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MODELING OF BASALT TUFF BENEFICIATION 
BY DRY HIGH-INTENSITY MAGNETIC SEPARATION

Purpose. To identify the regularities governing the influence of magnetic field induction and particle size distribu-
tion on the technological performance of dry high-intensity magnetic separation (DHIMS) of tuff raw materials and 
on the quality of the resulting magnetic product.

Methodology. The study was carried out using a laboratory-scale dry magnetic separation unit. The behavior of 
tuff was investigated in narrow particle-size fractions of +0.63–2.5 and +0.1–0.63 mm under varying magnetic field 
induction (0–1.3 T), while maintaining constant separator design parameters and a fixed material feed regime. Tech-
nological performance was evaluated based on yields of magnetic and non-magnetic fractions, the calculation of 
distribution functions, and the construction of regression models. The chemical composition of the products was 
determined by X-ray fluorescence (XRF) analysis.

Findings. The tuff was found to exhibit enhanced magnetic susceptibility and high friability, creating favorable 
conditions for efficient dry magnetic separation. The average yield of the magnetic fraction for the two samples stud-
ied was 51.8 %, with more than 98 % recovery achieved at magnetic field induction values up to B = 0.58 T. The regres-
sion models show a high degree of correlation (Pz  =  0.97–0.975) within the acceptable induction range up to 
B ≈ 0.9 T. XRF analysis of the magnetic product revealed an Fe2O3 content of 30.89 %, confirming effective concen-
tration of iron-bearing components in the magnetic fraction.

Originality. Mathematical modeling of the DHIMS process for tuff was performed for narrow particle-size classes, 
with the distribution function of magnetic separation product yield determined as a function of magnetic field induc-
tion. A consistent pattern of dependencies was established for the investigated size classes, and the statistical signifi-
cance of the regression model parameters was confirmed (significance level ≤ 0.05). It was demonstrated that linear-
logarithmic models provide the best description of the process up to an induction of 0.9 T.

Practical value. The results enable a substantiated selection of DHIMS operating regimes for the integrated pro-
cessing of tuffs, identification of rational particle-size classes for the removal of magnetic impurities, and prediction 
of process efficiency based on magnetic field induction. The obtained regression relationships can be applied in the 
design and optimization of preliminary beneficiation schemes for tuff raw materials, aimed at reducing the mass of 
material fed to subsequent energy-intensive operations.

Keywords:  tuff, dry magnetic separation, magnetic field induction, particle size distribution, iron-bearing minerals, 
magnetic fraction

Introduction. Tuffs are an important target for pro-
cessing in the mining and construction industries, as 
these volcanogenic rocks often contain valuable compo-
nents, particularly zeolites and feldspars. At the same 
time, their mineralogical composition is multicompo-
nent, which creates substantial technological challenges 

for beneficiation and further utilization. To meet quality 
standards, especially in the production of high-purity ce-
ramics and glass, the targeted removal of harmful impuri-
ties is required [1, 2]. In the context of Ukraine’s post-
war reconstruction, the role of non-metallic minerals as a 
raw material base for the construction and infrastructure 
sectors is becoming increasingly important [3].

Tuff raw materials are considered promising for con-
struction and thermal insulation applications, provided 
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that the required quality and stability of the properties 
can be ensured [4, 5]. The key impurities to be removed 
from tuffs are weakly magnetic iron oxides and hydrox-
ides, including hematite, limonite, and related phases 
[6]. The presence of these paramagnetic impurities in a 
finely dispersed state makes dry high-intensity magnetic 
separation (DHIMS) a viable option as a core operation 
in an integrated tuff processing flowsheet [7]. At the 
same time, the efficiency of DHIMS strongly depends 
on ore-preparation parameters, primarily particle size 
distribution, as well as on the separator’s design and op-
erating characteristics.

The integrated processing of tuff raw materials is con-
sistent with the principles of a transition toward resource-
efficient, environmentally oriented technologies [8].

Against this background, technological approaches 
to tuff beneficiation are of both scientific and practical 
importance for expanding the resource base of non-me-
tallic mineral raw materials. In particular, special atten-
tion should be given to selecting rational ore-prepara-
tion conditions and separation parameters that ensure 
efficient removal of iron-bearing impurities while pre-
serving the useful silicate and zeolitic components of the 
material. This determines the relevance of further analy-
sis of previous studies devoted to the composition of 
tuffs, their comminution behavior, and the application 
of dry magnetic separation in integrated processing 
flowsheets.

