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Abstract. This paper presents the use of accelerated electrons to treat zeolite-bearing rocks from Eastern Transbaikalia 

to increase the efficiency of separating zeolites from rock-forming minerals via electromagnetic separation. The effec-

tiveness of the liberation of zeolite minerals using accelerated electrons was analyzed. The results of dry electromag-

netic separation of zeolite-bearing rocks are presented. The dependence of the extraction of iron-bearing minerals from 

zeolite-bearing rocks by electromagnetic separation on the magnetic field intensity for different particle sizes has been 

established. The main methods of zeolite-bearing rock enrichment and ore preparation were determined. A technolog-

ical scheme for processing zeolite-bearing rocks, based on the use of accelerated electron treatment at the ore prepara-

tion stage, is presented, significantly improving the zeolite production quality.  
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Introduction. The intense development of the mining industry is accompanied by technologies 

that generate a considerable amount of industrial waste that is not subject to disposal and processing 

[1, 2]. The accumulation of substantial volumes of waste rock and beneficiation tailings leads to se-

rious economic and environmental problems in the areas where they are located [3, 4]. Most waste 

rock dumps and tailings storage facilities, which are a legacy of the 1990s and 2000s, lack responsible 

management, and combined with newly generated waste from the mining industry, they inflict sig-

nificant harm on the environment [5, 6].  

The solution to the problem of the negative impact of mining and processing waste on the envi-

ronment is to use effective tools for managing industrial materials [7, 8]. This includes the adoption 

of best available technologies and materials capable of reducing the contents of toxic and radioactive 

elements in waste, preventing or significantly reducing dust and gas emissions from them and restor-

ing land disturbed by anthropogenic activities while adhering to principles of conserving mi-neral 

resources, rationality, and complexity in their utilization [9, 10].  

One of the most versatile tools in implementing environmental protection measures is sorbents, 

which possess the required properties, primarily adsorption properties [11, 12]. Among naturally 

occurring sorbents, zeolite-bearing rocks (ZCR) are highly effective, widely available, and cost-
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effective [13, 14]. The unique sorption and ion exchange properties of natural zeolites can be effec-

tively utilized in waste management systems of mining production [15].  

Currently, ZCR are primarily used in backfilling mined-out spaces (mines and quarries) in com-

bination with waste rock and tailings from mineral resource storage and in road construction for tech-

nical purposes [14, 15]. Considering their unique properties, the potential of natural zeolites is in the 

identification of effective approaches for their application in waste management systems of mining 

production, significantly minimizing and preventing the negative impact of anthropogenic formations 

on the environment [16, 17]. These tasks include the purification of exhaust gases, se-wage, and cir-

culating water, land reclamation, the preservation of tailings and waste rock, and the burial of toxic 

and radioactive waste [18, 19].  

The main limitation of ZCR application is the relatively low quality of mineral resources (zeolite 

mineral content ranging from 35 to 60 %), despite significant reserves. Additionally, industry require-

ments for the quality of natural zeolites, including the adherence to international standards owing to 

Russia's membership in various trade organizations, stipulate that impurities in zeolite products can-

not exceed 1-3 % [20, 21]. The vast majority of Russia's ZCR reserves consist of medium- and low-

quality common rocks containing a high percentage of rock-forming minerals (mainly quartz, feld-

spars, and iron oxides), limiting the widespread use of this raw material [22, 23]. This necessitates 

the development of efficient beneficiation and modification technologies for ZCR to obtain zeolite 

products. On the one hand, these products will allow us to rationally solve the complex issue of com-

prehensive utilization, disposal, neutralization, and processing of mining and production waste. On 

the other hand, they will allow the creation of technologies used to control the physicochemical prop-

erties of natural zeolites to produce high-quality products [24, 25].   

Previous studies [20, 26] have shown that utilizing accelerated electrons for pretreating raw min-

eral materials is an effective approach to modify their physicochemical and mechanical properties 

selectively. This alteration results in reduced ore strength characteristics, increased selective disinte-

gration, and a considerable reduction in the duration of subsequent ore preparation operations, such 

as milling. The impact of accelerated electrons promotes the selective liberation of mineral inter-

growths and enhances the efficiency of subsequent ore enrichment [20, 27]. 

