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ABSTRACT

The fused deposition modeling (FDM) technique produces function models of various
thermoplastic polymers and is one of the most commonly utilized additive manufacturing (AM)
technologies. The purpose of this research is to study how combining infill pattern (CIP) and
printing orientation affects tensile characteristics and building time. Polylactic acid (PLA) was
chosen as a material for the specimen's fabrication. The print orientations were the on-long-edge
and flat orientations. Because the product is built along the z-axis, the short-edge (up-right)
orientation was not considered, resulting in minimal strength. The combinations of the infill
patterns called Concentric, Cross, Triangle, Zigzag, Rectilinear, Cubic, Honeycomb, and Grid were
investigated with 70% infill density and 0.15 mm layer thickness with a layer-by-layer strategy. The
result indicates that the printing orientation significantly affected the tensile strength, especially
in CIP specimens. The on-long edge orientation of the CIP specimen had higher tensile strength.
The specimen Concentric/Triangle has the highest tensile strength in flat and on-long edge
orientations of 30 MPa and 33 MPa, respectively. Still, the building time in flat orientation was
long (25 min.) while the printing time in on-long orientation was short (29 min.). The
honeycomb/Triangle combination represents lower tensile strength in both orientations of 19
MPa for flat and 20 MPa for on-long edge, but the building time in both orientations was long (14
min and 35 min, respectively). As a result, the specimen with the CIP has greater tensile strength
than the single-infill pattern specimen. It was additionally found that when the Triangular pattern
was combined with other patterns, the tensile strength of those patterns improved. CIP specimens
built in an on-edge orientation had a higher tensile strength than those built in a flat orientation.
In the triangle infill pattern, when combined with other patterns, the tensile strength of some
samples enhanced while the others improved, while others decreased.

Keywords: Fused deposition modeling (FDM), additive manufacturing (AM), Polylactic acid (PLA),
layer-by-layer, printing orientation, Combined infill patterns (CIP), build orientation.
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Introduction

product’s application [2]. The main disadvantage of
these techniques is their longer production time and

The additive manufacturing (AM) techniques are
known as three-dimensional printing (3DP)
technology. This method produces 3D objects with
lightweight and complicated structures [1]. 3D
printers have been used in various applications in
recent years such as architectural configurations,
prototype manufacturing, and medical applications.
The AM techniques include FDM, digital light
processing, laminated object manufacturing, and
stereo lithography which depend on the material’s
types, the production tolerances, and the

low part strength compared to other traditional
manufacturing techniques. That is why they cannot
be used for mass production. FDM technology is one
of the greenest and most economical 3D printing
processes since it produces functional prototypes
that use different thermoplastic filaments as a
starting material [3]. There are various types of
thermoplastic filaments such as Acrylonitrile
Butadiene Styrene (ABS), Polylactic acid (PLA),
Nylon, Thermoplastic elastomer (TPE), High-Impact
Polystyrene (HIPS), polypropylene (PP), and other
thermoplastic polymer materials are available for
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FDM method for different purposes. These filaments
have been used as synthetic polymer components
due to their processability, mechanical flexibility,
physicochemical capabilities, and ability to
withstand significant deformations [4]. In this way,
the filaments are heated in the nozzle and are then
dispensed on the printing plate layer-by-layer to
produce the desired 3D structure [5]. This enables
the manufacturing of complex products that are
difficult to be modeled by subtractive processes.
Such techniques are now used in industries to
shorten the time and cost involved in product
development [[6], [7]]. However, the FDM draws
some significant disadvantages including poor
mechanical qualities, surface finish, and inferior
dimensional quality [8]. The quality of the product is
attributed to process parameters such as layer
thickness, infill pattern, infill density, nozzle
temperature, build orientation, print speed, and
raster angle [9]. Notably, various works studied the
FDM specimen properties in association with the
parameters of the printing process [10]. Chacon et
al. investigated the impact of layer thickness,
building orientations, and rate of feed on the PLA
specimens’ tensile strength with the FDM process
[11]. They found that as the layer thickness of the
specimen decreased, the resulting strength
increased, while the strength varied significantly for
the sample with a flat orientation. In addition,
Durgun et al. explored the improvement of
production cost and mechanical properties for the
FDM process [12]. It had been concluded that the
build orientation had a greater impact on surface
roughness and the ABS polymer’s strength than the
raster orientations. Aloyaydi et al. studied how infill
patterns affect FDM parts' compression strength
[13]. The Grid type pattern showed the greatest
compressive strength, while the Triangular pattern
had higher impact energy. Further, Mishra et al.
investigated the influence of FDM printing variables
and the thickness of layers on the strength [14]. It
was found that the strength of FDM parts increases
as the wall layer increases. The influence of printing
variables such as the air gap and raster angle on
FDM's specimen strength has been examined by Ahn
et al. [15]. They discovered that the air gap and
raster angle significantly affect the strength. Wang
et al. studied the PLA specimen’s mechanical
properties under various printing parameters using
the 3D-printing process [16]. They concluded that
the height of the layer influences the layer bonding
of 3D-printed samples' strength. Yang et al.
investigated five printing parameters to find out
their effect on building time, strength, and surface

roughness utilizing the analysis of variance test
(ANOVA) [17]. They showed that the layer thickness
and the nozzle diameter had the most impact on
tensile strength and surface roughness. Sukindar et
al. examined the nozzle diameter and the impact of
pressure drop on product quality by comparing
different extruder angles and diameters using finite
element analysis (FEA) and testing procedures. In
their work, the low strength in FDM-printed samples
is considered a drawback that results from poor
layer binding [18]. In addition, poor adhesion
between layers is caused by temperatures or
parameters that are not optimized. Furthermore,
Moradi et al. worked on 3D-printed Honeycomb
internal pattern samples with FDM technology [19].
Compared with other infill patterns, Honeycomb
patterns showed a higher mechanical resistance.
Besides, Akhoundi et al. examined the effect of
binding and adhesion after printing, regarding
various patterns such as concentric, rectilinear,
Honeycomb, and Hilbert curves, on the strength of
the final product [20]. The research focused on the
infill pattern and infill percentage of 3D-printed PLA
parts. Accordingly, Hanon et al. investigated the
strength of PETG (polyethylene terephthalate-
glycol) and PLA, comparing the two materials in a
variety of building orientations (from +45° to -45°)
using Honeycomb and Straight patterns [21]. Better
elongation results were indicated by PETG which
enhances the highest tensile strength possible value
in Y orientation with a 0° raster direction. Also, they
improve the flexural rigidity by decreasing its value
below 10%. Moreover, Samykano et al. analyzed the
parameters of the FDM utilizing an improved
mathematical model [22]. Their findings indicated
that the optimized parameters for ABS material
were 80% density, 65° raster angle, and 0.5 mm
thickness of layer. Li et al. proved that layer height is
the main factor influencing the strength of bonding,
followed by deposition velocity [23]. It was noticed
that the infill rate has a negligible effect. The
mechanical characteristics of the FDM parts
employing standard laminate theory were explored
by Casavola et al. [24]. Both Young's modulus and
Ultimate Tensile Strength (UTS) decreased when the
raster’s angle increased from 0° to 90°, while
samples at 45° showed mediate mechanical
behaviors. Studying the effect of the raster angle on
the strength, Rajpurohit et al. verified that a lower
layer height and a 0° raster angle provide higher
strength [25]. As well as the tensile strength
increased as the raster width increased up to a point
at which the tensile strength decreased. In the same
manner, Dave et al. noticed higher tensile strength
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of samples that were built into on-long edge and flat
orientations with rectilinear and concentric infill
patterns as compared to upright orientations [26].
Also, they confirmed that parts with Hilbert’s curve
infill patterns performed improved when oriented
along the short edge compared to the long edge. In
comparison  with the strength of ABS
monofilaments, Rodrigues et al. viewed degradation
in the FDM specimens’ strength due to the existence
of losses and void of molecule’s orientation
throughout the extrusion procedure [27]. However,
Lederle et al. performed material extrusion in an
inert gas atmosphere and found that both ABS and
nylon copolymer materials had been mechanically
enhanced [28]. Utilizing different materials, Wu et
al. compared various parameters of a specific
material with those of the ABS specimen [29]. They
utilized the  polyether-ether-ketone  (PEEK)
specimens to be examined. The results ensure that
the PEEK had good strength performance
comparable with the ABS specimen as it recorded
114% higher compressive strength, 115% higher
bending strength, and 108% higher tensile strength.
Ziemian et al. reported greater fatigue life for 0° and
+ 45°/- A45° raster orientations under tension-
tension fatigue testing when compared to
transverse (90°) and diagonal (45°) raster
orientation [30]. Witkin et al. investigated how the
building orientations affected the thermal and
mechanical properties of polyetherimide (ULTEM)
specimens that were printed using FDM and found
that the thermal expansion coefficient varied
according to the orientation [31]. Alvarez et al.
found that for hexagonal infill patterns, infill
percentages ranging from 50% to 98% resulted in
longer printing times and lower tensile strength [32].
Furthermore, Shih et al. found that PLA specimens,
which were treated with cold plasma, hada
higher strength of interlayer bonding than PLA
samples that were left untreated. They also
observed that the bonding strength had been
adversely affected by the treatment time [33]. Lee
et al. examined forced air cooling's effects on PLA
specimens manufactured [34]. They concluded that
using the FDM method and at greater airflow
velocities conditions (5 m/s), a trade-off between
the dimensional quality and the strength had
occurred since the dimensional quality was
improved while the mechanical strength was
decreased. Bin Ishak et al. used material deposition
for various building orientations in a single product
in several planes [35]. For the upright printed
samples, they observed developments in vyield
strength, modulus of elasticity, and (UTS). Currently,

research has been presented about the impact of
the combined infill pattern on the mechanical
behavior of parts. In this line, Mohd Ariffin et al.
combined (MIP) multiple infill patterns in a sample
with different build orientations and found the
effect on mechanical properties, as shown in Fig. 1
[36]. To design the patterns, they used CAD software
which indicated that the FDM process was unable to
combine patterns on its own. As a result, the Grid
and Honeycomb patterns have the maximum
ultimate tensile strength with the lightest weights,
while the build orientation had significant effects on
the mechanical characteristics.

Fig. 1 - Set of classified layers and 3DP printed
PLA samples

Similarly, Patel et al. studied the part’s ultimate
tensile strength with a combined infill pattern with
different infill densities, and sequences of layer
staking for various raster’s orientations using the
FDM technique, as shown in Fig. 2 [37]. While
compared to single infill pattern samples, the results
showed that the arrangements of combined infill
and stacking of layer had a significant impact on the
strength for the 45° raster’s orientation.

o

(a) 0° raster orientation (b) 45° raster orientation

Fig. 2 - Various staking of layers for different infill
densities and raster orientations.

— 7
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However, Roger et al. used topological
optimization in such a way the structural design of
the 3D-built printed parts had been optimized, as
shown in Figs. 3and 4 [38]. They combined the
heterogeneous infill types while printing the sample
using the FDM technique to achieve their targeted
properties.

Infill 20%

Fig. 3 - Inner rectilinear filling of the optimized
structure with different densities

Printing direction

x (1) Top views

Fig. 4 - Bimaterial samples: (1) vertical printing, (2)
horizontal printing with side-by-side parts, and (3)
horizontal printing with side-by-side and interpenetrated
layers at the interface

(a) Flat orientation (XY)

(b) On-long orientation (ZX)

Fig. 5 - 3DP printed tensile parts with different
build orientations

Moreover, Naik et al. investigated the effects of
raster angles on the UTS of multiple infill patterns
(MIP) items produced with the FDM technique
(Fig.5) [39]. The findings indicated that single-infill
pattern samples had less tensile strength than MIP
parts. Also, they found that MIP parts built-in on
long orientation had high UTS/mass ratios and UTS.

Finally, Sajjad, R et al. examined the influence of
combined infill strategies on the structural strength
of single-build samples using FDM technology, as
shown in Fig. 6 [3]. The experimental results have
shown that the combinations of triangular and
rectangular patterns led to 20%, 13%, 27%, and 4%
increments in ratio of strength-to-weight compared
with Triangular type, Rectilinear type, Rectangular
type, and Honeycomb type single infill, respectively.
In addition, along with minimal production cost, the
rectangular infill combination with the Triangle
patterns possessed the optimum strength-to-weight
ratio.

Individual Possible combinations of filling patterns
infills
Pattern 1 Pattern 2 Pattern 1 Pattern 2
Rectilinear Rectilinear Honeycomb Honeycomb Rectilinear
Triangle Triangle Rectangular Rectangular Triangle
Rectangular Triangle Honeycomb Honeycomb Triangle
Honeycomb Rectangular Honeycomb Honeycomb Rectangular

Fig. 6 - Printing of combinations of chosen infill patterns
with various types of infill patterns

To the best of the author’s knowledge, few
studies have been accomplished on the effect of the
combined infill patterns and some printing variables
like building orientation on the tensile properties
and 3D printing time of FDM products. There are
requirements for a study on the effect of single and
CIP on the tensile properties of FDM-printed PLA
parts. Hence, in this study, experimental
investigations were carried out to understand the
impact of a CIP at different building orientations and
infill patterns on the strength of FDM-printed PLA
parts. To fabricate the specimens, a customized G-
code file was prepared to print CIP specimens, and
the uniaxial tensile tests were carried out to
investigate mechanical responses in terms of tensile
strength. It was noticed that the tensile strength for
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some CIP specimens has been increased as well as
the printing time has been decreased.

Experimental part

FDM-based printer and material

In this study, an open-source 3DP with the FDM
technique was utilized for the samples’ fabrication.
The 3D printer had a print-bed of 500 x 500 x 500
mm?3. As shown in Fig. 7, the 3D printer may use
several different thermoplastic materials such as
PLA, ABS, and PEEK. In our work, the PLA material
was selected because of its high modulus and
strength. Also, the manufacturer specifications of
the PLA filament and the 3DP parameters are
presented in Table 1 and Table 2.

Fig.7 - Open source FDM 3D printer

Table 1 - PLA material properties by the manufacturer

Description Typical value
Filament diameter 1.75 mm
Tensile Strength at Yield 65 MPa
Flexural modulus 2102 MPa
Flexural strength 75 MPa
Elongation at break 12 %
Density 1.25 g/cm3
Printing temperature 205-225°C
Melting temperature 115+35°C

Table 2 - Main printing parameters of the 3DP machine

Description Value
Nozzle diameter 0.4 mm
Layer height 0.15 mm
Wall thickness 0.7 mm
Infill density 100 %
Print speed 60 mm/s
Printing temperature 200 °C
Build plate temperature 60 °C
Line width 0.35mm

Experimental fabrication of
specimens

Print orientations are the most significant
process parameters affecting the quality of CIP
products, among other printing parameters. The CIP
specimens were designed and fabricated as dog
bone shapes according to the ASTM D638 standard
for tensile test measurement, as shown in Fig. 8. The
build orientations of the part are defined by placing
the specimen models concerning the x-axis. There
were two print orientations were considered (flat
and on-edge) with 70% infill density and 0.15 mm
layer thickness using the layer-by-layer (LBL) printing
strategy, as shown in Fig. 9. Since the part in the
upright orientation is built along the z-axis, resulting
in the minimum strength, this orientation was not
considered. The CIP models were created using the
Cura 3DP software, version 5.1.0, as shown in Fig 10.
It consists of different layers of single infill patterns,
which involve Concentric, Cross, Triangle, Zigzag,
Rectilinear, Cubic, Honeycomb, and Grid pattern
types, respectively, as shown in Fig 11.

design for

38 mm

L 15.8 mm

Thickness=3mm
— )

Fig.8 - Tensile specimen with dog bone shape
(Dimensions were in mm)

15.9 mm

o
3

\

o
I > _e39®

<o

Fig. 9 - 3D-printed tensile specimens with different
orientations
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Fig. 10 - FDM 3D printer on Cura software

Rectilinear Cubic Honeycomb Zigzag

Triangle Grid Cross

Concentric

Fig. 11 - Infill patterns of the 3D printed PLA

Specimen fabrications

Based on the ASTM D638 standard, 3D models
of the tensile specimen were designedin Solid
Works. The models are exported in STL files format
and transferred to the slicer software, where the
whole cross-sections of the 3D models are converted
to individual layers of a specific layer thickness with
the adjustment of the process parameters then the
files are exported in G-Code format which is
assigned to a 3DP using PLA filaments. By
considering CIP, the shell feature is used for printing
the boundary of the parts, while for the inner
sections.

Tensile test

Each specimen is tested using a Zwick/Roell Z010
tensile testing machine by the ASTM D638 standard;
this machine is shown in Fig. 12. This machine has a
load cell that can measure loads up to 10 kN.
Additionally, it has built-in software that enables the
recording, control of measured data, and
monitoring. Between the two jigs, the tensile
specimen (a dog bone) is gripped and tightened. To
monitor and record the material deformation until
the specimen fractures, the speed’s crosshead is
retained at 2 mm/min during the entire test. After
that, the test is stopped, and the crosshead motion
resumes, returning to its starting point. Through the

data acquisition system, data test is collected from
the software. The 3D-printed dog-bone specimens
after mechanical testing are shown in Fig. 13.

N Zwick ' Roell 11
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Fig. 12 - 3D printed dog-bone specimens during
testing using mechanical testing machine Zwick/
Roell Z010 according to ASTM D638.
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Fig. 13 - The fractured 3D printed dog-bone
specimens after testing using mechanical testing
machine Zwick/ Roell Z010 according to ASTM D638
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Results and Discussion

Results

In the present work, investigations were carried
out to study the tensile behavior of CIP printed parts
of different orientations. All of the experiments are
carried out by the previously discussed experimental
design and tested. In this section, the results
obtained through the tensile test of the FDM
samples with CIP are discussed.

Effect of the combined infill patterns and
printing orientation on tensile strength

For studying the effect of the combined infill
pattern on the strength and printing or building time
of PLA samples, four samples were printed as a
single infill pattern (Concentric, Cross, Triangle, and
Zigzag), and then each two types of these patterns
were combined. The six combined samples
(Concentric/Cross, Concentric/Triangle,
Concentric/Zigzag, Cross/Triangle, Cross/Zigzag, and
Triangle/Zigzag) were obtained via the layer-by-
layer printing strategy, which means layer infill type
by layer of different infill types with flat and on-long
edge orientations. Table 3 and Table 4 represent the
results of tensile strength for different orientations
of single and combined infill patterns. It was noted
that the Triangle pattern improved significantly the

Table 4 - Tensile strength of combined PLA samples using
different infill patterns

Combined Tensile strength | 3D printing infill
infill type (MPa)
Flat On-long
Concentric
/Cross 25 28
Concentric
/Zigzag 27 30
Concentric
/Triangle 30 33
Triangle
/Zigzag 22 31
Triangle
/ Cross 23 29
Cross /
Zigzag 26 27

Table 5 - Tensile strength of PLA samples printed with
Triangle pattern combined with different infill patterns

strength of the sample. Thus, four other different Combined | Tensile strength | 3D printing infill
patterns (Rectilinear, Cubic, Honeycomb, and Grid) infill type (MPa)
were printed and combined with the Triangle - Flat | On-long
pattern. Accordingly, four combined samples were T;IaGr;ie 21 24
obtained  (Rectilinear/Triangle,  Cubic/Triangle,
Honeycomb/Triangle, and Grid/Triangle), and the
effect of the Triangle pattern after combining them
with on the tensile strength was studied as Triangle
presented in Table 5. /Cubic 26 30
Table 3 - Tensile strength of PLA samples printed with
different types of single infill patterns Triangle
/Honeycomb | 19 20
Infill type Tensile strength (MPa)
Flat On-long edge
Concentric 21 31
Triangle 25 28 Triangle
Cross 15 25 /Rectilinear 23 24
Zigzag 29 30
Grid 10 25
On the other hand, Fig. 14 shows the effect of
Cubic 10 26 different types of single infill patterns on the tensile
Honeycomb 1 29 strength of the PLA-printed samples at different
orientations. In the case of the on-long orientation,
Rectilinear 15 32 a higher strength is observed for all samples than for
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the other orientations. It is obvious that in the on-
long edge orientation of the PLA samples printed
with the single pattern, the Rectilinear infill pattern
possessed the highest tensile strength (32 MPa),
while in the flat orientation of the single pattern, the
Zigzag pattern possessed the highest tensile
strength (29 MPa), as shown in Fig. 14. On the other
hand, the effect of different types of combined infill
patterns on the tensile strength of the PLA-printed
samples at different orientations is shown in Fig. 15.
It was found that when some different patterns
were combined, the strength of both infill patterns
increased, such as Concentric/Triangle,
Cubic/Triangle, and Concentric/Cross in the flat
orientations, and Concentric/Triangle,
Zigzag/Triangle, Cubic/Triangle, and Cross/Triangle
in the on-long orientations. It was also found that
the pattern that has high strength improves the
pattern that has low strength when combining them,
such as Concentric/Triangle, Concentric/Cross,
Concentric/Zigzag, Cross/Zigzag, Cross/Triangle,
Rectilinear/Triangle, Honeycomb/Triangle,
Grid/Triangle, and Cubic/Triangle samples in flat
orientations and Concentric/Triangle,
Zigzag/Triangle, cubic/Triangle, Concentric/Cross,
and Cross/Zigzag in on-long orientations, as shown
in Fig. 15. It was also noted that when the Triangle
infill pattern was combined with some patterns,
some patterns improved while others decreased the
tensile of the sample, as it was in Zigzag/Triangle
with  flat  orientations and  Grid/Triangle,
Honeycomb/Triangle, and Rectilinear/Triangle with
on-long orientation, as shown in Fig. 16.

Effect of the infill patterns and printing
orientation on the building time of the PLA samples

Building time is an important parameter for the
production of 3D-printed materials in industry. In
this regard, the impact of printing orientations and
the infill pattern of the FDM part on the building
time was studied. Tables 6, 7, and 8 represent the
results of the building time test for different
orientations of single and combined infill patterns.

Tensile strength Mpa

CONCENTRIC CROSS TRIANGLE 2IGZAG RECTLINEAR GRID CUBIC
single infill pattern

Fig. 14 - Effect of printing orientation on the tensile

strength of PLA samples printed with different types of
single infill patterns

Combined infill pattern

= flat = long edge

Fig. 15 - Effect of printing orientation on the tensile
strength of PLA samples printed with different types of
combined infill patterns

TRIANGLE/RECTILINEAR TRIANGLE/GRID TRIANGLE/CUBIC TRIANGLE/HONEY

Tensile strength Mpa

Combinedinfill pattern

= flat long edge

Fig. 16 - Effect of printing orientation on the tensile
strength of PLA samples printed with Triangle combined
with different types of infill patterns

Table 6 - Building time (min) of single PLA samples using
different infill patterns printed orientation

Infill type Building time (min)
Flat On-long edge
Concentric 20 32
Triangle 18 31
Cross 22 33
Zigzag 18 30
Grid 13 25
Cubic 15 26
Honeycomb 12 29
Rectilinear 15 25

Table 7 - Building time (min) of combined PLA samples
using different infill patterns printed orientation

Infill type Building time (min)
Flat On-long edge
Concentric/Cross 25 30
Concentric/Zigzag 26 28
Concentric/Triangle 25 29
Triangle/Zigzag 18 31
Cross/Triangle 20 32
Zigzag/Cross 17 32
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Table 8 - Building time (min) of combined PLA samples
using Triangle with different infill patterns printed
orientation

Infill type Building time (min)
Flat On-long edge
Triangle/Grid 12 35
Triangle/Cubic 12 29
Triangle/Honeycomb 14 35
Triangle/Rectilinear 13 36

In the case of on-long orientation, a longer
printing time is observed for all samples than for the
other orientations. As seen from Fig. 17, for single
infill patterns in the flat orientation, the Cross
pattern had a longer time and the Honeycomb had a
shorter time in the on-long orientation. As shown in
Figs. 18 and 19, for the combined pattern, the
Concentric/Zigzag pattern had a longer time in the
flat orientation and Triangle/Rectilinear in the on-
long orientation. Here it is interesting to note that
there are samples that, when combined, the
building time less than printing them individually,
such as Concentric/cross, Concentric/Zigzag,
Concentric/Triangle, Zigzag/Triangle, Cross/Triangle,
and in on-long orientation, and Zigzag/Cross,
Cubic/Triangle, Rectilinear/Triangle, and
Grid/Triangle in flat orientation.

Printing time min.

CONCENTRIC ~ CROSS

TRIANGLE ZIGZAG  RECTLINEAR GRID CUBIC  HONEYCOMB

Single infill pattern

uflat = longedge"

Fig. 17 - Effect of printing orientation of different single
infill patterns on the building time of the
PLA printed samples

£
IS
[
Ei E = ﬁ AL
2
s & & &P
S & & ¢ ¢
& ¢ € & ch-;\
B e & & &

Combinedinfill pattern

u flat long edge

Fig. 18 - Effect of printing orientation of different
combined infill patterns on the building time of the
PLA printed samples
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Fig. 19 - Effect of printing orientation of Triangle with
different types of infill patterns on the building time of
the PLA printed samples

Discussion

After deep research, it was found that not much
research has been accomplished on the effect of the
combined infill patterns and some printing variables
like building orientation on the tensile properties
and 3D printing time of FDM products. There are
requirements for a study on the effect of single and
CIP on the tensile properties of FDM-printed PLA
parts. Hence, in this study, experimental
investigations were carried out to understand the
impact of a CIP at different building orientations and
infill patterns on the strength of FDM-printed PLA
parts.

In the case of the on-long orientation, a higher
strength is observed for all samples than for the flat
orientation due to vertically stacked layers and these
layers are perpendicular to the applied force during
the tensile test and have good adhesion of layers
because each layer acts as a reinforcing element for
the layers below and above it additionally it provides
better structural integrity. In flat orientation, the
applied force is parallel to the layers leading to
weaker interlayer bonding, and interlayer
boundaries may act as stress concentrators, making
failure of the product.

In the on-long edge orientation of the single
pattern, the Rectilinear infill pattern possessed the
highest tensile strength because it offers good
structural integrity and efficient material usage.

While in the flat orientation of the single
pattern, the Zigzag pattern possessed the highest
tensile strength. This is because of its interlocking
Structure, increased Contact Area, and improved
Layer Adhesion.

The PLA samples printed using a combination of
Concentric and Triangle patterns possessed the
highest strength in both orientations (flat and on-
long) compared to their single counterparts. The
synergistic improvement in the strength of the two
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samples can be due to several factors: enhanced
interlayer adhesion, increased surface ares,
improved load distribution, and structural integrity.

Moreover, its printing time decreased,
particularly in the on-long orientation, and increased
in the flat orientation as compared to its single
counterparts.

When the Triangle and Cubic samples were
combined and printed in the flat orientation, the
strength of the two single samples improved
because these patterns were regular and repetitive,
they helped to distribute stress uniformly
throughout the print, minimizing the concentration
of stress points that could cause failure and the
building time was the shortest in the combined
sample. Similarly, printing on the on-long
orientation.

In the case of combined Concentric and Cross
samples, an improvement in the strength of the two
singular samples was found since it maximizes the
print strength in both the X and Y axes when printed
on a flat orientation. This is important because
forces acting on a flat surface are usually distributed
in both directions, making reinforcement in both
directions required to prevent deformation,
twisting, and bending, however, the building time
was longer in the combined sample. Whereas, in the
on-long orientation, an improvement was found in
the Cross sample only, but the building time of the
combined sample was the shortest.

