure 4), which has a capacity of 110 liters, 

was filled with a pre-prepared suspension of water and alunite 

ore at a solid-to-liquid ratio of 1:10. The mixture was heated 

in the reactor to 47–48℃. To maintain a stable process 

temperature, the reactor was equipped with a jacket (2) 

covering its lateral and bottom surfaces, filled with I-20 

industrial oil. The oil was heated by special heating elements 

installed within the jacket (3), while the temperature was 

controlled by a thermorelay (5). 

The pilot plant used in this study was designed to replicate 

laboratory-scale results at a semi-industrial level, and its key 

technical parameters were carefully selected to ensure efficient 

processing of alunite ore. The main specifications of the pilot 

plant are as follows: 

•Reactor volume: 110 liters

•Engine power: 1.5 kW

•Heating element power: 2.2 kW (4 units)

•Mixer speed: 100–200 rpm

When the suspension prepared at the specified mass ratio is

loaded into the reactor, the mixing mechanism with a special 

configuration, driven by the conveyor (4) located at the top of 

the reactor, is activated. Once the loading is completed, the 

inlet window is hermetically sealed. Subsequently, SO₂ gas is 

introduced into the reactor from its bottom at a rate of 20 

L/min, passing through the suspension. Upon contact with 

water, SO₂ forms sulfurous acid (H₂SO₃). The required amount 

of SO₂ supplied to the system is calculated as 580 kg per 1 ton 

of alunite ore containing 52% alunite mineral. This supply is 

monitored using a flow meter and electronic weighing system 

installed in the setup. 

Figure 4. Schematic of a pilot plant for the processing of 

alunite ore with sulfuric acid 
1- Reactor body; 2- heating jacket; 3- electric heaters; 4- transfer; 5- 

temperature sensor (0°-200°); 6- pressure gauge; 7- control cabinet; 8- sulfur 

gas (SO2) cylinder; 9- solution circulation pump; 10- sulfur gas circulation 

pump 

Two pumps are mounted externally to the reactor. The first 

pump (9) intermittently withdraws a portion of the solution 

from the reactor to enhance mixing efficiency and reintroduces 

it under high pressure, while the second pump (10) 

intermittently recirculates undissolved SO₂ gas accumulated in 

the reactor headspace back through the solution. After the 

calculated amount of SO₂ gas is introduced, mixing is 

continued for an additional 2.5–3 hours. At the end of this 

period, the pH of the solution typically reaches 1.3–1.7. Upon 

completion of the process, the reactor solution is transferred to 

a separation device—either a hydrocyclone (as in our 

experiments) or a decanter (Figure 5)—to separate the solid 

and liquid phases. 

Figure 5. Hydrocyclone 
1- Incoming suspension, 2- place where the solid phase is collected, 3- 

window for manual discharge of the separated solid phase, 4- pipe for 

manual or automatic discharge of the separated solid phase, 5- column for 
solidification, 6- outlet for the solution purified from the solid phase 
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As a result of SO₂ dissolution and the subsequent reactions 

between the dehydrated alunite ore particles and sulfurous acid 

(Eqs. (1)-(5)), the solution temperature increases by 

approximately 2–3℃, reaching 49–51℃, and remains nearly 

constant until the completion of the process. 

Al2O3 + 3H2SO3 → Al2(SO3)3 +3H2O (2) 

Al2(SO3)3 + 3H2SO3 → 2Al(HSO3)3 (3) 

Fe2O3 + 3H2SO3 → Fe2(SO3)3 +3H2O (4) 

Fe2(SO3)3 + H2O → 2FeSO3 + H2SO4 (5) 

FeSO3 + H2SO3→ Fe(HSO3)2 (6) 

The pilot plant experiments were conducted under 

completely hermetic conditions, with the pressure in the 

reactor continuously monitored using a manometer ((6) in 

Figure 4). Throughout the process, the maximum increase in 

reactor pressure did not exceed 1 atm. As previously noted, the 

pH of the solution at the end of the process was consistently 

observed in the range of 1.3–1.7. 

Upon completion of the reaction, the solution was directed 

to a decanter (5) (Figure 5) to separate the solid and liquid 

phases. The solid residue was transferred to the first of two 

sequentially connected tanks equipped with mixers, while the 

liquid phase was collected in a separate tank. The solid phase 

was washed twice with hot water at 80–90℃, filtered in the 

decanter, and the filtrate was recycled to the beginning of the 

process. The washed solid fraction was obtained as a 

commercial product (Figure 6). 