Literature review. During ore preparation and the 
sampling of tuff from basalt quarry dumps and bore-
holes, it is necessary to investigate its particle-size distri-
bution to properly select equipment and define subse-
quent processing stages [4]. The established strengthen-
ing effect of tuff under repeated water irrigation requires 
a more precise characterization of its granulometric 
condition, both within the dump mass and after crush-
ing and grinding. The growing interest in tuff extraction 
is associated with the expansion of its fields of applica-
tion, including agriculture, construction, and medicine, 
which underscores the need to improve processing 
methods and upgrade the material into a final product 
that meets the requirements of a specific end use. The 
rich mineralogical composition of tuffs and their elevat-
ed contents of iron and titanium, as well as native copper 
in the tuffs of Volyn, necessitate their integrated pro-
cessing [9, 10], the initial stage of which is the prepara-
tion of the rock mass for the recovery of valuable com-
ponents [6, 11].

Two methods of tuff extraction are considered: bore-
hole hydraulic mining and open-pit quarrying [12]. The 
coarsest tuff material is obtained during basalt quarry-
ing, where bench blasting produces tuff that, being less 
competent than basalt and lava breccia, is characterized 
by a finer degree of fragmentation. To substantiate the 
technology for further processing, it is therefore neces-
sary to study the particle size distribution of tuff both in 
the dump and during crushing [13].

Practical results of tuff processing confirm the tech-
nological feasibility of using magnetic separation as part 
of the overall integrated processing flowsheet [11]. The 
purpose of this process is not only to remove impurities, 
but also to achieve preliminary concentration of the 
valuable mineral and reduce the mass of material fed to 
subsequent, often more expensive, beneficiation stages. 

The application of dry high-intensity magnetic separa-
tion (DHIMS) enables high-efficiency operation; in 
particular, the yield of enriched tuff may reach 54 %.

The fundamental principle of DHIMS is the genera-
tion of a strong magnetic field, either electromagnetic or 
permanent, in which material particles are subjected to 
magnetic forces that enable separation based on differ-
ences in magnetic susceptibility between the target ma-
terial and impurities. For the beneficiation of weakly 
magnetic ores, including tuffs, the most suitable separa-
tors are those capable of producing a high magnetic field 
gradient, which increases the probability of recovering 
weakly magnetic impurities [14]. In dry beneficiation 
practice, magnetic roll separators and induction roll/ro-
tor systems are widely used, as their designs ensure con-
tinuous removal of attracted grains from the high-field 
zone and discharge into the magnetic product. At the 
same time, other separator types, such as column sepa-
rators, which are primarily intended for the recovery of 
ferromagnetic impurities, are less effective for extracting 
weakly magnetic impurities from finely dispersed tuffs.

Along with the technological advantages of DHIMS, 
the application of induction roll and rotor separators re-
quires consideration of energy and economic aspects. 
A substantial share of the consumed power is spent not 
on generating the magnetic field itself, but on mechani-
cal needs, primarily roll rotation, which ensures process 
continuity; according to reported estimates, this share 
may reach 60–70 %. Therefore, in addition to magnetic 
parameters, engineering parameters of feed preparation, 
and, above all, particle size, are critical. The recovery of 
weakly magnetic impurities requires sufficient liberation 
of mineral grains, and the process’s optimization criteria 
are interdependent, since low magnetic susceptibility 
may be compensated by increasing the magnetic field 
induction and selecting an appropriate particle size 
range. At the same time, in most available studies, 
DHIMS parameters are considered only fragmentarily, 
without a quantitative generalization of the effects of 
magnetic field induction and particle size.

Unsolved aspects of the problem. Despite the proven 
practical efficiency of dry high-intensity magnetic sepa-
ration (DHIMS), the issue of quantitatively substantiat-
ing process parameters for tuff raw materials remains 
relevant, particularly regarding their particle size char-
acteristics and the degree of mineral grain liberation. 
One of the key factors determining the efficiency of dry 
magnetic separation is particle size, since the recovery 
of weakly magnetic impurities requires nearly complete 
grain liberation so that the magnetic forces act predomi-
nantly on the target particles. The removal of paramag-
netic impurities requires a high-intensity magnetic field, 
and the recovery efficiency increases with increasing 
magnetic field induction, which justifies the use of high-
intensity separation equipment.

At the same time, the optimization criteria of 
DHIMS are interdependent: the relatively low magnetic 
susceptibility of certain impurities can be compensated 
for by increasing the magnetic field induction, selecting 
an appropriate particle size range, and adjusting engi-
neering parameters related to feed delivery. Under such 
conditions, a mathematical description of the process 
[15], particularly in the form of distribution functions 
and regression models, is required to generalize experi-
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mental data and improve the validity of selecting 
DHIMS operating conditions for different narrow par-
ticle size classes, while also providing a basis for predict-
ing technological performance indicators [16].