After combining the Triangle and Cross patterns,
an improvement in the strength of the two samples
was found, in the case of on-long orientation by
creating an interlocking structure, promoting better
layer adhesion, offering directional strength,
optimizing material usage, ensuring uniform stress
distribution, enhancing rigidity, and simplifying the
printing process, and the building time of the
combined sample was the shortest. However, in a
flat orientation, the strength of the cross pattern
was improved due to its combination with the
concentric pattern, the building time was longer in
the combined sample.

When the Triangle and Zigzag samples were
combined, an improvement in the strength of the
two samples was found, this is because the Zigzag
infill design adds support in multiple directions and
increases overall strength, while the Triangle infill
pattern helps with stability and resistance to
bending., in the case of on-long orientation, and the
printing time of the combined sample was the
shortest.

So we can conclude from these results that
when combining the Triangle infill pattern with

other patterns, the effect on tensile strength can
depend on several factors:

i.  Complementary Patterns: Some infill
patterns may complement the Triangle infill pattern,
resulting in improved tensile strength. For example,
combining the Triangle infill with a perpendicular or
diagonal pattern can enhance the overall structural
integrity by providing additional reinforcement and
reducing stress concentration points.

ii.  Conflicting Patterns: When the Triangular
infill pattern is combined with some other patterns
that may not distribute the material effectively or
provide adequate support, it could lead to
decreased tensile strength. The interaction between
these patterns can result in weak points or
inconsistencies in the structure, reducing its overall
mechanical performance.

Conclusions

In this study, the impact of combined infill
patterns and printing orientations has been
examined, concerning the tensile and building time
characteristics of PLA-based 3D-printed objects.
Based on the experimental findings, the following
major conclusions are drawn:

The results showed that CIP specimens built in
an on-edge orientation had a higher tensile strength
than those built in a flat orientation.

The PLA samples printed using a combination of
Concentric and Triangle patterns possessed the
highest strength in both orientations (flat and on-
long) compared to their single counterparts. The
synergistic improvement in the strength of the two
samples was found to be 30% and 16.7%,
respectively, in the case of the flat orientation and
6% and 15%, respectively, in the case of the on-long
orientation. Moreover, its printing time decreased,
particularly in the on-long orientation, and increased
in the flat orientation as compared to its single
counterparts.

When the Triangle and Cubic samples were
combined and printed in the flat orientation, the
strength of the two single samples improved by 3.8%
and 61.5%, respectively, and the building time was
the shortest in the combined sample. Similarly,
printing on the on-long orientation, both samples
improved by 6.7% and 3%, respectively, and the
building time was the shortest in the combined
sample.

In the case of combined Concentric and Cross
samples, an improvement in the strength of the two
singular samples was found to be 16% and 40%,

—— |4 —/——
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respectively, when printed on flat orientation,
however, the building time was longer in the
combined sample. Whereas, in the on-long
orientation, an improvement was found in the Cross
sample only by 10.7%, but the building time of the
combined sample was the shortest.

After combining the Triangle and Cross patterns,
an improvement in the strength of the two samples
was found to be 3.4% and 13.7%, respectively, in the
case of the on-long orientation, and the building
time of the combined sample was the shortest.
However, in a flat orientation, improvement was
found in the Cross sample only by 34.7%, but then
again, the building time was longer in the combined
sample.

When the Triangle and Zigzag samples were
combined, an improvement in the strength of the
two samples was found to be 9.7% and 3.2%,
respectively, in the case of on-long orientation, and
the printing time of the combined sample was the
shortest.

The Triangle infill pattern, when combined with
some other patterns, the tensile strength of some
samples enhanced while the others improved, while
others decreased.

The printed PLA samples with the combined
patterns Zigzag/Triangle and Concentric/Zigzag in
the flat orientation and Grid/Triangle,
Honeycomb/Triangle, and Rectilinear/Triangle in the
on-long orientation have the lowest tensile strength
and the highest building time. So, it is not
recommended for future work.

Research recommendations. With PLA material,
the present work is only valid for uniaxial loading.
The way forward of this research may include the
implementation of the proposed strategies for
combined loading, shear, and flexural by using the
same or different printing materials.
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6epiKTiri  »Kofapbl

BanKkpITbiNFaH TYHABIPY apKbiabl  mogenbaey (FDM) agici apTypni  TepmonnacTuKanbik
nonnmepnepain, GyHKLMOHaNAbIK YATINEPIH WbIFapaabl XaHe eH, Xui KONAaHbINATbIH Kocnanapabl
eHajipy (AM) TexHonoruanapbiHbiH 6ipi 6oabin Tabbliaabl. byn 3epTreyaiH makcaTbl TOATbIPY YArIC
(CIP) meH 6acbin wbifapy 6afbiTbiH BipiKTipy CO3blNy cUNaTTamanapblHa aHe KypacTbipy
yaKbITbIHa Kanai acep eTeTiHiH 3epTTey 60/bin Tabbliaabl. YAriHi acay ywiH maTepuan petiHae
NONMNAKTUKANbIK KbiwKpn (PLA) TaHganabl. bacna 6afaapnapbl y3blH KUEKTI KaHE Kaninak,
bafbiTTapaa 6onabl. OHIM z oci 6oMbIMeH CanblHFAHAbIKTAH, KbICKA XMEKTi (ofapbl OH, »Kak)
baFrpapbl eckepinmepgi, byn eH, a3 bepikTikke akenepni. «KoHULEHTPAIK», «KpecT», «YwoypbILw»,
«3ur3ar», «Ty3 CbI3bIKTbI», «KybTbIK», «Ban yacbl» aHe «Top» Aen aTanaTbiH TOATbIPY YATINEPIHIH,
KOMBUHAUMANApbl TOATbIPY TbiFbi3gplFbl 70% XaHe 0,15 mm KabaT KanblHAbIFbIMeH KabaTTbl
cTpaTervsmeH 3epTTengi. Hatuske 6acbin woiFapy 6afbiTbiHbIH, acipece CIP yarinepiHaeri cosbiny
6epikTiriHe aWTapAblKTain acep eTKeHiH »kaHe CIP yariciHiH, y3blH Kueri 6afbITbiHbIH, CO3blay
eKeHiH Kepceteai. Concentric/Triangle (KoHueHTpaik/Yw6ypbiw) yarici
calikeciHwe 30 MMMa »kaHe 33 MIMa KesiHAe Xa3blK KaHe y3blH XUeK baraapnapbiHaa eH, *KoFapbl
co3bly BepikTiriHe ne 6onabl, 6ipak Teric 6aFbITTafbl KUHAKTAY YaKbITbl y3afbipak 6onabl (25
MWHYT), an y3blH *KMeK bafaapbiHAa 6acbin LWbiFApy yakbiTbl Kbicka 6onabl (29 muHyT). Ban
YACHI/YWOYPbIW KOMBUHALMACH! eKi 6afblTTa Aa TOMEH COo3blay 6epiKTiriH KamTamachi3 eTTi: Teric
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JKMeK ylWwiH 19 MMa kaHe y3bIH uek ywid 20 MMMa, 6ipak KypacTbipy yaKkpbiTbl eki 6afbiTTa Aa
y3afblpak 6ongbl (TuiciHwe 14 MUHYT kaHe 35 MuHyT). HaTukeciHge, CIP yarici 6ip pet
TONTLIPbIIFAH YArire KapafaHAa YAKeH co3bliy GepikTiriHe ne. COHbIMEH KaTap, ywoeypbiwTbl
OpHeKTi backa epHeKkTepmeH bipiKTipreHAe, CO/M BPHEKTEPAiH CO3blay Kyl »aKcapFfaHbl
aHbIkTangpl. LetTik 6armapmeH KypacTbipbinFaH CIP yarinepi Teric 6afgapmeH KacanfaH
yArinepre KapafaHga »Kofapbl co3blny 6epikTiriHe ue 6ongbl. Keibip 6acka yarinepmeH
6ipiKTipinreH ywobypbIWTbl TOATbIPY yAricCiHAE Keilbip yarinepain, cosbiny 6epiKTiri »ofapbliagbl,
an backanapbl }aKkcapabl, an keinbipeynepi TomeHaesi.

Tyiiin ce30ep: BanKkbITblIFaH TYHAbIPY apKblnbl modenbaey (FDM), kocnanapapl eHaipy (AM),
NOANNAKTUKANbIK KbllwKbla (PLA), kabaT-kabaT, 6acbin woiFapy 6afbiThl, apanac TOATbIPY yArinepi
(CIP), KypacTbipy 6abITbl.
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BanAaHMe pUCYHKOB 3aN0O/IHEHUA U OPUEHTAL UM NeYaTn Ha MexaHu4yecKue
CBOMCTBA ,qe'raneﬁ, M3roTOBJ/IEHHbIX U3 NOJIMMOIOYHOWU KUCNOTbI
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AHHOTAUMA

MeTog, MoOAenupoBaHWA  HannaBneHHbIM  ocaxaeHnem (FDM) nossonseT co3gasaTtb
OGYHKUMOHaNbHbIE MOAENM Pa3NUYHBIX TEPMOMNACTUYHBIX NMOSMMEPOB U ABAAETCA OAHOU U3
Hanbonee 4acTo MCNONb3yeMbIX TEXHOOMMI aaaUMTMBHOMO NpoussoacTea (AMl). Llesbto aaHHoro
uccnefoBaHUA ABNAETCA U3yYEHME TOTO, KaK codeTaHue pucyHKa 3anonHeHus (CIP) u opueHTaLmm
neyaTu BAMAET Ha XapPaKTePUCTUKUN PACTANKEHWUA U BPeMsA CTPOUTENbCTBA. B KauecTBe maTepuana
[NA U3rotoBneHnsa ob6pasuos 6bina BbibpaHa NoaMmonoyHas kucnota (PLA). OpueHTauma nevatu
6b11a A/IMHHOM M NAOCKOW. [TOCKONbKY U3Ae/Me NOCTPOEHO BAOJb OCK Z, OPUEHTALMA KOPOTKOTO
Kpas (BBepx-npaBas) He paccMaTpuBasacb, YTO NPUBOAUT K MWHWMANbHOM MNPOYHOCTM.
KOMBWHALMM  PUCYHKOB 3anoO/IHEHWA MOA Has3BaHWeM «KOHLEHTPUYECKui», «KpecT»,

MNoctynuna: 15 masa 2024 «TpeyronbHuK», «3ursar», «MpaMoONUHeRrHbIN», «Kybuyeckunit», «CoTbl» M «CeTka» 6blan
PeueHsnpoBaHue: 20 mas 2024 MUccnenoBaHbl C MIOTHOCTbIO 3anonHeHusa 70% u TonwmHoi cnos 0,15 mm € nocnoiHow
MpuHATa B neyvatb: 20 utoHa 2024 cTpaTterven. Pe3ynbTaT NOKasbIBAET, YTO OPUEHTALMA NEYaTU OKa3ana 3HaYMTEIbHOE BANAHUE HA

MPOYHOCTb Ha pa3pbiB, ocobeHHo B 0bpasuax CIP, a opueHTauma obpasua CIP B4OAb AAMHHON
KPOMKM umena 6onee BbICOKYID MPOYHOCTb Ha paspbiB. Ob6pasel, KoHUEHTPUK/TpeyronbHUK
MMeeT Camylo BbICOKYIO MPOYHOCTb Ha Pas3pbiB NPMW MJIOCKOW OpUEHTaLUMWM U OpueHTauuu no
AAVHHOM KpomKe - 30 MMa 1 33 MIla cOOTBETCTBEHHO, HO BPEeMA HApaLLMBAHWUA NMPW NJIOCKOM
opueHTauum 66110 6onblMm (25 MUHYT), B TO BpEMA Kak Bpemsa neyaTty npu opueHTauuu no
[ANVHHOM CTOpPOHe 6bin KOPOTKMM (29 MUH.). KoMBUHaumMa «coTa/TpeyronbHuUK» obecneunBaet
MEHbLUYI0 MPOYHOCTb Ha pa3pbiB B 0benx opueHTaumax: 19 MMa gns naockoi n 20 MMNa ana
OJIMHHOM KPOMKMU, HO Bpems cOopKM B 06enx opueHTaumax 6b110 60nbluinm (14 MUHYT U 35 MUHYT
COOTBETCTBEHHO). B pe3synbrate obpasey ¢ CIP umeeT 60nblUyO NPOYHOCTb HA Pas3pbiB, Yem
obpasel, ¢ oAHMM 3anonHeHMem. Kpome TOro, 6bI10 OBHapyXKeHO, YTO MpU COYETaHUU
TPeyroNbHOro PUCYHKa C APYrMMM y30pamMmn NPOYHOCTb Ha Pa3pbiB 3TUX Y30POB Y/y4Llanach.

06pasubl CIP, NOCTPOEHHbIE C OpUEHTaLUMel No Kpato, umenn b6onee BbICOKYIO MPOYHOCTb Ha
paspbiB, 4Yem o06pasubl, MNOCTPOEHHbIE C MJIOCKOM oOpueHTauuenh. B wabnoHe 3anonHeHus
«TpeyroNbHUK» B COYETAHUM C HEKOTOPbIMM APYrMMM LWABNOHAaMKM NPOYHOCTb Ha paspbiB
HeKOoTOpbIX 06Pa3LLOB YBEAUYUAACH, B TO BPEMA KaK Y APYrMX YAYHLWMAAC, @ Y APYrMX CHU3UAACh.

Kniouesvie cnoea: MopenvposaHve HannasneHwem (FDM), agautusHoe npoussoactso (AM),
noAnmosodHas Kuciota (PLA), nocioiiHoe opueHTaLus nevyaTi, KOMBUHVMPOBaHHbIE WabNOHbI
3anonHeHus (CIP), opueHTaums cbopKu.
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ABSTRACT

This article discusses modern methods of purifying table salt from the Bakhyt-Tany deposits.
Currently, the demand for various methods of production and processing of table salt is
increasing. Therefore, high-quality purification of table salt and its effective use is one of the
urgent tasks. As an object of study, salts were taken from the Bakhyt-Tany deposit, located in
the Sozak district of the Turkestan region. The main goal of the scientific work is to study
methods for purifying and processing sodium chloride from impurities. Modern analytical
methods were used during scientific research. To determine the physicochemical properties of
table salt, PEM JSM 6610 LV, X-ray microanalysis Inca Energy-450, energy dispersive system-
fluorescence spectroscopy, IR-Fourier spectrometer were chosen. As a result of the research
work, it turned out that using only the lime-soda method itself, it is possible to purify salt from
calcium and magnesium ions up to 90-93%. It has been established that when using the
phosphate method of purifying a saline solution, the degree of purification from calcium and
magnesium ions increases to 95-97%. To further increase the degree of purification, it was
recommended to first purify the solution using the lime-soda method, and then purify the
solution using the phosphate method. It has been established that with this method the degree
of purification can be increased to 99%.

Keywords: sodium chloride, brines, table salt, salt purification methods, sodium phosphate.
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Introduction

Every country in the world mines and processes
table salt to some extent. The main producers of
table salt in the CIS countries are enterprises in
Kazakhstan and

Russia, Belarus,

Ukraine,

estimated 1% per year. At the same time, the
technogenic impact on the environment is also
growing, which makes its negative contribution to
the deterioration of its condition [[5], [6], [7]].
There are several traditional methods to purify
sodium chloride from unwanted ions, and they

Turkmenistan [[1], [2]]. The technologies used in
the production of table salt in these countries
depend primarily on the type and nature of the salt
deposit, its geographical location, the quality of raw
materials and the presence of various impurities, as
well as on consumer requirements to salt quality
[[3], [4]]. Currently, the production of table salt is
based on various methods of its extraction and
processing, and the world market is growing by an

include lime-soda method, barium carbonate
method and so on. The lime-soda method is
difficult to achieve high purity of salt, and barium is
a highly toxic element and barium sulfate
compounds can lead to the development of
pneumoconiosis [9]. Sodium phosphate is mainly
used for water softening, to precipitate calcium and
magnesium ions from solution. The advantages of
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the phosphate method are that phosphate
compounds are widely used by the food industry,
and in small quantities are not dangerous to human
health. The article considers lime-soda and
phosphate methods of salt purification from
calcium and magnesium ions. The purity of salt and
reagents is one of the most important criteria in
production. The lime-soda method has long been
known as a purification method, but a multi-stage
purification system is required to obtain high purity
salt [[9], [10]].

Also disadvantages of already existing methods
of salt purification from undesirable ions are
multistage process, application of concentrated
hydrochloric acid for treatment of sodium chloride
solution, which at further evaporation and
centrifugation causes corrosion of equipment; at
the same time additional washing of NaCl crystals
from acid by expensive high-purity water s
required, which together with multistage process
significantly increases the cost of the process of
table salt purification [[7], [8]].

Although NaCl can be purified to any desired
degree, it is associated with certain costs that
increase the cost of the product. Thus, it is very
important to provide purification in the most
practical way [[11], [12]]. Therefore, the aim of this
paper is to study the peculiarities of table salt
production and to analyze its main environmental
impacts.

Salt lakes of Bakhyt-Tany deposit located on the
territory of Suzak district of Turkestan region
(Figure 1) were taken for study as raw materials.
The deposit is located far from the settlements of
tasty village at a distance of 15 km to the north of
the field. Lake Bakhyt-Tany is a continental dry self-
sedimenting lake  with  developed new-
sedimentation and old-sedimentation. Its

composition is chloride, without root salt. The
surface area of the lake is 1.87 km?. The surface is
flat, smooth with traces of mining. Near the banks,
the surface is swollen, broken by cracks, along
which liquid silt protrudes, forming rolls up to 5-8
cm high on the surface. The thickness of new
sediment is mainly from 3 to 15 cm. The thickness
of old sediment is from 11 to 47 cm, including the
average thickness of 0.2 m for Block B and 0.25 m
for Block C1. The thickness of garnet is 0.78-1.0 m.
The average thickness of the salt deposit is 1.26 m -
0.93 m. In general, the salt deposit is a stratum
gradually wedging out to the lake periphery.

Captions
@ Studied village
— Main road

<© Mines

Captions
00 Kazakhstan's border

(] Districts' administrative boundaries
3 Turkestan province

C3 Sozak district

Figure 1 - Location of the lake of the Bakhyt-Tany deposit

The ground aquifer lies at a depth of 2 to 5
meters. The chemical composition of water is
sulfate-chloride, rarely sulfate. Mineralization
varies from 2 to 10 g/l. Water availability of the
horizon is low. Within Bakhyt-Tany deposit ground
waters were not opened by excavations of 2.5 m.
The annual capacity of the enterprise is taken
taking into account the need to develop
commercial salt reserves for the Contract period,
i.e. 25 years. Industrial reserves of salt deposit as of
01.01.2016 are 1349.6 thousand tons or 811
thousand m3 in the sum of categories B+C1 [6]. The
purpose of this work is to study the methods of
processing and purification of sodium chloride from
impurities.

Experimental part

To conduct the study from the deposit Bakhyt-
Tany were taken samples of sodium salt mineral,
the depth of sampling 50 cm. Chemical analysis of
samples was carried out according SS 13685-84
[13].

Methods of analysis. For determination of
sulfate ions we used the method of barium sulfate
turbiometry, for determination of calcium and
magnesium ions we used titration with EDTA
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(Tab.1), Elemental analysis was carried out by
means of energodispersive X-ray fluorescence
spectroscopy on energy dispersive microanalysis
system INCA Energy 450, installed on scanning
electron microscope JSM 6610 LV, JEOL, Japan
(Fig.2-3. Tab.2). The error of determination - 0.01
%. A JSM 6610 LV scanning electron microscope,
JEOL, Japan, was used to study the microstructure
of the samples (Fig.3). The accelerating voltage was
20 kV. The imaging mode was secondary electrons.
Chemical analysis of the sample was carried out
according to SS-sodium chloride.

X-ray diffractometer Dron - 4-07 was used to
obtain X-ray diffractometric analysis. With a tube
with a cobalt anode (Fig.4). Diffractometer imaging
mode:

- sweep speed 2 deg/min;

- tube operating parameters: 30 kV, 20 mA.

IR analysis of the sample was carried out by a
FTIR spectrometer NEXUS E.S.P. (Thermo Scientific,
USA) (Fig.5).

As a result of the research the chemical
composition of the salt of Bakyt-Tany lake was
determined using scanning electron microscope
LEO 912 AB OMEGA (Carl Zeiss SMT AG
Oberckochen, Germany) and SEM JEOL JSM. The
elemental composition of sodium salt is given in
Table 1.

Experimental methodology. To purify the brine
from impurities using the lime-soda method, a
saturated salt solution with a concentration of 315
g/l was prepared. The solution was prepared at a
temperature of 80-100 °C so that all salt dissolved.
After that we added sodium carbonate and calcium
hydroxide calculated in advance by chemical
reactions. The obtained mixture was stirred
continuously for 10-15 min in the thermostat, then
the mixture was allowed to stand for 30 min at
room temperature and passed through a filter.
Insoluble salt residue and insoluble calcium and
magnesium compounds remained on the filter as a
precipitate. The composition of the precipitate on
the filtrate is shown in Figure 5. We determined the
content of calcium and magnesium ions in the
filtered brine by titration method. The obtained
NaCl solution is sent for management and drying of
the target product.

To purify the brine from impurities by
phosphate method, a stoichiometric amount of
sodium phosphate is added to the saturated
solution to precipitate Ca and Mg salts. The mixture
is stirred and kept at room temperature for 30
minutes. The resulting solution is then sedimented.

Extracted in the solid phase from the saturated
solution of NaCl impurity ions of calcium and
magnesium, formed in the interaction with sodium
phosphate, filtered, washed. Then the clarified NaCl
solution is directed to the management and drying
of the target product [[15], [16], [17]].

The discussion of the results

According to the results of the study the
moisture content of the samples was 0.6-1%.
According to the obtained results the approximate
salt composition of halite mineral was calculated:
CaS0,—-2.5%, MgS0, —0.18%, MgCl, —0.37%,NaCl -
88.4%. The mineral contains up to 2 % wt. % of
insoluble residue, which does not allow to use it for
production of table salt without preliminary
desliming.

Table 1 - Results of chemical analysis of sodium salt of
Bakhyt-Tany deposit

lons Mg Ca? cl- SOs> | Na* | Insolub.
2 residue
Content, 0.28 0.880 53.4 1.83 | 353 1.17-2
%

Insoluble residue of salt has two phases: the
first is clay insoluble mass, the second is
transparent crystals of insoluble calcium sulfate.

After determining the composition of table salt,
the purification method was selected. Due to the
fact that the composition of the natural mineral is
similar to table salt, the physicochemical properties
were studied to obtain sodium chloride used in
food and soda ash production by removing calcium,
magnesium ions and mechanical additives from the
mineral [[18], [19]].

Table 2 - Elemental composition of sodium salt of Bakyt-
Tany deposit

Element

(o] Na Mg S Cl Ca Total
Spectr 1

104 | 32.37 1.16 1.26 | 53.04 1.77 100
Spectr 2

3.74 | 38.78 | 0.42 0.15 56.42 0.48 100
Spectr 3

7.53 | 31.87 | 0.81 0.31 | 58.88 0.60 100
Total, %

7.22 | 34.34 | 0.80 0.57 | 56.11 0.95 100
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Spektr 1

Figure 2 - Spectrogram of elements of natural sodium
salt of the Bakhyt-Tany deposit
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Figure 3 - Micrographs of the surface of the natural
sodium salt of the Bakhyt-Tany deposit

The very high intensity of sodium and chlorine
pickers in the figure compared to other elements
indicates that the sample contains a higher
proportion of sodium and chlorine.
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Figure 4 — Results of the XRD of the natural sodium salt
of the Bakhyt Tany deposit

Reflexes: 3.24; 2.81; 1.99, 1.69; 1.62; 1.41; 1.26
A - NaCl (Hyalite) - ASTM-5-628. All the intense and
non-intense peaks in the X-ray radiograph of the
salt sample belong to sodium chloride. The rest of
the sodium mineral seodyniums in the composition
of the salt are very low in content, below 2 %.
Therefore, they are not visible in the X-ray diagram.
All these data, including XRD, elemental analysis,
chemical analysis, indicate a very high content of

sodium chloride in the natural sodium mineral of
the Bakhyt-Tany deposit.

Based on literature sources, several methods
have been selected to purify salt from impurities
and ions. There are several traditional methods of
purifying sodium chloride from unwanted ions,
these include lime-soda method, barium carbonate
method, etc. The purity of salt and reagents is one
of the most important criteria in production. The
lime-soda method has long been known as a
purification method, but a multi-stage purification
system is required to obtain high purity salt. The
following reactions occur in the brine:

CaCl; + Na,CO; = 2NaCl + CaCO; (1)
CaS04 + Na;CO3 - Na,SO4 + CaCOs (2)
MgCl; + Na,CO3 = 2NaCl + MgCO; (3)
MgSO4 + Na,CO3 - Na,SO4 + MgCO5;  (4)
MgCl; + 2NaOH - 2NaCl + Mg(OH).  (5)
MgS04+ 2NaOH - Na;S04 + Mg(OH), (6)

Figure 5 shows the IR analysis of the sludge on
the filter after cleaning by the lime-soda method.
The figure shows that the most intense peaks 1427,
878,716 cm™ are characteristic for calcium
carbonate, and in the region of 3200 - 3700 cm™
absorption of OH-groups.

Figure 5 - IR analysis of the sludge on the filter after
treatment with the lime-soda method

The phosphate treatment method is very

advantageous because calcium and magnesium

phosphates precipitate in the solution, which can
be used in fertilizer production.

3CaCl, + 2NasPO4 - 6NaCl + Cas(POs), (7)
3CaS04 + 2Na3P0O4 = 3Na S04 + Cas(P04),  (8)
3MgCly + 2Na3P0O, = 6NaCl + Mg3(P04) 9)
3MgS04 + 2NazP0s—~> 3Na S04 + Mgs(P0s),  (10)
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The soda-lime and phosphate methods were
used for sodium chloride purification at the Bakhyt-
Tany field. Only 90-93% of calcium and magnesium
ions were removed from the brine using only the
soda-lime method itself. When the cleaning
reagents sodium carbonate and calcium hydroxide
were added over 50%, the degree of purification
increased to 94-98%.

When only phosphate method of solution
cleaning was used, the degree of cleaning from
calcium-magnesium ions increased up to 95-97%
[[20], [22]]. To further increase the degree of
purification, it was recommended to first purify the
solution with the lime-soda method, and then
purify the solution with the phosphate method.
With this method, the purification degree can be
increased up to 99%. The advantage of the method
is that it reduces the consumption of cleaning
reagents, does not require additional heating or
reheating, the process is not multistage. Table 3
shows the degree of solution purification from
calcium and magnesium ions by different methods.

Table 3 - The degree of solution purification from
calcium and magnesium ions by different methods

No Method Degree of purification,%
Ca* Mg*
1 Lime-soda 90 93
2 Lime-soda lime, in 93-94 97-98
excess
3 Phosphate 96-97 94-95
4 lime soda and phosphate 99 99

Conclusions

The obtained results allow us to conclude that
the natural salt mineral of the Bakhyt-Tany deposit
contains a high concentration of sodium chloride
and a small number of impurities.

Thus, the obtained results, including XRF,
elemental analysis, chemical analysis, indicate a
very high content of sodium chloride in the natural
sodium mineral of the Bakhyt-Tany deposit. In the
article lime-soda and phosphate method of salt
purification from calcium and magnesium ions are
considered.