The enrichment of ZCR depends on the similarities and differences in the technological proper-

ties of zeolites and rock-forming minerals, their textures and structures, and the mineral forms of iron 

and silica in rocks as isomorphic inclusions and native minerals [20, 28]. The necessity of using 

accelerated electron exposure and determining the optimal radiation treatment parameters lies in 

achieving selective modification of the properties of Eastern Transbaikalia ZCR. Such alterations will 

enhance the efficiency of their purification from rock-forming minerals, particularly through mag-

netic separation, and increase the adsorption capacity of zeolite minerals such as clinoptilolite, mor-

denite, and chabazite [20, 29].  

The methodological and theoretical foundations of research in this field have been laid by well-

known domestic scientists [26, 30]. This study aimed to explore the feasibility of applying energy-

based treatments to significantly improve the quality of ZCR and obtain zeolite products with high 

sorption properties. 

Methods. Montmorillonite-clinoptilolite-bearing rocks from the Shivyrtuy, clinoptilolite-bear-

ing rocks from the Holinsky, and chabazite-bearing rocks from Talan-Gozagorsk deposits were used 

as the research objects. The research methodology included exposing the ZCR to accelerated elec-

trons using an ILU electron accelerator developed at the Institute of Nuclear Physics of the Siberian 

Branch of the Russian Academy of Sciences.  

The ZCR samples were fed through a dosing hopper and conveyor into the accelerator, where 

they were exposed to a beam of accelerated electrons. The irradiation dose ranged from 2 to 5 kGy. Re
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Mössbauer spectroscopy measurements were performed using an Ms-1104Em spectrometer. The 

particle size of the studied rocks in the samples was 0.05-0.07 mm, and the mass of each sample 

was 50-70 mg. The data processing of Mössbauer spectra was performed using the Univem MS 

program. The thermal studies of Eastern Transbaikalia ZCR after accelerated electron treatment 

were conducted in an argon atmosphere at 20-1400 °C using an STA 449C instrument (Germany). 

The heat capacity was determined to be 40-400 °C based on the baseline, standard (sapphire), and 

sample.  

The liberation coefficient of zeolite minerals was determined using optical microscopy after 

milling zeolite minerals in a laboratory ball mill (MSHL, Russia) in two modes: conventional ZCR 

milling and milling after pretreatment with accelerated electrons. The obtained data were mathema-

tically processed, and the corresponding functions and graphs were created. The electromagnetic sep-

aration of ZCR was performed using a 138-CE electromagnetic separator and a high-intensity isody-

namic field separator SIM-1 (particle size of 0.1 mm). The research involved granulometric, miner-

alogical, chemical, and X-ray phase analyses, infrared spectroscopy, scanning electron microscopy, 

and optical-geometric image analysis. 

The ZCR were studied using a JEOL-5300 analytical electron microscope with a Link-ISIS  

energy-dispersive attachment, which allows to determine the chemical composition of the minerals 

in the ZCR. The mineral composition of the ZCR was determined through quantitative X-ray phase 

analysis using an ADRON-1 diffractometer. The study of the mineralogical characteristics of the 

ZCR included determining the mineral composition and identifying the peculiarities of zeolite  

mineral inclusions and their association with rock-forming minerals. The properties of minerals 

extracted through directional ore preparation in combination with classical beneficiation methods 

(gravity, magnetic, and electrical) were also investigated. 

Optical microscopy was employed to determine the textural and structural characteristics of East-

ern Transbaikalia ZCR. Their phase composition was identified, and the properties and forms of the 

minerals were studied. An ADP-1.5 diffractometer was used for the X-ray diffraction analysis. The 

technological assessment of ZCR and the study of the distribution of minerals within them and in the 

processing products were conducted through image analysis based on the optical-geometric research 

methodology using the “Video-Master” complex. 

Iron-bearing minerals in the Eastern Transbaikalia ZCR were present as mechanical microinclu-

sions and isomorphic impurities; therefore, Mössbauer (nuclear gamma resonance) spectroscopy was 

employed for this analysis. The sorption characteristics of ZCR were studied at 77 K via the nitrogen 

adsorption method using an ASAP-2400 instrument (USA). 

Discussion. The chemical analysis data of the ZCR from the Eastern Transbaikalia deposits 

are presented in Table 1. The main components of ZCR were SiO2, Al2O3, Fe2O3, and magnesium, 

sodium, and potassium oxides. The liberation coefficients of zeolite minerals during the milling of 

ZCR from the investigated deposits, both without and with radiation exposure, are shown in Fig.1. 