Purpose of the article and research objectives. The 
purpose of this study is to establish the regularities of the 
influence of magnetic field induction and particle size 
distribution during dry high-intensity magnetic separa-
tion (DHIMS) on the efficiency of recovering the mag-
netic-bearing fraction of tuff raw material and on the 
quality of the obtained product.

To achieve this purpose, the following objectives 
were set:

-  to investigate the particle size distribution of tuff, 
both quarry-extracted and obtained by borehole hydrau-
lic mining, taking into account the weakening effect;

-  to assess the performance indicators of dry mag-
netic separation for narrow size classes under different 
values of magnetic field induction;

- to calculate distribution functions and develop re-
gression models describing the dependence of the yield/
recovery of the magnetic product on field induction;

-  to confirm the quality of the magnetic fraction 
based on chemical analysis data and to substantiate the 
feasibility of applying DHIMS in integrated tuff pro-
cessing flowsheets.

The results obtained may provide a scientific basis 
for further R&D in integrated processing of mineral raw 
materials [17].

Methods. Research material and sample preparation. 
Dry magnetic separation has specific features in both 
comminution and classification processes and in the re-
covery of valuable components, which necessitate con-
sideration of magnetic separator characteristics and the 
quality of material preparation [18]. A typical techno-
logical flowsheet for preparing tuffs for further use or 
beneficiation integrates dry separation into a closed cir-
cuit with mechanical processing operations [11].

The initial material preparation stage included crush-
ing and grinding. Since DHIMS requires feed material 
within a specified size range, dry magnetic separation 
was carried out in a closed circuit with crushing and 
screening: material that did not meet the particle size re-
quirements was returned for further size reduction [19].

Basaltic tuff from the quarry of PJSC “Rafalivskyi 
Quarry” (Rivne region, Ukraine) was used for the study. 
The research was conducted jointly with scientists from 
the Institute of Geotechnical Mechanics of the NAS of 
Ukraine (Dnipro) and the National University of Water 
and Environmental Engineering.

Particle size analysis was performed on zeolite-
smectite tuffs from the Rafalivskyi basalt quarry by 
screening 1  m3 of dumped tuff mass on a vibrating 
screen before and after crushing. Undisintegrated tuff 
and tuff subjected to several cycles of water irrigation 
were studied separately to assess the effect of disintegra-
tion on the particle size condition of the material. After 
sample preparation and particle size characterization, 
the study proceeded to laboratory-scale dry magnetic 
separation experiments to evaluate the separation be-
havior of tuff under controlled operating conditions. 
For this purpose, a dedicated experimental setup was 
used, the design and operating principle of which are 
described below.

Experimental setup and operating principle. The gen-
eral view of the laboratory setup used for dry magnetic 
separation is shown in Fig. 1.

The setup comprises a feed unit 2–4, a magnetic 
drum 5 with a drive 6, a flow separation unit with an 
adjustable splitter 7, 8, and receiving chutes for the mag-
netic and non-magnetic fractions 9, 10. Material from 
the hopper passes through the adjustable gate opening to 
the vibrating feeder, then is delivered as a uniform layer 
onto the drum shell’s working surface. Under the action 
of the magnetic field, magnetically susceptible compo-
nents are retained on the drum surface, conveyed 
through the field zone, and, after leaving it, separated 
and directed to the magnetic fraction collector. The 
non-magnetic portion of the material follows its natural 
trajectory and is discharged into the non-magnetic frac-
tion collector. A protective cover is provided to prevent 
material from being ejected from the working area.

During the experiments, the structural parameters 
of the separator and the material feed conditions were 
kept constant, while the magnetic field induction was 
used as the controlled variable. The laboratory investi-
gations were carried out in compliance with occupa-
tional safety requirements and working environment 
conditions [20, 21].

Measurements and analytical methods. The separa-
tor’s performance was evaluated based on the magnetic 
field induction at the drum shell’s surface. The magnet-
ic field induction was varied from 0 to 1.3 T. It was mon-
itored using a teslameter, in accordance with the instru-
ment manual, by measuring the maximum radial com-
ponent of magnetic induction along the circumference 
of the drum shell.

For the qualitative and quantitative elemental analysis 
of magnetic separation products, an Expert 3L X-ray flu-
orescence rapid analyzer was used, which made it possible 
to determine the elemental composition of the magnetic 
fraction and to evaluate the concentration of iron-bearing 
and associated components in the obtained product.