Only 90-93% of calcium and magnesium ions
were removed from the brine using the soda-lime
method alone. When sodium carbonate and
calcium hydroxide cleaning reagents were added
over 50% in excess, the degree of purification
increased to 94-98%. When only phosphate
method of solution cleaning was used, the degree
of cleaning from calcium-magnesium ions increased
up to 95-97%. It was found that this method can
increase the degree of purification up to 99% [[19],
[20]].
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BaKbIT-TaHbl KEH OPHbIHAAFbI aC TY3blH Ta3apTy dAicTepi
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TYWIHAEME

nainganaHy esekTi macenenepaiH 6ipi 6onbin Tabbliaabl.

Byn makanasa bakbiT-TaHbl KeH OpPHbIHbIH ac Ty3blH TasapTyAblH 3amaHayu agictepi
KapacTblpblifaH. Kasipri Ke3ge ac Ty3blH 6HAIPY KaHe OHbl eHAEYAiH apTYpAi aaicTepiHe aereH
cypaHbIC apTbin oTblp. Con cebenTi a3 Ty3blH KOFapbl Adpeene Tasanay KoHe OHbl TMiMAi

A3 Ty3blH Tasanay YwWiH 3epTtTey

HbicaHbl peTiHae TypKicTaH obabicbiHAaFbl CO3aK ayAaHbIHbIH, aymarblHAA OpHanackaH BakpIT-



https://doi.org/10.31643/2025/6445.24

Complex Use of Mineral Resources. 2025; 334(3):19-25 ISSN-L 2616-6445, ISSN 2224-5243

Makana kengi: 4 cayip 2024
CapantamagaH eTTi: 8 mameip 2024
KabbingaHapl: 21 mayceim 2024

TaHbl KeH OPHbIHbIH, Ty34bl KenAepi anbiHAbl. FbINbIMU KYMBICTbIH, HEri3ri MaKcaTbl — a3 Ty3blH,
AFHW HaTPUIN XNOPUAIH KOCNanapAaH TasapTy KaHe eHaey aaicTepiH 3epTTey. fbiabimu 3epTTey
JKYPrisy KesiHAge 3amaHayw Tangay afictepi KongaHbingpl. Ac Ty3blHbIH, GU3MKA-XUMUANBIK,
KacueTTepiH aHbikTay ywiH PEM JSM 6610 LV, peHTreHaik mukpoaHanus Inca Energy-450,
JHEepreTUKanbIK ANCNEPCUANBIK Kyite - payopecLeHTTi cnektpockonua, UK-Pypbe cnektpomeTpi
Tan4anapl. FblAbIMKU-3EPTTEY KYMbICTAPbIHBIH, HITUMKECIHAE OKTi-CoAanbl 9AiCTiH, ©3iH faHa
KONAAHFaHAA Ty34bl KanbUM MeH MarHuii uoHaapbiHaH 90-93%-fa  AeiiH - TasapTyfa
601aTbIHABIFbI aHbIKTanAbl. Ty3abl epiTiHAHI Tazanay ywiH docdaTTbl a4ic KONAAHBIN, KanbLuii
MarHuMii MOHAApblHaH Tasanay gapexkeci 95-97% [aeliH eceTiHAiri aHbikTangpl. Tasanay
[A9peKeciH ofaH api apTTbipy YWIiH epiTiHAIHI angbiMeH aKTi-codanbl a4icneH TasapTbin, KeriH
epTiHaiHi docdatTbl daicneH TasapTy yCbiHbINABl. Byn aaic apKbinbl Tasanay AspexeciH 99%
[eWiH ofapblnaTtyFa 60naTbiHbl aHbIKTaNAbl.

Tyiiin ce30ep: HaTPUit XN0OpUAI, Ty3Abl EPITIHAINEP, ac Ty3bl, Ty34apAbl Ta3apTy a4icTepi, HaTpui

docdarbl.
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AHHOTALMUA

B paHHOM cTaTbe paccCMOTPEHbl COBPEMEHHble MeToAbl OYUCTKM NOBapeHHOW conu
MEeCTOpPOXKAEHUI BaxbiT-TaHbl. B HacToAlee Bpema BO3pacTaeT CNpoC Ha PasnnyHble Cnocobbl
npov3BoACTBa U NepepaboTkn NoBapeHHOW conn. Mo3TOMy KauecTBEHHanA OYUCTKA NOBapeHHOW
conv n ee 3pdeKTMBHOE UCNONb30BaHME ABNAETCA OAHOM M3 aKTyasbHbIX 3afady. B Kayectse
obbekTa wuccnepoBaHMA  AnA  6blIM B3ATbI  CONM U3 MECTOPOXKAEHMIN  BakbIT-TaHbl,
pacnonoKeHHoro Ha Tepputopun Co3aKcKoro palioHa TypkecTaHckol obnacTv. OcHOBHaA Lenb
Hay4HOW PaboTbl — U3y4eHWe METOL,0B OYUCTKM U NepepaboTKM XNopuaa HaTpus oT npumeceit. B
XOfle Hay4HbIX MCCNefoBaHMIn UCNOb30BANNCL COBPEMEHHble aHanuTuyeckue metoabl. [na
onpeaeneHna GpusnMKo-XMMHUYECKUX CBOWMCTB NOBapeHHoW conun 6biau BblibpaHbl PEM JSM 6610
LV, peHTreHOBCKMIA MUKpoaHanu3 Inca Energy-450, 3HeproaMcnepcuMoHHas cucTema-
dnyopecueHTHaa cnektpockonua, UK-®ypbe-cnekTpomeTp. B pesynbTate nccnenoBaTenbecKoi
paboTbl BbIACHWIOCH, YTO MPU WCMO/Ib30BAHUM TOJBKO CaMOr0 M3BECTKOBO-COLOBOrO MeToAad
MOHO OYMCTUTb COJIb OT MOHOB KanbuuA M MarHua ao 90-93%. YcTtaHOBAEHO, 4TO npwu
ncnonb3oBaHMM GochaTHOro mMeToaa OYUCTKU CONEBOrO PAcTBOPA CTEMEHb OYUCTKU OT MOHOB
KanbLmA U MarHua ysennumeaeTca Ao 95-97%. [na panbHelwero noBblleHUsA CTENEeHU OYUCTKU
peKoMeHA,0BaN0Ch CHavYaNa OYMLLATL PAacTBOP U3BECTKOBO-COA40BLIM METOZ0M, a 3aTEM OYMLLATb
pacteop pochaTHbIM METOAOM. YCTaHOBNEHO, YTO AAHHLIM METOAO0M CTENeHb OYUCTKU MOXKHO
noBsbICUTb A0 99%.

Knroyesbie ca08a: XxNOpUA, HAaTPUA, PACCObl, NOBAPEHHAA CO/b, METOAbI OYUCTKK coneld, bocdat
HaTpus.
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ABSTRACT

An unsustainable level of contamination increase is driven by industrialization, population growth
and growth in developing countries. Contamination of heavy metal ions in wastewater such as Pb
(1) are non-biodegradable and poses a serious threat to human health and other living things. One
of the major methods for treating heavy metals contamination is by chemical precipitation.
However, it produced hazardous sludge that requires further treatment and used a significant
quantity of chemicals during the heavy metals treatment process due to its low impact on the
environment. As a result, a membrane filtration method as an alternative treatment for treating
heavy metals in wastewater has been investigated. In this study, the membranes were fabricated
using the wet phase inversion method approach by incorporating polysulfone (PSF) polymer with
dimethylacetamide (solvent) and inclusion of different concentrations of sodium dodecyl sulfate
(SDS) (M1= 0 wt%, M2= 0.5 wt%, M3= 1.0 wt%, M4= 1.5 wt%, M5= 2.0 wt%). The fabricated
membranes were tested to remove 50 mg/L Pb (ll) ions in aqueous solution. Scanning electron
microscopy (SEM) was used to investigate the morphological structures of membranes. Moreover,
the structural characteristics of fabricated membranes were evaluated according to these
parameters; contact angle, porosity and mean pores radius. Furthermore, the performance of the
membrane was also evaluated for permeation and rejection flux by using dead-end cell filtration.
The results indicate that the M4 membrane with 1.5 wt% SDS had the highest rejection rate
(90.52%) for Pb (l1) ions. This is likely due to the presence of macrovoids and a porous structure,
as shown by SEM analyses. Other supporting evidence includes a lower contact angle (63.91°),
higher water uptake (43.58%), higher porosity (85.21%), and a lower mean pore radius (6 nm) for
the M4 membrane. The fouling mechanism model suggests that the complete blocking observed
in the experimental data indicates that porous blockage occurred on the membrane's surface
during the absorption of Pb (Il) ions. In conclusion, compared to the pure membrane, it becomes
evident that the addition of SDS into the membrane solution enhanced the properties of the
membranes. The M4 membrane with a composition of 1.5 wt% concentration SDS demonstrated
optimal filtration for removing Pb (Il) ions in a water treatment process due to excellent properties
mentioned above.

Keywords: polysulfone; sodium dodecyl sulfate; lead; membrane filtration; phase inversion.
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Introduction

The aquatic species that are harmed by the
hazardous contaminant discharged in wastewater
can make ordinary waterways unsuitable for
drinkable water sources. The heavy metals that
contaminate water supplies are harmful to humans
and other living things [[1], [2]]. In this paper, we are
focusing on removal of heavy metals contamination
in synthetic wastewater.

The majority of heavy metals contamination
comes from industrial effluent, including from
mining, metal finishing, fertilizer production,
electroplating and petroleum refineries [[1], [2], [3]].
The example for heavy metals are arsenic, cobalt,
chromium, copper, nickel, lead, titanium, strontium
and mercury. Even at low metal ion concentrations,
almost all heavy metals are harmful to humans a
living thing. Excessive exposure to heavy metals may
cause a variety of diseases such as osteoporosis,
cardiovascular problems, and gastrointestinal and
renal toxicity [4]. Additionally, these heavy metals
are nonbiodegradable, which makes them more
challenging to remove from water surfaces.
Therefore, the measurement and understanding to
control the heavy metals contamination in
wastewater are essential.

Chemical precipitation is a common method for
treating water. However, this method created a
significant volume of hazardous sludge that needed
to be treated later and required the application of
several chemicals for their treatment before they
could be properly disposed [[5], [6], [7]]. Therefore,
a focus is being placed on an innovative membrane
filtering technology treatment since it offers a
sustainable and low-energy process for removing Pb
(I1) ions.

The primary structural chain of polysulfone (PSF)
is mostly made up of benzene rings connected by
sulfonyl (-SO2-), ether (-O-) and isopropylidene (-
C(CH3)2-) groups [8]. The researchers are interested
in PSF polymeric membranes because of their
exceptional stability, high mechanical strength and
excellent thermal properties [[8], [9]]. However, the
PSF membrane's hydrophobic characteristics affect
a number of its potential and make it less effective
in the water purification process [[8], [10], [11]].
Furthermore, PSF membranes have minimal water
flow and can significantly increase membrane
fouling because of their hydrophobicity [[12], [13],
[14]]. Hence, to improve the hydrophilicity feature in
PSF membrane, it is crucial to amend hydrophilicity
modification [[15], [16], [17]]. Therefore, the

inclusion of PEG as a hydrophilic
nanomaterial was used as an additives.

In this study, we aimed to enhance the ability of
the PSF membrane by altering the surface of PSF
with SDS anionic surfactant to have better removal
of Pb (ll) ions. Due to the existence of hydrophobic
interactions, it should be highlighted that the alkyl
chain of the surfactant is a significant feature that
substantially determines the adsorption behaviour
and the structure of the adsorbed layer [[18], [19]].
The amphiphilic nature of SDS surfactant allows it to
aggregate and form micelles at a certain
concentration (referred to as the critical micelle
concentration (CMC)) as well as to adsorb at
interfaces of polymer chains and modify their
characteristics [20]. SDS surfactant is used in
remediation  technologies based on the
aforementioned strengths. Specifically, the capacity
to assemble at interfaces promotes the desorption
and mobility of contaminants, whereas their ability
to micellize and incorporate the contaminants into
aggregations makes it much easier to remove and
further separate contaminants that have been
trapped inside micelles [[21], [22]].

To preserve river ecosystems and ensure the
long-term survival of both human and aquatic life, a
sustainable wastewater treatment process using
membrane filtration is suggested in this study. This
research used PSF as polymeric membrane mixes
with different concentrations of SDS (0.5, 1.0, 1.5,
2.0 wt%) in preparation of membrane dope solution
via phase inversion method. This study aims to
investigate the influence of SDS as an ionic
surfactant in developing the morphology properties
and performance of the membranes.

inorganic

Experimental part

2.1. Material

The polysulfone (PSF) (C27H24Cl1,04S),
polyethylene glycol (PEG) (CanHan+20n+1) and sodium
dodecyl sulfate (SDS) (CHs(CH,)110SOsNa) were
purchased from Sigma-Aldrich (United States,
American). Dimethylacetamide (DMAc) (C4HsNO)
and lead nitrate ((PbNO,);) were from Merck
(Selangor, Malaysia) and distilled water.

2.2. Fabrication of PSF/GO membrane

The wet phase inversion method was used to
prepare the fabricated membrane solution. Table 1
is a summary of the dope solutions composition. The
requisite amount of PEG was put into the media
bottle containing DMAc solution and the mixture
was agitated until homogenous at 60°C before PSF
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were added. The solution continues agitated for 8
hours. To verify there were no air bubbles in the
mixed solution, the solution was left undisturbed at
room temperature for at least 1 hour. The casting
membrane was cast by feeding dope solution onto a
casting blade with 250 m thickness. The solution
then was drawn with a consistent pace on a glass
plate. The glass plate containing the casting
membrane was immersed in a coagulation batch
containing distilled water overnight before cutting
to a small circle size of 5x5 cm for storage.

Table 1 - Fabricated PSF membrane dope solution

Composition (wt %)

Membrane
PSF PEG DMACc SDS

PURE

M1 PSE 16 10 74 0

M2 SDS 0.5 16 10 73.5 0.5
M3 SDS 1.0 16 10 73 1.0
M4 SDS 1.5 16 10 72.5 1.5
M5 SDS 2.0 16 10 72 2.0

Notes: PSF=Polysulfone, PEG=Polyethylene glycol, DMAc=
Dimethylacetamide, SDS= sodium dodecyl sulfate

2.3. Characterization of fabricated membrane

2.3.1. SEM analysis

SEM was employed by HITACHI TM3000 to
examine the cross section of morphology
membranes. The membranes were submerged into
a nitrogen liquid to be frozen for 5 to 10 minutes.
After being shattered, the membrane structure was
preserved. At 10 and 25 kV, the images were
captured under extremely high vacuum conditions.

2.3.2. Contact Angle

The hydrophilicity of the membrane was
evaluated using contact angle goniometer. The
membrane samples were placed on glass slide with
double tape. The micro syringe was used to drop 10
ul of methylene blue solution onto the membrane
surfaces at room temperature. Thereafter, the
images of water droplet with membrane surface
were analyses by Imagel.JS images software [20].

2.3.3. Water uptake

The water uptake test was performed to
evaluate the amount of water absorbed by
fabricated membranes. The wet membranes were
weighed using analytical balance before dried up in
an oven at 60°C for 24 hours to measure dry
membrane weight. The water uptake
measurements of three membrane samples were

averaged. Equation 1 below was used to calculate
the water uptake of the samples [20];

% uptake = (*:2) x 100 (1)

]

Where W; indicated the weight of wet state
membrane (g) and W, indicated the weight of dry
state membrane (g).

2.3.4. Porosity

An analytical balance was used to measure the
wet weight while the membrane is wet. The dry
membrane weight value was taken by drying a
membrane in an oven for 24 hours at 60°C. An
averaged value of three membrane samples were
recorded. The following equation used to evaluate
the porosity using the data taken [20];

wi-wj
Porosity, & = Wl_‘ﬁ% x 100% (2)

Pw Pm

Where, W; indicated the weight of wet state
membrane (g), W; indicated the weight of dry state
membrane (g), pw is the density of distilled water
(0.998 g/mL) and pn is the density of polymer (PSF =
1.24 g/mL)

2.3.5. Mean Pore Radius

The mean pore radius of the membranes is
determined based on the membrane porosity and
pure water flux values. The Guereout—Elford—Ferry
equation was used to calculate the mean pore radius

[20];
_ |(29-1.75¢) x 8111Q
Tm_\} £ X AXAP (3)

Where n is the water viscosity (8.9 x 10 Pa.s), |
is the membrane thickness (m), Q is the volume of
permeate water per unit time (m3/s), A is the
membrane area (m?), and AP is the operational
pressure (Pa).

2.4. Performance Studies for Humid Acid
Removal

2.4.1. Permeation flux

This process was performed using a dead-end
cell membrane module as shown in Figure 1. The
membrane was cut 5x5 cm into a circle shape to fit
in the flat sheet membrane separation unit. The
procedure was done by passing feed through the
membrane. The 2 bar pressure reservoir is used in
the membrane. The permeation flux was calculated
using the equation below [20];
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o= (4)

Where Jy is the pure water flux (PWF), V is the
permeate volume, 4t is the permeate time (h) and A
is the area of membrane (m?).

Dead end cell Permeate

~a collector

;/-\! ’J_L“i Weighing

balance

Nitrogen gas tank

Figure 1 - Dead-end cell membrane module for
permeation testing diagram.

2.4.2. Rejection test

For the rejection test, Pb (Il) ions aqueous
solution was used as a solute to analyse the solute
rejection membranes. The permeate for Pb (II) ions
was measured with Induced Coupled Plasma Optical
Emission Spectroscopy (ICP-OES Agilent 1100) at 187
nm wavelength. The solute rejection is defined as
[21];

%R:( —g—i)xmo (5)

Where, C; is the Pb (Il) ions concentration in the
permeate and Cs is the Pb (Il) ions concentration in
the feed.

2.5. Fouling and kinetic studies

2.5.1 Fouling study

The fouling analysis of each membrane involves
three stages. The first stage, lasting for 30 minutes,
focuses on measuring the pure water flux (JWF2).
The second stage involves aqueous filtration of Pb
(1) ions, and the third stage, also lasting for 30
minutes, involves washing the membrane with
distilled water (JWF2). The average values obtained
after these three stages are measured and used to
determine the membrane's fouling resistance. In
this analysis, equations (6) and (7), as described by
[20], are utilized to calculate the relative flux
reduction (RFR) and fouling resistance ratio (FRR).

RFR (%) = (1 - ]fﬁ)x 100% (6)

WF

Where, RFR was relative flux reduction, Jrs was
Pb (ll) ions permeate flux and Jwr was the initial pure
water flux.

FRR (%) = ’]VVVV—F;X 100% (7)

Where FRR was the fouling resistance ratio and
Jwr2 was the pure water flux after the washing step.

2.5.2. Kinetic studies

Hermia's blocking models were utilized to
analyze the experimental data and identify the
predominant fouling mechanism in this filtration
process. The fouling equations for complete
blocking (8), standard blocking (9), intermediate
blocking (10), and cake filtration (11) mechanisms
are provided in Table 2.

Table 2 - Four types of fouling mechanisms and their
equations

Fouling mechanism Equations
Complete blocking, b J = Joe kvt (8)
Standard blocking, s J= Jo
. L a2
(1+%00) (9)
2
Intermediate J= Jo
blocking, i 1+ ko (10)
Cake filtration, ¢ J = Jo
- 1
(1+2kgj2)? (1)
Notes;

Jo — initial flux,
t —time taken (min),
k — fouling parameter for each fouling mechanism

Results and Discussion

3.1. Characterization of PSF/SDS membrane

3.1.1. SEM analysis

Scanning electron microscopy was used to
photograph membrane morphology. The membrane
revealed as the concentration of SDS increases, the
membrane morphology transformed to a thin skin
layer, finger-like porous and macrovoids upon
analysis of the cross-sectional structure membrane.
As seen in Figure 2, the pure membrane, M1 has a
thick dense layer and a sponge structure with few
isolated close-end drop-like pores. In fabricated
membranes, the M2 membrane with total 0.5 wt%
of SDS concentration displayed the drop-like holes
were displaced by irregular porous and larger
macrovoids at the bottom of the cross-section
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surfaces, yet, the sponge sections are still present.
Moreover, finger-like structures that potentially
increase water permeability emerged in the M3
membrane at the top layers and the larger
macrovoid in the bottom layer. Furthermore, at
membrane with concentrations 1.5 wt% and 2.0
wt% SDS (M4 and M5), the formation of a narrow
finger-like structure became more elongated and
had an enormous channel of macrovoids.

The interaction of PSF-SDS complex attributed
to the suppresses in the development of finger like
structure in the interlayer. In addition, the free
micelles that may separate from polymer chains
during the immersion process might result in
enormous macrovoids inside the membrane
structure. Moreover, the rapid demixing of the
membrane solution leads to the creation of the
porous structure with finger-like macrovoids while
the delayed demixing of the membrane solution
leads to the bicontinuous sponge-like structure. The
slower rate exchange of solvent and nonsolvent
during the phase inversion process leads to smaller
pores and a spongy structure and more drop-like
pores which can change the membrane
permeability, in contrast to rapid exchange rate
solvent and nonsolvent resulted in larger pores,
more finger-like pores structures as well as more
channel available.

irregular pores

Figure 2 - The SEM analyses for cross-section (x250)
morphology on fabricated membrane (a= pure PSF; b=
0.5 wt%; c= 1.0 wt%; d= 1.5 wt%; e= 2.0 wt%)

(c) M3 (d) M4

(e) M5

Figure 3 - The images of contact angle for all fabricated
membranes (M1= pure PSF; M2= 0.5 wt%; M3= 1.0 wt%;
M4= 1.5 wt%; M5= 2.0 wt%)

3.1.2. evaluations on fabricated
membranes

Table 3 summarizes the contact angle, porosity
and mean pore radius of the fabricated membrane.
The angle that forms between water droplets and
membrane surfaces is known as contact angle. The
membrane's hydrophilicity may be assessed by
measuring contact angle. The membranes were
referred to as hydrophilic if the contact angle
measurement was >90° and vice versa [21]. Figure 3
shows the images of the contact angle for each
fabricated membrane. Results show the pure
membrane M1 had the highest value 66.39° of
contact angle than other membranes which
revealed the characteristic of PSF membrane as a
hydrophobic polymer. Among the fabricated
membranes, the M5 membrane with 2.0 wt% of SDS
concentration has the lowest contact angle value of
46.33° which indicates that the membrane surface
has the highest hydrophilicity. This result showed
the addition of hydrophilic inorganic compound,
PEG and hydrophilic surfactant, SDS giving an effect
on the membrane surface properties. The O-H
hydroxyl group facilitates the linkage of hydrogen

Physical
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bonds between water molecules on the membrane
surface, which increases the membrane
hydrophilicity [[22], [23]]. The increment of SDS
concentration causes the membrane surface to
become more hydrophilic. Therefore, the overall
contact angle for all the membranes was arranged in
descending order M1> M2> M3> M4> M5 with value
66.39°>  55.88°>  48.82°>  47.92°>  46.33°,
respectively.

Studying water uptake is a dependable method
to gain insights into the hydrophilic properties of a
membrane. The level of hydrophilicity on the
membrane surface greatly influences the amount of
water absorbed and if the polymer contains
macrovoids. The research findings indicate that an
increase in SDS inclusion leads to higher water
uptake by the membrane. Generally, measuring
water uptake aligns with porosity. An increase in
membrane  porosity  strongly  suggests a
corresponding increase in water uptake, indicating a
greater hydrophilicity of the membrane surface.

The modification of membrane morphology was
guantified by calculation of membrane porosity. The
overall porosity value increased with an increase in
SDS concentration. The porosity value for M1, M2,
M3, M4 and M5 were 73.35%, 83.33%, 84.48%,
85.21% and 85.30%, respectively. According to the
findings, the pure membrane M1 had a lower
porosity value than other membranes treated with
SDS. this demonstrated the inclusion of SDS
modified the structure and morphology of the
membrane. This conclusion has been proved by
FESEM analysis that have been discussed in Figure 2
above.

Furthermore, the mean pore radius value for
pure membrane (M1) was much smaller (3 nm) than
the membrane containing SDS. This is due to the
hydrophobic characteristic of polymeric PSF that
enable the prevention of water to passing through
the pure membrane and give effect on membrane
permeability. Among the membranes treated with
SDS, the pore size was improved with increasing SDS
concentration to 1.0 wt%. However, the pore size
started to decrease at 1.5 wt% concentration of SDS.
This is because of the delay in demixing of solvent
and non-solvent during the immersion phase due to
the presence of the PSF/SDS complex which
enhanced the finger-like structure in the sub-layer
membrane. As a consequence, the pore size on the
membrane surface decreases. Based on other study,
the decreasing in membrane pore size enables in
high rejection of solutes [20].

Table 3 - Summary of contact angle, water uptake,
porosity and mean pore radius of fabricated membrane.

Memb | Contact Water Porosity Mean
ranes angle uptake (%) pore
(°) (%) radius
(nm)
73.35+
M1 66.39 33.29 0.09 3
83.33 ¢
M2 55.88 39.01 0.09 8
84.48
M3 48.82 41.28 0.04 10
85.21+
M4 47.92 43.58 0.15 6
85.30 ¢
M5 46.33 44.22 0.07 7

Notes; M1= pure PSF, M2= 0.5 wt% of SDS, M3= 1.0 wt%
of SDS, M4= 1.5 wt% of SDS, M5= 2.0 wt% of SDS.

3.2. Membrane performance studies

3.2.1. Permeation flux

Table 4 displays the summary of membrane
performance on permeability testing. The
comparison of permeation flux for pure water flux
(PWF) and Pb (II) ions flux was also present in Table
4. The PWF was testing by dead-end cell filtration
with 2 bar pressure in a nitrogen atmosphere.
Results showed the PWF for pure membrane
exhibited the lowest flux due to the hydrophobic
characteristic of the polymer membrane. Among
fabricated membranes, the PWF increased when the
amount of SDS concentration increased at a total of
1.0 wt% SDS. However, the water flux rate appeared
to deceases in the concentration of 1.5 wt% and 2.0
wt% SDS. Water flux rates can be arranged in
descending order for all the membranes
M3>M2>M5>M4>M1  with  water flux rates
20.46>13.60>9.83>6.19>1.66 g/m?h, respectively.

The increase of water flux after the addition of
SDS in membrane dope solution is due to the
hydrophilicity improvement on the fabricated
membrane surface. Meanwhile, the decrease of
water flux at SDS with high concentration can be
related to the size of the mean pore radius on the
membrane surface as shown in Table 4. The smaller
pore size gives an effect on the lack of water flow
permeating through the membrane at one time.
According to FESEM analyses on the cross-section
morphology that were shown in Figure 2, the images
displayed the narrow finger like structure on M4 and
M5 which indicated the reason for the permeability
rates of water flux through the membrane.

The Pb (Il) ions feed aqueous solution were
tested at 2 bar pressure in a nitrogen atmosphere
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and displayed a similar sequence with PWF flux. The
pure PSF membrane has the lowest Pb (ll) ions flux
1.61 g/m?h, followed by M4< M5< M2< M3 with Pb
(1) ions flux of 3.06< 9.13< 10.95< 19.88 g/mh,
respectively. The addition of SDS to PSF membrane
dope solution gives the formation of finger-like
pores and macro-void structure on the morphology
of the membrane. Hence, we can conclude the
addition of SDS to the fabricated membrane
increases membrane water flux better than the pure
membrane, M1.