The rock size after milling is represented by curves 1 and 2, the size of zeolite minerals is shown 

in curves 3 and 4, and the liberation coefficient was determined as the ratio of the areas under the 

curves.  

The use of low-dose (2-4 kGy) directional electron beam irradiation before milling increased 

the liberation coefficient of clinoptilolite minerals from the Shivyrtuy deposit from 38 to 54 % and 

from 46 to 62 % for clinoptilolite minerals from the Talan-Gozagorsk deposit. This confirmed the 

effectiveness of this ore preparation method. Functions describing the relationship between extrac-

tion and particle size during the milling of Eastern Transbaikalia ZCR were obtained, allowing to 

determine the increase in the liberation coefficient values of zeolite minerals after the electron beam 

pretreatment: Re
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Table 1 

Chemical composition of Eastern Transbaikalia ZCR 

Components 
Average component content in deposits, % 

Shivyrtuy Holinsky Talan-Gozagorsk 

SiO2 62.90 65.62 53.12 

P2O5 0.08 0.0004 0.33 

Al2O3 13.61 12.21 16.63 

TiO2 0.34 0.07 1.50 

Fe2O3 3.00 1.25 11.40 

FeO 0.14 0.06 0.32 

CaO 0.61 2.07 5.82 

MgO 1.51 0.64 1.97 

Na2O 1.36 1.90 3.45 

K2O 4.04 4.14 1.78 

Stotal 0.007 0.016 0.041 

MnO 0.11 0.14 0.08 

H2O 3.88 3.82 1.08 

Others 8.173 8.0636 2.479 

 

• milling without accelerated electron treatment: ZCR from the Shivyrtuy deposit – the size of 

the milled rock is y = –24.08ln(x) + 77.6; the size of zeolite in the milled rock is  

y = –19.67ln(x) + 100.1; ZCR from the Talan-Gozagorsk deposit – the size of the milled rock is  

y = –19.13ln(x) + 100.5; the size of zeolite in the milled rock is y = –25.46ln(x) + 88.7;  

• milling after accelerated electron treatment: ZCR from the Shivyrtuy deposit – the size  

of the milled rock is y = 0.027x2 – 3.2307x + 97.4; the size of zeolite in the milled rock is  

y = 0.0223x2 – 2.9383x + 97.5; ZCR from the Talan-Gozagorsk deposit – the size of the milled rock 

is y = 0.0028x2 − 1.0157x + 95.2; the size of zeolite in the milled rock is y = 0.0022x2 –  

– 0.9164x + 95. 

Figure 2 shows the temperature dependence of the heat capacity of the original and treated ZCR 

from the Talan-Gozagorsk deposit. Treating ZCR with accelerated electrons considerably affects this 

parameter.  

The results of measuring the heat capacity of the original and accelerated electron-treated ZCR 

from the Shivyrtuy deposit showed that the initial heat capacities of both materials were identical 

(1.6 J/g) with a maximum value recorded at 130 °C. The maximum absolute value of the heat capacity 

of the ZCR from the Shivyrtuy deposit was considerably lower than that of the ZCR from the Talan-

Gozagorsk deposit, which was 2.3 J/g. The higher heat capacity is attributed to the higher hematite 

content in the ZCR from the Talan-Gozagorsk deposit.  
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Fig.1. Influence of accelerated electron irradiation on the grain size distribution of ZCR (1, 2), 

zeolite minerals within the ZCR (3, 4), and the liberation coefficient of zeolites (clinoptilolite and chabazite): 

a – grinding without accelerated electron treatment; b – grinding with accelerated electron treatment at a dose of 2 kGy 
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The analysis of the Mössbauer spectroscopy 

results of the initial and accelerated electron-

treated ZCR from the Talan-Gozagorsk deposit 

revealed that the sextets correspond to hematite, 

while the doublets correspond to montmorillo-

nite (Table 2).  

Treating ZCR with accelerated electrons con-

siderably reduces the fine-dispersed hematite frac-

tion and increases the coarse crystalline fraction. 

The accelerated electrons increased the iron con-

tent in the ZCR by removing volatile components 

and altering the magnitude of the resonance effect 

associated with the total iron content.  