Figure 6. Technological scheme of the apparatus for processing dehydrated alunite ore using acid and alkali 
1 – Screw conveyors; 2 – Mixing tanks; 3 – Reactors (60 m³); 4 – Centrifugal pumps; 5 – Decanters (100 m³); 6 – Conveyors; 7, 8 – Suction fans; 9 – Gas 

compression unit; 10 – Fan; 11 – Sulfur burner; 12 – Gas cleaning system; 13 – Steam boiler 

The liquid phase, containing the soluble components of 

alunite, was transferred to a hermetically sealed tank, where 

its temperature was increased to 70–100℃. This process 

enabled the desorption of approximately 50% of the SO₂ gas 

dissolved in the solution. Desorption was terminated when the 

pH of the solution reached 2.6–3.4 (in pilot-scale tests, 

stabilization of pH within this range required 40–60 hours). If 

the process continued beyond this point, even minor increases 

in pH led to the precipitation of basic aluminum salts, which 

are poorly soluble in both acidic and alkaline media and 

extremely difficult to recycle. At the end of desorption, the 

suction pump installed at the top of the reactor was activated, 

removing the separated SO₂ gas from the reactor. This gas was 

collected in special containers and returned to the initial stage 

of the process. 

During pilot trials, the precipitated solids were washed and 

oven-dried. The average mass of the solid residue obtained 

from several experiments was 2549 g from 5 kg of dehydrated 

ore, corresponding to 50.98% of the input material. 

Consequently, 49.02% of the dehydrated ore mass transferred 

into the liquid phase. 

Accounting for the 7.6% water removed during 

dehydration, the total material loss was 56.62% (49.02% + 

7.6%). Given that 52% of the ore composition was soluble 

alunite mineral, the additional 3.62% loss is attributed to 

hematite and other impurities. Thus, the dissolution efficiency 

of the alunite fraction was notably high, with the yield 

determined as follows: 

𝜂𝑦𝑖𝑒𝑙𝑑 =
49.02

52
· 100% = 94.61% (7) 

The results obtained in the pilot plant experiments are 

consistent with those of laboratory studies, thereby confirming 

that the semi-industrial tests validate the laboratory findings. 

After completion of the process in the reactor, the 

solution—previously filtered in the decanter and transferred to 

a specialized tank—was subjected to desorption and 

subsequently separated to yield a commercial product. These 

studies were carried out in accordance with the principle-

technological scheme illustrated in Figure 7. 

Following the experiment, the solution, purified from the 

solid phase by filtration and loaded into the designated tank, 

underwent desorption until its pH stabilized within the range 

of 2.6–3.40. At this stage, the newly formed solid phase 

(precipitate) was filtered out and separated from the liquid 

phase, with both fractions collected in separate containers. 

After desorption, the liquid phase contained dissolved salts, 
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including Fe(HSO₃)₂ (trace amounts), Al(HSO₃)₃ (trace 

amounts), Na₂SO₄, K₂SO₄, and Al₂(SO₄)₃. 

Figure 7. Process flow scheme for the treatment of the 

filtrate obtained during alunite ore processing 

To separate Al(OH)₃ and Fe(OH)₂ compounds from this 

solution, 10% NaOH solution was gradually added dropwise 

under continuous low-speed stirring until the pH of the 

solution reached 6–7. During this process, the following 

reactions occurred in the solution: 

Fe(HSO3)2 +2NaOH → Fe(OH)2 + 2NaHSO3 (8) 

Al(HSO3)3 +3NaOH → Al(OH)3 + 3NaHSO3 (9) 

Al2(SO4)3 + 6NaOH → 2Al(OH)3 +3Na2SO4 (10) 

As a result of the reactions occurring in the solution during 

the experiment, Fe(OH)₂ and Al(OH)₃ initially precipitate 

from the liquid phase and settle at the bottom of the container, 

while Na₂SO₄ and K₂SO₄ remain dissolved in the liquid phase. 

Upon completion of the experiment, the solution is filtered 

using a specialized filtration device, separating the co-

precipitate (Fe(OH)₂ + Al(OH)₃) from the liquid phase. The 

solid phase is transferred to a dedicated tank equipped with a 

mixer (which also contains the solid phase obtained during the 

desorption process), whereas the liquid phase is directed 

entirely into a separate tank. 

In the subsequent stage, a 10% NaOH solution is gradually 

added to the mixture in the tank with the mixer until the pH 

reaches 12–14. Initially, a larger volume of the NaOH solution 

is added to convert the solid precipitate into a slurry, after 

which the solution is added slowly, drop by drop, while 

continuous gentle mixing is maintained. During the 

experiment, particular attention is given to keeping the 

temperature of the solution within the range of 70–90℃. 