Table 4 - Summary of PWF, Pb (ll) ions flux, Pb (Il) ions
concentration (ppm) and Pb (ll) ions rejection after
filtration process using dead end cell for fabricated
membranes

Memb PWF Pb (I1) Pb (1) ions Pb (I1)
rane flux ions flux concentrati ions
(g/m?h) | (g/m?h) on Rejection
(ppm) (%)
M1 1.66 1.61 44.72 10.56
M2 13.20 10.95 23.49 53.02
M3 20.46 19.88 26.63 46.74
M4 6.19 3.06 4.74 90.52
M5 9.83 9.13 11.24 77.52

Notes; PWF= Pure Water Flux, PB= Lead, M1= pure PSF,
M2= 0.5 wt% of SDS, M3= 1.0 wt% of SDS, M4= 1.5 wt%
of SDS, M5= 2.0 wt% of SDS.

3.2.2. Rejection

The Pb (Il) ions rejection of fabricated
membranes was shown in Figure 4. The membrane
treated with SDS removed more Pb (1) ions compare
to a pure membrane. Among the fabricated
membrane, the rejection of Pb (ll) ions increased
when the amount of SDS concentration increased at
a total of 1.5 wt% SDS (M4). However, after the SDS
concentration is increases to 2.0 wt% (M5), the
rejection of Pb (ll) ions became slightly decreases.
The M4 membrane had the maximum removal of
90.52% for Pb (ll) rejection compared to other
membranes even though it had a lower penetration
flux. This is due to the production of the PSF-SDS
complex and the deposition of the SDS polarisation
layer that stops it from passing through the
membrane [22]. Despite having a higher SDS
concentration, the M5 membrane had lower Pb (l1)
removal than the M4 membrane. This is because, at
2.0 wt% of SDS concentration, the micelles deform
close to the membrane surface, allowing metal ion-
containing micelles to pass through the membrane
and resulting in having a lower removal performance
than the M4 membrane. The rejection of Pb () ions

was followed by M1<M3<M2<M5<M4 with
rejection values of 10.56<46.74<53.02<77.52<90.52
per cent rejection.

Pb (II) ions rejection (%)
E

Membrane

HEPURE DOSDS05 MmSDS10 ®SDS15 @msSDS2.0

Figure 4 - The Pb (Il) ions rejection for fabricated
membranes (M1= pure PSF; M2= 0.5 wt%; M3= 1.0 wt%;
M4= 1.5 wt%; M5= 2.0 wt%)

3.3 Fouling and kinetic studies

3.3.1 Fouling studies

A study was conducted to examine membrane
fouling, which is a drawback in membrane filtration.
In this analysis, the reversible fouling ratio (RFR) and
flux recovery ratio (FRR) were investigated. A higher
RFR value indicated a larger accumulation of Pb (Il)
ions on the membrane surface, which then adsorbed
onto the membrane pore [20]. Additionally, a lower
FRR value indicated a higher susceptibility to
membrane fouling. The fouling analysis of all the
produced membranes is illustrated in Figure 5.

According to Figure 5, the membrane containing
SDS has better resistance to fouling compared to the
pure membrane. Among the membranes tested, the
M4 membrane has the highest RFR value (33.57%),
indicating a higher deposition of Pb (Il) ions on its
surface. Previous research has shown that
membrane fouling can be influenced by factors such
as surface  morphology, roughness, and
hydrophobicity [20]. Membranes with higher
porosity are more prone to pore clogging, resulting
in lower permeation flux and increased fouling. The
RFR values for the M1, M2, M3, M4, and M5
membranes are approximately 55.20%, 13.00%,
14.46%, 33.57%, and 26.34%, respectively.

After thoroughly rinsing the membrane with
distilled water, the secondary water flux was
measured. The membrane's morphology can impact
the FRR values, as the Pb (ll) ions can easily get
trapped on the membrane's surface and pores,
making it difficult to clean the membrane. The FRR
values for M1, M2, M3, M4, and M5 were 44.47%,
87.43%, 81.24%, 73.54%, and 72.96%, respectively.
Except for the pure membrane, M1, the FRR values
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were higher than the RFR values. This could be
attributed to the formation of a micellar gel layer
due to the increased SDS concentration. The
adsorption of Pb (ll) ions onto the SDS gel layer
effectively removed the ions, while particle
aggregation led to larger micelles and higher FRR
levels [21].

100
80
60
40

20

M1 M2 M3 M4 M5

Membrane

ORFR % EFRR %

Figure 5 - Membrane fouling for reversible fouling ratio
(RFR) and flux recovery ratio (FRR)

Conclusions

In this study, the PSF polymer membrane was
fabricated with different concentrations of SDS (0.5
wt%, 1.0 wt%, 1.5 wt% and 2.0 wt%) and DMAc
solvent. Our results suggest the addition of SDS into
the membrane solution enhanced the properties of
the membranes. The results show that fabricated
M4 membrane with the addition of 1.5% of SDS had
greater results for Pb (Il) removal from aqueous
solution with 90.52% rejection due to the presence
of macrovoids and a porous structure, as shown by
SEM analyses. In addition, the fouling mechanism

model suggests that the complete blocking observed
in the experimental data indicates that porous
blockage occurred on the membrane's surface
during the absorption of Pb (ll) ions.
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TYRIHAEME

JlacTaHy AeHreniHiH ecyiHe MHAYCTPUANAHABIPY, Xa/blK CaHbIHbIH, ©CYi XaHe AamyLbl engepaeri
damy ceben 6onagbl. Pb (Il) cuAKTbl ayblp MeTangap MOHAAPbIMEH NacTaHfFaH afblHAbBI Cynap
610N0rUANBIK, biAbIPaMaiAbl }KIHE afaM AeHCay/blFbiHA XKaHe backa Aa TipLWinik nenepiHe ynkeH
Kayin TeHaipeai. Ayblp MeTanaapmeH nactaHyMeH KypecyaiH, Herisri agictepiHiH, 6ipi XMMuANbIK
TYHAbIPY 60n1bIn Tabbinagpl. ereHmeH, 6yn aAicTi KONAaHFaHAA apbl Kapall eHAEYA] KaKeT eTeTiH
KayinTi nan naipga 6onagbl. KopwaraH opTafa acepiHiH, TemeH 60sybiHa 6alinaHbICTbl ayblp
MeTangapabl eHaey npoueciHae XMMUANBIK 3aTTap Ken nanganaHbiiagsl. OcbiFaH 6alinaHbICTb
afblHAbl CynapAafbl ayblp MeTangapAbl TasapTyablH, 6anama agici peTiHae membpaHanbik
dunbTpauma agici 3eptrengi. byn 3eptreyge membpaHanap gumetunauetramuaneH (epiTkiw)
nonncynbdoHapl (MNCP) nonumepai KaHe HaTpuii gogdeumn cynbdatbiHbiH, (SDS) apTypAi
KOHLLEHTPALMACLIH KOCY apKblibl biaFan ¢asanblik MHBEPCUA dAICIH KONAaHa OTbIpbIN Kacangbl
(M1 = 0 macca %, M2 = 0,5 macca %, M3= 1,0 macca %, M4= 1,5 macca %, M5= 2,0 macca %).
[OaitbiHaanfaH membpaHanap cynbl epitiHgigeri 50 mr/a Pb (I) MOHAAPbIH KO0 YLWiH CbiIHAKTaH
oTTi. CKaHepneywi 3NeKTPoHAbl MUKpockon (SEM) membpaHanapaplH,  MopdONOruanbIK
KYpbINbIMAAPbIH  3epTTey  ywiH  naiganaHbingpl. CoHbIMeH  KaTap,  JAailblHAanfaH
MembpaHanapablH, KypbInbIMABIK cMnaTTamanapbl — »KaHacy bypbilbl, KeyeKTiNiK KaHe opTawa
KeyeKkTep pagunycbl CUAKTbI NapameTpaepre caiikec 6aranaHapl. CoHbIMeH KaTap, membpaHaHbIH,
OHIMAINIri TyMbIK, }Kacywanapabl GUNbTPALMANGY apKblabl OTKI3rLTIK KaHe Kabblngamay afbiHbl
6ovibiHWaaa 6afanaHapl. HaTukenep canmarbl 1,5% SDS 6ap M4 membpaHacbiHaa Pb (11)
MOHAAPbI YLWIH eH, }KoFapbl Kabblagamay xoingamapiebl (90,52%) 6onaTbiHbiH KepceTTi. byn FESEM
Tangdaynapbl KepceTKeHAeW, MaKpOOMATapAblH KHE KeyeKTi KypblabIMHbIH — 6onyblHa
6ainaHbIcTbl 60nybl MyMKiH. Backa pacTaiiTbiH ganengep TemeHri )aHacy 6ypbiwbiH (63,910),
JKOFapbl cyapl CiHipyai (43,58%), ofapbl KeyeKTinikTi (85,21%) skaHe M4 membpaHacbiHbIH,
TOMEHri opTalla KeyeK paauycblH (6 HM) KamTuapl. JlacTaHy MeXaHWU3MIHiH, Mmoaeni
IKCNEPUMEHTTIK AepekTepae 6aikansaH TonblK 6a0KTayapiH, Pb (I1) MoHAapbiH CiHipy KesiHae
membpaHa beTiHae KeyekTi b6iteny naliga 6onfaHblH KepceTeai. KopbiTbiHAbINAK Kene, Tasa
membpaHameH CanbiCTbipfaHAa, MembpaHanbik —epiTiHgire SDS Kocy membpaHanapapiH,
KacMeTTepiH »aKcapTaTbiHbl aHblKTanabl. Kypambl canmasbl 1,5% SDS KoHueHTpauuackl 6ap M4
membpaHachl KoFapblga anTbinFaH KacuetTepre 6alnaHbICTbl Cyabl TazapTy npoueciHge Pb (I1)
MOHZAPbIH KO YLWiH OHTalNbl GUNBLTPNENTIHIH KepceTTi.

TyiiiH ce3dep: nonnucynbGoH, HaTpuUit Aoaeumn cyabdatbl, KOpFacbiH, MeMbpaHanbik GuabTpaums,
daszanbik MHBEPCUA.
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AHHOTALUMUA

HeycTonumBbIi POCT YPOBHA 3arpa3HeHUs 0bycN0BAEH UHAYCTPUANMU3aLMel, POCTOM HaceneHus
M POCTOM Pa3BMBAIOLMXCA CTPAH. 3arpA3HEHUA CTOYHbIX BOA, MOHAMM TAMKEbIX METANN0B, TaKUX
Kak Pb (Il), He nogaatoTca 6MOPa3NOKEHUIO M NPEACTaBAAT CEPbE3HYI0 Yrpo3y ANA 340P0BbA
yenoBeKka M APYrux Xmebix cywects. OAHUM M3 OCHOBHbIX MeTo40B 60pbbbl C 3arpsA3HeHUem
TAXKENbIMU MEeTa/laMU ABAAETCA XMMWUYecKoe ocaxkpeHue. OfHako Ha Hem o06pas3oBbliBanca
onacHbl un, Tpebytowmnin AanbHelwen 06paboTKM, U UCNONB30BANOCh 3HAYUTENIBHOE KONYECTBO
XMMMWKaTOB B MPOLLECCE OYUCTKM OT TAME/bIX METa//ioB M3-3a €ro HM3KOro BO3AENCTBMA Ha
OKpy:Katowyto cpedy. B pesynbTate 6bin UcCcnefoBaH MeTosd MeMBpaHHON GuAbTPaLuuKM Kak
aNbTePHATMBHBIA METOL OYMCTKM CTOYHbIX BOZ, OT TAMKENbIX METannos. B aTom uccnegosaHuu
Mmem6bpaHbl 6blIM U3rOTOBNEHBI C UCMO/b30BAaHMEM METOAA MHBEPCUM BAXKHOW ¢asbl nyTem
BK/OYEHWA nonumepa noaucynbpoHa (PSF) ¢ avmetvnauetammugom (pactsoputenem) u

MNoctynuna: 12 dekabps 2023 BK/IOYEHMA Pa3/IMYHbIX KOHLLEHTpauuii gogeunncynbdarta Hatpua (SDS) (M1 = 0 mac.%, M2 = 0,5
PeueHsuposaHue: 20 ¢pespansa 2024 macc. %, M3= 1,0 macc. %, M4= 1,5 macc. %, M5= 2,0 macc. %. M3rotoBneHHble membpaHbl 6b111
MpuHATa B Nneyatb: 24 utoHA 2024 NpOTecTMpOBaHbl Ha yganeHuve 50 mr/n uoHos Pb(ll) B BogHOM pacTBOpe. CKaHWpyloLLyto

3N1EKTPOHHYI MUKpockonuio (COM) ucnonb3oBann paa wccnegoBaHus MopdONorMyeckoi
CTPYKTYpbl MembBpaH. Kpome TOro, no 3TMM napameTpam OLEHMBANUCL CTPYKTYpHble
XapaKTEPUCTUKM M3rOTOBNAEHHbIX MeMBpPaH; KOHTAKTHbIWA Yron, NOpUCTOCTb U CPeaHWUA pagunyc
nop. Kpome TOro, xapakTepucTMKM MembpaHbl TaKKe OLEHWBAAWN MO NOTOKY NPOHWUKHOBEHUA U
OTTOP}KEHMA C UCMONb30BAHMEM TYNUKOBOM KAETOYHON PuUAbTpaumun. PesynbTaTbl NOKasbiBaloT,
4yT0 MembpaHa M4 ¢ 1,5 mac.% [,CH nmena camblii BbICOKUIA YypOBEHb OTTOPXKEHUA (90,52%) noHoB
Pb (I1). BeposaTHO, 3TO CBA3aHO C HaMYMEM MAKPOMYCTOT M NMOPUCTOM CTPYKTYPbI, KaK nokasanu
aHanusbl FESEM. [jpyrve noaTBepaatome aHHble BKIOYAOT MeHbLWIA yron KoHTakTa (63,91°),
6onee BbiCOKOe nornouieHne sBoabl (43,58%), 6onee BbICOKyt0 nopucTocTb (85,21%) n 6onee
HWU3KWIA cpeaHuit paguyc nop (6 HM) ana membpaHbl M4. Mogenb mexaHM3Ma 3arpasHeHus
npegnonaraet, 4yto nonHasa 670KMPOBKa, Habnogaemas B IKCNEPUMEHTANbHbIX AAHHbIX,
CBMAETENbCTBYET O TOM, YTO 3aKynopKa Mop Npousowna Ha MNOBEPXHOCTM MeMbBpaHbl npu
nornouweHun noHoe Pb(Il). B 3akntoveHWe, NO CPaBHEHMIO C YUCTON MeMBpPaHOW CTaHOBUTCA
o4yeBMAHbIM, YTO fobasneHne [ACH B pactBop MembBpaHbl yAy4ylwMAO CBOWCTBA MeMBpaH.
MembpaHa M4 c cogepskaHmem [ACH 1,5 mac.% nNpoAEMOHCTPMPOBana ONTUMANbHYIO
dunbTpaunio ans yaanedua wmoHos Pb(ll) B npouecce BogoouncTkM 6narogaps OT/AMUHBIM
CBOMCTBaM, YNOMAHYTbIM BblLUE.

Kniouesvie cnoea: nonncynbdoH, goaeumncynbdat HaTpua, BecTn, membpaHHas duabTpaums,
nHBepcua pasbl.
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ABSTRACT

The article presents the results of research on the influence of soapstock used in the composition
of two-component modified additive. Standard tests of beam samples for flexural and
compressive strength, and standard cubic samples for water absorption and frost resistance
were performed. Tests were performed for samples with different contents of soapstock (Sp): 5,
7.5, 10 and 12.5 % by weight of cement, microsilica and phosphogypsum. The strength
measurements of the beam samples showed that the maximum effect concerning the increase in
material strength was achieved at 5% of the soapstock content. However, it should be noted that
the subsequent decrease in strength with increasing concentration of soapstock is not
significant, up to Sp=10% does not exceed 1%. Thus, the optimal concentration of soapstock, at
which the maximum effect on the strength of the material will be achieved, is 5-10%. The
obtained curve of dependence of water absorption change on the soapstock concentration
showed the optimal gradient of water absorption, which corresponds to Sp=10%. With further
increase of soapstock, the decrease of water absorption index is not significant. Tests on frost
resistance showed that the maximum resistance to cyclic freezing is observed in samples with
Sp=10%, further increase reduces frost resistance. The regularity in the increase of frost
resistance with increasing concentration of soapstock is logical because with each increase in
concentration, the hydrophobization of the material increases. However, if the hydrophobicity of
samples with Sp=12.5%, although not significantly, still increases about Sp=10%, the frost
resistance decreases.

Keywords: foam concrete, two-component modified additive, technological scheme, soapstock,
strength properties, water absorption, frost resistance.
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Introduction

The application of new materials and

concrete construction, where innovative
approaches contribute to the formation of more

efficient, durable and sustainable structures. The

technologies in production is a key factor in the
development of the construction industry, bringing
innovation and rethinking the way materials are
created and used. Special attention is paid to

production of construction materials plays an
important role in the economy, providing raw
materials for the industry and significantly
influencing the overall output. New materials and
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production methods are being actively researched
in this area, including the development of more
environmentally friendly processes. One example of
such innovation is the recycling of anthropogenic
waste into construction composites, which helps to
reduce environmental impact and increase the
sustainability of building materials [[1], [2], [3], [4]].

In modern construction, guaranteeing the
strength and durability of materials is an integral
part of creating reliable and sustainable structures.
In this context, foam concrete occupies a special
place among a variety of building materials used in
various industries. Due to its lightness, excellent
thermal insulation properties and high degree of
resistance to destruction, foam concrete is widely
used for the construction of various building
structures and products. However, despite its many
advantages, there is considerable potential for
further improvement of the properties and
characteristics of this material through the use of
various additives and innovative technologies [[5],
(6], [711.

Cellular materials such as foamed concrete play
a key role in modern construction due to their high
thermal insulation and applicability in building
construction. It not only contributes to
environmental improvement, but also saves
resources as improved thermal insulation helps to
reduce the consumption of fuel, energy and natural
materials. However, the foam concrete production
process faces the problem of the short life of the
foam. Various stabilization methods are used to
increase the durability of foam concrete, among
which modified additives are particularly promising.
These additives help to increase the stability of the
foam and extend its service life [[8], [9], [10], [11]].

A wide range of modified additives and their
application methods provide an opportunity to
optimize foam strengthening, which ultimately
leads to improved quality and reliability of foam
concrete structures. Rapid development in this area
of research pushes the construction industry
towards innovative solutions that contribute not
only to reducing the negative environmental impact
but also to improving energy efficiency, which is an
important aspect in today's environmentally
oriented construction practice [[12], [13]].

A large part of the transformation of concrete
as an important building material is determined by
the use of various additives that can improve its

physical and mechanical properties [[14], [15]].
These additives can be carefully selected according
to the specific needs and technological application
of concrete. For example, some additives are aimed
at increasing the setting or curing rate of concrete,
while others are designed to increase its strength,
reduce water absorption, improve frost resistance
and provide other desired characteristics [[16],
[17], [18], [19]]. The use of properly selected
additives plays a key role in creating concrete
structures that meet high requirements for
strength, durability and resistance. The results
obtained correlate well with similar studies
conducted in the field of foam concrete [[20], [21],
[22], [23]]. In these works, comprehensive studies
of the physical and mechanical properties of foam
concrete were carried out, including comparative
analysis of different variants of compositions. These
studies not only confirm the obtained results, but
also provide valuable data on the technical
characteristics of foam concrete under different
conditions and with different compositions.

This article details the process of development
and application of a modified additive, which has a
plasticizing effect to significantly improve the
characteristics and functionality of foam concrete
as a building material. The additive is developed
taking into account the peculiarities and
requirements of foam concrete production, which
allows to achieve a higher level of quality and
efficiency of its application.

In the composition of the additive it is
supposed to use industrial wastes, exactly the
following components: microsilica (Ms further),
phosphogypsum (PhG further) soapstock (Sp
further), post-alcohol bard (PaB further), as well as
caustic soda.

Microsilica - waste from metallurgical
production, delivered from TNK Kazchrome JSC. The
chemical composition is as follows: SiOz: 90-92%;
Al,03: 0.6-0.8%; Fe;0s3: 0.4-0.7%; CaO: 0.4-0.9%;
MgO: 0.8-1.0%; Na,O: 0.6-0.8%; K;O: 1.2-1.4%; C:
0.9-1.2%; S: 0.2-0.3%. To increase the strength
properties of concrete, microsilica, which is a finely
dispersed medium of active minerals, is introduced
into its composition.

Post-alcohol bard - waste from alcohol
production, delivered from Aydabul distillery JSC.
PaB has the following composition: crude protein -
2.0%, non-fatty substances - 3.0%, fat - 0.5%,
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cellulose - 0.5%. For its better mixing and
plasticization, post-alcohol bard, which is
essentially a surface active additive, is introduced
into the composition.

Phosphogypsum - waste from phosphoric acid
production, delivered from Kazphosphate LLP. The
composition includes: - calcium sulfate dihydrate
(CaS04*2H,0) not less than 70 %; - water-soluble
phosphates not more than 0.3 %; - fluoride
compounds (in terms of fluorine) not more than
0.25 %; - water (H,0) not more than 26 %. For
mineralogical balance, phosphogypsum is
introduced into the concrete mix as a result of the
addition of microsilica, which includes up to 95%
silicon oxide.

Soapstock - waste from refined oil production,
delivered from Altec Ltd. The use of soapstock in
the composition of concrete contributes to its
volumetric hydrophobization due to the fact that it
is represented by a fatty acid composition.

Caustic soda (NaOH) — stabilizer, delivered from
Kaustik JSC. The additive also contains a small
amount of caustic soda, which is necessary for
leaching of soapstock and slowing down the
process of its oxidation.

The result is a hydrophobic concrete with
increased strength. The main purpose of this
additive is to improve the hydrophilicity of the
cement, which promotes more efficient moisture
penetration and reduces the need for water to mix
the foam concrete mass. This will lead to a more
homogeneous structure of the foam concrete,
which is an important factor in its quality and
strength. In addition, the additive will help reduce
the number of micropores in the cell walls of the
foam concrete, which will provide a better porous
structure for the material, improving its properties.

The study aims to evaluate the effect of each of
the above-mentioned component of the additive.
However, this paper will present the results of the
third stage of the study, namely the effect of
soapstock on the transformation processes of
concrete, exactly on its strength, water absorption
and frost resistance. Cement-sand mixture with
20% inclusion of microsilica and 15% content of
phosphogypsum by weight of
presented as a reference sample. The technological
composition of the reference sample was obtained

cement was

from the results of the first and second stages of
the study, the effect of
phosphogypsum on the quality of concrete.

microsilica and

Experimental technique

The proposed additive is a composite mixture
of industrial waste consisting of a liquid and a solid
phase. The solid phase (component 1, K1), in turn,
is represented by a dry mixture of microsilica,
phosphogypsum and neutralized soapstock, and
the liquid phase (component 2, K2) - by post-
alcohol bard.

To increase the strength properties of concrete,
microsilica, which is a finely dispersed medium of
active minerals, is introduced into its composition.
For its better mixing and plasticization, post-
alcoholic bard, which is essentially a surface active
additive, is introduced into the composition. For
mineralogical phosphogypsum is
introduced into the concrete mix as a result of the
addition of microsilica, which includes up to 95%
silicon oxide. The use of soapstock in the
composition of contributes to its
volumetric hydrophobization due to the fact that it
is represented by a fatty acid composition. The
additive also contains a small amount of caustic

balance,

concrete

soda, which is necessary for leaching of soapstock
and slowing down the process of its oxidation.
Ultimately, we obtain hydrophobic concrete with
increased strength.

Figure 1 shows the technological scheme of
production of the modified additive. The
technological process of production includes two
subsequent stages of production. At the first stage
preparation of the dry component of the additive is
carried out in the process of grinding, drying and
mixing of microsilica and phosphogypsum. Grinding
of components is necessary to obtain a
homogeneous fine-dispersed medium, to obtain
their maximum activity in the process of hydration
of concrete. Drying is necessary for the qualitative
selection of components by weight and exclusion of
unaccounted water in the composition of the
additive. In the second stage, the liquid component
of the additive is prepared, exactly mixing of
bard and their
subsequent neutralization by acidity.

soapstock with post-alcohol
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Finished product

1 — Microsilica
2 — Phosphogypsum

3 — Soapstock and caustic soda

4 — Post-alcohol bard
A, B — Mixer
C — Rotary Dispergator

Stage 1: (preparation of dry component): mixing
of microsilica with phosphogypsum in mixer A.
Stage 2: (preparation of the liquid component):
mixing in mixer B of soapstock, caustic soda and
post-alcohol bard.

Figure 1 - Technological stage of additive production

Table 1 - Variable compositions of mixtures

Stages Content of components by weight, g
Sand Cement Ms PhG Sp NaOH PaB Water
Reference 1500 500 0 - - - - 200
Stage 1 1500 450 50 - - - - 200
1500 425 75 - - - - 200
1500 400 100 - - - - 200
1500 375 125 - - - - 200
Stage 2 1500 450 50 - - - 200
1500 425 75 - - - 200
1500 400 100 - - - 200
1500 375 125 - - - 200
Stage 3 1500 475.0 24.750 0.250 - 200
1500 462.5 37.125 0.375 - 200
1500 450.0 49.500 0.500 - 200
1500 437.5 61.875 0.625 |- 200
Stage 4 1500 500 5 195
1500 500 10 190
1500 500 15 185
1500 500 20 180
Table 2 — Variable compositions of the studied mixtures
Sample Content of components by weight, g
Sand Cement Ms PhG Sp NaOH PaB Water
Reference 1500 340 85 75 - - - 200
- 9 -
Sp=5% 1500 323 81 71 25 0.25 200
= 0, -
Sp=7.5% 1500 315 79 69 37 0.38 200
- 0, -
Sp=10% 1500 306 77 68 50 0.50 200
Sp=12.5% - 200
1500 298 74 66 62 0.63

—— 40 ——
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Figure 2 - Conducting laboratory tests

Table 1 shows the variation compositions of the
mixtures of each stage of the study. Table 2 shows
the variation compositions of the mixtures of the
third stage of the study, exactly the compositions
with different contents of soapstock (hereinafter -
Sp).

The ratio of microsilica to cement is 10, 15, 20
and 25% by weight. The ratio of phosphogypsum to
microsilica to cement is 10, 15, 20 and 25% by
weight. The ratio of soapstock to caustic soda with
respect to microsilica with phosphogypsum and
cement is 5.0, 7.5, 10.0, and 12.5% by weight. The
ratio of post-alcohol bard to water is 2.5, 5.0, 7.5,
and 10% by weight. Variable substitution of
soapstock with caustic soda (for stabilization) from
5.0 to 12.5 % (2.5 % multiplicity) by weight of
cement, microsilica and phosphogypsum. The ratio
of the latter is fixed, is 20 % of microsilica by weight
of cement and 15 % of phosphogypsum by weight
of microsilica with cement (according to previously
conducted studies).

Evaluation of strength parameters of samples in
compression and bending of sample beams was
carried out according to the standard method of
GOST 30744-2001 [24] (Figure 2). Comparison of
strength of samples of variable composition was
performed to evaluate the optimal composition of
the modified additive and to assess its
performance. Comparison of strength values of
samples with and without the additive will allow to
evaluate the influence of the additive components
on concrete modification and its transformation in
terms of strength improvement. Evaluation of the
samples for water absorption capacity of the
compared concrete samples was performed
according to GOST 12730.3-2020 [25] (Figure 2).
Comparison of water absorption of concrete will
allow to give an assessment of the serviceability of
concrete with the use of modified additive,
primarily related to the service life of the material.
The hydrophobicity of the material will characterize

its resistance to the damaging effects of water
during service life, as well as its improvement in
frost resistance (taking into account the mechanics
of frost resistance testing). Evaluation of samples
for frost resistance of concrete samples was carried
out according to GOST 10060-2012 [26] (Figure 2).
Comparison of frost resistance indices of variation
types of concrete is also related to the assessment
of the serviceability of the material, evaluation of
its durability. The sequence of cyclic freezing and
thawing of the samples was performed under the
condition of reducing the number of cycles, i.e. as
the cycles increase, the terms of control
measurements were reduced (from 50 to 25
cycles). Control measurements of strength and
mass were performed: at 50, 100, 150, 175, 175,
200, 225 and 250 cycles.

