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Abstract: The influence of the physical, geometric and chemical properties of particles on the results of
aggregate separation by means of a laboratory ring jig is presented in this paper. The experiment was
based on separation of chalcedonite particles in a narrow particle size fraction composed separately of
regular and irregular particles, which was prepared in accordance with patent inventions. On its basis,
the geometric properties—projection diameter and (volumetric and dynamic) shape coefficients—as
well as physical properties—particle density—were determined in products of the regular and irregular
particles. The terminal settling velocities of the regular and irregular particles were calculated for a
randomly selected sample of particles in each obtained separation product. The statistical analysis
of the geometric properties of the particles allowed to evaluate the influence of these parameters
on aggregate processing with respect to selection of particles homogenous in terms of their shapes.
The comparison of the particle shapes’ influence on the chalcedonite feed separation effects was
made by the means of the values of the shape coefficients: the dynamic and volumetric ones.
Additionally, tests were carried out using Raman spectroscopy in order to determine the mechanisms
of density change in the aggregate. The research goal was realised through detecting and analysing
the polymorphic forms of the silica and allogenic minerals precipitated on the surface and inside the
chalcedonite particles.

Keywords: aggregate processing; jig; particles settling velocity; particle density; particle shape;
particle chemistry

1. Introduction

Beneficiation of raw materials is a process crucial to provide a product with the appropriate
qualitative parameters (like a useful component grade or removal of pollutants) and adequate strength
properties, as required by a customer. Ensuring such appropriate product parameters, apart from
fulfilling customers’ expectations, is significant because of the influence on the natural environment and
allows to rationally distribute materials for various branches of the economy in accordance with the
rule of optimal use. In Poland, jigging is a process used particularly for coal fines processing, mainly for
the power industry sector. In this range, various structural solutions of pulsating water jigs are used for
hard coal processing. However, in recent years, a high demand for good quality aggregates caused
the development of structural solutions for the jigs. They are mainly used to clean sand and gravel
feeds by removing the organic and mineral pollutants that occur in their composition. Mainly, the water
pulsation angle in a jig is different, which allows to differentiate the course of a pulsation cycle in a
working bed, and depends on the interval loads and quality of the products separated from them [1].
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As the papers of various authors showed, the results of the technological research on industrial
jigs confirm their usefulness in separating the sand and gravel feed, with a particle size distribution
of 16.0–2.0 mm into two products as well as organic and mineral pollutants from the extracted
aggregates [2–5]. Furthermore, various sorts of pollutants from construction debris containing concrete,
brick or gypsum also may be separated by means of jigging [6–8]. In this way, the recovery of the
required aggregates for engineering construction can be done. Moreover, the application of density
separation methods for aggregates can be more efficiently applied in the industry because of the
differentiation of the chemical and physical properties of the separation products as well as their
strength and impregnability [9–11].

On the basis of widely conducted investigations, it was stated that the appropriate selection of
technical and technological process data, such as the pulsation parameters, the intensity of the hutch
water flow as well as the properties of separated feed, the height of a layer in a working bed and the
feed characteristics (load, sand grade and density of the pollutants), allows to increase the efficiency of
pollutant separation from the aggregate [12,13]. In such a case, a very important factor affecting the
efficiency of density separation is the settling velocity of the light particles (pollutants), which depends
on both particle density and size. With a decrease in the difference between the settling velocity of
the light particles and the gravel ones, the difficulty in material density separation in a jig increases
and the range of technological parameters of the process, for which the process efficiency achieves
the acceptable level, decreases [14]. That is why it is suggested that for jigging the feed should be
prepared in narrow particle size fractions directed to the process. Only in the case when the material is
homogenous in terms of particle size, which means the elimination of particles of the same or very
similar values of settling velocity, the satisfying results of the process can be obtained [15,16].

In the case of gravitational processing that occurs in water jigs, the separation into products is done
according to a strictly determined separation feature, which is, for example, the density of the material
particles. Usually, jigging is described by means of particle density as a separation feature. However,
both particle density and their size and shape affect the effects of separation in the jig. The parameter
that combines the density, size and shape of the particles is the settling velocity. In practice, the settling
velocity of a free particle also influences the level of particle liberation in a jig working bed. It can be
said then that the settling velocity of free particles is a feature characterizing the feed irregularly in
terms of its physical properties (particle density) and geometrical ones (size and shape) during the
jigging process. It must be noted that the density of the raw rock material particles, particularly in the
case of sedimentary rocks, may vary. These processes can proceed at every stage of rock formation; that
is, during the accumulation, sedimentation and diagenesis process, and later in the catagenesis process,
for example, as a result of the migration of aqueous solutions through them. Therefore, changes in
density within the same rock can be included in the special processes that directly depend on the
deposit chemistry [17].