Under these conditions, Al(OH)₃ reacts with NaOH according 

to the following: 

Al(OH)3 + NaOH ↔ NaAlO2 +2H2O (11) 

As a result, aluminate (NaAlO₂ or NaAl[OH]₄) is transferred 

into the liquid phase, while iron hydroxides remain unreacted 

under these conditions, leaving Fe(OH)₂ in the solid 

precipitate. An alternative method for separating iron and 

aluminum ions relies on the difference in their hydroxide 

precipitation pH values (Al³⁺) precipitates at pH 4, whereas 

Fe²⁺ precipitates at pH 6.2. However, when this method was 

applied, Fe²⁺ ions were found to be incorporated into the 

precipitated Al(OH)₃, indicating that Al(OH)₃ adsorbs Fe²⁺ 

ions during precipitation. Consequently, the study proceeded 

using the first method identified by the authors. 

Upon completion of the process, the resulting solution is 

filtered using a specialized filtration device, separating the 

solid Fe(OH)₂ from the liquid phase, which is then collected 

as a commercial product. It should be noted that Fe(OH)₂ can 

oxidize to form brown Fe(OH)₃ upon exposure to air. 

The remaining aluminate in the solution, NaAl[OH]₄, is 

subsequently subjected to hydrolysis using established 

methods. 

NaAl[OH]4 ↔ Al(OH)3 + NaOH (12) 

The NaOH alkaline solution produced during hydrolysis is 

recycled to the beginning of the process. Al(OH)₃ obtained 

from hydrolysis and separated from the liquid phase as a 

precipitate is dehydrated in specialized furnaces at 

temperatures ranging from 250 to 1200℃ to yield γ-Al₂O₃ and 

α-Al₂O₃. Similarly, Fe(OH)₃ is dehydrated at 700℃ and 

converted into Fe₂O₃. 

The experiments showed that the obtained oxides, 

calculated based on the initial ore, amounted to Fe₂O₃ – 2.65% 

and Al₂O₃ – 20.93%. Given that the Al₂O₃ content in the raw 

ore used for processing was 21.74%, the yield relative to the 

initial sample was 96.26%. Following this, the filtrate 

containing only Na₂SO₄ and K₂SO₄—obtained at the end of the 

first stage of the alkali treatment process—was further 

processed into K₂SO₄ fertilizer according to the principle-

technological scheme illustrated in Figure 8. 

Figure 8. Scheme of obtaining K2SO4 fertilizer from a 

mixture of Na2SO4, K2SO4 salts 

In these experiments, a measured portion of the solution was 
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initially transferred into a dedicated container and evaporated 

until the Na₂SO₄ concentration reached 15–25%. This process 

yielded a mixed salt comprising Na₂SO₄ and K₂SO₄ (Figure 8). 

Subsequently, a measured portion of this solution was 

transferred into a dedicated container, and 25% KOH solution 

was gradually added to initiate the conversion process. During 

this stage, specific parameters were maintained, including a 

mixing time of 90 minutes, a temperature of 25–40℃, and a 

pH of 14. Under these conditions, Na₂SO₄ was converted into 

K₂SO₄, according to Eqs. (10)-(13). The resulting solution was 

then filtered through a specialized filter, yielding K₂SO₄ as a 

commercial product, while the regenerated NaOH solution 

was recycled to the beginning of the process. 

Na2SO4 + 2KOH ⇌ K2SO4 + 2NaOH (13) 

In total, twenty experiments were conducted to obtain Al₂O₃ 

as the final product and enamel from the ore, following the 

technological scheme described above. The results of five 

representative experiments are presented in Table 3 to provide 

a comprehensive overview of the process. As evident from the 

data, the yield of Al₂O₃ under the selected optimal conditions 

is notably high. These findings indicate that the results 

obtained at the pilot plant are consistent with those from 

laboratory-scale experiments, supporting the feasibility of 

implementing this processing method at an industrial scale. 

As shown in Table 3, the treatment of the filtrate after 

processing the dehydrated alunite residue in sulfuric acid at 

550℃ leads to a marked increase in the efficiency of impurity 

removal. 

Table 3. Results of experiments on the treatment of filtrate after treatment of dehydrated alunite residue in sulfuric acid at 550℃ 