Data processing and modeling.The technological per-
formance of dry magnetic separation was evaluated 

Fig. 1. Laboratory setup for dry magnetic separation:
a – side view; b – front view: 1 – frame (wheel-mounted 
base); 2  –  feed hopper; 3  –  gate; 4  –  vibrating feeder; 
5  –  magnetic drum (shell); 6  –  drum drive gear motor; 
7 – flow splitter; 8 – splitter position adjustment mecha-
nism; 9 – chute for the magnetic fraction; 10 – chute for 
the non-magnetic fraction; 11 – control panel; 12 – pro-
tective cover

a b
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based on the yields of the magnetic and non-magnetic 
fractions in selected narrow particle size classes. The ef-
ficiency of DHIMS was investigated for the +0.63–2.5 
and +0.1–0.63 mm size classes at different values of 
magnetic field induction.

To generalize the experimental data, cumulative dis-
tribution functions of the magnetic product were calcu-
lated, where the distribution function qi was defined as the 
ratio of the magnetic product yield at a given induction to 
the total magnetic product yield in the sample [22].

To quantitatively describe the process regularities, 
regression models were developed to describe the de-
pendence of technological indicators, namely the yield/
recovery of the magnetic fraction, on magnetic field in-
duction across different narrow particle size classes [15]. 
Model adequacy was assessed using correlation indica-
tors and statistical significance criteria for the regression 
coefficients [23] at a confidence level of 0.95.

Results and discussion. The particle size distribution 
and lithological composition of rocks significantly influ-
ence the course of subsequent processing operations 
[24]. The study established that the largest fragments in 
the undisintegrated dumped tuff mass are 250–300 mm 
in size, accounting for 2–3 % of the total. After disinte-
gration, the maximum fragment size decreases to 
100–150 mm, while their proportion does not exceed 
5 %. These data confirm the substantial effect of disinte-
gration caused by cyclic water irrigation on the particle 
size condition of the tuff mass and its suitability for sub-
sequent crushing operations.

The particle-size distribution of tuff after borehole 
hydraulic mining differs significantly from that of quarry 
tuff and exhibits distinct characteristics depending on 
the degree of disintegration. Fig. 2 presents the particle 
size distribution, Q (mm), for quarry tuff before 1 and 
after 2 disintegration, while Fig.  3 shows the corre-
sponding relationships for tuff obtained by borehole hy-
draulic mining. In the latter case, the particle size distri-
bution was determined experimentally for 1  m3 of tuff 
deposited on the hydraulic fill map.

For the quantitative description of the obtained rela-
tionships, an analytical distribution model in the form 
of a power-law dependence was used

Q = axb,
where a, b are model coefficients; Q is particle size, mm; 
x is cumulative yield, %.

The approximation results confirm that, for quarry 
tuff both before and after disintegration, the power-law 
model adequately describes the particle size distribution 
(Fig. 2). At the same time, for the disintegrated material, 
a change in the model parameters is observed, reflecting 
a redistribution of mass toward finer fractions. For tuff 
obtained by borehole hydraulic mining (Fig. 3), the ap-
proximation is also satisfactory. However, the R2 values 
are lower than those for quarry material, consistent with 
the greater variability in particle size distribution and the 
influence of hydraulic deposition conditions.

Based on the results, a roll crusher with an adjustable 
gap between the rolls was recommended for further 
crushing, and the crushability of the initial undisinte-
grated and disintegrated tuff was also investigated.

To substantiate further ore preparation and the se-
lection of the crushing equipment type, the crushability 

of the initial undisintegrated and disintegrated tuff was 
studied using a roll crusher with a variable gap between 
the rolls. Fig. 4 shows the relationships between the par-
ticle size of crushed undisintegrated tuff γ (mm) and 
yield x (%) at roll gap settings in the range of 
Δ = 3–10 mm. Fig. 5 presents analogous results for dis-
integrated tuff under the same roll gap adjustment con-
ditions.

The analysis of the obtained relationships shows that 
variation in the roll gap significantly affects the particle 
size distribution of the crushing product: a decrease in Δ 
results in a finer product while maintaining a stable yield 
distribution. Fine fractions generated at the crushing 
stage may be regarded as a potential secondary mineral 
raw material for further technological applications [25].

The agreement between the experimental data and 
the theoretical curves (Figs. 4, 5) confirms the use of a 
power-law model to describe the particle-size distribu-
tion of the crushed material. For the quantitative de-
scription of these relationships, an analytical model in 
the form of a power function was used

g = axb,
where a, b are model coefficients; γ is the particle size of 
crushed tuff, mm; x is cumulative yield, %

The obtained results, together with the particle-size 
analysis data for quarry and hydraulically mined bore-
hole material, allow the conclusion that roll crushing is 
an expedient principal solution at the ore-preparation 
stage. In particular, the feasibility of further tuff size re-

Fig. 2. Particle size distribution of quarry tuff before (1) 
and after (2) disintegration (recalculated per 1 m3 of 
rock mass)

Fig. 3. Particle size distribution of tuff obtained by bore-
hole hydraulic mining before (1) and after (2) disin-
tegration (recalculated per 1 m³ of rock mass)
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duction in a roll mill with a 2–3 mm roll gap is substan-
tiated to prepare the material for fine classification and 
ensure optimal conditions for the maximum recovery of 
the titanomagnetite component in subsequent opera-
tions. Thus, at the ore-preparation stage for the inte-

grated utilization of tuff raw material, fine crushing in 
roll crushers, followed by reduction to a rational particle 
size, is sufficient to ensure the efficiency of subsequent 
dry magnetic separation [26].