The terminal settling velocity of particles in jigging processes characterizes the feed directed to the
process in an unambiguous way. Taking the complex geometric properties of particles (size and shape)
as well as physical ones (particle density) into consideration allows for the calculation of the terminal
settling velocity of particles. So, this value is a complex separation feature containing three basic
particle properties inside: the density, size and shape of the particles. To calculate the settling velocity,
the relation derived on the basis of heuristic considerations can be used, given by Equation (1) [18]:

v = 5.33
√

x
√

dp

√(
k1

k2

)
(1)

where x =
ρ−ρ0
ρ0

—the reduced particle density; ρ—the particle density; ρo—the liquid density;
dp—the particle projection diameter; k1—the volumetric shape coefficient; and k2—the dynamic
shape coefficient.
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Before Formula (1)—for the calculation of the terminal settling velocity of the particles—was
derived and applied, a comprehensive overview of the literature with regard to the selection of
methodology to calculate settling velocity [18] was performed. In the majority of papers, the authors
use empirical or semi-empirical connections of the Laszczenko number, with the Reynolds number
and Archimedes number [19–28] to calculate the settling velocity. The application of these methods to
calculate the free settling velocity for the whole range of Reynolds numbers in the function of geometric
and physical properties of a particle is difficult due to the fact that the settling velocity is expressed by
the Reynolds number whose value depends on the movement velocity of a particle. Additionally, the
majority of papers concerns spherical particles. The particle drag coefficient ψz depends on both the
Reynolds number Re and particle shape: ψz = f(Re, particle shape), which, among others, results in the
dependence of settling velocity on the particle shape.

For the purposes of this paper, to calculate the drag coefficient for an irregular particle moving in
a liquid, a model of a particle with the shape of a sphere with the so-called boundary layer conditioned
by the existence of an internal liquid friction forces layer was used [29]. The drag coefficient of an
irregular particle is the function of the sphere drag coefficient and dynamic shape coefficient of a
particle related to the statistical dependence with the sphericity coefficient. The particle drag coefficient
is related to the sphere drag coefficient in the Newtonian range of Reynolds numbers by the following
dependence [30,31]:

ψp = k2 ψs (2)

where ψp—the particle drag coefficient; k2—the dynamic or Newtonian shape coefficient of a particle;
and ψs—the sphere drag coefficient.

2. Materials and Methods

The purpose of the experimental research was to investigate the possibility of mineral aggregate
processing by means of jigging as well as to determine the settling velocity of the chalcedonite sample’s
particles for the feed consisting of regular and irregular particles. The achievement of the assumed goal
will allow to determine guidelines for regulations of some working parameters of a newly constructed
prototype jig, at first at the laboratory scale and then on an industrial scale, used in the patented
technological system PL 233318B1 [32,33].

The material used in the tests was chalcedonite, which is a unique rock because of its minor
spreading. It originates from the only deposit of crystalline silica in Europe—Teofilów (Inowłódz
mine) [34,35]. Because of its chemical properties, it is practically homogenous because the silica content
in the rock is above 94%. Chalcedonite consists of mainly silicon dioxide (SiO2), which is one of
the most important rock-forming minerals in the Earth’s crust and can occur in many polymorphic
variations. These variations include quartz, tridymite and cristobalite, which occur in low-temperature
and high-temperature forms. Allogenic minerals precipitated on the surface, in pores and microcracks
of the chalcedonite, are mostly iron compounds. In nature, they most often occur as oxide minerals,
such as magnetite and hematite; in hydroxides, such as goethite and lepidocrocite; and in the form of
carbonate as siderite [36,37].