 
Table 2 

Results of Mössbauer studies of ZCR from Eastern Transbaikalia 

ZCR 
Spectrum  

component 

Isomeric shift δ, 

mm/s 

Magnetic fields on 

Fe57H nuclei, kOe 

Component 

area S, % 

Effect  

magnitude ε, % 
Interpretation 

Talan-Gozagorsk field, 

original 

C1(Fe3+) 0.37 512 55.9 3.185 Hematite 

C2(Fe3+) 0.39 491 18.4 

C3(Fe3+) 0.36 362 0.6 Goethite 

hydrogoethite 

D1(Fe3+) 0.38 0 10.1 Montmorillonite, 

hydromicas D2(Fe3+) 0.38 0 15.0 

Talan-Gozagorsk field, 

processed 

C1(Fe3+) 0.37 512 51.4 3.262 Hematite 

C2(Fe3+) 0.37 492 24.5 

C3(Fe3+) 0.36 362 1.5 Goethite 

hydrogoethite 

D1(Fe3+) 0.38 0 9.4 Montmorillonite, 

hydromicas D2(Fe3+) 0.36 0 13.2  

Shivyrtuy field, original C1(Fe3+) 037 513 6.8 1.069 Hematite 

D1(Fe2+) 1.16 0 1.8 Olivine 

D2(Fe2+) 1.07 0 4.5 Chlorite 

D3(Fe3+) 0.43 0 7.7 Montmorillonite, 

hydromicas D4(Fe3+) 0.37 0 12.8 

D5(Fe3+) 0.37 0 66.4 

Shivyrtuy field, processed C1(Fe3+) 0.37 512 5.5 1.250 Hematite 

D1(Fe2+) 1.16 0 1.7 Olivine 

D2(Fe2+) 1.07 0 4.4 Chlorite 

D3(Fe3+) 0.41 0 9.3 Montmorillonite, 

hydromicas D4(Fe3+) 0.37 0 7.6 

D5(Fe3+) 0.37 0 71.5 

 
The impact of accelerated electrons on ZCR intensifies the process of liberating intergrowths 

and separating zeolite minerals from rock-forming ones. The most significant effect on altering the 

technological properties of ZCR from the Shivyrtuy and Talan-Gozagorsk deposits was observed at 

low doses of accelerated electron exposure, specifically 2-4 kGy. When processing ZCR with a beam 

of accelerated electrons at low current densities, defects form in them. With a further increase in the 

absorbed energy (from 1 to 10 J/g), charge accumulates, leading to electrical breakdown in the ZCR. 

In this case, the discharge has a pulsating character, resulting in the formation of microcracks  

[21, 26], which considerably weaken the rocks, particularly along the boundaries of intergrowth be-

tween zeolite minerals and rock-forming minerals, determining the efficiency of subsequent selective 

disintegration [30, 31]. 

Fig.2. Temperature dependence of the specific heat capacity  

of ZCR from the Talan-Gozagorsk deposit 

1 – before exposure to accelerated electrons;  

2 – after exposure to accelerated electrons 
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When ZCR from the Shivyrtuy and Talan-

Gozagorsk deposits were exposed to accelerated 

electrons, it significantly altered their granulo-

metric composition during milling and allowed 

for a more selective liberation of zeolite mine-

rals (clinoptilolite and chabazite), improving 

subsequent magnetic and electrostatic separation 

processes. The electricity consumption was 

0.6 kWh/t. The use of radiation treatment as  

a part of ore preparation operations, in combina-

tion with electromagnetic and electrostatic sepa-

ration methods, reduced iron-containing minerals 

in the ZCR concentrates from the Shivyrtuy de-

posit from 3.14 to 0.36 % and from 11.2 to 

0.12 % from the Talan-Gozagorsk deposit.  

Radiation treatment increased the content of 

coarse-grained hematite and the magnetic sus-

ceptibility of hematite from 14-25 · 10−8 to  

460-660 · 10−8 m3/kg, indicating the effective ap-

plication of electromagnetic separation in the en-

richment of ZCR.  

When the results from the treatment of 

Eastern Transbaikalia ZCR with accelerated 

electrons were analyzed, we established tech-

nological dependencies, as presented in 

Fig.3, 4. The coefficient of determination for 

these dependencies was 0.9. Figure 3, a shows 

the relationship between the extraction of iron-

containing minerals from ZCR from the 

Shivyrtuy deposit and the magnetic field inten-

sity for different particle sizes. The relationship 

between the extraction of iron-containing miner-

als from ZCR from the Talan-Gozagorsk deposit 

and the magnetic field intensity for different par-

ticle sizes is shown in Fig.3, b. 