The calculation of the technological performance 
indicators of dry magnetic separation of tuff for the ini-
tial material is presented in Table 1 (hereinafter referred 
to as Sample 1).

Based on the data presented in Table 1, the following 
features of sample crushing and subsequent magnetic 
separation can be highlighted:

1. Under the selected crushing scheme, the major 
portion of the tuff mass (63.8 %) is concentrated in the 
intermediate size class of -1.6 + 0.25 mm, whereas the 
remaining mass is distributed approximately equally be-
tween the coarse class -2.5 + 1.6 mm and the fine class 
-0.25 mm. This pattern of particle size distribution is 
consistent with the fact that tuff has a relatively low den-
sity ρ  ≈  1.3 ⋅ 103  kg/m3 and is characterized by high 
crushability.

2. In the considered narrow size classes, tuff demon-
strates a pronounced tendency to separate into magnetic 
and non-magnetic fractions. For the total feed of 
-2.5 mm, the yield of the magnetic fraction is 54.6 %, 
whereas the yield of the non-magnetic fraction is 45.4 %. 
Thus, more than half of the mass of the initial raw mate-
rial is recovered in the magnetic product, confirming the 
presence of a substantial magnetic-bearing component 
in the original material.

According to published sources, zeolite-smectite 
tuffs may contain about 49 % of a magnetic-bearing frac-
tion by sample mass, with an iron content of 35–40 % 
and a titanium content of 2.5–4.0 %. This is consistent 
with the results obtained for the second sample.

The results of magnetic separation for another tuff 
sample (hereinafter referred to as Sample 2) are present-
ed in Table 2. The calculations were performed based on 
experimental data.

As shown in Table  2 for particle size classes above 
0.1 mm, more than 80 % of the material reports to the 
magnetic product, whereas the fine class, -0.1 mm, is 
non-magnetic and reports completely to the tailings. 

Fig. 4. Dependence of the particle size of crushed undis-
integrated tuff on yield x (%) at different gaps between 
the rolls of the roll crusher:
1 – Δ = 3 mm; 2 – Δ = 10 mm

Fig. 5. Dependence of the particle size of crushed disinte-
grated tuff on yield x (%) at different gaps between the 
rolls of the roll crusher:
1 – Δ = 3 mm; 2 – Δ = 10 mm

Table 1
Results of dry magnetic separation of tuff (Sample 1) 

Size class, mm Feed yield, % Magnetic fraction, % Non-magnetic fraction, %
Yield Grade Recovery Yield Grade Recovery

-2.5 + 1.6 17.2 9.9 0.20 33.5 7.3 0.007 4.4
-1.6 + 0.25 63.8 35.3 0.00 0.0 28.5 0.000 0.0

-0.25 19.0 9.4 0.10 21.0 9.6 0.050 41.0
Total 100.0 54.6 0.04 54.6 45.4 0.010 45.4

Table 2
Yield of magnetic separation products for tuff (Sample 2)

Size class, mm Total in sample Fraction, % Yield from feed, %
Magnetic Non-magnetic Magnetic Non-magnetic

g % g % g % % %
-2.5 + 0.63 331.4 36.1 275.0 83.0 56.4 17.0 29.94 6.14
-0.63 + 0.1 208.9 22.7 175.4 84.0 33.5 16.0 19.09 3.65

-0.1 378.3 41.2 0.0 0.0 378.3 100.0 0.00 41.18
Total 918.6 100.0 450.4 – 468.2 – 49.03 50.97
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The overall product yield in Sample 2 is 49.03 % for the 
magnetic fraction and 50.97 % for the non-magnetic 
fraction. A comparison of the technological perfor-
mance indicators for the two investigated samples shows 
that the product yield ratio (magnetic/non-magnetic) is 
54.6/45.4 for Sample 1 and 49/51 for Sample 2. On av-
erage, for the two samples at a separator feed size of 
-2.5 mm, the magnetic fraction yield is 51.8 %.

Thus, the conducted studies confirm that tuff readily 
disintegrates during crushing and exhibits sufficient 
magnetic contrast for effective separation in a dry mag-
netic separator.