Preparation of chalcedonite aggregate was done in a technological circuit in accordance with
the patent no. PL233689 [38]. From the material that was comminuted in a jaw crusher, the particle
size fractions between 6.30 and 8.00 mm was separated on a vibratory screener and then it was
directed to another screen with a slotted sieve (with rectangular longitudinal mesh 4 mm × 30 mm).
As a result of the classification, the 6.30–8.00 mm fraction of the regular particles was obtained in the
upper product and the 6.30–8.00 mm fraction of the irregular particles was obtained in the lower
product. The evaluation of the particles’ shapes was done in accordance with the standard applicable
in aggregates production PN-EN 933–3:2012 [39], which defines regular particles as those whose length
does not exceed three times their width and thickness. It should be noted that the idea of this invention
allows to practically obtain any kind of particle size fraction starting from 2.0 mm, separately with
regard to regular and irregular particles.
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To calculate the settling velocity of the particles in the particle size fraction 6.30–8.00 mm, separation
of the chalcedonite particles was done in a laboratory ring jig. The cross section through the working
bed of a jig with numbers of layers (products of separation) is presented schematically in Figure 1.

Figure 1. A scheme of investigations for testing the regular and irregular particles in the particle size
fraction 6.3–8.0 mm in a laboratory ring jig device.

The feed of the regular and irregular particles of size 6.3–8.0 mm prepared in this way was a
narrow particle size fraction, which allowed to minimize the influence of equally settling particles
on the results of the separation. Jigging was conducted separately for regular and irregular particles.
The prepared aggregate of the chalcedonite particles was jigged. As a result of the process, four
products, the so-called layers of separation, were collected through the separation at the height of the
appropriate rings. Each layer has a thickness of 40 mm. Figure 2 shows the samples separated into
four products. The time of separation was equal to 5 min and the height of the pulsation water was
10 mm for each experiment.

Figure 2. The exemplary chalcedonite product separated into four fractions for the regular particles
(left) and irregular particles (right).

The density of a single particle was determined on a randomly selected sample of regular and
irregular particles from each separation product by the pycnometric method and the measurements of
the projection diameter and shape coefficients were made. The measurements of all the geometrical
and physical parameters were made for exactly the same particles randomly selected from the samples
of each product of separation of the regular and irregular particles.

The characteristic extreme particles from the first and fourth jig product were selected for tests
using Raman spectroscopy.
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2.1. Investigations of the Projection Diameter and Shape Coefficients of Particles

In order to calculate the surface areas, the projection diameter and dynamic shape coefficient on
the basis of a random sample of particles of each product, photos of the particles were taken by means
of a digital camera in the most stable position. Using SigmaScanPro—the computer program for the
image analysis—the values of the surface areas and perimeters of the individual particles were found.
The projection diameters (dp) were calculated and the distribution of the projection diameters was
determined by using the following equation:

dp =

√
4S
π

(3)

where dp is equal to the diameter of a circle of the surface equal to the particle projection S; and S is the
particle surface area.

By using Equation (4), the sphericity coefficients φ were determined:

φ � kc =
( C

Cz

)
s

(4)

where Cz—the perimeter of the projection surface area of a particle; and C—the perimeter of a circle
with the surface area being equal to the projection surface area of a particle.

The dynamic shape coefficient k2 was calculated from the following formula, provided by
Ganser [31]:

k2 = 101.8148(−logφ)0.5743
(5)

Heiss and Coull [22] propose determining the particle volume through the volumetric shape
coefficient k1H according to the formula:

V = k1Hd3
p (6)

In this paper, the volumetric shape coefficient k1 was found using the volumetric method based on
the measurement of the density of the individual particles from each product by means of a pycnometer
and calculating their volume. The shape coefficient k1 was calculated from the following equation:

V = k1
πdp

3

6
(7)

where dp is given in Equation (2); and V is the volume of the particle.
Figure 3a,b present an example of determining the geometrical measures for regular and irregular

particles by means of an image analysis computer program.

Figure 3. (a) Binary image (Scale bare: 10 mm) and (b) measurements of selected particle parameters.



Minerals 2020, 10, 600 6 of 17

2.2. Chalcedonite Particles’ Chemistry Examination

Raman microspectroscopy is one of the most universal techniques used in examinations of
crystalline and amorphous solids; that is, minerals, rocks, composite alloys, etc. It is a non-destructive
method provided that the appropriate intensity of excitation radiation is used. This technique allows
to determine the chemical composition, crystalline form, arrangement form and intermolecular
interactions in the investigated material. A mineral is irradiated by the monochromatic laser radiation,
due to the Raman phenomenon, and lines not occurring in the incident light appear in the diffused
light spectrum, and their number and location depend on the internal structure of the particles of the
diffusing substance stimulated to vibrate by the radiation field. Photons of the diffused light carry
information on the energies of the oscillatory matter and the rotational transitions [40].