Figure 4 illustrates the relationship bet-

ween the extraction of iron-containing minerals 

by electromagnetic separation and the particle 

size of ZCR during treatment with accelerated 

electrons. 

The following functions are used to show the 

dependence of the extraction of iron-containing 

minerals from ZCR subjected to accelerated elec-

tron treatment on the magnetic field intensity of 

the separator for different particle sizes (see 

Fig.3). For ZCR from the Shivyrtuy deposit: 

y = 1.015ln(x) + 81.35 (particle size −2+1 mm), 

y = 6.693ln(x) + 45.65 (particle size −1+0.5 mm), 

y = 4.518ln(x) + 62.84 (particle size −0.5+0.3 mm), 
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Fig.3. Dependence of the extraction of iron-containing  

minerals from ZCR from Shivyrtuy (a) 

and Talan-Gozagorsk (b) deposits on the magnetic  

field intensity for various particle sizes 
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y = 2.393ln(x) + 81.02 (particle size −0.3+0.1 mm). For ZCR from the Talan-Gozagorsk deposit: 

y = 2.5232ln(x) + 74.86 (particle size −2+1 mm), y = 4E − 06x2 − 0.01x + 97.45 (particle size 

−1+0.5 mm), y = 1.0241ln(x) + 90.49 (particle size −0.5+0.3 mm), y = 0.561ln(x) + 95.35 (particle 

size −0.3+0.1 mm). 

The study of the dependence of iron-containing mineral content on the particle size of ZCR 

treated with accelerated electrons (after magnetic separation) showed that as the rock particle size 

increased from 0.07 to 0.1 mm, the iron content increased as follows. For the ZCR from the Shivyrtuy 

deposit, the iron content increased from 0.35 to 0.85 %. For the ZCR from the Talan-Gozagorsk de-

posit, the iron content increased from 0.1 to 1.1 %. The dependence of the extraction of iron-contain-

ing minerals from ZCR on the particle size (Fig.4) (after treatment with accelerated electrons) is 

described by the following functions: y = −3.647ln(x) + 95.07 (for ZCR from the Shivyrtuy deposit) 

and y = −4.74ln(x) + 92.89 (for ZCR from the Talan-Gozagorsk deposit). 

The study on the possibility of extracting iron-containing minerals from fine-dispersed accele-

rated electron-treated ZCR from Eastern Transbaikalia with a particle size of −0.1+0.074 mm using 

magnetic separation in an isodynamic field allowed to determine the dependence of iron impurity 

content in zeolite (nonmagnetic) products on their particle size. The corresponding functions cha-

racterizing the parameters of this dependence were determined: y = 6.539x + 1.3262 (for ZCR from 

the Shivyrtuy deposit) and y = 30.385x − 0.2685 (for ZCR from the Talan-Gozagorsk deposit). 

The radiation treatment with accelerated electrons of ZCR from the Shivyrtuy and Talan-

Gozagorsk deposits increased the extraction of iron-containing minerals by electromagnetic separa-

tion to 98.3 and 99.5 %, respectively. This ensures the production of high-quality zeolite products 

that can be used in various industrial sectors and in waste management technologies in mining. The 

greatest effect was achieved at a magnetic field intensity of 1450 kA/m and a particle size of −0.3+0.1 

mm (Table 3). The enrichment of ZCR in an isodynamic field is characterized by high iron impurity 

extraction rates at a particle size of 0.1 mm (Table 4).   

 
Table 3 

Results of dry electromagnetic separation of ZCR from Eastern Transbaikalia with a particle size of −2+0.1 mm 

 
Table 4 

Results of dry electromagnetic separation of fine-dispersed ZCR in an isodynamic field  

Deposit 
Magnetic field  

intensity, kA/m 

Current  

strength, A 
Particle size, mm 

Extraction of Fe  
minerals from magnetic 

product, % 

Mass fraction of Fe 
in magnetic  

product, % 
Yield, % 

Shivyrtuy 600 0.50 −0.1+0.074 

−0.074+0.05 

89.7 

96.4 

92.4 

94.4 

44.7 

55.3 

950 1.0 −0.1+0.074 

−0.074+0.05 

93.3 

97.9 

95.6 

96.2 

47.5 

52.5 

1450 1.57 −0.1+0.074 

−0.074+0.05 

95.4 

98.2 

96.7 

97.1 

49.8 

50.2 

 