The magnetic properties of finely dispersed iron-
bearing phases may vary substantially depending on the 
strength and frequency of the applied magnetic field 
[27]. To generalize the results, the most efficient narrow 
particle size classes for dry magnetic separation were in-
vestigated: +0.63–2.5 and +0.1–0.63 mm.

The analysis of dry magnetic separation results 
showed that the recovery of the magnetic-bearing frac-
tion of tuff depends significantly on both magnetic field 
induction and particle size. For the coarser class 
(+0.63–2.5 mm), an increase in magnetic field induc-
tion is accompanied by a gradual decrease in the yield of 
the magnetic fraction: from maximum values at low in-
ductions to a sharp reduction at high field strengths. In 
particular, the highest product portions are recovered at 
low induction levels (0.08–0.16 T), whereas a substan-
tial decline in recovery is observed as the induction ap-
proaches 1.3 T.

For the finer class (+0.1–0.63 mm), the relationship 
is somewhat different: as induction increases to inter-
mediate values, recovery rises, reaching a maximum at 
moderate magnetic field intensities (about 0.3 T), after 
which a gradual decrease is also observed. This behavior 
indicates that the finer fraction is more sensitive to 
changes in the magnetic field intensity and may require 
a narrower operating range for efficient separation.

At high magnetic field inductions, the recovery of 
the magnetic component becomes minimal for both size 
classes, indicating practically complete separation of the 
non-magnetic portion of the material. In addition, a 
considerable share of the material that does not respond 
to the magnetic field forms a separate non-magnetic 
fraction, which confirms the presence of a significant 
silicate component in the tuff raw material.

In the experiments, the tuff samples were represent-
ed by a 645 g batch, which included the investigated par-
ticle size classes and the silicate portion. The magnetic 
field induction was varied from 0 to 1.3 T. The obtained 
results reflect the distribution of material mass among 
portions recovered at different values of B, as well as the 
non-magnetic fraction; the correctness of the calcula-
tions is confirmed by the fact that the sum of the yields 
equals the mass of the corresponding size class.

Based on the initial experimental data, the distribu-
tion function of material recovery as a function of mag-
netic field induction was calculated. The distribution 
function qi was defined as the fraction of the cumulative 
product yield up to the current induction value relative 
to the total mass of the investigated size class

= ⋅100 %,i
i

z

y
q

y

where yi is the yield of the magnetic product at a given 
induction; yz is the total yield of the magnetic product in 
the sample.

The calculation results for the +0.63–2.5 mm size 
class are presented in Table 3.

The analysis of Table 3 shows that more than 98 % of 
the material is recovered at magnetic field inductions up 
to B = 0.58 T. In contrast, a further increase in induction 
to 1.3 T recovers less than 2 % of the remaining material. 
Thus, the dependence q(B) exhibits a characteristic 
break point. Within the range up to 0.58 T, the cumula-
tive yield increases intensively and relatively uniformly, 
after which the increment becomes sharply smaller. In 
view of the presence of this break point, the use of poly-
nomial models for approximation is impractical, since 
they do not provide a physically adequate description 
over the entire interval. A linear-logarithmic relation-
ship proved to be the most suitable for practical descrip-
tion, as it gives an adequate representation within the 
range of 0–0.9 T.

Optimizing analytical model parameters is a com-
mon task in the processing of geotechnical experimental 
data [28]. The analytical model of the distribution func-
tion was expressed in the form

	 q = a + b ⋅ ln(x),	 (1)
where B is the magnetic field induction, T; q is the cu-
mulative product yield, %; a,  b are regression coeffi-
cients.

For the +0.63–2.5 mm size class, a regression model 
of form (1) was developed, for which the correlation co-
efficient was Pz = 0.97, the Fisher statistic was F = 142.7, 
and Student’s t-statistics for the regression coefficients 
were ta = 44.14 and tb = 11.95

q+0.63–2.5 = 102.16 + 26.123 ⋅ ln(x).

For the +0.1–0.63 mm size class, a regression model 
of form (1) was similarly obtained, with a correlation co-
efficient of Pz = 0.975, the Fisher statistic of F = 157.12 
and Student’s t-statistics of ta = 42.15 and tb = 12.53

q+0.1–0.63 = 101.78 + 26.94 ⋅ ln(x).