Results and Discussion

Figure 3 shows the results of strength
measurements at 28 days of the bar samples.
Figure 3A shows the results of partial and average
strength values at different concentrations of
soapstock, and Figure 3B shows the statistical
values of coefficients of variation and comparison
as a percentage of reference sample.

According to the measurement results (Figure
3A), the partial strength values of reference
samples range from 55.56 to 58.39MPa, the
average is 56.53MPa. The partial strength values of
samples with Sp=5% content range from 55.65 to
58.19MPa, the average is 56.91MPa. For samples
with Sp=7.5% content, the strength ranges from
55.28 to 59.11MPa, with an average of 56.88MPa.
The same values for samples with Sp=10% content
range from 54.79 to 57.35PMa, with an average of
56.37MPa. In samples with Sp=12.5% content, the
strength from 51.63 to 56.49PMa, with an average
of 56.61MPa. The samples with soaptock content of
5, 7.5 and 10% have similar strength values to the
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reference sample, according to the curves of Figure
1B, the difference being 0.69, 0.61 and -0.30%,
respectively. The samples with 12.5% soapstock
content have strength values different from the
reference sample, the difference is -5.45%. The
latter indicates the negative influence of soapstock
at its high content in the concrete mixture. Further
strength reduction from increasing the amount of
soapstock and caustic soda Na(OH), leads to an
increase in the composition of alkali and fatty acids,
which after the release of fatty acids reduce the
activity of the cement hydration process, and alkali
subsequently interacting with portlandites increase
the process of internal corrosion of concrete. The
evaluation of the coefficients of variation suggests
that the high concentration of soapstock reduces
the stability of concrete structures, as evidenced by
the increase in the variation of these partial
strength values. Thus, the influence of soapstock on
the strength of concrete was not revealed,
moreover, its high concentration negatively affects
the strength of concrete.

To obtain the most accurate statistical value of
reference sample strength, 21 partial values of
cubic (not beam samples) strength (cumulative
from the entire set of tests) were used. The large
number of samples allowed to determine as
accurately as possible the mathematical
expectation of strength values, relative to which
the loss of strength will be made. The latter
becomes permissible because the influence of
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S 59 Sp=0%= a
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< 58 A % =56.91MPa
?:D o X
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A
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soapstock on strength increase is not observed, and
the strength reduction at a high concentration of
soapstock (more than 10%), in the context of frost
resistance tests, does not affect the analysis of the
results. Figure 4 shows the distributions of the
partial strength values concerning the Gaussian
diagram constructed from the results of the
obtained partial strength values. For the
convenience of comparing the data with the private
values (auxiliary axis on the diagram), the
probability density was corrected relative to unity.
This correction does not change the quality of the
curve but calibrates the scale of the Gaussian
diagram to the private strength values. For
information, the partial strength values are shown
in the diagram of Figure 4 on the right: for ease of
perception, all partial strength values have been
sorted from smaller to larger.

The average strength of the 21 measurements
was 66.38 MPa, the squared deviation was 0.97 and
the coefficient of variation was 1.45%. The
coefficient of variation, with a large number of
tests, allows subsequent adjustments to be made
for strength losses. Given a coefficient of variation
of 1.45%, strength losses up to *1.45% can be
attributed to statistical error. Therefore, loss of
strength was assumed to be effective when the
values of the percentage of strength change (loss of
strength) exceeded the values of the coefficient of
variation reference sample.
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Figure 3 - Strength graphs of samples at 28 days of age
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Figure 4 - Distribution of individual strength values

Figures 5-9 show plots of strength loss and
mass loss as a result of cyclic freezing and thawing
of cubic samples with variation inclusion of
soapstock (Sp). Figure 5-9A shows absolute partial
values of strength loss, and Figure 5-9B shows mass
loss and their corresponding coefficients of
variation.

The variation of strength sample from freezing
cycles from 50 to 200 varies from 62.32 to 55.20
MPa. The maximum  strength  reduction
corresponds to the maximum number of cycles,
and the appreciable strength reduction occurs from
100 cycles. Thus, coefficients of variation increase
with increasing number of cycles, varying in the
range of 2.45-12.78%. The variation in strength
values of samples with a minimum percentage of
Sp=5.0% varies from 65.38 to 60.44 MPa, and a
decrease in strength is also observed from 100
cycles. The coefficients of variation have a similar
pattern as the reference samples, ranging from
3.03 to 8.75%. The variation of strength values of
samples with Sp=7.5% varies from 66.45 to 62.17
MPa, while the strength reduction already occurs
from 125 cycles, and the increment of variation
coefficients is from 1.53 to 6.82%. In samples with a
percentage of Sp=10.0%, a noticeable decrease in
strength values occurs from 150 cycles, with a
variation of strength values from 66.12 to 62.94%,
and the coefficient of variation from 3.41 to 5.69. In
samples with a maximum percentage of Sp=12.5%,
the decrease in strength values occurs from 125
cycles, with variation in strength values from 63.33
to 58.13%, and coefficients of variation from 2.31

to 7.83%. However, the samples with maximum Sp
content show an overall strength reduction relative
to the reference sample, on average by 4.8%,
indicating the negative effect of Sp on the strength
performance of concrete, at their high
concentration.

The mass reduction curves of the samples are
generally similar to the strength curves. The
reduction of reference samples varies from 2388 to
2231 grams, with an initial decrease in mass
observed at 100 cycles. Similarly, as with strength,
an increase in the coefficients of variation (for all Sp
variations) from 1.36 to 9.23% is observed with an
increasing number of cycles. For samples with
Sp=5.0%, the variation in loss ranges from 2366 to
2264 grams, the initial decrease is also at 100
cycles, and the coefficients of variation increase
from 1.36 to 7.12%. The samples with Sp=7.5%
showed a loss in mass from 2375 to 2268 grams,
but appreciable loss was observed at 125 cycles,
and the coefficients of variation increased from
1.36 to 6.42%. For samples with Sp=10.0%, mass
loss starts from 150 cycles, ranges from 2362 to
2309 grams, and coefficients of variation vary from
1.36 to 4.54%. The samples with maximum content
with Sp=12.5 have losses ranging from 2397 to
2296 grams, with coefficients of variation varying
from 1.36 to 6.39%. The onset of mass loss is
observed at both 50 and 125 cycles, with mass loss
at 100 cycles being negligible, quantitatively close
to reference samples. The instability of the results
indicates the negative effect of Sp in high
concentration on the quality of concrete.
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Analysis of the coefficients of variation in both
cases indicates a decrease in the stability of the
strength (and mass) results with increasing freezing
cycles, but their quantitative index depends on the
guantitative change in strength (and mass) relative
to the initial one (corresponding to O cycles). The
latter is confirmed by the lowest values of the
coefficients of variation in samples with Sp=10.0%,

Quantitatively, the coefficient of variation of
strength in samples with Sp=10.0% is 2.24 times
less than in reference samples, and in relation to
other variations of Sp, in 1.11-1.53 times. The
coefficient of variation of masses in samples with
Sp=10.0% is 2.14 times less than in reference
sample, and in relation to other variations of Sp, in
1.17-1.67 times.
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Figure 10 shows comparisons of strength and
mass losses in percentages as a function of
soapstock content in the sample. (Figure 10A is a
comparison of strength loss and Figure 10B is a
comparison of mass loss). The comparison charts
relative to the reference sample (red curve) show
both qualitative and quantitative changes in mass
and strength of the samples. The diagrams also
show the numerical values of maximum losses
corresponding to 200 cycles.

The curves in Figure 10 clearly show the effect
of soapstock on the durability of concrete, relative
to its resistance to cyclic freezing. The average
value of maximum strength loss of reference
samples in percentage terms is 16.84% and mass
lossis 6.18% on average. For samples with Sp=5%

Reference ------- Sp=5%
-=-==5p=75% =----- Sp=10%
— — - Sp=12.5%

20

16.84

8.95

8.21
6.34

5.19

Lost of strength, %

content, the maximum strength loss is 8.95% and
the maximum mass loss is 4.81%. For samples with
Sp=7.5%, the same values are 6.34% in strength
and 4.61% in mass. For samples with Sp=10.0%, the
same values are 5.69% in strength and 2.88% in
weight. For samples with maximum Sp=12.5%, the
strength is 7.83% and weight is 3.45%. Thus, the
maximum resistance to cyclic freezing was found in
samples with Sp=10.0%. In case of loss of strength
and mass, frost resistance in relation to reference
samples increases by 50% (150/100), and in relation
to other variations of Sp, by from 20 (125/100) to
50% (150/100).

Figure 11 shows the results of water absorption

measurements of samples with different Sp
contents.
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Figure 10 - Comparison of maximum strength and mass loss
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Figure 11A shows the private water absorption
values and their corresponding averages. The
straight lines in the diagram correspond to the
average water absorption value of each type, in
order to visualize the deviations of the private
values from the average value. Figure 11B shows
comparisons of the average water absorption
values of samples with different Sp contents and
their corresponding coefficients of variation.

According to the results, the average of the six
water absorption measurements of the reference
sample was 4.97%, with a variation from 4.79 to
5.18%. For samples with Sp=5%, water absorption
varies from 4.24 to 4.51%, with an average of
4.34%. For samples with Sp=7.5% water absorption
ranges from 3.63 to 3.83%, with an average of
3.71%. For Sp=10% from 3.09 to 3.22%, with an
average of 3.14%. For Sp=12.5% from 2.99 to
3.12%, the mean is 3.03%. With each increase in
the percentage of soapstock, there is a decrease in
water absorption capacity. Relative to the
reference samples, the decrease is: for Sp=5%
samples, the decrease is 12.6%; for Sp=7.5%
samples, the decrease is 25.3%; for Sp=10%
samples, the decrease is 36.8%; for Sp=12.5%
samples, the decrease is 39.0%. The decrease in
water absorption relative to a linear increase in
soapstock content (multiple of 2.5%), is not linear:
up to 10% soapstock content there is a rapid
decrease in water absorption, after - a sharp
decline. Numerically, the increments are: 12.6,
14.5, 15.4, 3.4% from each subsequent addition of
soapstock (2.5%). The sharp decline in water
absorption indicates a decrease in the efficiency of
hydrophobizing effect of soapstock on the material
at its high concentration. Analysis of the
coefficients of variation showed a high degree of
convergence of private values of all variations,
including reference samples: the coefficients of
variation range from 1.57 to 2.97%. The variation of
the results decreases with increasing concentration
of soapstock, i.e. the maximum stability of the
results logically corresponds to the maximum
hydrophobization of the samples.

Conclusion

Based on the results of the tests performed, the
following generalized conclusions can be drawn:

Standard tests of beam samples for flexural and
compressive strength, and standard cubic samples
for water absorption and frost resistance were
performed. Tests were performed for samples with
different soapstock (Sp) contents: 5, 7.5, 10 and
12.5 % by weight of cement, microsilica and
phosphogypsum.

Measurements of the strength of the beam
samples showed that the maximum effect
concerning the increase in the strength of the
material is achieved at 5% of the soapstock
content. However, it should be noted that the
subsequent decrease in strength with increasing
concentration of soapstock is not significant, up to
Sp=10% does not exceed 1%. Thus, the optimal
concentration of soapstock, at which the maximum
effect on the strength of the material will be
achieved, is 5-10%.

Tests on frost resistance showed that the
maximum resistance to cyclic freezing is observed
in samples with Sp=10%, further increase reduces
frost resistance. The regularity in the increase of
frost resistance with increasing concentration of
soapstock is logical, because with each increase in
concentration, the hydrophobization of the
material increases. However, if the hydrophobicity
of samples with Sp=12.5%, although not
significantly, still increases about Sp=10%, the frost
resistance decreases. The latter is because the high
concentration of soapstock leads to a decrease in
the structural strength of the material, since fatty
acids in the composition of soapstock harm the
strength set of concrete, as fatty acids in the water-
soluble state (due to the use of caustic alkali NaOH)
when getting into the cement mortar are evenly
distributed, and after the setting of alkali pass into
the active phase of cement binder, subsequently
releasing fatty acids that form a hydrophobic
structure. Large amounts of fatty acids reduce the
adsorption of moisture and thus limit the hydration
process.

The obtained curve of dependence of water
absorption change on the concentration of
soapstock showed the optimal gradient of water
absorption, which corresponds to Sp=10%. With
further increase of soapstock, the decrease of
water absorption index is not significant.
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BeTOH KOHCTPYKUMANapbiHbIH, 6epiKTiK cunaTTamanapbiH KaKcapTy YLWiH
moauduKaumanaHFaH KocnaHblH, KYpambiHAaFbl COANCTOKTbIH, acepi
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TYAIHAEME

MaKanaga eki KOMMOHEeHTTIi moguduKaumanaHFaH KocnaHbliH Geniri peTiHae KoN4aHbINATbIH
COAnCTOK dCepiH 3epTTey HaTUKenepi bepinreH. ApKanblk yarinepre uiny aHe Kpicy bepikTiri
6oMbIHWA KaHe Cyabl CiHipy XaHe as3fa Tes3imAinik 6oWbiHWa CTaHAAPTTbl KybTbIK yAarinepre
CTAHAAPTTbI CbIHAKTApP Kypri3ingi. CbIHAKTap COancTOKTbIH ap TYpAi menwepnepiHe (Sp): LeMeHT,
MWKPOKPEeMHUI aHe docdornnc canmasbl boibiHWa 5, 7,5, 10 kaHe 12,5% 6onatbiH yarinep
YWiH Kyprisingi. ApKanblk yAarinepaiH, 6epikTirii enwey maTtepuangblH, 6epikTiriH apTTbipy
TYPFbICBIHAH MaKCcUMangbl 9cepre  KypamblHAA COANCTOKTbIH menwepi 5% 6onfaHaa Kon
JKETKI3iNeTiHIH KepceTTi. Analga, COanCTOKTbIH, KOHLEHTPALMACH! ofapblnafaHaa 6epikTiKTiH,
KeWiHri TemeHaeyi Ken 6GONMAWTbIHbIH aTan eTKeH KeH, Sp=10% paeWiH on 1% acnaigbl.
Ocblnaiiwa, MmatepuangblH, OepikTiriHe KaTbiCTbl MaKCMMangbl acepre KON KeTKisineTiH
COANCTOKTbIH, OHTalNbl KOHUEHTpauuackl 5-10% Kypaliabl. Cyabl CiHipy e3repicTepiHiH, coancTok
KOHLLEHTPAUMACbIHA TAYeNAiNiriHiH, anbiHFaH KucbiFbl Sp=10% calikec KeneTiH cy CiHipyAiH,
oNnTMManabl rpagmMeHTiH KepceTTi. CoancTOKTbl KeOeMTKeHHEH cyapl CiHipy aiTapabikTai
TemeHaemenai. Aasfa Te3imginik cbiHaKTapbl Sp=10% yarinepge UMKALIK  TOHA3bITyfa
MaKcMManabl Te3iMainik 6aiikanaTtblHbIH KepCeTTi, an KeniHri »Kofapblnay assfa Te3iMainikTi
TomeHgeTesi. CoancTOK  KOHUEHTPALMACLIHbIH,  XOFfapbliaybiIMeH  aA3fa  TO3IMAINIKTIH,
JKOFapblayblHbIH,  3aHAbIIbIKTApPbl  KUCbIHAbBI, OMTKEHI  KOHUEeHTpauuMAa apTKaH calblH
maTepuangpblH, ruapodobusaumacel aptagpl. AereHmeH, Sp=12,5% ynrinepaiH ruapodobTbinbifbl
avTapabiKTait 6onmaca ga, Sp=10%-fa KaTbICTbl XKOFapblnaca, as3fa Te3iMAiNIK TomeHaenai.

TyiiiH ce30ep: Kebik 6eToH, NeHOBETOH, €Ki KOMMOHEHTTi MoguduKaumanaHFaH Kocna,
TEXHOJIOTUANBIK CXEMa, COANCTOK, BepiKTiK KacmeTTepi, cy CiHipriwTiri, ansfa Tesimainiri
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BanaHue coancroka B coctaBe moanduunpoBaHHon 206aBKu anA yaydlleHus
NPOYHOCTHbIX XapPaKTEPUCTUK 6ETOHHbIX KOHCTPYKLUIA

12 Miocembunos A.C.,"*Jlyknanos P.E., “?AntbiH6ekoBa A.Ll., “KaHTtnecosa X.B., Talal Awwad

1 TOO «Solid Research Group», Acma+a, Kazaxcmax
2 Egpasulickuli HayuoHanbHell yHUsepcumem um. /1.H. Fymunesa, AcmaHa, KasaxcmaH
3flamacckuli yHusepcumem, amack, Cupus

AHHOTALMUA

B cratbe npeacTaBneHbl pesynbTaTbl WCCNEAOBAHUA BAWAHWUA COANCTOKA, NMpUMeHsemas B
coCTaBe [ABYXKOMMOHEHTHOM MoAaMdUUMpPOBaHHOW A06aBKW. Bbinn BbINOAHEHbI CTaHAAPTHbIE
ucnbiTaHua o6pasuoB-6anoyek Ha NPOYHOCTb NpWU M3rMbe M MpU CKATUKM, CTaHOAPTHbLIX
Kybuueckux obpasLoB Ha BOAONOrNOWEHNE U MOPO30OCTOMKOCTb. MCNbITaHUA BbIMOJHEHbI ANA
06pasLoB C pasHbIM codeprkaHMem coanctoka (Sp): 5, 7.5, 10 u 12.5 % no macce uemeHTa,
MWKpOKpemHesema U pocdorunca. M3amepeHne npoyHOCTM o6pasuoB-6anovek nokasanu, 4To
MaKCMMasbHbIV 3GPEKT OTHOCUTENBHO YBEMYEHWUA MPOYHOCTM MaTepuana Aocturaetcs npu 5%

Noctynuna: 25 mapma 2024 COZEPYKaHNN COaNncToKa. OAHaKO CTOUT OTMETUTb, YTO MOCAe/YIoLLee CHUMKEHUE NPOYHOCTY NpK
PeueHsuposanue: 2 anpesns 2024 YBENMYEHUM KOHLIEHTPaLMM COaNCTOKa He 3HauMTenbHo, A0 Sp=10% He npesbiwaeT 1%. Takum
MpuHsaTa B nevats: 9 utona 2024 06pasom ONTMManbHas KOHLUEHTpPauMa COancToka, nNpu  KOTOpoW 6yaeTr  AOCTUTHYT

MaKCUManbHbIi 3GPEKT OTHOCUTENIBHO NMPOYHOCTM MaTepuana, coctanaet 5-10%. MonyyeHHan
KpMBas 3aBUCMMOCTM W3MEHEHMA BOAOMOM/IOWEHUA OT KOHLUEHTpauuu coancToka nokasana
ONTUMAnNbHLIA  rPagMeHT  BOAOMOI/OWEHUA, KOTOpPOMYy cooTseTcTByeT Sp=10%. [pwu
nocneaylowem yBeSIMYEHUM COANCTOKA, CHUMKEHME MOKasaTenAa BOAOMOMNOLWEHUA He
CYLLECTBEHHO. MCNbITaHMA HAa MOPO3OCTOMKOCTb MOKas3anu, YTO MaKCMMainbHaA CTOMKOCTb K
UMKIMYECKOMY 3amopaiuBaHuio Habawogaerca y o6pasuos ¢ Sp=10%, nocneaytouiee
yBeNnYeHMe CHUNKaeT MOPO30CTOMKOCTb. 3aKOHOMEPHOCTb B YBENMYEHUN MOPO3OCTOMKOCTH NpK
YBENMYEHUN KOHLIEHTPaALUMM COANCTOKA JIOTMYHA, MOCKOJIbKY C  KaXAblM  yBe/JMYeHnem
KOHLEHTpauuu pacTeT rugpodpobusauma matepmana. OgHako, ecam ruapodobHocTb 06pasLos ¢
Sp=12.5% XxOTb W He CyWeCTBEHHO, HO BCe e pacTeT MO OTHoweHuto K Sp=10%, TO
MOPO30CTOMKOCTb CHUMKAETCA.

Knioveeble cnoea: nNeHOBGETOH,  ABYXKOMMOHEHTHAas  moauouumpoBaHHas  pob6asKa,
TEXHONOTMYECKAn  CXema,  COancToK,  MPOYHOCTHble  MOKasaTenu,  BOAOMOI/IOWEHNE,
MOPO30CTONKOCTb.
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Modeling the influence of technological parameters of the magnetron sputtering
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ABSTRACT

The experimental dependence of the fraction of nano-sized modification of silicon in thin films
obtained by magnetron sputtering on the main technological indicators of the process - specific power
on the target, pressure in the working chamber, pulsation frequency of the voltage supplied to the
target - has been studied. The data was processed using the method of multiple correlation-regression
analysis and a corresponding mathematical model was obtained that describes the experimental
dependence. It has been established that the specific power at the target does not significantly affect
the fraction of nanosilicon in the film. The voltage frequency on the target has only a positive effect
and is therefore limited only by the technical capabilities of the sputtering equipment. The pressure
in the working chamber has an optimal value because in the mathematical model for this factor there
are both positive and negative coefficients. When analyzing the model by calculation, it was found
that the largest proportion of nanosilicon in the film, 75.06%, is achieved at a voltage frequency on
the target of 100 Hz and pressure in the working chamber of 1.9 Pa. These data are preliminary due
to the limited number of experiments.

Keywords: Nanosized silicon, magnetron sputtering, Caroline D12C, film, mathematical modeling,
correlation-regression analysis, target.
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Introduction the values for graphite (372 mAh/g) [[1], [2], [3]]. The

One of the newest applications for thin-film
silicon structures is the production of anodes for
commercial lithium-ion batteries (LIBs). During the
introduction of lithium into nanosilicon, intermetallic
compounds are formed LiSiy. In the Li, Siy
compound, for every 7 silicon atoms, there are 12
lithium atoms, respectively, the volume of lithium is

literature substantiates that crystalline silicon
cannot be used as a negative electrode material,
since it is destroyed when lithium is introduced due
to an increase in the volume of the crystal cell [[4],
[5], [6]]. In this regard, when creating thin-film silicon
anodes, it is important to control and influence the
ratio of the main polymorphic states of silicon

2.17 times greater than the volume of silicon. The  (crystalline, amorphous and nanocrystalline forms)
ability to intercalate lithium also influences the high  in the finished products. In this case, it is necessary
theoretical specific capacity of silicon-based LIB to strive to reduce the proportion of the crystalline
anodes — 4140 mAh/g, which significantly exceeds form of silicon and increase the proportion of
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amorphous silicon or nanocrystals [[7], [8], [9]]. The
ratio of various polymorphic phases of silicon in thin
films can be changed by changing the main
technological parameters of sputtering - specific
power on the target, pressure in the working
chamber, and pulsation frequency of the voltage
supplied to the target. In this regard, modeling
magnetron sputtering has become relevant to
predict the polymorphism of thin silicon films and
optimize the process.

Methodology

The most productive of the currently existing
equipment options, the Caroline D12C system, was
chosen to conduct experimental studies. The
Caroline D12C vacuum deposition system (Figure 1)
is intended for small- and medium-scale production
and research in the field of thin film deposition using
magnetron and thermal sputtering. The technical
characteristics of the system are given in Table 1
[10].

Table 1 - Technical characteristics of the Caroline D12C magnetron sputtering system [10]

Number of substrates processed per 1 cycle (pcs.) 12pcs. $100 mm. 24 pes.
60x48
Starting pressure in the working chamber, Pa 103
Flow rate of working gases supplied to the chamber through one channel (I/hour) 09
Quantity of supplied (non-aggressive) gases up to (pcs.) 3
Number of thermal evaporators up to (pcs.) 2
Number of magnetrons (pcs.) 1+4
Type of magnetrons for film deposition Pulse high frequency
Operating current of magnetrons, adjustable (A) 0.5+23
Operating voltage of magnetrons (V) 300+650
Target material and size: metals, alloys, silicon .
(corgnposite targets not directly coolez; can be used), mm ? 100x4+12
Working pressure in the vacuum chamber, Pa 0.1+3.0
Witness resistance control range (kOhm) 0.2+20
Resistance measurement error (%) +3
Recommended substrate heating temperature, °C 10+550
Substrate temperature instability (%) +15
Limit residual pressure in the working chamber, (Pa) 2x10
Time to prepare the installation for operation, taking into account the 110
“overclocking” of the cryopump, no longer (min.)
Weight with power and control stand, kg. Up to 2250

Fig. 1 - Diagram of the Caroline D12C magnetron sputtering system [6] 1 - technological module, 2 - control
cabinet, 3 - fore-vacuum pump, 4 - working chamber, 5 - vacuum system, 6 - pneumatic equipment panel, 7 - water
block, 8 - hydraulic equipment block, 9 - lifting and turning mechanism, 10 - gas supply panel, 11 — shutter
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The system includes a process module (1), a
control cabinet (2) and a foreline pump (3) (Figure 1).
The main part of the technological module is the
working chamber (4) with technological and internal
chamber devices. These elements are installed on a
plate, which is fixed in a frame structure. Devices to
ensure the operation of the system are located
under the supporting structure. The vacuum system
(5), as part of the cryogenic pump, is installed on the
plate below. The shutter (11) separates the vacuum
system from the working chamber. The pneumatic
equipment panel (6) is designed to distribute
compressed air among the pneumatic actuators. The
water block (7) ensures the distribution of water
cooling to individual parts of the system. The
hydraulic unit (8) is designed to create pressure in
the hydraulic cylinder of the lifting and turning
mechanism. Lift and rotate mechanism (9) for
opening and rotating the chamber cover. The gas
supply panel (10) is installed isolated from the
housing on a special bracket under the stove.

When preparing samples of silicon films, the
following technological parameters of the
magnetron sputtering process were varied:

1) Specific power on targets. The variation was
carried out in the maximum possible range from 1 to
100 W/cm?, taking into account the available
technical capabilities of modern production
equipment;

2) Operating pressure in the spray chamber.
Chamber pressure is regulated by changing the
amount of inert gas supplied to the chamber. The
pressure control range was from 0.5 to 3.0 Pa. It was
assumed that increasing the gas flow rate would
promote better sputtering of the silicon flow from
the target to the substrate and the formation of
silicon nanoparticles, as well as improved heat
removal from condensing particles to avoid
coalescence on the substrate;

3) The frequency of the voltage pulses applied
to the target. At carrying out experiments applied

constant (without pulse) voltage and two voltage
frequency options were 20 and 100 kHz.

Silicon crystals were used as targets for magnetron
sputtering. To produce silicon crystals, we used TCR-
5C-1k/t equipment manufactured by Techno Search
Corporation (Japan). The crystals were grown
according to the Czochralski method using
commercial high-purity silicon of SoG-Si grade 6-7N.

A preliminary assessment of the film
morphology was carried out using the ELLIPS-1891
spectral ellipsometer designed for precision
measurements of the thickness of thin films, the
optical parameters of thin-film structures and the
spectral dependences of the optical constants of the
surfaces of various materials (metals,
semiconductors, dielectrics, etc.). When the uniform
morphology of the silicon film was revealed and the
absence of a substrate surface not covered by the
film, further determination of the thickness of the
resulting film was carried out using a Jeol JSM-
6490LA scanning electron microscope with a
magnification range of up to 300,000 times.

