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Abstract. The paper presents a mathematical approach to solving an applied problem,
namely determining the content of metal-containing impurities in the building industry.
An example involving the magnetic control of a quartz sand sample is considered.
The results are presented graphically and additionally processed in semi-logarithmic
coordinates. Using the proposed method, the total mass of impurities in the sample
was calculated, as well as the mass removed during a limited number of operations for
extracting metal impurities, and the consistency of the control was assessed.
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1 Introduction

In various raw materials used for construction materials and products (for example, quartz
sand, ground talc, dolomite, feldspar, etc.), the presence of impurities of iron and its com-
pounds is inevitable. Therefore, high-gradient magnetic separation [2,8,10,11,13,14,17–19,21,
22], including dry-type separation [17–19], is required at industrial sites. These impurities can
be introduced into raw materials at various stages: during production (referred to as impuri-
ties of natural origin) or during transportation and processing (i.e., impurities of man-made
origin). They lead to a decrease in the quality of raw materials; for example, in quartz sand,
they reduce the translucency of sheet window glass, while in ceramic products, they cause
defective inclusions. Such products are either disposed of, adding to landfills and polluting
the environment, or attempts are made to restore them (to save raw materials), which in-
creases energy consumption and reduces the safety and reliability of technological processes
and equipment. For example, the use of low-quality potash feldspar (often containing impu-
rities such as hematite, magnetite, white mica, and others) may adversely affect the whiteness,
dielectric properties, transparency, and chemical stability of feldspar-based products [7, 20].
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In the ceramics, glass, and other construction-related industries, great attention is paid to
diagnosing the quality of raw materials of natural origin. One of the key parameters in media
quality control is the content of metal impurities. Even in the grading of many materials,
this parameter must be specified. The study of particle size distribution and the magnetic
properties of such impurities is conducted worldwide [1, 3–6, 9, 15, 16]. This is because it is
important to obtain not only statistical information about the particles in a particular sample
but also a practical understanding of appropriate methods for monitoring their content and
extraction.

Since impurities generally possess magnetic properties, one of the preferred methods for
their detection is magnetic control, which requires multiple extraction operations using per-
manent magnets or electromagnets. Moreover, it is advisable not to simply sum the extracted
masses of impurities but to record each extraction at every magnetic control operation [13].

This article includes sections such as Results, where experimental characteristics of mag-
netic control are described and numerical results are obtained; Discussions, which considers
parameters characterizing the quality of the process; and Conclusions, which summarizes the
main calculated parameters, particularly the total mass of impurities and the degree of sam-
pling.

2 Results

Figure 1a shows the mass-operational characteristics of magnetic control for impurities in one
of these construction materials, with a number of operations exceeding standard requirements.
It can be seen that the characteristic is asymptotically decreasing, which means it is practically
impossible to achieve complete extraction of magnetic impurities. However, the true content
of impurities can be determined mathematically. The solution to this problem involves an
approach that assumes a functional description of the dependence of the mass m of impurities
on the n-th operation. One effective step to establish the regularity of the obtained empirical
dependence of m on n is its graphical illustration in semi-logarithmic coordinates (Fig. 1b).
In this case, the quasi-linearization of the approximation is confirmed, indicating that an
exponential form of the dependence m(n) is valid [13, 20]:

m = A · e−kn, (2.1)

where A is the function coefficient, individual for each case of magnetic control (condi-
tionally, at n = 0, m = A);
k is the function coefficient, individual for each case of magnetic control, depending on the
slope of the approximating segment (Fig. 1b).

Figure 2.1: Graphical representation of the magnetic control of the quartz sand sample obtain-
ing the poly-operational dependence of the mass m(n) of ferrous impurities extracted from
the sample: (a) in Cartesian coordinates; (b) in coordinates with logarithmic ordinate axis.