Deposit Particle size, mm 

Average Fe  
impurity content  

in raw material, % 

Zeolite content 

in product, % 

Fe minerals  
content in zeolite 

product, % 

Other  
impurities  

content, % 
Yield, % 

Shivyrtuy −2+1 

−1+0.5 

−0.5+0.3 

−0.3+0.1 

3.14 73.50 

84.20 

85.90 

88.90 

1.78 

1.11 

0.88 

0.36 

24.72 

14.69 

13.22 

10.74 

9.4 

18.4 

27.7 

44.5 

Talan-Gozagorsk −2+1 

−1+0.5 

−0.5+0.3 

−0.3+0.1 

11.2 70.10 

75.20 

84.90 

89.60 

8.17 

3.74 

1.08 

0.12 

21.73 

21.06 

14.02 

10.28 

8.8 

17.1 

23.2 

50.9 
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End of Table 4 

Deposit 
Magnetic field in-

tensity, kA/m 

Current 

strength, A 
Particle size, mm 

Extraction of Fe  
minerals from magnetic 

product, % 

Mass fraction of Fe 
in magnetic  

product, % 
Yield, % 

Talan-Gozagorsk 600 0.50 −0.1+0.074 

−0.074+0.05 

98.7 

99.1 

96.3 

96.8 

49.6 

50.4 

950 1.0 −0.1+0.074 

−0.074+0.05 

98.5 

99.2 

96.2 

98.1 

47.4 

52.6 

1450 1.57 −0.1+0.074 

−0.074+0.05 

98.3 

99.6 

97.4 

98.7 

46.1 

53.9 

 
The application of directional methods, such as treatment with accelerated electrons, in the ben-

eficiation schemes of ZCR considerably enhances the adsorption capacity of natural zeolites (from 

147 to 164 mg/g for ZCR from the Shivyrtuy deposit and from 246 to 287 mg/g for ZCR from the 

Talan-Gozagorsk deposit) [28]. The increase in the sorption capacity of ZCR is achieved via the 

extraction of iron-bearing minerals and the purification of the pore space of natural zeolites from 

organic compounds, which is achieved through preprocessing using directional methods in combina-

tion with magnetic and electrostatic separations [32-34]. 

One crucial factor in developing beneficiation and processing technologies for ZCR is the ability 

to comprehensively process ZCR and separate them from rock-forming minerals [30, 31]. The ob-

tained dependencies in the processing and beneficiation of ZCR from Eastern Transbaikalia allowed 

to determine a rational sequence of operations in the technological scheme: crushing; enhancing con-

trast and altering physicochemical properties through directional treatment (treatment with acceler-

ated electrons); milling; and magnetic and electrostatic separation to obtain high-quality zeolite con-

centrate, iron-bearing (hematite, hydrogoethite, olivine, and pyroxene), and polymineral (quartz, pla-

gioclases, calcite, montmorillonite) products, which are sent for further processing or practical use. 

In particular, the iron-bearing product can serve as a source of iron, while the polymineral product 

can be used as a binder for backfilling mined-out areas [35-37].  

Creating beneficiation technologies for ZCR involves the following: directed impact before 

crushing and milling of the material used for disintegration and altering the contrast properties of 

minerals; maximum extraction of Fe-bearing minerals by electromagnetic separation using separa-

tors with an isodynamic field; and extraction of nonmagnetic impurities through electrostatic sep-

aration. 

Theoretical and experimental studies allowed us to identify the main methods of beneficiation 

and ore preparation for ZCR, which are crucial for developing the technology selection algorithm for 

the beneficiation of ZCR from Eastern Transbaikalia (Table 5).  

 
Table 5  

Separation methods for ZCR depending on the mineral composition 

Separated 

mineral 
Main associated minerals Concentration methods 

Zeolite Feldspars, micas 

> 50 µm 

Crushing in rotary crushers and milling in ball mills. 

Directed treatments (accelerated electrons).  

Electromagnetic separation (for fine-dispersed ZCR using an electromagnetic sepa-
rator with an isodynamic field). 

Electrostatic separation 

Clay minerals 

< 50 µm 

Directed treatments (accelerated electrons). 

Electromagnetic separation using an electromagnetic separator with an isodynamic 
field. 

Electrostatic separation with heating and electrification 

Minerals of the quartz group, 

clay minerals 

Crushing in rotary crushers and milling in ball mills. 