The ratio of various polymorphic states of silicon
in the film was assessed using Raman spectroscopic
analysis on a Horiba system Jobin — Yvon HR800UV
(France).

Results and Discussions

During the study, six silicon films were obtained
under different technological conditions of
magnetron sputtering. Each of the resulting films
was studied using Raman spectroscopy and electron
microscopy at several different points. This test
showed the uniformity of polymorphism across the
entire surface of each film, which indicates the
advantage of magnetron sputtering technology over
the CVD method in terms of ensuring film uniformity.
The technological parameters of spraying and the
results obtained are presented in Table 2.

Table 2 - Technological parameters of deposition and the proportion of polymorphic modifications in the structure of

silicon films
5] Magnetron sputtering parameters and results
i _% Specific power at2 Pressure, Pa Voltage Proportion of polymorphic state, volume. %

@ | the target, W/cm (X2) frequency, kHz A C n-C (¥)
3 (X1) (X3)

1 1 0.5 0 76.1 23.9 0

2 50 0.5 0 56.2 43.8 0

3 50 2.0 0 49.4 5.0 45.6

4 100 3.0 0 2.8 82.1 15.9

5 50 2.0 20 34.2 1.8 64.0

6 50 3.0 100 58.7 5.4 35.9

A —amorphous, C — crystalline, n-C — nanocrystalline
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Figure 2 shows micrographs of two types of films
that were obtained during the experiments. The first
type of films (Figure 2 a), obtained in experiments
No. 1-2, do not contain nano-sized silicon, the
second type of films (Figure 2 b), obtained in
experiments No. 3-6, contains it in varying
guantities. Films similar to those presented in Figure
2a were previously obtained by the authors of [11].

Structures similar to Figure 2b were obtained by
the authors of, however, the diameter of these
structures (about 5 um) is much larger than those
obtained in this work (20-100 nm) [12]. They can be
defined more as microtubes rather than nanofibers
as in our case. At a higher magnification of
microtubes, it was established that at the nano level,
these tubes are represented by spherical
nanocrystallites with a diameter of 100-150 nm [12].
These structures are also described by theoretical
researchers. One of the options for a visual
description of nanosilicon is the statement that this
polymorphic structure has a spherical shape with a
diameter of 3-10 nm [13]. The same data is provided
from other sources regarding the size of silicon
nanospheres - 3.5-20 nm [14]. However, the authors
did not provide the corresponding
microphotographs. Results most similar to the image
in Figure 2b were obtained by a number of authors
[[15], [16], [17], [18], [19], [20], [21]]. However,
unlike these studies, we were able to obtain thinner
fibres, which, when interwoven, formed a cellular
porous structure at the microlevel. In addition,
previous studies did not address the question of
what is the proportion of silicon nanocrystallites in
the structure of the resulting material. Are there, and
in what quantities, amorphous and crystalline
structures? Also, no works were found in which the
influence of technological parameters of the
industrial deposition process on the shape of
nanocrystallites and their proportion in the
composition of thin films was studied.

The preliminary data obtained (Table 1) were
subjected to mathematical processing using the
method of multiple correlation-regression analysis
with the inclusion of linear, quadratic and cubic
terms of the regression model, excluding paired and
triple interactions between factors. As a result, a
regression model (formula 1) was obtained that
relates the parameters of magnetron sputtering (X1,
X2, X3) with the fraction of nanosilicon in the
composition of the resulting silicon film (Y).

Y = —30.7846 + 62.897 X X2 + 0.2277 x X3 —
5.3108 x X22 (1)

The resulting model is characterized by the
following statistical characteristics:

Dispersion of inadequacy (S?) = 49.8456

Reduced sum of squares = 3275.6 from 3375.3

F-ratio = 21.905

Multiple correlation coefficient = 0.9851

Fig. 2 - Microphotographs of the surface of a thin silicon
film of magnetron sputtering
a —first type, b — second type

Table 3 presents an assessment of the adequacy
of the data found by calculation using the resulting
model. As can be seen from the table data, the
maximum relative deviation of the calculated data
from the experimental values is 15.18%. In
combination with  the above statistical
characteristics of the model, this indicates a high
level of adequacy of the resulting model of the
magnetron sputtering process.
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Table 3 - Assessment of the adequacy of the model of magnetron sputtering of silicon on a copper substrate

# Experiment Proportion of nanosilicon in the film (Y), % Deviation
Calculation Experiment Absolute %
1 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00
3 45.60 52.52 -6.92 15.18
4 15.90 14.51 1.38 8.71
5 64.00 57.07 6.92 10.82
6 35.90 37.28 -1.38 3.86
80
~ 70
T
= 60
g
g 50
Hg_)n 40 —@— Frequency - 100 Hz
% 30 Frequency - 60 Hz
*;—;D 20 Frequency - 20 Hz
e
10
0
0 1 2 3 4

Pressure in the working chamber, Pa

Fig.3 - Calculated graph of the dependence of the fraction of nanosilicon in the film on the pressure in the
working chamber at different voltage frequencies on the target

When analyzing the resulting model, the
assumption is confirmed that the specific power at
the target (X1) does not significantly affect the
fraction of nanosilicon in the film. The voltage
frequency on the target has only a positive effect and
is therefore limited only by the technical capabilities
of the sputtering equipment. The pressure in the
working chamber must be at its optimal value,
because in the model for factor X2 there are both
positive and negative coefficients.

Figure 3 shows a graph of the dependence of the
fraction of nanosilicon in the film on the pressure in
the working chamber, calculated using the model
obtained here, at different voltage frequencies on
the target.

In accordance with Figure 3, the largest
proportion of nanosilicon in the film, 75.06%, is
achieved at a voltage frequency on the target of 100
Hz and a pressure in the working chamber of 1.9 Pa.
Of course, it should be understood that due to data
limitations, this result may not be accurate. To
improve the process model and clarify the optimal

values of technological parameters of magnetron
sputtering, more experimental data are needed.

Conclusions

In the process of studying magnetron sputtering
of silicon films, it was found that the greatest
influence on increasing the proportion of nano
silicon in the film composition is exerted by an
increase in the pressure in the working chamber and
the frequency of voltage pulses on the target. An
increase in the specific power at the target leads to a
reduction in the proportion of the amorphous phase
and an increase in the crystalline phase, but this
indicator does not affect the increase in the
proportion of nanocrystalline silicon. Increasing the
pressure in the working chamber and the voltage
frequency helps to increase the proportion of
nanosilicon. However, there is probably a limit to
these parameters, beyond which a further increase
in their values reduces the share of nanosilicon. The
silicon film obtained under experimental conditions
acquires a porous cellular structure resulting from
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the interweaving of silicon nanofibers. Based on
experimental data, a correlation-regression model of
the process of magnetron sputtering of silicon on a
copper substrate was constructed with a high level
of adequacy within the limits of the experiments.
Using the obtained model, preliminary optimal
parameters of the sputtering process were
calculated. The calculated maximum fraction of
nanosilicon in the film - 75.06%, is achieved at a
voltage frequency on the target of 100 Hz and
pressure in the working chamber of 1.9 Pa.
Additional experiments are needed to identify more
accurate optimal values of magnetron sputtering
parameters and to test the resulting silicon films as
anodes of lithium-ion batteries.
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KON XKeTKi3ineTini

MOANOUKALMACBIHBIH,  YAECiHIH,
HblCaHaAafbl MEHLIKTI KyaTKa, KYMbIC KamepacblHAafFbl KpICbIMFa, HblcaHafa OepineTiH

CUNATTalTbIH CIMKEC MaTeMaTUKablK MOLENb aNblHABI.

aHbIKTaNAapl.

MarHeTpoHabl 6ypKy a4iciMeH anblHFaH JKyKa NieHKanapAafbl KPEMHUIAIH, HAHO esemaj

NPOLLECTiH,  Heri3ri TeXHONOTUANbIK KepceTKilwTepiHe -

KepHeyAiH Ny/abcauma KuiniriHe sKCNepuMeHTTiK Tayenainiri 3eptrengi. Oepektep GipHewe
KOPPeNALMANbIK-pPerpeccuanblik Tangay aiciMeH eHAeNai *KaHe 3KCNepuMEHTTIK TayenainikTi

HbicaHagafbl MeHLWIKTIi  KyaT

nneHKadafbl HAHO KPEMHWUWAIH, yneciHe aliTap/blKTai acep eTnenTiHi aHbikTanabl. HbicaHafa
KEpHey KMiniri Tek OH acep eTedi, COHAbIKTAH TeK BypKy »abablKTapblHbIH, TEXHUKANbIK
MYMKIHAKTEpIMEH LWweKTeneai. MymbiC KamepacbliHAafbl KblCbIMHbIH OHTailnbl MaHi 6ap,
ONTKEHI MaTemaTuKanblk mogenbae 6yn ¢akTop OH KaHe Tepic KoadduuueHTTepre wue.
Mopgenbaji ecenTey apKblibl Tanaay KesiHAe NieHKafafbl HAHO KPEMHWUWAIH, eH, YAKeH yneci
75,06% 100 'y HbicaHaaafbl KepHey Xuinirinae »kaHe 1,9 MNa }KymMbic KamepacbiHAAFbl KbiCbiMAA

Byn pepektep 3KCNepUMEHTTEpPAiH, LIeKTeyni CcaHblHa

6alinaHbIcTbl anabiH ana bepinreH Typi 6oabIN Tabblnagpl.
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MopennpoBaHue BAUAHUA TEXHONOMMYECKMUX NapamMeTpoB npouecca
MarHeTpoHHOro pacnbizieHnAa Ha cucteme Caroline D12C Ha gonto
HaHOKPUCTAINTOB B CTPYKTYpPE TOHKUX NNIEHOK KpeMHUA

Tony6aes K.C., ¥Kaytukos B.A., *"'306HuH H.H., 2lanpbekosa I'.C., *Kabuesa C.K., 3 Al-Kasasbeh R.T.

1 KapaeaHduHcKuli uHOycmpuansHelli yHusepcumem, Temupmay, KazaxcmaH
2 Camnaes yHugepcumem, Aamamel, Kazaxcma
3YHusepcumem WMopdaHuu, AMmaH, MopdaHus

AHHOTALMUA

M3yyeHa sKkcnepumeHTasibHaA 3aBUCMMOCTb A0NN HAaHOPa3MepPHOW MOANDUKALMN KpeMHUA B
TOHKUX NAEHKaX, MO/NYYEeHHbIX METOAOM MarHeTPOHHOrO HaMblIeHWA OT  OCHOBHbIX
TEXHOMIOTMYECKMUX MOKasaTenei npouecca - yAeNbHOW MOLLHOCTM Ha MWLIEHM, AABNEHUA B
paboyeit Kamepe, 4acToTe Ny/AbCaLMU HANPANKEHWUA, NOAABAEMOrO Ha MULEHb. [laHHble
Moctynuna: 5 uions 2024 06paboTaHbl MeTOAOM  MHOMECTBEHHOTO  KOPPesALMOHHO-PErpeccCMOHHOMO  aHasusa U
PevieHanpoBaHue: 9 utons 2024 nosyyeHa COOTBETCTBYIOWAA MaTeMaTMYeckaa MOAe/Nb, OMUCbIBAOLWLAA SKCNEPUMEHTaNbHYIO
MpuHATa B neyatb: 12 urona 2024 33aBUCMMOCTb. YCTAHOB/IEHO, YTO YAe/IbHaA MOLWHOCTb Ha MULIEHN He BNNAET CYLLEeCTBEHHbIM
06pa3om Ha JONH0 HAHO KPEMHMA B NNEHKE. YacTOTa HaNPAXKEHUA HAa MULLEHWU BAWUAET TONIbKO
NONOXKMUTENbHbIM 06Pa30M U MOTOMY OrPAaHUYUBAETCA TOSIBKO TEXHUYECKMMMN BO3MOMKHOCTAMM
obopynosaHua HanbineHus. [lasneHune B paboueli Kamepe MMeET ONTUMANbHOE 3HAYEHUE, T.K.
B MaTeMaTU4YecKon moaenu npu 3Tom (aKTope MMENTCA KaK MNONOXKWUTENbHble, TaK U
oTpuuaTtesnbHble KoapduumeHTbl. Mpn aHanmMse moaenn pacyETHbIM NYTEM YCTaHOBAEHO, YTO
Hanbonbluan [ONA HAHO KPeMHUA B NNEHKe 75,06% A0CTUraeTCa NpY YacToTe HAaNPAXKeHUA Ha
muwenn 100 My u aasneHun B paboyeii kamepe 1,9 Ma. 3TV AaHHble NpeaBapUTENbHbIE B CUAY
OrpaHWYeHHOro KONIMYeCcTBa 3KCNEePUMEHTOB.

Kniouesvle cnoea: HaHopasmepHbIi KpeMHUIA, MarHeTpoHHoe HanblneHune, Caroline D12C,
NNEHKA, MaTeMaTMYeCKOe MOAE/NMPOBAHNE, KOPPENALMOHHO-PErPECCUOHHDBIA  aHanus,

MULUEHb.
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ABSTRACT

The article presents the results of the study for the synthesized manganese dioxide sorbent after
its saturation with lithium from brine. The sorbent was previously prepared. For this purpose the
mixture of manganese oxide compounds was kept with lithium hydroxide in a wet state at 125 °C,
calcinated at 450 °C and then the precursor was treated with dilute hydrochloric acid. The process
intended to saturate the sorbent with lithium was performed by putting it in contact with a lithium-
containing brine with a pH of 8.77 at T = 40°C for 24 hours in four cycles. The sorbent after
saturation was studied using X-ray phase and thermal analysis methods. X-ray phase analysis
showed that lithium-containing phases are represented by such compounds as Li(Lio.1:7Mno.s3)204
and Lio.7sMn1.8804. The results of thermal analysis show the possibility of phases to be in the sorbent
after saturation LiMn204 and Li;,3sMn204 phases. The study results showed that ion-exchange
interaction takes place between the lithium-ion from the brine and the proton from the
manganese-oxide spinel composition to a greater extent during sorption. Besides, the redox
nature of the interaction is present during the sorption of lithium. All lithium intercalation
reactions proceed topotactically without significant changes in the main structure of the original
sorbent.

Keywords: lithium, brine, sorbent, manganese dioxide, sorption, exchange capacity.
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Introduction

Currently, we are intensely experiencing climate
change every year - floods, forest fires, droughts and

Lithium plays a key role in the advancement of
energy storage technologies, electric mobility and
wireless devices. It effectively addresses such
significant problems as environmental pollution,
climate change and fossil fuel shortages [[1], [2]].

Global emissions of carbon dioxide (CO,)
produced by fossil fuels increased and reached the
highest level in history between 2021 and 2022 [[3],
[4]1.

other major disasters due to the release of CO, gas
and other gases into the atmosphere in large
guantities. In this regard, international organizations
intend to switch to renewable energy sources in
order to reduce the spread of greenhouse gases and
to reduce the load of fossil fuels [5]. The main human
activity that produces CO; emissions is the
combustion of fuels (coal, natural gas and oil) used
to generate electricity and vehicles [[6], [7]].



https://doi.org/10.31643/2025/6445.28
mailto:a.yersaiynova@stud.satbayev.university
mailto:rin-abd@inbox.ru
mailto:a.yersaiynova@stud.satbayev.university
mailto:a.yessengaziyev@satbayev.university
https://creativecommons.org/licenses/by-nc-nd/4.0/

Complex Use of Mineral Resources. 2025; 334(3):59-69

ISSN-L 2616-6445, ISSN 2224-5243

One of the best solutions is to replace
traditional modes of transport with electric vehicles
to prevent the depletion of oil and gas reserves
around the world, as well as environmental,
economic and geopolitical problems. The main
component of electric vehicles is lithium-ion
batteries.

Lithium-ion batteries (LIBs) are popular power
sources in various applications due to their high
energy density, efficiency, reliability and variety of
electrode configurations. Recently, there has been a
steady trend towards the development of a new
generation of lithium-ion batteries with increased
capacity and energy density, intended for electric
vehicles (EV), hybrid electric vehicles (HEV), space
objects and autonomous electronic devices (for
example, hybrid solar panels) [[8], [9], [10], [11],
[12]].

Lithium is very relevant in the production of
high-tech equipment [13]. The need for lithium is
expected to increase in the coming decades with
increase in demand for electric vehicles and
renewable energy. According to McKinsey &
Company forecasts, the demand for lithium-ion
batteries will increase by 4,700 TWh by 2030,
leading to the rapid development of lithium mining
[14].

Currently, it is recommended to use various
mineral raw materials and industrial wastes to
extract strategically important metals [[15], [16],
[17], [18], [19]]. Lithium is extracted mainly from
hydromineral raw materials (brines), hard rocks, and
also from waste lithium batteries [20]. Each of these
sources has its advantages and disadvantages. One
of the most attractive raw materials for lithium
sources is natural brines since they require lower
environmental and economic costs compared to
mining from hard rocks. Brines contain dissolved
lithium ions which can be extracted with the use of
various methods such as evaporation, precipitation,
liquid-liquid extraction, sorption and membrane
methods [[21], [22], [23], [24], [25]]. One promising
method is the sorption of lithium from brines.
Methods for the sorption of lithium from brines can
be performed with the use of both organic and
inorganic sorbents. Cation exchangers based on
sulfo groups and based on amino groups can
effectively sorb lithium and can also be effective for
the extraction of lithium from solutions, especially
under certain pH conditions. But organic ion
exchangers have selectivity not only for lithium but
also for other ions. It can complicate the separation

and purification of recovered lithium and also result
in the formation of organic waste which may require
special disposal or treatment methods increasing
the environmental burden of the process [26]. The
synthesis and application of highly selective
inorganic sorbents for lithium is a current scientific
direction [[27], [28]].

Lithium-ion sieves (LIS) are considered one of
the most promising materials for lithium recovery
from low-lithium brines due to their high adsorption
capacity and excellent lithium selectivity. Studies
confirm manganese oxide (LMO) and titanium oxide
(LTO) sorbents as effective methods for lithium
recovery from brines [[29], [30], [31]].

Currently, there are two main classifications of
LTO-type LIS: layered structures based on H,TiOs and
spinel structures based on H4TisO12 [32]. The
structure of H,TiOs is explained by the main layered
structure of the H,TiOs precursor, similarly, the
spinel structure of HsTisO1; is derived from the spinel
structure of its precursor - LisTisO1,. Titanium-based
lithium-ion sieves have attracted attention due to
their theoretical superior adsorption capacity but
the practical adsorption capacity observed after
extraction of lithium from brine or seawater is often
lower [33].

Lithium-ion oxides based on spinel-type
manganese oxide are currently the most popular
selective sorbents. The scientists developed
sorbents on such oxide-based manganese as A-
MnO,;, Mn0,-0.3H,0 and Mn0,:0.5H,0 from the
precursors LiMn;04, Li133sMnie704 (LisMnsOi,) and
Li1.sMn1604 (LizMn20s) [[34], [35]]. These sorbents
have excellent adsorption capacity; for example,
sorbents made from precursors have the following
sorption capacity: LiMn,04 - 39.9 mg/g, LiaMnsO; -
59 mg/g, and the sorbent from the precursor
Li1.eMn1604 has high capacity of 72.3 mg/g [36]. The
advantage is their high selectivity for lithium, which
avoids the sorption of other ions present in the
solution [[37], [38]]. The specific adsorption of
lithium relative to other coexisting ions occurs due
to the unique ability of lithium ions in aqueous
solution to selectively maneuver through layered
gaps and occupy exchange sites relative to such
competing ions as K*, Na*, Ca** and Mg*. This
selectivity is due to the large ionic radii of ions such
as K* (0.138 nm), Na* (0.102 nm) and Ca?" (0.100
nm), in contrast to Li+ (0.074 nm), which makes
them wunable to cross narrow channels [39].
Although Mg?* (0.072 nm) has a similar ionic radius
to Li*, its significantly higher free energy of hydration
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compared to Li prevents its dehydration, thereby
limiting its access to exchange sites [[28], [40]].

The study examined the conditions for obtaining
a lithium-manganese precursor and its acid
treatment, as well as the sorption characteristics
and sorption capacity of the synthesized sorbent
[41].

It is of great interest to study the composition of
the saturated manganese dioxide sorbent to clarify
and obtain additional information regarding the
process of lithium sorption from brine.

Experimental part

Materials. Lithium hydroxide monohydrate
LiOH-H,0 brand “puriss.”; hydrochloric acid HCI
qualification “puriss.”; Mn,03 “puriss. spec.”, MnO
“puriss.”, brine from oil and gas fields.

Preparation of manganese dioxide sorbent. The
preparation of sorbents consisted of three stages: 1)
holding in an oven with treatment of a mixture of
manganese oxide compounds and lithium hydroxide
in an aqueous environment at 125 °C for 13 hours
until dry at the end; 2) calcination of the processed
product in a muffle furnace SNOL 7.2/1300 at 450 °C
for 6 hours; 3) acid treatment of the precursor with
dilute hydrochloric acid (0.5 mol/dm?3) at 40 °C with
stirring for 24 hours.

Methodology and analysis methods.
Experimental procedure. Sorption with saturation of
manganese dioxide sorbent was performed under
static conditions in a 3 dm3 glass, with a VELP
Scientifica LS F201A0151 (Italy) mechanical stirrer
installed above it, providing a fixed number of
revolutions. The constant temperature was
maintained with the use of an Aizkraukles TW 2.02
water bath thermostat (ELMI, Latvia). A given
amount of sorbent was transferred into a glass filled
with a given volume of brine, set to a given
temperature and stirred for a certain time to carry
out sorption. The solution was separated from the
sorbent by decantation, and then contact of the
sorbent with a fresh portion of brine was ensured
after sorption. Saturation of the sorbent upon
contact with fresh portions of brine was performed
in 4 cycles. The saturated sorbent was washed and
dried after sorption.

Determination of the capacity of sorbents. Static
exchange capacity is calculated by the formula:

SEC — (CO_ Ce) -V

where, SEC — static exchange capacity; Co— metal
concentration in the initial solution, mg/dm?3; C. —
residual equilibrium concentration of metal in the
solution, mg/dm3; V — solution volume, dm3; m — a
mass of dry sorbent, g.

Analysis methods. The quantitative content of
the studied elements in brines is determined with
the use of an Optima 8300DV atomic emission
spectrometer with inductively coupled plasma and a
SHIMADZU atomic absorption spectrophotometer
type AA-7000 (Japan). X-ray phase analysis (XPA)
was performed on a D8 ADVANCE diffractometer
"BRUKER AXS GmbH", (Germany) Cu—Ka radiation,
PDF-2 database of the International Center for
Diffraction Data ICDD (USA).

Thermal analysis of the saturated sorbent
sample was performed with the use of an STA 449
F3 Jupiter simultaneous thermal analysis device.
Before heating, the furnace space was evacuated
(evacuated per cent level ~ 92 %) and then purged
with inert gas for 5 minutes. Heating was performed
at a rate of 15°C/min. in an atmosphere of highly
purified argon. Cooling was performed at a rate of
17 °C/min. The total volume of incoming gas was
maintained within 50 ml/min. The results obtained
with the STA 449 F3 Jupiter were processed with the
use of the NETZSCH Proteus software.

Results and Discussion

The manganese dioxide sorbent for lithium
sorption was synthesized according to the
conditions presented above and may have a
composition close to MnO;nH,0; the process
presumably occurs via the ion exchange mechanism.
X-ray phase analysis (XRD) of the sorbent and its
precursors is shown in Figure 1 (a, b, c). As can be
seen from Figure 1a, lithium manganese oxide
(LMOQO) was formed with the composition LiMnO;
with an orthorhombic crystal lattice structure (space
group Pmnm) as a result of holding a mixture of oxide
compounds of manganese (Il), (lll) and lithium
hydroxide in a wet state in a drying oven at 125 °C
for 13 hours until it was dry. The oxidation of
manganese present in the trivalent state to
tetravalent with the transformation of the main
phase of the LMO LiMnO; to Li;,sMn1,604 occurs with
further calcination of the resulting LMO at 450 °C for
6 hours. It represents a face-centred cubic system
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(space group Fd3m) with a lattice constant of 8.14 A
(Figure 1 c). It can be noted that the main phase of
the resulting sorbent is represented by manganese
(IV) dioxide as a result of acid treatment of the
precursor after calcination; the diffraction pattern
retained the cubic structure with only a slight
decrease in the constant lattice to 8.036 A (Figure 1
c). It may indicate that the acid treatment with the
extraction of lithium from the precursor proceeds
topotactically with the preservation of the cubic
structure of the crystal lattice [42].

A
|

A
| A

| | ‘ a)
ol Ak poL
,}M ,ﬁ""#"*,.'l‘W’f'“ ""f "»‘I,\'fu\".]""’ l‘ﬂ"("“' I gt i’lwh‘,t\),‘m )M‘L*d «ww. "‘Mfll‘\\ {’

T
{

A

A PDF 00-035-0749 LiMnO2
A PDF 00-052-1841 Li1.sMn1.604
A PDF 00-042-1169 MnO:

A
| hsidn
.1_\."” “Yw,.&w"*,‘]atm J{“

g sl b)
£ ) N
/"'

A

A
A | A
I 'y [
Mg b LA !
B T e Y

o
e

10 20 30 40 50 60 70 ) 9
Theta

Figure 1 - Diffraction patterns of lithium-manganese
oxide of the first stage of processing (a), precursor after
calcination (b), and sorbent (c).

As can be seen from Figure 1 b, some part of
underoxidised orthorhombic LiMnO; also remains
after calcination. Orthorhombic LiMnO, adopts an
ordered rock salt structure consisting of zigzag sheets of
edge-sharing MnQOg octahedra, separated by
octahedrally coordinated lithium ions (Figure 2).
According to work [43] the delithiation reactions which
occur between orthorhombic LiMnO, and acid depend
on the physical form of the material. On exposure to
acid, a single crystal of LIMnO, was observed to undergo
a delithiation reaction as described in reaction (1) to
form a phase of composition MnO:

2 LiMNO; + 2 H* - Mn0, + 2 Li* + H, (1)

A-MnO, MnQ,
(Disorderad rocksalt)

Figure 2 - Delithiation of LiMn204 and LiMnOz leads to the
formation of new metastable polymorphs of MnO: [43].

In contrast, the reaction between powder samples
of orthorhombic LiIMnO, and acid proceeds via a
combination of disproportionation and ion exchange as
shown in reactions (2) and (3) [[43], [44]]:

3L|Mn02 +4 VH+ -> Lia.zVM n3.V05.2v + VM n2+ + 2V|.I+ +
+2yH,0 ()

LIMNnO; + xH* - LizHMnO; + xH* (3)

In this case, the deintercalation reaction drives
migration of the manganese cations so that they adopt
the A-MnO; network of delithiated LiMn,04, which
shares a common oxide ion lattice with the rock salt
structure.

Transformation of the orthorhombic LiMnO, to the
spinel-type lithium manganese oxide has been
explained by researchers in the works [[45], [46]]. A
delithiated orthorhombic LiMnO; structure is unstable;
lithium extraction from the zig-zag layers s
accompanied by a migration of manganese cations into
some of the octahedral sites left vacant by the extracted
lithium to yield a stable spinel-type structure.

Lithium extraction from the zig-zag channels causes
a displacement of 50% of the manganese ions into
neighbouring octahedra left vacant by the extracted
lithium ions. These displacements generate the 3:1
spinel ratio of manganese ions in alternate layers
between the close-packed oxygen planes.