To determine the parameters A and k, it is necessary to solve a system of two equations
based on formula (1), using two pairs of m(n) values selected from the approximating trend
(according to the program, the approximation reliability value is 0.98). Thus, it becomes
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possible to determine any current value for n, including, importantly, values outside the actual
experiment using extrapolation.

However, it is also important to determine the total mass of impurities in the sample (up
to infinity). It is worth noting that in this application, the dependence is discrete (valid for the
natural series of numbers 1, 2, 3, ...), where m1 = A · e−k, m2 = A · e−2k, m3 = A · e−3k, and so
on. This allows it to be represented as a decreasing geometric progression, with the common
ratio found as:

q = mn/mn−1 = exp(−k). (2.2)

Therefore, knowing m1 (as the first term of the progression) and the common ratio q, it
is possible to determine the sum of an infinite number of terms the total potential sediment
mass m1,··· ,∞:

m1...∞ =
∞

∑
n=1

mn =
m1

1 − q
=

A
ek − 1

. (2.3)

It is also possible to determine the mass of extracted impurities for a limited number of
control operations (formula 4) and the degree of sampling (formula 5):

m1...n =
m1 − mnq

1 − q
=

(
1 − e−nk)

ek − 1
, (2.4)

ψ1...n =
m1...n

m1...∞
= 1 − e−nk. (2.5)

The following results were obtained from the magnetic inspection shown in Fig. 1:

1. The general form of the approximating function is expressed as m = 60.67 exp(−0.135n).

2. The total (potential) sediment mass is m1,··· ,∞ = 419.72 mg.

3. The mass of extracted impurities after three (minimally acceptable) and ten (actually
performed) operations is m1,··· ,3 = 139.78 mg and m1,··· ,10 = 310.94 mg, respectively.

3 Discussions

Thus, with different numbers of control iterations (in other words, levels of thoroughness),
the researcher obtains different data on the degree of sampling of impurities relative to their
potential total mass in the sample. For example, after three operations, the degree of sampling
is only ψ = 0.33, while after ten operations it increases to ψ = 0.74.

The results of magnetic control can also be evaluated by another parameter, often used in
metrology, which characterizes process quality: the relative control error, usually calculated
as

ε =
m1...∞ − m1...n

m1...∞
· 100%. (3.1)

Thus, with n = 3 operations, the error is ε = 67%, and with n = 10 operations, ε = 26%.
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4 Conclusions

A mathematical approach was developed to solve applied tasks in the quality control of raw
materials such as quartz sand, ground talc, dolomite, and others. An example of magnetic
control of a quartz sand sample was considered. The results were presented graphically,
with an exponential dependence obtained in semi-logarithmic coordinates. According to the
proposed method, the mass of impurities in the sample was calculated: the total mass equals
m1,··· ,∞ = 419.72 mg; the mass for a limited number of operations was m1,··· ,3 = 139.78 mg
(degree of sampling ψ = 0.33) and m1,··· ,10 = 310.94 mg (degree of sampling ψ = 0.74).

Declarations

Availability of data and materials

Data sharing not applicable to this article.

Funding

Not applicable.

Authors’ contributions

All authors contributed equally to this work.

Conflict of interest

The authors have no conflicts of interest to declare.

Acknowledgements

This research was supported by the Ministry of Science and Higher Education of the Russian
Federation, project FSFZ-2024-0005.

References

[1] A.K. Agarwal, J. Bijwe, L.M. Das, Wear assessment in a biodiesel fueled com-
pression ignition engine, J. Eng. Gas Turbines Power, 125 (2003), 820–826.
https://doi.org/10.1115/1.1501079

[2] E. Bringas, J. Saiz, I. Ortiz, Removal of As(V) from groundwater using functionalized mag-
netic adsorbent materials: Effect of competing ions, Sep. Purif. Technol., 156 (2015), 699–707.
https://doi.org/10.1016/j.seppur.2015.10.068