The use of regression models to describe complex 
physicochemical systems is a widely applied approach in 
predicting phase composition and material properties 
[29]. The reported statistical indicators demonstrate 
strong correlation, high model adequacy, and significant 
regression coefficients [30]. Ensuring the stability and 
reproducibility of process parameters is a key element of 
quality and risk management in industrial technologies 

Table 3
Results of the distribution function calculation

No Induction 
(B), T

Product 
yield (yi), g

Cumulative 
yield (yz), g

Distribution 
function, (qi), %

1 0.00 56.4 56.4 –
2 0.08 63.2 119.6 36.08
3 0.16 59.5 179.1 54.03
4 0.30 51.7 230.8 69.62
5 0.44 49.7 280.5 84.62
6 0.58 44.8 325.3 98.13
7 1.30 6.2 331.5 100.00
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tion also contains a substantial proportion of SiO2 
(40.15 %). This high value may be attributed to the pres-
ence of quartz and/or amorphous silica in the form of 
fine intergrowths or inclusions, as well as to the me-
chanical entrainment of the silicate component during 
separation [33], which is typical of finely dispersed sys-
tems and incomplete grain liberation [34].

The composition of the magnetic product indicates 
that it represents a complex iron-bearing concentrate 
containing both oxide and silicate phases. From a tech-
nological standpoint, this confirms that dry high-inten-
sity magnetic separation primarily concentrates the tit-
anomagnetite component while partially entraining the 
surrounding silicate matrix. Therefore, the efficiency of 
the process is strongly influenced by the degree of min-
eral grain liberation achieved during the crushing stage, 
which determines the selectivity of the subsequent mag-
netic separation.

Thus, the conducted studies confirm that tuff readily 
disintegrates during crushing and exhibits sufficient 
magnetic contrast for effective dry magnetic separation.

Further research should focus on determining the 
optimal combination of roll-crushing parameters and 
magnetic field induction for each narrow size class of 
tuff to maximize recovery of the titanomagnetite com-
ponent at minimum energy consumption. Particular at-
tention should be paid to the degree of mineral grain 
liberation after roll crushing, since incomplete libera-
tion appears to be one of the main reasons for silica 
transfer into the magnetic product. It is also advisable to 
investigate the efficiency of multistage dry high-intensi-
ty magnetic separation for the +0.63–2.5 and 
+0.1–0.63 mm classes, as well as the processing poten-
tial of the fine fraction below 0.1 mm, which was found 
to report predominantly to the non-magnetic product. 
Another practically important direction is to assess the 
metallurgical suitability of the obtained magnetic frac-
tion, particularly with respect to its Fe2O3, TiO2 and 
SiO2 contents, to substantiate possible routes for its fur-
ther pyrometallurgical or electrothermal treatment.

[31]. From a practical standpoint, it is important that 
the character of the q(B) relationships for the two inves-
tigated size classes is uniform, which should be taken 
into account when substantiating DHIMS operating 
conditions in technological flowsheets for tuff process-
ing. Similar approaches to describing separation pro-
cesses in dispersed media using mathematical modeling 
have also been applied in the analysis of hydrodynamic 
processes for the recovery of valuable components [6].

The results of calculating the distribution function for 
tuff in the +0.63–2.5 mm size class, presented as experi-
mental and calculated values of q(B), are shown in Fig. 6.

As shown in Fig.  6 and the regression analysis re-
sults, the obtained models exhibit strong correlation, 
high approximation adequacy, and statistically signifi-
cant regression coefficients. For practical applications, 
the acceptable magnetic field induction range is up to 
approximately B ≈ 0.9 T, within which the model pro-
vides an adequate description of the experimental data. 
An important feature is the uniformity of the q(B) rela-
tionships across the two investigated size classes, which 
should be taken into account when developing a tech-
nology for the integrated processing of tuff-bearing raw 
materials. Analytically, this is confirmed by the fact that 
the regression coefficients of the developed models fall 
within the same confidence interval at a significance 
level of ≤ 0.05. Such modeling provides a basis for inter-
preting experimental data and for selecting rational op-
erating parameters of dry high-intensity magnetic sepa-
ration in industrial-scale processing schemes.

To confirm the qualitative characteristics of the 
magnetic fraction, a qualitative and quantitative ele-
mental X-ray fluorescence (XRF) analysis was carried 
out using an Expert 3L rapid analyzer at Scientific and 
Manufacturing Company “PRODECOLOGIA”. The 
analysis made it possible to determine the elemental 
composition of the magnetic product and to assess the 
concentration of iron-bearing and associated compo-
nents formed during the magnetic separation process. 
The results are presented in Table 4.

The obtained chemical composition of the magnetic 
fraction is promising for subsequent pyrometallurgical 
or electrothermal processing of concentrates [32]. Ac-
cording to Table 4, the magnetic fraction shows an ele-
vated Fe2O3 content (30.89 %), consistent with the ef-
fective concentration of iron-bearing components in the 
magnetic product. At the same time, the magnetic frac-

Fig. 6. Experimental and calculated values of the distri-
bution function of tuff yield as a function of magnetic 
field induction for the +0.63–2.5 mm size class

Table 4
Qualitative and quantitative elemental analysis 

of the magnetic fraction obtained 
from tuff beneficiation (XRF)

Chemical formula Magnetic fraction, wt.%
Al2O3 11.68
MgO 5.55
SiO2 40.15
K2O 2.13
CaO 4.23

Cr2O3 0.05
Ni2O3 0.03
MnO2 0.69
Fe2O3 30.89
CuO 0.02
ZnO 0.04
TiO2 4.23
V2O5 0.23

Others 0.08
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Conclusions. The study examined the comminution 
characteristics of tuff. It confirmed its tendency toward 
intensive disintegration during crushing, which is im-
portant for achieving a rational particle-size distribution 
at the ore-preparation stage.