The Raman spectrum is a dependence between the radiation intensity and its frequency, and its
measure is the so-called Raman shift. It is determined by differences in the reversal of an incident wave
and the length of a dispersed wave and is measured in cm−1. In other words, the Raman spectrum is the
oscillatory and rotational spectrum carrying information on the structure of the investigated substance.
Every material possesses a unique spectrum allowing for its identification and characterisation.

Tests were carried out using an achromatic reflective Raman spectrometer LabRAM HR UV-Vis-NIR
(200–1600 nm). The possibility to observe samples is ensured due to the use of a confocal optical
microscope Olympus BX-41. Stimulation was provided by a laser at 532 nm.

Comparing the macroscopic images from the confocal microscope presenting the chalcedonite
particles from the first and fourth jig layer, it can be stated, according to expectations, that they are not
homogeneous (Figure 4). The surface of a particle from the first layer comprises foci of iron compounds,
while the surface of a particle from the fourth layer remains white, which suggests that it is pure silica.

Figure 4. Chalcedonite particles—general view and photographs of microregions taken using a confocal
optical microscope Olympus BX-41.

3. Results and Discussion

3.1. Analysis of the Geometric and Physical Properties

On the basis of the image analysis of a randomly selected sample of regular and irregular particles
from each product, the histograms of the distributions of the projection diameter (Figure 5) and ratio
between the shape coefficients (Figure 6) were calculated and plotted. By means of the Statistica
computer program, for each histogram, the statistical density function was matched to a certain product
of regular and irregular particles. The investigations of other authors indicate that the distributions of



Minerals 2020, 10, 600 7 of 17

the shape coefficients are distributions of a gamma type [41,42]. For this reason, the Weibull distribution
function was selected and matched to the histograms [43]. The histograms of a projection diameter
were also described by means of the Weibull distribution function.

Figure 5. Histograms of the distribution of the projection diameter of the regular and irregular particles
separated into four products.
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Figure 6. Histograms of the distribution of the ratio between the shape coefficients k1/k2 in products of
separation of the regular and irregular particles separated into four products.
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Despite the fact that investigations of the jigging process were conducted with a narrow particle
size fraction, it is visible that differentiation in the particle projection diameter distribution occurs
for regular and irregular particles. Right-side asymmetry is observed with prevalence of particles
from the finer range of the already narrow particle size distribution. It is shown by means of the
projection diameter values. This tendency can be observed for particles in the third product selected
from the jig. Thus, despite the prepared homogenous narrow particle size fraction for jigging, it can be
said that the feed was characterized by heterogeneity of the particle size considering the distribution
of the geometrical properties represented by the projection diameter. The values of the standard
deviation around mean values for the histograms, calculated and shown in Table 1, are characterized
by higher values for irregular particles apart from the first product. It proves that there was higher
heterogeneity considering the geometrical property—granulation in comparison with values of the
standard deviation for regular particles. The values of the standard deviations for particle density
do not differ significantly in the range of analyzed products of chalcedonite particles. Furthermore,
the histograms for showing the distribution of the dynamic and volumetric shape coefficients for the
regular and irregular particles of a chalcedonite sample in the jigging products were drawn. It allowed
to state that the values of the coefficient k2 are characterized by higher values in comparison with the
values of coefficient k1, and the values of the standard deviation are also higher for the dynamic shape
coefficient values within the products. It allows to observe that the characteristics of the material used
in the experiment was more heterogeneous in terms of shape in relation to the dynamic coefficient.
Growth of the dynamic shape coefficient k2 and decreasing of the volumetric coefficient k1 proved that
the level of particle irregularity is higher [44]. For the purpose of this paper, the histograms of the
distribution of the ratios between the shape coefficients were drawn (Figure 6) because, according to
Formula (1), they are part of the terminal settling velocity of the particles. In this case, the values of
the standard deviations around the mean values remained on a constant level in both cases; that is,
for the regular and irregular particles, respectively, in the products. It can be said, then, that from
the point of view of hydrodynamic resistances, which occur in a working bed during the movement
of particles in a jig, a greater role is played by the particles’ dynamic shape coefficient because of
higher heterogeneity. The ratio of the shape coefficients has a lower influence on particle dissection
in the case of the analysed narrow particle fraction. The light products—that is, the third and fourth
products—are characterized by lower heterogeneity in terms of the volumetric coefficient in the case of
regular and irregular particles, and the dynamic coefficient in the case of regular particles.