Accelerated electrons. 

Electrostatic separation   Re
tra
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The proposed systematization allows us to determine the number of stages in ore preparation, 

select the necessary type of impact on ZCR, and develop rational processes for their enrichment and 

processing, which determines the efficiency of separating zeolite minerals from rock-forming mine-

rals, taking into account technological properties (electrical conductivity and magnetic susceptibility) 

and technological performance indicators. The experimental studies on the enrichment of ZCR serve 

as the basis for the development of technological schemes for their enrichment.  

The developed scientific and methodological foundations for the processing and enrichment of 

ZCR have been tested under industrial conditions. The possibility of implementing the developed 

technology for the enrichment of ZCR from the Talan-Gozagorsk and Shivyrtuy deposits in the pro-

duction complex of OOO “Scientific and Production Entrepreneurship Society “Zeolite” (Krasnoka-

mensk) was studied, resulting in the production of high-quality zeolite products. To achieve the re-

quired quality parameters of zeolite products, which meet the technical specifications, the following 

processes should be introduced into the technological scheme:  

• directed impact on ZCR before milling; 

• electromagnetic separation in an isodynamic field to achieve the maximum extraction of iron-

containing minerals; 

• electrostatic separation; 

• electrification of ZCR with salicylic acid vapor to enhance the contrast of minerals separated 

by electrostatic separation.  

The technological scheme for the enrichment of ZCR is shown in Fig.5. The practical signifi-

cance of the results was confirmed by implementing the developed technology for ZCR enrichment 

Fig.5. Technological scheme for processing ZCR from Eastern Transbaikalia [21] 

Initial ZCR  −400 mm 

Crushing 

Directed impact 

Drying, dedusting 

Electromagnetic separation 

Electrostatic separation 

Nonconductive fraction 

Conductive fraction 

Zeolite product 

(for adsorption processes) 

Aggregate product  

(for the construction industry) 

γ, %      β, %     ε, % 
100         8        100 

Milling 

Dust 

Nonmagnetic fraction 
Magnetic fraction 

Screening 

Ad, mg/g   Dentr.window, nm 
246             0.4 

γ, %      β, %     ε, % 
96        98.8      99.8 

Ad, mg/g    Dentr.window, nm 

287             0.7 

γ, %      β, %     ε, % 
4         0.85      0.2 

−10 mm 

−0.05 mm 

−0.1+0.05 mm 

−0.3+0.1 mm −0.5+0.3 mm −0.5+1 mm −1−2 mm 

+2 mm 
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in the techno-economic calculations of OOO “Scientific and Production Entrepreneurship Society 

“Zeolite”. 

The assessment of the economic efficiency of implementing the technology for processing nat-

ural ZCR at the beneficiation plant of OOO “Scientific and Production Entrepreneurship Society 

“Zeolite” showed that the cost for obtaining high-quality zeolite product with a monomineral content 

of up to 99.1 % will be approximately 10,000 rubles per ton, and the market price of the pro-duct of 

the appropriate quality will be up to 100,000 rubles per ton. The calculations justify the environmental 

and economic feasibility of using directed interventions during the preparation stage of ZCR from 

Eastern Transbaikalia. Thus, the implementation of the proposed technologies for the beneficiation 

and processing of ZCR from Eastern Transbaikalia is sufficiently effective, with a discounted pay-

back period of one year. 

Conclusion. In this study, it was determined that accelerated electron treatment of ZCR from 

Shivyrtuy and Talan-Gozagorsk deposits significantly altered the granulometric composition during 

milling and provided a more selective liberation of zeolite minerals (clinoptilolite and chabazite), thus 

improving the subsequent processes of magnetic and electrostatic separation. The use of radiation treat-

ment as an ore preparation operation in combination with the electromagnetic and electrostatic separa-

tion methods contributes to the reduction of the Fe-containing mineral content in concentrates from 

3.14 to 0.36 % and from 11.2 to 0.12 % for ZCR from Shivyrtuy and Talan-Gozagorsk deposits, re-

spectively. The radiation treatment increased the content of coarse-crystalline hematite and the mag-

netic susceptibility parameter of hematite from 14-25 · 10−8 to 460-660 · 10−8 m3/kg. This enables the 

effective use of electromagnetic separation during ZCR beneficiation and the production of high-

quality zeolite products, which can be used in various industries and in waste management technolo-

gies in the mining industry. 
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