[3] M.P. Cuerva, A.C. Gonçalves, M.C.F. Albuquerque, F.R. Chavarette, R. Outa, E.F.
Almeida, Analysis of the influence of contamination in lubricant by biodiesel in a pin-on-
disk equipment, Mater. Res., 25 (2022), e20210375. https://doi.org/10.1590/1980-5373-MR-
2021-0375

https://doi.org/10.1115/1.1501079
https://doi.org/10.1016/j.seppur.2015.10.068
https://doi.org/10.1590/1980-5373-MR-2021-0375
https://doi.org/10.1590/1980-5373-MR-2021-0375


mass-operational characteristics in the tasks of quality control 29

[4] Y. Gao, M. Olivas-Martinez, H.Y. Sohn, H.G. Kim, C.W. Kim, Upgrading of low-grade
manganese ore by selective reduction of iron oxide and magnetic separation, Metall. Mater. Trans.
B, 43(6) (2012), 1465–1475. https://doi.org/10.1007/s11663-012-9731-6

[5] A.C. Goncalves, F.R. Chavarette, R. Outa, L.H.A. Godoi, Assistance of analytical ferrog-
raphy in the interpretation of wear test results carried out with biolubricants, Tribol. Int., 197
(2024), 109758. https://doi.org/10.1016/j.triboint.2024.109758

[6] R. Jia, B. Ma, C. Zheng, L. Wang, X. Ba, Q. Du, K. Wang, Magnetic properties of ferromag-
netic particles under alternating magnetic fields: Focus on particle detection sensor applications,
Sensors, 18(12) (2018), 4144. https://doi.org/10.3390/s18124144

[7] S.K. Jena, N. Dash, A.K. Samal, P.K. Misra, Competency of chlorination roasting coupled
water leaching process for potash recovery from K-feldspar: Mechanism and kinetics aspects,
Korean J. Chem. Eng., 36 (2019), 2060–2073. https://doi.org/10.1007/s11814-019-0393-
9

[8] Z. Kheshti, K. Azodi Ghajar, A. Altaee, M.R. Kheshti, High-gradient magnetic separa-
tor (HGMS) combined with adsorption for nitrate removal from aqueous solution, Sep. Purif.
Technol., 212 (2019), 650–659. https://doi.org/10.1016/j.seppur.2018.11.080

[9] X. Liu, J. Wang, K. Sun, L. Cheng, M. Wu, X. Wang, Semantic segmentation of fer-
rography images for automatic wear particle analysis, Eng. Fail. Anal., 122 (2021), 105268.
https://doi.org/10.1016/j.engfailanal.2021.105268

[10] J. Lu, Z. Yuan, N. Wang, S. Liu, Q. Meng, J. Liu, Selective surface magnetization of
pentlandite with magnetite and magnetic separation, Powder Technol., 317 (2017), 162–170.
https://doi.org/10.1016/j.powtec.2017.04.031

[11] A. Merino-Martos, J. de Vicente, L. Cruz-Pizarro, I. de Vicente, Setting up high gra-
dient magnetic separation for combating eutrophication of inland waters, J. Hazard. Mater., 186
(2011), 2068–2074. https://doi.org/10.1016/j.jhazmat.2010.12.118

[12] Patent RF 93305. Sandulyak A.A., Polismakova M.N., Svistunov D.A., et al, Ustrojstvo
dlya opredeleniya soderzhaniya v tekuchej srede magnitovospriimchivyh primesej (varianty), 2010.
(in Russ.)