Table 1. Comparison of the standard deviation from the mean values for all the calculated variables.

Regular Particles Irregular Particles

No. of product dp k1 k2 k1/k2 ρ dp k1 k2 k1/k2 ρ

I 0.988 0.131 1.812 0.052 0.110 0.874 0.097 0.972 0.035 0.116
II 0.906 0.115 1.236 0.054 0.152 1.284 0.117 0.642 0.044 0.119
III 1.289 0.123 0.790 0.056 0.090 1.118 0.079 0.829 0.030 0.167
IV 0.482 0.096 0.584 0.042 0.173 1.181 0.081 0.948 0.038 0.158

The mean values of the shape coefficients k1 and k2 are shown in Table 2. The values of these
coefficients for regular particles are higher compared to the irregular particles (except k2 for product
IV). The ratio between the mean values of k1 and k2 for the regular particles is also higher than for the
irregular ones. Because of that, using Equation (1) to calculate the settling velocity for regular particles
gave higher values.
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Table 2. Juxtaposition of the mean values of the shape coefficients.

Regular Particles Irregular Particles

Product k1 k2 k1/k2 k1 k2 k1/k2

I 0.364 3.728 0.098 0.210 3.095 0.068
II 0.369 3.613 0.102 0.225 3.220 0.070
III 0.350 3.512 0.100 0.191 3.336 0.057
IV 0.454 3.093 0.147 0.208 3.349 0.062

Total mean 0.384 3.486 0.110 0.208 3.250 0.064

Figure 7 shows the distribution of the mean particle density in the products after processing.
The biggest differences in values are observed for particles in the first and third product, which
beneficially affects the particle separation in accordance with differences in their densities. Particles of
the first product—the heaviest product—are characterized by the highest densities for both regular
and irregular particles. The differences in values of their densities are also the biggest. This fact
is confirmed also by lithologic research of the layers in which it was observed that the color of the
particles in the samples of the first product, for both the regular and irregular particles, is darker.
This proves that they contain more compounds of iron oxides. These differences can also be observed
in Figure 2. On the other hand, in the fourth product, theoretically the lightest one according to the
rule of density separation in a jig, a slight growth in density occurs in comparison to the third one.
This is important information, showing that there is a possibility of regulation by means of height of
layers during the operation of a jig prototype working in the laboratory and at industrial scales. In this
case, knowing the thickness of the first layer in the first ring, to obtain the product (aggregate) of the
biggest density, the bed layer should be cut at a height of about 40 mm.

Figure 7. Distribution of the mean particle density in the jigging products.

Figure 8 presents the calculated mean values of the settling velocities for the regular and irregular
particles during the jigging process for the separation products. They were calculated by Formula (1).
Differentiation in the settling velocities of the regular and irregular particles can be observed, while the
biggest differences in the mean settling velocity occurred in the fourth product. The influence of the
particles’ shape on their settling velocity, related to a smaller, medium movement resistance, is most
likely manifested in the case of regular particles [29,45].
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Figure 8. The relation between the settling velocity of particles for the separation products.

For the fourth product, the mean density of the regular and irregular particles is identical (Figure 7),
but in this case, the value k1/k2 for the regular particles (0.147—Table 2) exceeds this value compared to
the irregular particles (0.062—Table 2) by about 2.4 times. The value of the mean projective diameter
of the regular particles is equal to 9.77 mm and for irregular ones 10.45 mm, and this causes the
differences in the settling velocities occurring from the differentiation of the geometrical properties
(shape coefficients and particle diameter). This mechanism can be additionally explained on the basis
of consideration, which showed that “sphere-like” particles move with a different velocity than the
“disk-like” particles, which are irregular chalcedonite particles [16]. It is caused mainly by the balance
of forces acting on a particle having the same volume but different shapes.