Indicators 
Experiment 

№1 

Experiment 

№2 

Experiment 

№3 

Experiment 

№4 

Experiment 

№5 

Volume of filtrate taken for the experiment, ml 400 400 400 400 400 

pH before desorption 2.00 1.80 1.80 1.80 1.83 

Desorption temperature,℃ 90 72 85 95 90 

Solution turbidity time, min 12 15 15 15 16 

Stirrer speed, rpm 200 200 200 200 200 

Desorption time, min 45 46 38 52 50 

pH as a result of desorption 3.00 2.80 2.85 2.90 2.65 

pH of the filtrate after desorption 3.39 3.30 3.31 3.40 2.82 

Volume of 10% NaOH used for the first 

alkalization, ml 
25 28 30 30 27 

pH after the first alkalization 6.90 6.85 6.68 6.68 6.87 

Alkalization temperature,℃ 82 75 85 95 90 

Alkalization time, min 30 30 25 25 32 

Volume of 10% NaOH used for the second 

alkalization, ml 
170 200 200 200 240 

Second alkalization temperature,℃ 82 85 85 88 90 

pH after the second alkalization 13.2 13.04 13.11 13.23 11.78 

Second alkalization time, min 30 45 45 30 40 

Residual Fe(OH)₂ in the precipitate, g 1.82 1.80 1.16 1.87 1.74 

Hydrolysis temperature,℃ 75 75 75 75 75 

pH before hydrolysis 12.95 12.80 12.90 12.90 12.75 

pH after hydrolysis 6.20 6.20 6.15 6.24 6.25 

Hydrolysis time, min 20 20 15 15 30 

Volume of HCl consumed for hydrolysis, ml 70 60 62 61 62 

Al₂O₃ calcined at 800℃ for 1 hour, g 8.02 8.14 8.09 8.06 8.12 

Theoretical amount of Al₂O₃, g 8.40 8.40 8.40 8.40 8.40 

Practical yield of Al₂O₃, % 95.48 96.9 96.31 95.95 96.67 

Some physicochemical and mechanical properties, as well 

as the chemical composition of Al₂O₃ obtained from the pilot-

scale tests, were analyzed and are summarized in Table 4. 

Table 4. Some physical and mechanical properties of Al2O3 

obtained at the pilot stage and the amount of impurities in its 

composition 

№ Properties Indicators 

1 Losses during annealing at 300-1000℃, % 0.5 ÷ 1.0 

2 Compacted density, g/cm3 0.96 ÷ 1.1 

3 Natural inclination angle, degrees 29 ÷ 34 

4 Specific surface area (BET), m2/q 50 ÷ 100 

5 Index of friction (-45 μm) 28 

6 Na2O 0.4 ÷ 0.5 

7 Fe2O3 0.018 

8 SiO2 0.015 

Based on the data presented in Table 4, it can be concluded 

that the quality parameters of the obtained Al₂O₃ comply with 

the relevant ISO standards (ISO 6474, ISO 9286, etc.) and the 

GOST standard (GOST 30558-98). These results demonstrate 

that the Al₂O₃ produced is fully suitable for use as anode 

material in primary aluminum production within pre-baked 

electrolysis cells. 

Pilot-scale experiments confirmed a waste-free and 

integrated processing route for alunite treatment using 

sulfurous acid (Figure 6). In addition to achieving a high yield 

of Al₂O₃, the process enables the simultaneous production of 

valuable by-products, including potassium fertilizers and iron 

hydroxides. 

Similar to optimization approaches used in titanium alloy 

machining to reduce tool wear and in composite box girder 

design to enhance structural performance, controlled 

experimental and pilot-scale processing can be applied to 

maximize efficiency and recovery of valuable outputs in 

industrial processes [27, 28]. 
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In Azerbaijan, which possesses substantial local alunite 

resources, it is strategically important to base aluminum 

production primarily on this mineral. Although the country has 

historical experience in this aluminum production, 

conventional methods no longer comply with contemporary 

global environmental standards. Ensuring adherence to 

ecological regulations and implementing sustainable 

processing strategies are central priorities within the 

framework of national industrial development [29, 30]. 

Specifically, establishing an aluminum industry that integrates 

primary processing with the manufacture of final products, 

while maintaining environmental sustainability, constitutes a 

critical objective for the country’s non-oil sector [31]. 

Accordingly, the scientific findings and outcomes of this 

research provide significant contributions, offering both novel 

insights for Azerbaijani scientific development and valuable 

implications for the international research community. 

4. CONCLUSION

The research results confirm that the processing of alunite 

ore using sulfite acid represents an efficient technological 

approach for aluminum production. Pilot-scale experiments 

were in full agreement with laboratory findings and 

demonstrated high Al₂O₃ yields of 92–94%, while also 

enabling the recovery of valuable by-products such as K₂SO₄, 

Na₂SO₄, and Fe(OH)₂. The process operates at low 

temperatures and within a short duration, ensuring reduced 

energy consumption, while the periodic introduction of gases 

contributes to maintaining a waste-free technological cycle. 

Despite these positive outcomes, the experiments were 

conducted under pilot-scale conditions, and several challenges 

may emerge during industrial implementation. Potential issues 

include scaling up reactor volume, managing the gas–liquid–

solid phase mass transfer dynamics, and maintaining stable 

reagent balance throughout continuous operation. Further 

modeling and experimental verification are required to address 

these technical constraints and ensure process stability on an 

industrial scale. 

Future research will focus on assessing the environmental 

implications of alunite processing via the sulfite method, with 

particular attention to preventing SO₂ gas emissions, 

neutralizing reaction residues and liquid waste, and aligning 

the entire process with the principles of green chemistry. 

Overall, the developed technology presents a promising and 

sustainable route for environmentally safe and resource-

efficient aluminum production with high operational 

performance. 
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