Thus, the obtained sorbent, represented according
to XRD, spinel structure of MnO,, can have both
MnO2:nH,O and A-MnO. phases in its composition.
Additional information can be obtained after saturation
of the sorbent, which should result in lithium
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intercalation with the formation of lithium-manganese
phases.

The saturation of the sorbent with lithium was
carried out by contacting it with a lithium-containing
brine containing: 38,32 mg/dm?3 Li; 10,14 g/dm3 Ca;
2,29 g/dm3 Mg; 27,26 g/dm3 Na; 0,824 g/dm? K;
0,335 g/dm3 Al.

The saturation process of 4 g of sorbent was
performed in four cycles while maintaining the
following conditions in each cycle: T = 40°C; duration
24 hours; brine volume 2.8 dm?3, brine pH 8.77. In
this case, the total capacity of the sorbent for lithium
for all cycles was 20.44 mg/g. The sorbent, after its
saturation with lithium, was studied using
instrumental analysis methods.

Study of the saturated sorbent composition. The
manganese dioxide sorbent was studied by X-ray
phase analysis after saturation by providing contact
with brine. Figure 3 shows a diffraction pattern of a
saturated sorbent.
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Figure 3 — Diffraction pattern of saturated sorbent

It can be seen according to the XRD data in
Figure 3 that new lithium-containing oxide phases
were formed on the sorbent during the sorption of
lithium from brine, i.e., lithium-manganese oxides -
mostly Li(Lio.17Mno.83)204, stoichiometrically
equivalent to the Li1.34Mn1604, compound, and in
slightly smaller quantities of Lip7sMn15304. Both
phases have a cubic Fd3m crystal lattice structure
with a lattice constant of 8.14 A for Li(Lio.17Mno.s3)204
and 8.18 A for Lip7sMnigsOs. The sample also
contains oxide Mn,.0302 and manganese hydroxide
Mn(OH),. It can be noted that the valence of
manganese in the Li(Lio.17Mno.s3)204 phase is close to
four, i.e., when this compound was formed during
the interaction of the sorbent with lithium from the

brine, the valence of manganese did not change. It
indicates that the process of lithium sorption mainly
occurred through the ion exchange mechanism in
this case, and not with the participation of valence
forces due to the exchange of electrons between the
sorbent and the brine [47]. Chitrakar et al. built a
phase diagram containing of lithium manganese
oxides and their delithiated products [42] (Figure 4).
The diagram shows a compound of Li133Mn16704
composition, and it is almost similar to the
Li(Lio.17Mnos3),04 phase obtained in a saturated
sorbentin composition. According to the diagram,
the reactions of lithium extraction and incorporation
to form the delithiated oxide product Mn0,-:0.31H,0
and lithium-manganese oxide Li133Mn;6704,
respectively, can occur in both directions.

Zy,
H/Mn

Mnl, 0.5H 00
Ton gy, ™
\ Nehange pogin.
1—..,__:- .
y

MnQ,. 0.31H,0

4

[ win 0,
(h-MnD;)

Ei/Mn

Q) LMo,

Figure 4 — Phase diagram of lithium manganese oxides
and their delithiated products [42]

However, the formation of the Li(Lio.17Mno.s3)204
phase obtained as a result of saturation can be
represented under the expected reaction:

1.34 Li* + 1.66 (Mn0,-0.4H,0) >
Li(Li0_17Mno,83)204 +1.34 H* (4)

In this case, the expected composition of the
sorbent before its saturation with lithium, calculated
by equation (4), can be represented as
MnO,-0.4H,0. A sorbent of similar composition was
obtained by the authors of from a precursor with the
composition of LisMnsOi,, i.e. from Li133Mn16704
[48].

Lithium sorption from brine also partially occurs
with the formation of the Lio7sMn15304 phase. The
Lio7sMn13304 phase has manganese with both
valence +4 and +3. The formation of this compound
may was influenced by the presence of the Mn(OH),
phase in the sorbent. Its presence led to the
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formation of lithium-manganese oxide,
accompanied by a coproportionation reaction. The
expected reaction can be imagined:

0.78 Li* + 1.73 (Mn0,-0.4H,0) + 0.15 Mn(OH),
- Lio7sMn15s04 + 0.78 H* + 0.452 H,0  (5)

or

0.78 Li* + 1.73 MnO3 + 0.15 Mn(OH), + 0.24 H,0
- Lio7sMn1g304 + 0.78 H" (6)

At the same time, the Lip7sMn1ssO4 phase is
close in composition to the LiMn,0, spinel with a
cubic crystal structure belonging to the Fd3m space
group. Lithium ions occupy position 8a of tetrahedra
in this structure. Mn3" and Mn* ions are randomly
distributed over the positions of 16d octahedra with
a molar ratio of 1:1, and oxygen anions occupy
positions of 32e face-centred cubes [43]. The
approximately cubic, close-packed array of oxide
ions includes an MnOQOg octahedron connected in
three dimensions by common edges. On the other
hand, the unit cell of LiMn,04 can be considered a
complex cubic structure: 32 oxygen atoms and 16
manganese atoms occupy half-positions of the
octahedral interstitial site (16d), and the remaining
half-positions (16c) are free. Here, 8 lithium atoms
occupy 1/8 of the tetrahedral interstitial site (8a). Li*
can be intercalated/deintercalated in the three-

dimensional network of vacant octahedra and
octahedral interstices along the 8a-16c-8a-16c¢
channel, which is the structural basis of Li*

intercalation/deintercalation in LiMn,04 spinel [49].
Hunter in his work proposed a redox mechanism for
the topotactic extraction of lithium from LiMn,04
and defined the resulting spinel-type manganese
oxide as A-MnO, [50]:

4(Li)[Mn"Mn"V]04 + 8H* = 3(0)[Mn",]O;4 + 4Li*
+2Mn?* + 4H,0 (7)

where () are tetrahedral positions 8a; [] —
octahedral positions 16d; o — vacant positions.

In turn, the authors proposed a redox
mechanism for the introduction of Li* into the
dioxide structure when they studied the adsorption

properties of A-MnO; with the extraction of lithium
from the aqueous phase [51]:

(@)IMn"3]04 + NLIOH = (LinO1-n)[Mn",Mn";.,]04
+(n/2)H,0 + (n/4)0, (8)

Besides, the author found during the study that
spinels have 2 types of Li* extraction/incorporation
reaction centres - redox-type centers and ion-
exchange-type centres [51]. The proportions of each
type can be assumed from the values of the Li/Mn
molar ratio and the total valence of manganese in
spinel. lon exchange-type centres are predominantly
formed at temperatures below 500 °C, while redox-
type centres are formed at higher temperatures.
Extraction/incorporation reactions of Li* occur
predominantly with ion-exchange-type centres.

As it can be seen from equation (8), the reaction
proceeds by interaction with LiOH; the extraction of
lithium for manganese dioxide took place from a
chloride-type brine upon saturation of the resulting
sorbent in this study. At the same time, the pH of the
brine was slightly alkaline and amounted to 8.77,
and the brine contained hydroxyl ions in the
composition of LiOH required for the possible
occurrence of this reaction.

However, the researchers indicate that centres
of the redox type are formed predominantly at
temperatures of 500 °C and above [51]. The
precursors were calcined at 450 °C in the present
study, as noted above, and the Lig7sMn1.3304 phase
was present in a small amount according to the XRD
of the saturated sorbent. Its formation could also be
influenced by the presence of Mn(OH); (reaction 5
or 6).

A thermal analysis of the saturated sorbent was
performed; the thermograms are presented in
Figure 5. As can be seen from the results of the
above studies, an exothermic effect with a peak at
471.4 °C appeared on the DTA curve; well-
pronounced endothermic effects with maximum
development at 1084.2 °C and 1155.3 °C can also be
noted. The dDTA curve recorded additional
endothermic effects with extremes at 386.9 °C,
513.1°C, 602.6 °C, 835.2 °C, 943.6 °C. Minima can be
noted at 526.2 °C, 584.5 °C, 1011 °C on the DTG
curve.

— (4 ——
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Figure 5 — Thermogram of the sorbent sample after saturation

The exothermic effect with a peak at 471.4 °Ciin
the DTA curve may be a manifestation of the
crystallization of the synthesized manganese dioxide
gel. The combination of endothermic effects with
extremes at 386.9 °C and 943.6 °C on the dDTA curve
and an endothermic effect with maximum
development at 1,155.3 °C on the DTA curve may
reflect the presence of manganite - MnOOH. The
first effect is associated with dehydration and the
formation of pyrolusite or B-kurnakite (R-Mn,0s3).
Pyrolusite can transform into B-Mn,0s3 in the region
of 500 — 600 °C. In the region of the development of
the second effect (943.6 °C), B-Mn,0; decomposes
with the formation of R-Mn304. The latter effect
reflects the reversible polymorphic transformation
of B-Mn304 into y-Mn304.  Considering separately
the peaks of 1,084.2 °C and 1,155.3 °C on the DTA
curve, we can assume the presence of a-Mns0,. The
first peak reflects the transition of a-Mns0, into R-
Mns04, the second — the reversible polymorphic
transformation of R-Mn30, into y-Mn30a.

Buzanov provides thermograms of LiMn;0a,
Li;sMn,04 [52]. It can be assumed that the
endothermic effect with an extremum at 835.2 °C
reflects the decomposition of the LiMn,0, phase.
The peak of decomposition was recorded at 846 °C
in the source. In superposition, with a stretch, a
combination of the endothermic effect with an
extremum at 602.6 °C on the dDTA curve (on the
DTG curve it corresponds to a minimum at 584.5 °C)
with the above-mentioned endothermic effect

835.2 °C (on the DTG curve it corresponds to a very
weak minimum at 813.5 °C) may be a manifestation
of the decomposition of Li;3sMn,04. The thesis
indicates temperatures of 613 °C and 823 °C.

It is not possible to unambiguously state the
presence of y-MnO; in a sample. The combination of
endothermic effects at 602.6 °C, 943.6 °C on the
dDTA curve and 1155.3 °C on the DTA curve can be
interpreted as both a manifestation of B-MnO; and
a manifestation of y-MnO,.

As the results of thermal analysis show, the
presence of phases of lithium-manganese oxides -
LiMn,04 and Li1,3sMn;04is assumed in a sample of a
saturated sorbent, in addition to the possible phases
of manganite MnOOH, a-Mn304, B8-MnO; or y-MnO..
The detection of LMO phases indicates the sorption
of lithium from brine with intercalation of lithium
into the composition of the synthesized manganese-
oxide spinels with the formation of these
compounds.

Conclusions

The results of the studies showed that the
sorption of lithium from brine on a synthesized
manganese-oxide sorbent occurs with the formation
of new lithium-containing phases. X-ray phase
analysis showed the presence of phases in the
sorbent after its saturation with lithium of
Li(Lio,17Mn0_83)204 and Li0_78|\/|n1_gso4. The formation
of the first phase occurs without a change in the
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valence of manganese. It may indicate the ion-
exchange nature of the interaction during the
sorption of lithium from brine. And the formation of
the second phase that occurs with a change in the
valence of part of the manganese, indicates the
redox nature of the interaction during sorption. The
possibility of the presence of LiMn;Os and
Li;,3Mn,04, phases in the sorbent after saturation,
formed due to redox reactions, is also indicated by
the results of thermal analysis. In general, an ion
exchange interaction takes place between a lithium
ion from the brine and a proton from the manganese
oxide spinel composition during sorption. All lithium
intercalation reactions proceed topotactically
without significant changes in the main structure of
the original sorbent.
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Ty3Abl epiTiHAinepaeH AUTHiAI copbumnanaraHHaH KeliH anbiHFaH MmapraHey,
AMNoKcnai copbeHTiH PU3nKa-XuMHUANDIK 3epTTey

A6aynsanues P.A., Kapwblifa 3.6., EpcaiibiHoBa A.A., EceHrasues A.M.,
OpbiH6aes b.M., KeaTkoBckaa M.H.

Memannypeus 1aHe KeH balibimy uHcmumymeol AK, Cambaes yHusepcumemi, Aamamel, KazakcmaH

TYAIHAEME

MakKkanaga mapraHew, AMOKCUA HerisiHae cMHTe3aenreH cCopbeHTTiH Ty34bl epiTiHAigeri AMTuiimeH
KaHbIKKAHHAH KeWiHri 3epTrey HaTwxkenepi 6epinreH. AngpiH ana paibiHganfaH copbeHT:
MapraHeLw, OKCUAj KOCbINbICTapbl MeH IUTUIN Ttapokenaid 125 °C temnepaTypasa biafangpl Kyige
ycTaygaH, onapabl 450 °C KyWAipy4eH KoHe ofaH dpi CYMbINTbIIFAH Ty3 KblWKbIAbIMEH
Makana kengi: 30 Mambip 2024 NpeKypcopAbl KbIWKbINAbIK 6HAeyAeH Typaabl. CoOpbeHTTi AMTUIMMEH KaHbIKTbIpy npotieci pH 8,77
CapantamagaH eTri: 23 mayceim 2024
Kabbinganapl: 15 winde 2024

NnTUiIA 6ap Ty3apl epiTiHaiMeH 24 cafaT 60Mibl KaHbIKTbIPY apKbi/bl KYPri3ingi, KaHbIFyaaH KeniHri
copbeHT peHTreHA K dasa KoHe TePMUANBIK Tanaay dA4icTepi KemerimeH 3epTTengi. PeHTreHaik
dasanbik Tangay HatmxkeciHge Li(Lio17Mnoss)204 m Lio7sMn1ssOs KypambiHaa nutuin 6ap ¢dasa
KOCbINIbICTApbl aHbIKTanapl. TEPMUANbIK Tanaay HaTUXKenepi KaHblKKaHHaH KeliH copbeHTTe
LiMn204 aHe Li1,3Mn204 dpazanapbiHbiH 601aTbIHAbIFbIH KOPCETTI. 3epTTey HaTUKenepi 6oMbIHLWa
copbuma KesiHge Ty3abl epiTiHaiaeri MMTUI MOHbI MeH MapraHeL-OKCUATI WNUHENbA KYPaMHbIH,
NPOTOHbI apPacbiHAA MOH anmacy SpeKeTTecyiHiH, Kebipek 6onaTbiHbIH KepceTTi. COHbIMEH KaTap,
NINTUI copbumaAckl KesiHae apeKeTTecyiH, TOTbIFY-TOTbIKCbI3AaHY cunaTbl 6ap. JIuTuiain, 6apabik
MHTepKanaumsa peakuusanapbl 6actankpl COPOEHTTIH, HEri3ri KypblabiMbIHAA eneyni e3repictepcis
TONOTaKTUKANbIK TYPAE Kypeai.

TyiiiH ce30ep: nTWiA, Ty3ap! epiTiHAj, COPBEHT, MapraHeL, AMOKCUAI, CopbLMs, aimacy Kenemi.
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PuUsnKo-xummnueckoe uccnegoBaHme copbeHTa AMOKCUAa mapraHua nocne
cop6buunmn AuTNA U3 pacconos

A6gynsanues P.A., Kapwblifa 3.6., EpcaitibiHoBa A.A., EceHrasues A.M.,
OpbiHb6aes b.M., KBaTkoBckasa M.H.

AO MHcmumym memannypauu u obozaweHus, Satbayev University, Aamamel, Kazaxcma

AHHOTAUMA

B cTaTbe NpeacTaB/ieHbl pesynbTaTbl UCCEA0BAHUIA MO U3YHEHWIO CUHTE3MPOBAHHOTO CopbeHTa ANOKCUAA
MapraHLa nocae HacbILEHWA ero MTMEM 13 paccona. MNpeasaputensHo bbin NOAroToBAEH COPOEHT, UTO
3aK/1H04a/10Ch B BbIAEPIKKE CMECU OKCUAHDIX COEAMHEHNI MapraHLa C MMAPOKCUAOM JIMTUA BO BAXKHOM
coctosHum npu 125 °C, npokanvsaHum npu 450 °C n aanbHelweln KUcnoTHol obpaboTke npekypcopa
Mocrynuna: 30 mas 2024 pa3baBneHHOM CconAHOM KucioTol. [Mpouecc HacbiweHua copbeHTa AUTMEM MPOBOAMACA
PevieHanpoBaHue: 23 uioHs 2024 nocpeacTBOM €ro KOHTAKTUPOBaHMWA B YETbIPE LUKNA C AUTUIACOAEP KALMM pacconom ¢ pH 8,77
MpuHnaTa B NeyaTb: 15 urons 2024 npu T =40°C, npogoaknTenbHOCTH 24 4. CopbeHT Noc/e HacbIWeHWA Bbi1 M3ydeH C NPUMEHEHNEM
peHTreHoda3oBoro M TePMUYECKOro MeToA0B aHanu3a. PeHTreHoda3oBbIli aHaNM3 NoKasas, YTo
Tuiicopepkawme ¢asbl npeactasneHbl  coeamHeHuamu  Li(Lioi7Mnoss)20s M Lio7sMn1.gsOa.
Pe3ynbTaThl TEPMUYECKOrO aHa/IM3a YKa3bIBAOT HA BO3MOXKHOCTb NMPUCYTCTBUA B COpbeHTe nocne
HacbiweHus ¢as LiMn,0s 1 Liy,sMn20s. Pe3synbTaTtbl MCCNef0BaHUI NOKasanu, yto B 6osbluei
cTeneHu Npu copbunm nmeet Mecto MOHOOBMEHHOE B3aUMOAENCTBME MEXKAY MOHOM JINTUA U3
paccona ¥ NPOTOHOM M3 COCTaBa MapraHLEeBo-OKCUAHOM WNUHenn. MomMmnmo 3Toro, NpuUcyTcTeyeT
npu copbuun AUTUA  OKUCAUTENbHO-BOCCTAHOBUTE/bHBIN XapaKkTep B3aumogencTsua. Bce
peakuMn WMHTEPKANALMWU NWUTUA MNPOTEKAIOT TOMOTAKTUYECKU 6€3 CyLLeCTBEHHbIX W3MEHEHUM
OCHOBHOW CTPYKTYpPbl UCXOAHOTO copbeHTa.

Kniouesble cnoea: nvtwii, paccon, CopbeHT, AMOKCUA, MapraHLa, copbums, 0bMeHHas eMKOCTb.
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ABSTRACT

Silicon is an essential chemical element that plays a very important role in life support on our
planet. There is no single area of life on Earth where this most common chemical element is not
present; its content is 27-30% of the mass of the Earth's crust. The most common form of its
presence in the earth's crust is silicon dioxide, that is, silica. Silica is the main raw material source
for semiconductor silicon for modern electrical engineering (production of diodes, transistors,
photocells, and integrated circuits). Silicon is widely used in special materials science (alloying
special steels, refining melts, and producing aluminum-silicon alloys (silumins). Reducing the cost
of high-purity silicon can be achieved by reducing the temperature of the refining process of
technical silicon. This scientific work examines the implementation of refining silicon in eutectic
silicon melts with aluminum. Crystallization of silicon in hypereutectic melts below the liquidus
temperature of the Si-Al phase equilibrium system occurs through the formation of silicon
crystallization nuclei from clusters on the surface of the crystallizer - electrodes (rods) made of
silicon with a temperature, which is below the temperature of the hypereutectic melt liquidus. The
article describes methods for obtaining high-purity silicon and provides scientific justification for
the implementation of such a task. The proposed method for producing high-purity silicon has so
far been little studied and is of scientific and economic interest, since it can be carried out at
relatively low temperatures, for example below 900°C. An important feature of eutectic melts is
the stoichiometric content of components, which was the reason for the assumption of the
molecular structure of eutectic melts. Eutectic molecules are, in our opinion, compounds of silicon
and aluminum clusters.

Keywords: silicon, aluminum, cluster, crystallite, liquation, crystallization.
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Introduction

Silicon is the most important chemical element
on our planet. There is not a single area of life on the
Earth where this most common component is
present, its content amounts to 27-30% of the mass
of the Earth’s crust [[1], [2], [3], [4]]. The most
common form is silicon dioxide—silica. Silica is the
main raw material source for semiconductor silicon
for modern electrical engineering (production of
diodes, transistors, photocells, and integrated

circuits). Silicon is widely used in special materials
science (alloying special steels, refining melts, and
producing aluminum-silicon alloys (silumins). The
growing need for high-purity silicon for photovoltaic
energy converters, caused by the development of
“Green Energy”, served as the basis for the search
and the development of effective technologies for
refining metallurgical silicon to the level of “Solar”
quality silicon, that is, with a Silicon content of
99.9999%. Without such a degree of purification of
silicon from impurities, it is impossible to obtain
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photovoltaic energy converters with a high
efficiency for efficient solar batteries.

Silicon refining using a hypereutectic melt of
aluminum and silicon is a process that is used to
remove impurities and improve the quality of silicon,
especially in the production of silicon single crystals
for the semiconductor industry. Here’s how it works:

1. Preparation of raw materials: First it is
necessary to prepare the raw materials. This may be
metal silicon, which contains impurities such as
aluminum, iron, and other metals. A mixture of
aluminum and silicon is also suitable.

2. Melting: A mixture of silicon and aluminum is
heated to a temperature beyond the melting point
of silicon. This ensures the formation of a
hypereutectic liquid, which can interact with silicon,
but not aluminum.

3. Separation: In a hypereutectic liquid, silicon
dissolves while aluminum remains unchanged. This
allows aluminum and other impurities to be
removed from the silicon. The separation occurs due
to differences in the solubility of aluminum and
silicon in a given liquid.

4. Cooling and crystallization: After separation,
the silicon begins to crystallize within the liquid. This
can happen by slowly cooling the mixture. Silicon
crystals can be produced as single crystals or
polycrystals, depending on the process.

5. Silicon extraction and processing: The
resulting silicon crystals are then removed from the
melt and further processed and purified to improve
their quality.

This process produces purer silicon suitable for
semiconductors and other high-tech industries. It is
important to note that it can be resource and
energy-intensive, and its effectiveness depends on
the exact conditions and process parameters.

Existing technologies and methods for purifying
silicon from impurities, such as refining by blowing
the silicon melt with oxygen, zone melting,
electrolysis in molten salts, sublimation of silicon
monoxide and its reduction with magnesium and
others do not provide the required degree of
purification from impurities, are characterized as
environmentally unsafe and energy-intensive. The
Czochralski Method has proven itself to be quite
effective [[2], [3], [4], [5], [6], [7], [8], [9]]. This
refining method, although very expensive in terms
of production costs, is still considered the most
common in the production of semiconductor silicon
[[10], [11], [12], [13], [14], [15]].

Methods

The experiments were carried out according to
the following technological scheme:

1. Preparation of a hypereutectic alloy of silicon
with aluminum, implemented in the following
sequence:

1.1 melting silicon Krl in an induction furnace
with a protective atmosphere (Nitrogen or carbon
dioxide).

1.2 aluminum of All grade (electrical) was
loaded into a silicon melt at a temperature of 1415-
1450°C, its concentration was adjusted to 20%
(mass). A melt was obtained in which, upon cooling,
crystallization began with the formation of silicon
clusters.

1.3 when immersing a rotating rod made of pure
silicon heated to a melt temperature of 660-690°C
into the melt, the rotation speed was selected
experimentally and amounted to 5-10 min™,

The process of silicon crystallization on the
crystallizers was monitored visually; the duration of
the crystallizer’s stay in the melt did not exceed 30
minutes.

2. Analysis of the elemental composition of the
resulting refined silicon was carried out using the X-
ray fluorescence method on a scanning electron
microscope with an analyzer at the Research
Regional Engineering Laboratory “Structural and
Biochemical Materials” at M. Auezov South
Kazakhstan University, equipment used: Spekord V-
80 and Superprobe 733-SCX.

Research Results and Discussion

This work studied the possibility of refining
silicon in eutectic melts using the features of
liguation processes and the limited solubility of melt
components in the crystallizing phases of the
eutectic, under the conditions of the beginning of
silicon crystallization in the eutectic melt. The
Silicon—Aluminum system with eutectic (Al 88% + Si
12%) melting at 577°C was chosen as the base
material, Fig.1, [9].

This process of obtaining high-purity silicon has
not yet been well studied and is of scientific and
economic interest, since it can be carried out at
relatively low temperatures, for example below
900°C. An important feature of eutectic melts is the
stoichiometric content of components, which was
the reason for the assumption of the molecular
structure of eutectic melts [16].
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Eutectic molecules are, in our opinion, e
compounds of silicon and aluminum clusters. " o
Clusters of these components can be imagined if
consider the crystal structure of aluminum and
silicon (Fig.2).
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Figure 1 - Aluminum-silicon phase explained by the geometric similarity of the clusters. The
equilibrium diagram [9] next reason for the formation of complexes is the almost
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identical density of the substance in the liquid and solid-
crystalline states. The distinctive structure of the silicon
cluster lies in the size of interatomic distances and the
presence of the silicon atom with electronic bonds
involved inside the cluster. This complicates the
formation of crystallization nuclei and increases the
stability of the liquid eutectic mixture of complex
molecules and individual clusters of silicon and aluminum.
Therefore, in eutectic melts of silicon and aluminum at
temperatures below the liquidus temperature, clusters of

rystal structure of aluminum silicon atoms are formed without admixtures of other
Atomic structure of cluster atoms.
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Crystal structure of silicon
Atomic structure of cluster

b)
Figure 4 - Scheme of the atomic structure of a eutectic
Figure 2 - Crystal structure of aluminum and silicon melt of silicon with aluminum (complex eutectic
atoms and atomic structure of clusters molecules and excess silicon clusters)

This is confirmed by the results of the scientific

Clusters in the melt are grouped into complex  work of the authors, for example, at a temperature
molecules according to the chemical composition of  close to 900°C, crystallizing silicon has a purity of
the eutectic 12.2% Si and 87.8% Al (mass per cent)  99.99% (see an inset in the diagram in Fig. 1) [[16],
[[16], [17], [18], [19]] (Fig.3). [17], [20]].
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By creating conditions for silicon crystallization,
immersing crystallizer rods in the melt at a temperature
5-10°C below the liquidus temperature, we will ensure
the deposition of silicon clusters on the surface of
the silicon crystallizer. Silicon crystallization nuclei —
silicon clusters in the eutectic melt provide a high
rate of crystallization of high-purity polycrystalline
silicon. If a crystallizer is used from a single crystal, it
is possible to obtain monocrystalline silicon, but this
is not a technically simple task and requires
additional research. To regulate the rate of silicon
crystallization, the surface temperature of the
crystallizer is maintained within a specified range.
Figure 5 shows a diagram of the refining installation
and a photograph of a crystallizer with a crystallized
layer of high-purity silicon. Complex molecules of
silicon and aluminum clusters provide a high rate of
crystallization; excess clusters in the hypereutectic
melt crystallize on the surface of the crystallizer,
maintaining a high degree of purity from harmful
impurities.

For the continuity of the process, the melt is
replenished with silicon clusters by dissolving the
electrodes of the Aluminum — Silicon alloy and
removing melts enriched with impurities from the
refining zone. A flow process of hypereutectic melt
through the crystallization zone of high-purity silicon
is also provided. In this case, the secondary product
can be used for casting parts from silumin. The main
idea behind the new refining of silicon at
temperatures below 900°C and above 5770°C will be
widely used and useful for the production of
products and alloys from silumin as an additional
and efficient production of high-purity silicon.