3.2. Analysis of the Chalcedonite Particles’ Surface Chemistry

In the Raman method, spectra of the investigated materials are compared with model spectra,
specifying the values of the wavenumbers (that is, the Raman shifts) characteristic of a given material
and its variation. Table 3 presents the model positions of the peaks, characteristic of minerals from the
SiO2 group (quartz, tridymite and cristobalite) and of the most frequently occurring iron compounds:
oxides (magnetite and hematite) and hydroxides (goethite and lepidocrocite). Due to the mechanism
of Fe ion transfer, the possibility of precipitation of siderites as deposits was also taken into account.
Peaks with the highest intensity are marked by underlining [46].

Table 3. Values of Raman shifts defined as diagnostic for the given minerals.

Mineral Values of Raman Shifts (cm−1)

quartz 127 206 464 - - -
cristobalite 114 230 420 - - -
tridymite 210 304 349 431 799 1073

hematite Fe2O3 225 245 290–300 412 - -
magnetite FeO. Fe2O3 310 540 670

goethite αFeOOH 244 299 385 480 548 681
lepidocrocite γFeOOH 250 348 379 528 650 -

siderite FeCO3 184 287 731 1090 - -

The SpectraGryf software was used to determine the shift values. The conducted comparison
analysis of the Raman spectra with the model shift values demonstrated that silicon dioxide is the
basic component of both particles, whereby the spectrum of chalcedonite IV is significantly easier to
obtain from a diagnostic point of view. The identification of polymorphic variation was performed by
comparing the recorded shifts in its Raman spectrum (Table 4) with the model spectra of the separate
silica variations (Table 3). The Raman spectrum of the chalcedonite sample from the fourth jig product
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presented in Figure 9 demonstrates the maxima for the following wavenumbers: 127.6, 207.2 and
464.1 cm−1. The identical values of the wavenumbers specifying the location of the peaks can be
determined in the quartz model spectrum (Table 3). Thus, chalcedonite (non-transformed) possesses
the structure of pure quartz. There is also a possibility of small amounts of tridimite; however, not
all types of shifts occur, and peaks from the higher range can overlap with the diagnostic siderite at
1090 cm−1. The samples’ fluorescence may suggest the presence of opal intrusions.

Table 4. Raman shifts obtained as a result of irradiation of the chalcedonite samples.

Values of Raman Shifts (cm−1)

Fourth product First product

127.6 127.0
207.2 206.3
353.9 385.8
464.1 464.3
675.7 675.8
804.8 796.7
913.6 958.6

1085.8 1083.0

Figure 9. The Raman spectrum obtained during irradiation of the chalcedonite samples from the first
and fourth jig product.

Factors acting on the surface of the Earth—free atmospheric oxygen, carbon dioxide, water and
the organic world—cause multiple changes in mineral mass. Dissolution of deposits is a long-term
process, but is of much importance, because it leads to chemical metamorphoses of crystallites, creation
of mineral mixtures (solid solutions) and displacement of mineral mass. If dissolution of minerals
occurs as a result of the action of water alone, then the dissolution processes are described by the
product of these compounds’ solubility. Dissolution occurs for as long as the concentration of the ions
created as a result of the dissolution does not exceed the product of the solubility. In the case of SiO2,
the reaction with water assumes the following form:

SiO2 (quartz) + 2H2O = H4SiO4 (silicic acid)

and the amount of the created silicic acid in water is equal to [47]:

[H4SiO4] = K [SiO2] [H2O2] ≈ 2 × 10−4 kmol/m3
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These processes cause an increase in the surface reactivity and ion exchanges at the boundary of the
phases of a solid and migrating solution. The degree of surface transformation causes the development
of open porosity, structure loosening and consequently increasing penetration of migrating solutions.

Solutions migrating through a mineral mass are never pure water as, depending on their origin,
they contain dissolved ions. The chemical composition of these solutions is varied, but iron occurs
in the majority of them. The majority of iron cations is transported in a reduced form as carbonates.
They are subjected to transformations into different mineral forms on the surface [37].

According to the same method, Raman spectra for chalcedonite from the first jig product were
compared (Figure 10). The occurrence of small local maxima coming from the quartz structure was found
in the spectrum of the transformed chalcedonite; however, the whole reveals the form characteristic
of states with low structural arrangement (amorphous forms). Catalytic oxidation of iron oxides on
microcristallites of chalcedonite is the result of chemical reactions often supported by microbiological
processes, which cause precipitation of the hydrated iron (III) oxides and hydroxides [48].