The presence of a magnetic-bearing component in the 
tuff was experimentally established, which substantiates 
the inclusion of dry high-intensity magnetic separation 
(DHIMS) in the technological flowsheet for the integrat-
ed processing of tuff raw material to separate the titano-
magnetite (iron-bearing) fraction of the crushed mass.

Dry magnetic classification by narrow size classes 
showed that the most promising classes in terms of 
product yield and recovery of the magnetic-bearing 
fraction are +0.63–2.5 and +0.1–0.63 mm, which 
should be regarded as priority classes for industrial ad-
justment of DHIMS operating conditions.

The results were generalized in the form of experi-
mental and regression relationships describing the vari-
ation in product yield/recovery as a function of separa-
tor magnetic field induction, which may be used to sub-
stantiate the operating induction range and to predict 
the technological performance of the process. It was 
established that more than 98 % of material recovery is 
achieved at magnetic field inductions up to B = 0.58 T. In 
contrast, a further increase in induction provides only a 
minor additional gain in recovery.

The X-ray fluorescence elemental analysis of the 
magnetic fraction, performed using the Expert 3L rapid 
analyzer, showed an elevated Fe2O3 content 
(30.89 wt.%), which is consistent with the effective con-
centration of iron-bearing components in the magnetic 
product.
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Мета. Встановити закономірності впливу індук-
ції магнітного поля та гранулометричного складу 
на технологічні показники сухої високоінтенсивної 
магнітної сепарації (DHIMS) туфової сировини та 
якість отриманого магнітного продукту.

Методика.  Дослідження проведено на лабора-
торній установці сухої магнітної сепарації. Пове-
дінку туфу вивчали у вузьких класах крупності 
+0,63–2,5 та +0,1–0,63 мм при зміні індукції маг-
нітного поля в діапазоні 0–1,3 Тл за сталих кон-
структивних параметрів установки й режиму подачі 
матеріалу. Технологічні показники визначали за 
виходом магнітної й немагнітної фракцій, розра-
хунком функцій розподілу та побудовою регресій-
них моделей. Хімічний склад продуктів визначали 
методом рентгенофлуоресцентного аналізу.

Результати.  Встановлено, що туф характеризу-
ється підвищеною магнітною сприйнятливістю 
й високою дробимістю, що створює передумови 
для ефективної сухої магнітної сепарації. Середній 
вихід магнітної фракції для двох досліджених проб 
становив 51,8 %, причому понад 98 % вилучення 
досягається при індукції магнітного поля до 
B = 0,58 Тл. Регресійні моделі демонструють висо-
кий ступінь кореляції (Pz = 0,97–0,975) у прийнят-
ному діапазоні індукції до B ≈ 0,9 Тл. Рентгенофлу-
оресцентний аналіз магнітного продукту показав 
вміст Fe2O3 – 30,89 %, що узгоджується із концен-
труванням залізовмісних компонентів у магнітній 
фракції.

Наукова новизна. Уперше виконано математич-
не моделювання процесу DHIMS туфу у вузьких 
класах крупності з визначенням функцій розподілу 
виходу продуктів магнітної сепарації залежно від 
індукції магнітного поля. Встановлені одноманіт-
ний характер залежностей для досліджених грану-
лометричних класів і статистична значущість пара-
метрів регресійних моделей (рівень значущості 
≤ 0,05). Доведено, що лінійно-логарифмічні моделі 
найкраще описують процес до індукції 0,9 Тл.

Практична значимість. Результати дозволяють 
обґрунтовано вибирати режими DHIMS для комп-
лексної переробки туфів, визначати раціональні 
класи крупності для вилучення магнітно-вмісних 
домішок і прогнозувати ефективність процесу за 
значенням індукції магнітного поля. Отримані ре-
гресійні залежності можуть бути використані при 
проєктуванні й оптимізації схем попереднього зба-
гачення туфової сировини з метою зменшення 
маси матеріалу, що надходить на подальші енерго-
ємні операції.

Ключові слова: туф, суха магнітна сепарація, ін-
дукція магнітного поля, гранулометричний склад, за-
лізовмісні мінерали, магнітна фракція
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