[13] A.V. Sandulyak, A.A. Sandulyak, D.V. Ershov, D.A. Sandulyak, V.A. Ershova, Mag-
netic separation of raw materials for glass and ceramic production: Problems of ferruginous im-
purity control (review), Glass Ceram., 69 (2012), 208–213. https://doi.org/10.1007/s10717-
012-9448-7

[14] S. Singh, H. Sahoo, S. Rath, A.K. Sahu, B. Das, Recovery of iron minerals from In-
dian iron ore slimes using colloidal magnetic coating, Powder Technol., 269 (2015), 38–45.
https://doi.org/10.1016/j.powtec.2014.08.065

[15] N. Tandon, A. Parey, Condition monitoring of rotary machines, in: Condition Monitoring
and Control for Intelligent Manufacturing, Springer Series in Advanced Manufacturing,
5 (2006), 109–136. https://doi.org/10.1007/1-84628-269-1-5

[16] P. Toneguzzo, G. Viau, F. Fiévet, Monodisperse ferromagnetic metal particles: Synthesis by
chemical routes, size control and magnetic characterizations, Handbook Adv. Magn. Mater.,
37(19) (2006), 1193–1242. https://doi.org/10.1007/1-4020-7984-2-29

https://doi.org/10.1007/s11663-012-9731-6
https://doi.org/10.1016/j.triboint.2024.109758
https://doi.org/10.3390/s18124144
https://doi.org/10.1007/s11814-019-0393-9
https://doi.org/10.1007/s11814-019-0393-9
https://doi.org/10.1016/j.seppur.2018.11.080
https://doi.org/10.1016/j.engfailanal.2021.105268
https://doi.org/10.1016/j.powtec.2017.04.031
https://doi.org/10.1016/j.jhazmat.2010.12.118
https://doi.org/10.1007/s10717-012-9448-7
https://doi.org/10.1007/s10717-012-9448-7
https://doi.org/10.1016/j.powtec.2014.08.065
https://doi.org/10.1007/1-84628-269-1-5
https://doi.org/10.1007/1-4020-7984-2-29


30 D. A. Sandulyak, A. A. Sandulyak, M. N. Polismakova, A. V. Sandulyak, N. V. Solovev

[17] S.K. Tripathy, V. Singh, Y.R. Murthy, P.K. Banerjee, N. Suresh, Influence of process
parameters of dry high intensity magnetic separators on separation of hematite, Int. J. Miner.
Process., 160 (2017), 16–31. https://doi.org/10.1016/j.minpro.2017.01.007

[18] S.K. Tripathy, P.K. Banerjee, N. Suresh, Y.R. Murthy, V. Singh, Dry high-intensity mag-
netic separation in mineral industrya review of present status and future prospects, Min. Proc.
Ext. Met. Rev., 38 (2017), 339–365. https://doi.org/10.1080/08827508.2017.1323743

[19] S.K. Tripathy, P.K. Banerjee, N. Suresh, Separation analysis of dry high intensity induced roll
magnetic separator for concentration of hematite fines, Powder Technol., 264 (2014), 527–535.
https://doi.org/10.1016/j.powtec.2014.05.065

[20] J. Xu, J. Chen, X. Ren, T. Xiong, K. Liu, S. Song, A novel dry vibrating HGMS
separator for purification of potash feldspar ore, Sep. Sci. Technol., 3 (2022), 484–491.
https://doi.org/10.1080/01496395.2021.1900250

[21] C. Yang, S. Li, C. Zhang, J. Bai, Z. Guo, Application of superconducting high gradient
magnetic separation technology on silica extraction from iron ore beneficiation tailings, Min.
Proc. Ext. Met. Rev., 39 (2018), 44–49. https://doi.org/10.1016/j.jhazmat.2017.09.007

[22] L. Chen, Z. Qian, S. Wen, S. Huang, High-gradient magnetic separation of ul-
trafine particles with rod matrix, Min. Proc. Ext. Met. Rev., 34 (2013), 340–347.
https://doi.org/10.1080/08827508.2012.695304

https://doi.org/10.1016/j.minpro.2017.01.007
https://doi.org/10.1080/08827508.2017.1323743
https://doi.org/10.1016/j.powtec.2014.05.065
https://doi.org/10.1080/01496395.2021.1900250
https://doi.org/10.1016/j.jhazmat.2017.09.007
https://doi.org/10.1080/08827508.2012.695304

	Introduction
	Results
	Discussions
	Conclusions