Figure 10. The Raman spectrum obtained during the irradiation of a chalcedonite sample from the first
jig product with shift values.

Oxides and hydroxides mutually coagulate and precipitate in the form of goethite gel and
goethite–hematite gel. Thus, the identification of separate mineral structures is very difficult. However,
a shift in the wave range of 385.8 cm−1, which corresponds to the diagnostic shift with the highest
intensity for goethite, was observed. Mineral gel tightly fills the pores and voids, merging with the
silica matrix; therefore, an increase in density of the transformed chalcedonite occurs. Goethite has an
average density of 4.2 g/cm3, and hematite 5.0 g/cm3, while for silica it is 2.65 g/cm3. This fact allows
the separation of chalcedonite into density fractions to occur.

Similarly, as in a chalcedonite particle from the fourth layer, a small peak in the range of 1083 cm−1

was observed, which suggested the presence of trace amounts of siderite (diagnostic peak 1090 cm−1)
or tridymite (1073 cm−1); most likely both occur, causing peak overlapping and blurring.

4. Conclusions

The presented results of the investigation concerning beneficiation of chalcedonite separated in a jig
demonstrated the possibilities to use this process to separate particles in industrial conditions provided
that the applied processing methods are based on patented inventions PL233689 and PL23318B1,
which allow to prepare the material for the beneficiation process in the appropriate way. The most
important element of the system is preparation of the material by separating it into narrow particle
fractions (the narrower, the more beneficial). Then these fractions should be separated according
to their shape, namely, the regular and irregular particles. For this purpose, special screens and
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screening systems can be used. The applied laboratory ring jig allowed to observe the phenomenon
of particle segregation according to layers, which indicates the possibility to regulate the height of
the layers during the operation of the jig prototype, working at both the laboratory and industrial
scales. Despite observations that the mean values of density in the fourth product for the regular
and irregular particles were observed at very similar levels, the settling velocity in this product is
the most differentiated. If the mixture of such particles is separated in a jig, then the separation
would occur because of differences in the settling velocity. Here, the influence of the particles’ shapes
on the effects of chalcedonite separation by means of gravitational methods appears. In addition,
exogenous iron compounds cause a chemical change in chalcedonite density and support the possibility
of gravitational separation.

The analysis of the results of the investigation presented in the paper on an example of chalcedonite
particles is an incentive to conduct further research on the beneficiation of other aggregates by means
of the pulsation method in an aqueous solution. The application of separation operations in jigs for
regular and irregular particles creates the possibility to obtain aggregates of high quality and with
a homogenous particle shape in the case when pre-classification—that is, the initial separation of
material into regular and irregular particles—is used. The effects of such a beneficiation process can be
significant for the economy. For example, separation of particles in samples of the first product for
both regular and irregular particles with higher densities, which are simultaneously darker because of
the content of more compounds of iron oxides, can be used in civil engineering, for example in thermal
insulation. Because the maximum thermal energy depends directly on the material density, then both
the regular and irregular particles from the first jigging product remain warm for a longer period
of time (lower thermal power is emitted) and emit more energy during a certain time of exposure.
The beneficiated aggregates from the higher jig layers, especially with irregular particles and having
a lower density, higher porosity and larger specific surface, can be used in water engineering as
filtration grits for water purification or in agriculture as the substratum for plants. The microstructure
(shape and surface preference) decides, among others, the effects of adsorption on the particle surface.
The development of external layer surfaces, projection surfaces, the appearance of microcracks and
roughness causes the preferences of deposit precipitation. Therefore, chalcedonite deposits, especially
those with irregular particles, can be used as oxidation filtering deposits.

5. Patents

Two patents granted in Poland were utilized in the paper:
Author: Gawenda, T. Title: Układ urządzeń do produkcji kruszyw foremnych, AGH w Krakowie.

Patent No. PL233689 granted on 8 July 2019.
Authors: Gawenda, T., Saramak, D., Naziemiec, Z. Title: Układ urządzeń do produkcji kruszyw oraz

sposób produkcji kruszyw. AGH w Krakowie, Patent No. PL 233318B1 granted on 7 June 2019.
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