Two options were tested: 1 — The process in a
constantly renewed eutectic melt, that is, to grow
high-frequency Silicon clusters on a crystallizer in a
flow of always “new” eutectic melt. Growing
crystalline silicon from a silumin melt — for a eutectic
alloy of silicon with aluminum, ensures the filtration
of impurities by the eutectic melt according to a
mechanism similar to the process of zone melting
[[9], [26]]. Impurities are pushed into the liquid
phase, and the surface of the growing crystals on a
rotating crystallizer is covered with clusters that
form high-purity silicon crystallites. The basis for this
process is the limited solubility of aluminum in
silicon, which is confirmed by the authors [[16], [17],
[20]]. Aluminum clusters act as a sorbent for
impurities harmful to silicon. Movement of the
surface of the crystallizing rod in the melt (rotation
of the crystallizer rod) eliminates the accumulation
of impurity atoms in the crystallization zone.

b)

Figure 5 - Diagram of a laboratory refining installation

a) photograph of crystallizers with frozen refined silicon
b) 1 — radiation pyrometer; 2 — clutch with a manual
drive lever; 3 — shaft gear with a through hole for
transmitting rays of electromagnetic waves of light flux
from the mirror of the melt bath to the radiation
pyrometer; 4 — satellites (gears) for rotating the
crystallizer rods; 5 — crystallizer rods; 6 — eutectic melt;
7 — frozen layer of refined silicon crystals; 8 — graphite
crucible; 9 —inductor

The problem of removing accumulating
impurities in the eutectic melt from the
crystallization zone of refined silicon in crystallizers
to ensure the minimum permissible concentration of
impurities in the eutectic melt requires additional
research and refinement of the technology [[27],
(28], [29], [30], [31], [32], [33]].

The research results are shown in Table 1. The
results show a significant increase in the degree of
purity of the resulting polycrystalline silicon: from
the original 97-98% Si to 99.95-99.99% Si. The
degree of purity — the content of impurities in the
polycrystalline silicon obtained after refining — is
significantly influenced by:

- temperature range of the crystallization
process on the crystallizer rod (Fig.4),

- rotation speed of the crystallizer rod, which
ensures the renewal of the melt at the boundary
between the crystallizer and the melt, excluding an
increase in the concentration of impurities pushed
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aside by growing crystallization centres into the
liquid phase — eutectic melt.

Replacing the composition of the crystallizer
bath and changing the fuse — the silicon rod coated
with frozen high-purity silicon crystals — are very
important factors influencing the quality of refining.
These issues require careful study and research
funds.

Table 1 - Elemental composition of metallurgical silicon
and the resulting high-purity silicon by refining by
crystallization from the eutectic melt

Sample Note
name Impurity content, %
e
Ca Fe P B Si
MG-Si 0.016 0.28 0.0021 | 0.0030 99.69
Refining melt 0.041 0.073 0.0007 | 0.0017 Melt:
(original) Si 20-
30%,

base: Al
Refining 0.0008 Not 0.0003 | 0.0009 99.998
silicon detected % Si
Refining melt 0.54 0.455 0.0615 | 0.0080 | 1.578%
(spent) impurity

Conclusions

Conducted studies have shown the promise of
using eutectic melts of silicon with aluminum as
efficient in energy saving and relatively low process
temperatures — below 900°C.

The possibility of using a similar process for
growing silicon single crystals using a method similar
to the Czochralski method cannot be ruled out, but
this requires extensive research and funds to carry it
out.

Research in this work revealed the need to study
the refining ability of other eutectics with silicon and
to create a technological process for refining silicon
to silicon of “solar” quality using the selectivity of
melts to absorb harmful impurities in high-purity
silicon.

Acknowledgements. We express our gratitude
and appreciation to the Research Regional
Engineering Laboratory “Structural and Biochemical
Materials” at M. Auezov South Kazakhstan
University, where the analysis of the elemental
composition of the resulting refined silicon was
carried out using the X-ray fluorescence method on
a scanning electron microscope with an analyzer,
equipment used: Spekord V-80 and Superprobe 733-
SCX.

CRediT author statement: A. Protopopov:
Conceptualization, Methodology, Software, Data
curation, Writing-Original draft preparation. M.
Protopopov: Visualization, Investigation. Y.
Suleimenov: Supervision. R. Altynbekov: Software,
Validation, Writing- Reviewing and Editing.

Cite this article as: Protopopov AV, Protopopov MA, Suleimenov EA, Altynbekov RF. Silicon refining by growing crystallites in a
hypereutectic melt of aluminum with silicon. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources.

2025; 334(3):70-77. https://doi.org/10.31643/2025/6445.29

ANOMUHNIA MeH KpeMHUUAIH 3BTeKTUKaaaH KeliHri 6anKkbimacbiHga
KPUCTAaNAuUTTEpAi ecipy apKbi/ibl KpeMHUNUAI Ta3apTy

MpoTtononos A.B., Mpotononos M.A., CyneiimeHoB E.A., AnTbiH6eKoB P.®D.

M.9ye308 ameiHOarel OHMycmik Kazakcmax yHusepcumemi, LLibimkeHm, KazakcmaH

TYWIHAEME

Makana kengi: 19 KaHmap 2024
CapanTtamagaH eTri: 18 Haypeiz 2024
Kabbinganapl: 15 winde 2024

6onatrapapl

nerupney,

KpemHuit-6i3giH nnaHeTambi3gafbl TIPLWINIKTI KAMTaMacbi3 eTyae eTe MaHbl3abl Pen aTkapaTbiH
MaHbI34bl XMMUANBIK 31eMeHT. Byn eH Ken TapanfaH XMMUAbIK 3N1eMEHT XKepaiH, 6apabik
aimarblHAa 6ap, OHbIH, MeLLEepi ¥Kep KbIPTbICbIHbIH, MaccacbiHblH, 27-30% Kypanabl. OHbliH, Kep
KbIPTbICbIHAAFbl €H Ken TapafaH KOCbINbICbl - KPEMHUI ANOKCUAI, AFHU KpemHesem. KpemHui
OMOKCUA Kasipri 9NeKTPOTEXHMKA YLWiH KapTblai OTKI3ril KpeMHUIAT anyablH HEri3ri WuKisaT
Ke3i 6onbin Tabblnagbl (aMoaTap, TpaHaUcTopnaap, GOTO3INEeMEHTTEP, WHTErpangblk Cxemanap
eHgjpici). KpemHuii apHaiibl maTepuanTaHy canacbiHAa KeHiHeH KoiZaHblnagbl (apHaibl

6anKkbimanapabl TasapTy, aANOMUHWUIA-KPEMHWUI  KOpbITNanapbiH

(cunymunpep) any). ©Te Tasa KpEMHUIAIH KYHbIH TOMEHAETYre TEXHUKA/bIK KpEMHUIAA] TasapTy

—— 74 ——
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NPOLLECiHIH, TeMNepaTypacblH TOMEHAETY apKblibl KON KeTKi3yre 6onagpl. By fbIIbIMU KyMbICTa
KPEMHUIAIH, ~ aNlOMUHUIMEH  3BTEKTUKaNbIK  BankpiManapbliHAa  KpemHWigi  TasapTty
KapacTbipblnagpl. Si-Al dasanbik Tene-TeHAIK XKyWecCiHiH, TMKBUAYC TemnepaTypacbiHaH TOMeH
IBTEKTUKaNbIK BankbiManapparbl KPeMHUIAIH, KpucTangaHybl KpucTannusatopapliH, betiHaeri
KnactepnepaeH KpeMHUAAIH KpUcTanaaHy sMOpUOHAAPbIHbIH, - KPEMHUIAIH, SN1eKTPOATaPbIHbIH,
(wbIBbIKTAPbIHbIK) Ty3inyi apKbiabl Kypeai. Makanaga eTe Tasa KpemHuid any aaictepi
cUNaTTaNfaH »KaHe OCblHAAMN dAicTepAi »Ky3ere acblpyAblH, FblAbIMU Herisgemenepi KenTipinrex.
OTe Tasa KpPemMHUIA] anyAblH YCbIHbLIFAH 34icCi ani a3 3epTTeNreH >KoHe FblbIMU KaHe
IKOHOMMKANbBIK  KbISbIFYLWbIILIK  TyAblpafdbl, ©MTKEHi OHbl CcanbiCTbipmanbl Typae TemeH
TemnepaTtypaga, Mmbicanbl, 9000C-TaH TemeH TemnepaTypaga Kysere acblpyra 6onagpl.
IBTEKTUKANbIK banKbiManapablH, MaHpl3abl Genrici — onapAaplH, MONEKyNanblK KypblNbIMbIH
6omkayra ceben 60NFaH KOMMOHEHTTEPAIH, CTEXMOMETPUANDBIK Kypambl. IBTEKTUKANbIK,
monekynanap, 6i3gjiH oMbImMbI3LLa, KPEMHUIN MEH aNIOMUHWUIA KNnacTepaepiHiH, KOCblbICTapbI.

TyliiH ce30ep: KPEMHWI1, ANOMUHWIA, KNacTep, KPUCTANUT, IMKBALLMA, KPUCTANAAHY.
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KpeMHUI — BaXKHEWWWN XUMUYECKUA 3SEMEHT, UrpalolmMii OYEeHb BaXKHYH pPoSb AJA
KM3HeobecneyeHa Ha Hawel nnaHete. HeT HYU oAHOW 061acTU KM3HKU Ha 3emne, rae 6bl HU
NPUCYTCTBOBa/N 3TOT, CaMblii PACMNPOCTPAHEHHbIN XUMUYECKUIA 3/1EeMEHT, ero coAaepKaHue
coctasnsier 27-30% OT Mmaccbl 3emHOM Kopbl. Haubonee pacnpoctpaHeHHas d¢opma ero
NPUCYTCTBUA B 3EMHOI KOpe — 3TO AMOKCUA KPEMHUSA, TO eCTb KpemHesem. KpemHesem — 37O
OCHOBHOW CbIpbeBOW MUCTOYHUK MOJYYEHUA MONYNPOBOAHUKOBOrO KPEMHUA AN COBPEMEHHOM
3/1EKTPOTEXHUKM (M3rOTOBAEHUE AMOA0B, TPAH3UCTOPOB, GOTOINEMEHTOB, MHTEIPAbHbIX CXEM).
LLInpoKkoe NpMMEHEHWE KPEMHUI NONYYMN B CMELMANbHOM MATEPUANOBELEHNUM (NervpoBaHue
cneumanbHbIx cTanei, padrMHMpoBaHME PacniaBoB, NoJyYeHne aNlOMUHUN-KPEMHMEBDIX CM/1aBOB
(cunymuHoB). CHUKeHMe cebecToMMOCTU BbICOKOYMUCTOrO KPeMHUA MOKeT bbiTb obecneyeHo
CHWXKEHMEeM TemnepaTyp npouecca padpuHUPOBAHUA TEXHUYECKOTO KpeMHUA. B AaHHOM Hay4YHOM
paboTe paccmaTpMBAETCA OCYLLECTBAEHNE PAPUHUPOBAHMA KPEMHUSA B IBTEKTUYECKMX pacniaBax
KPEeMHUA C antoMUHMeM. KpucTannvsauma KpemHUA B 3a3BTEKTUYECKMX pacniaBax HuKe
TemnepaTtypbl AMKBUAYC cucTembl pa3oBoro pasHoBecus Si-Al npoucxoaut dopmupoBaHuem
3apoaplllelt KpUCTaNn3aumMmM KPemHUA K3 KNacTepoB Ha MOBEPXHOCTU KpuCTannusatopa -
3N1EKTPOA0B (CTEpPXKHEN) M3 KpemMHMA C TemnepaTypol HuKe TemnepaTypbl AMKBUAYC 3a
3BTEKTUYECKMM PacniaBom. B ctaTbe pacnumcaHbl cnocbbl NONYYEHUS KPEMHUSA BbICOKOYMUCTOTO M
NPUBOAATCA HayyHble 0OOCHOBaHWMA peanusauMn Takon 3agauu. [peanaraemblit  meTog,
NO/YYEHUA BbICOKOYMUCTOrO KPEMHMA MOKa Mano M3yyeH M NpeacTaBAseT Hay4yHbli U
SKOHOMMUYECKUI MHTEpec, TaK KaK MOXET OCYWecTBAATbCA MPU  OTHOCUTENIbHO HU3KMX
Temnepatypax, Hanpumep Huxke 9000C. BaxkHbIM NPU3HAKOM 3BTEKTUYECKUX PAcnNaBoB ABNAETCA
CTEXMOMETPUYECKOE CoAepKaHNEe KOMMNOHEHTOB, YTO NOCAYKUI0 NPUYNHONM AR NPEANONOKEHNA
0 MOEKY/NIAPHOM CTPOEHWUM 3BTEKTUHYECKUX PacnnaBoB. MoAeKy/bl 3BTEKTUKU NpeacTaBaaioT
cob0i4, NO HalWeMy MHEHUIO, COEAUHEHUSA KNACTEPOB KPEMHMA U aNIIOMUHUA.

Kniouessbie cnosa: erMHMl‘;i, an}OMMHMﬁ, Knacrtep, KpUCTanauT, AMKBauua, KpUCtannnsauma.
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ABSTRACT

The paper presents the theoretical basis and results of processing a mixture of complex types and
compositions, based on lead cake, obtained after the preliminary removal of arsenic from dust and
its subsequent leaching with sulfuric acid. The main goal of the technology is to involve the
processing of substandard intermediate products of lead production together with lead cake and
the selective extraction of non-ferrous metals into commercial products: copper into matte; lead
- into rough lead: zinc - into slag. Choice of the composition of the feed charge was carried out
taking into account the volumes obtained in production and is represented by the following
structure, %: lead cake - 50; copper-lead matte — 40; quartz flux — 10. It has been established that
the best results, ensuring high complex extraction of copper, lead, zinc and arsenic into the
targeted smelting products, are achieved with a consumption of natural gas 1.4 times higher than
its consumption from the stoichiometric required quantity (SRQ) for the reduction of lead
compounds to metal lead. The optimal time for blowing the melt with natural gas is 15 minutes.
The optimal oxygen consumption when blowing the intermediate matte obtained after the first
stage was 1.1 times higher than its stoichiometric required amount (SRQ) for the oxidation of zinc
and iron sulfide with their further transfer in the form of oxides to slag. The duration of matte
blowing is 10 minutes. With the optimal established parameters, high technological indicators of
the technology were achieved: extraction of lead into rough lead - 98.6%; copper in matte —98.5%;
zincin slag — 94.1%.

Keywords: lead cake, feed charge, intermediate products, reduction blowing, oxidation blowing,
copper, lead, zinc, extraction.
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Introduction

The dominant linear model in the production of
non-ferrous metals from primary low-quality sulfide
raw materials, although it no longer meets modern
requirements in terms of environmental safety,
nevertheless continues to function at its usual pace.
Today it is no longer a secret to anyone that the
pyrometallurgical production of copper, lead and
copper, using technologies of the last century, is
accompanied not only by low technological
indicators but also by increasing volumes of
substandard intermediate products and
technogenic waste produced along the way. Finding

rational, efficient technologies for their processing
has no particular interest to manufacturers of basic
products. The difficulty of processing this kind of raw
material lies in the increased content of toxic arsenic
in them, the presence of which determines the
critical level of their impact on the environment and
inhibits their further processing [[1], [2], [3], [4]].
Currently, the growth of substandard
intermediate products is the main problem for non-
ferrous metallurgy enterprises. Attempts to process
them using existing technologies led to a decrease in
technological, economic and environmental
indicators of production. As a result, the
compositions of technogenic waste of industry have
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become greatly complicated, which has led to their
significant accumulation, with all the ensuing
negative social, economic and environmental
consequences. The current situation at non-ferrous
metallurgy enterprises requires a radical approach
to solving these problems.

From this perspective, the circular economy
model has a great interest, widely spread in the
world economy, within the framework of the Zero
concept of waste [5]. This approach is not new. In
the practice of the economy of the Soviet Union,
special attention was previously paid to the
development of so-called “waste-free
technologies”, which essentially solved the same
problems as the circular economy model proposed
in the West, where solving the problems of
integrated use of raw materials and preserving a
clean environment was at the forefront [6]. In our
opinion, regardless of the nature of the use of these
solutions to maintain resource efficiency and
environmental safety, whether in the West or in the
economy of the post-Soviet countries, these tasks
today should determine the main trend in the
development of the economy, regardless of its
affiliation.

Materials characterized by a complex chemical
composition include fine dust from copper and lead
production. Their peculiarity is their
multicomponent nature, %: 35-50 Pb; 5-7 Cu; 6-9 Zn;
4-6 Fe; 5-13 As; others. Minor deviations in the
furnace operating conditions, the chemical
composition of the concentrate and other factors
from the specified parameters can significantly
change the quantitative ratio of metals in the dust
towards a deterioration in its composition [[7], [8],
[9], [10], [11], [12]].

The value of dust is enhanced by the fact that,
along with their high content of heavy non-ferrous
metals and arsenic, they concentrate a significant
amount of dual-use metals (Re, Os, Se, Sc, etc.), and
could be used well as an additional source for their
extraction. However, the high content of arsenic in
dust (5-13%) hinders the development of new highly
efficient technologies. A very simple solution for
enterprises was to sell them to third parties, which,
using not entirely rational technologies, in the
pursuit of profit, extracting one or two main base
metals, do not ensure the comprehensive extraction
of metals that are strategic for the economy of
Kazakhstan with high added value. This approach,
where dust is one of the key sources for the

production of Re, Sc, Os and other metals, does not
seem entirely rational.

The material composition of dust depends
mainly on the composition of the feedstock and
technological smelting conditions. The unique
polymetallic nature of the ores and concentrates of
Kazakhstan, and the multi-component substandard
intermediate products and technogenic wastes
obtained during their processing, containing a wide
range of valuable metals, inherently require the
development of new, separate technology for their
processing to ensure the complexity of the
extraction of valuable metals.

There are several works in the scientific
literature devoted to dust processing, each of which
is distinguished by its originality in solving the
problem of arsenic removal [[13], [14], [15], [16],
[17], [18]].

When organizing a technology for processing
dust using a hydrometallurgical method, it seems
that the most acceptable way to remove arsenic
from dust is at the initial stage of the technology.
This will improve the technological performance of
the processes that form the basis of the overall
technology and reduce the consumption of reagents
spent on the removal and disposal of arsenic. At the
same time, high greening of the technology is
ensured due to a significant reduction in the
ecological influence on the environment and human
health caused by arsenic.

The purpose of this article is the extraction of
lead, copper and zinc from a feed composed of lead
cake from the leaching of dust obtained after
preliminary removal of arsenic by reduction roasting
with natural gas.

A distinctive feature of the research is the
development of a new technology for the complex
extraction of lead, copper and zinc into targeted
products from a charge composed of various
substandard materials based on arsenic-free lead
cake by sequentially blowing the melt with natural
gas, then with oxygen. The minimum arsenic content
in lead cake eliminates the need for complex, time-
consuming sequential blowing of the melt to
sublimate arsenic. This ensures maximum
sublimation of arsenic into dust in the form of
As203, complete oxidation of zinc and iron sulfides
with subsequent conversion of their oxides into slag
and the formation of matte with a high copper
content (more than 50% Cu), which is easily reduced
to blister copper.
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Materials and research methods

Cake with the addition of converter slag, copper-
lead matte and copper slips from lead production
was used as the core of the complex feed charge. To
calculate the rational composition of the charge, the
results of comprehensive studies of the material
composition of the feed materials and the forms of
metals in them were used, obtained using an
inductively coupled plasma mass spectrometer
Agilent 7700 Series ICP-MS (USA), electron probe
microanalyzer Superprobe 733 from JEOL (Japan)
[[2], [8], [19]].

Mineralogical studies aimed at studying the
surface structure of solid samples were carried out
using a microscope Neofot (Carl Zeiss AG, Germany).
Micro- and morphological analysis of the surface of
individual samples was carried out using a JEOL
scanning electron microscope EDS System (USA).

The compositions of the initial products forming
the feed charge are given in Table 1.

The main methodological principle of the
technology is a thermodynamic approach to
describe the reduction-oxidation smelting of a
balanced charge: lead cake and substandard sulfide
intermediates (Table 1). The key core of the
methodology is Big Data technology, which includes
an iterative approach to calculating the quantitative
ratios of the forming liquid phases: slag, matte and
rough lead, depending on the composition and
amount of source materials. The composition of the
charge from various materials was carried out
according to the sulfur content in the initial
products, taking into account the production of
matte with a high copper content. To obtain slag of
optimal composition, ensuring minimal solubility of
lead and copper in it, the required calculated
amount of quartz flux was added to the charge [20].

Theoretical basis of technology

The interaction of charge components with
natural gas and oxygen is based on a thermodynamic
approach, including the establishment of
guantitative ratios of the initial and resulting

Table 1 - Chemical composition of initial products

smelting products, the formation of liquid phases,
etc.

By sequentially blowing the melt with natural
gas to produce an intermediate matte, and then
blowing it with oxygen, favourable conditions are
created for the occurrence of basic physical and
chemical processes: the enlargement of small
particles of lead dissolved in the form of metal with
the precipitation of lead in the form of rough lead;
reduction of lead sulfide to metallic lead;
destruction of intermetallic compounds of copper
and iron (MeAs,, MesShb,) with maximum
sublimation of arsenic and antimony into dust;
oxidation of iron and zinc sulfides in the matte to
their oxides, converting the latter into slag. The
presence of residual lead sulfide in the melt inhibits
the reduction of copper sulfide and other metals.
This ensures the high quality of the resulting rough
lead in terms of impurity content.

Considering that the main matrix of the charge
is lead cake, consisting of lead, zinc and copper
sulfates when developing the technology, we
proceeded from the condition of ensuring their
complete recovery by blowing the melt with natural
gas at high temperatures (1200 °C).

During reductive blowing of the melt with
natural gas, favourable conditions are created for
the reduction of sulfates according to the reaction:

MeSO4+CHs = MeO+CO, + SO, + H.0,
Me — Pb, Cu, Zn (1)

The resulting metal oxides interact with the
components of sulfide materials (copper-lead matte,
copper slips) according to reactions (2), and (3) to
form liquid phases of rough lead and matte:

2PbO + PbS = 3Pb + SO, 1, (2)

Cu;0 + FeS = CusS + FeO, (3)

Iron and zinc oxides interact with the flux and
form a slag phase.

Metallic lead formed by reaction (2) will settle in
the bottom phase. The main contribution to the

Product Name Cu Pb Zn As Sb Fe S (¢} SiO2 Others
Lead cake 0.41 87.53 | 0.11 | 0.05 0.58 | 0.78 | 8.24 2.3
Copper-lead matte 20.85 19.5 11.4 1.1 0.56 | 16.7 | 11.1 | 3.81 14.98
Converter slag 3.83 33.5 4.54 2.3 0.94 | 15.0 10.3 | 21.66 7.93
Copper slips 29.0 36.0 4.00 | 3.87 1.4 8.77 16.96
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formation of metallic lead and the formation of the
bottom phase will be made by reaction (2), the high
rates of which are ensured by intense bubbling of
the melt. Due to the absence of arsenic in lead cake,
the need for long-term blowing of the melt with
natural gas and oxygen is eliminated, which
significantly increases the productivity of the
technology as a whole.

Experimental part

For laboratory studies, the composition of the
charge based on lead cake was calculated and
prepared, %: lead cake — 50; copper-lead matte — 40;
quartz flux — 10.

The choice and justification of the composition
of the charge were carried out based on solving the
problem of maximum involvement in the processing
of substandard materials from lead production,
taking into account the volumes obtained in
production and the organization of their
independent, separate smelting for high complex
selective extraction of copper, lead and zinc from
them.

The average composition of the charge was
calculated taking into account the rational
compositions of each product and the form of
metals in them, is given in Table 2.

Experiments of reduction-oxidation melting of

Table 2 - Rational composition of the average charge

the charge were carried out at different flow rates of
natural gas, oxygen and melt blowing time.

Installation diagram and experimental
procedure. The experiments were carried out on a
laboratory setup, the diagram of which is shown in
Fig. 1.

It was not possible to organize continuous
production of rough lead in laboratory conditions
with sequential blowing of the melt with natural gas
and oxygen, so the experiments were carried out in
two stages.

Experimental methodology. All experiments
were carried out at a constant temperature of 1200
°C. Initial sample — 200 g.

After thorough mixing, the initial mixture was
loaded into an alundum crucible (9), which was
placed in a quartz reactor (7) located in a tubular
furnace (8). The reactor was plugged with a plug (6),
cooled with water and equipped with two holes for
the input and output of gases. The exhaust gases
from the furnace entered the Drexel vessel with
water (10). The temperature in the furnace was set
and controlled by an automatic control and
measuring unit (11). After the complete melting of
the charge, the melt was blown through the tube (5),
first with natural gas, then with oxygen, which was
supplied from cylinders (1), and (2), respectively.
The sequential supply of gases was carried out by a
2-way valve (4). The gas flow was regulated by
rotameters (3).

Compounds Cu Pb Zn Fe S As Sb SiO2 02 Others Total:
CusS 2.54 0.64 3.18
CuSO4 0.21 0.10 0.21 0.51
Cu 5.80 5.80
PbS 2.59 0.40 2.99
PbSO4 0.60 0.09 0.19 0.88
PbO 43.23 3.34 46.57
Pb 5.21 5.21
ZnS 4.56 2.24 6.80
ZnS04 0.06 0.03 0.05 0.14
As20s 0.03 0.01 0.04
FeS 2.03 | 1.16 3.19
FeSO4 0.29 0.17 0.33 0.79
FesO4 4.00 1.52 5.52
FesAs; 0.49 0.44 0.93
FesSbz 0.16 0.22 0.38
SiO2 7.48 7.48
Others 9.60 9.60
Total: 8.55 | 51.63 |4.61 | 697 |4.66 | 063 | 0.22 | 7.48 | 565 | 9.60 100.0
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Figure 1 — Installation diagram for studying the
distribution of Cu, Pb, Zn, and As during
reduction-oxidation melting of the charge:

1 — natural gas cylinder; 2 — oxygen cylinder;
3 —rotameters RM-GS 004 KL4; 4 — 2-way valve;
5 —alundum tube for blowing the melt; 6 — plug with
water cooling; 7 — quartz reactor; 8 — electric furnace
Nabertherm 50/250/12 with temperature controller B
410; 9 — crucible with a sample; 10 — Drexel vessel ;
11 - control and measuring unit.

In the experiments, the influence of the
consumption of natural gas, oxygen and the
duration of blowing on the technological parameters
of the smelting charge was determined. Natural gas
consumption varied from 1 to 1.7, in fractions of the
stoichiometric required amount (SRQ) for the
complete reduction of lead from its sulfates and
oxides. Melt blowing time — 5, 10, 15, 20 minutes.

At the first stage, upon reaching the required
temperature, the melt was kept for 5 minutes to
obtain a homogeneous melt, then the blowing tube
was inserted and the melt was purged with natural
gas for a specified time. Upon completion of the
purging, the tube was removed from the melt, and
the furnace was cooled in a stream of natural gas.
After the furnace cooled, the crucible with the
sample was removed from the quartz reactor, the
smelting products were broken and separated:
rough lead, matte and slag.

In the second stage, the intermediate matte
obtained in the first stage was purged with oxygen.
The procedure for conducting the experiments was
the same as in the case of blowing the melt with
natural gas. The experimental temperature of 1200
°C ensured the production of liquid slag with a
minimum content of lead, copper and high, up to
16%, zinc. During the experiments, the optimal
oxygen consumption was determined to ensure high

extraction of lead, copper, zinc and arsenic into the
targeted products.

The dust yield was calculated based on the
difference between the amount of the initial sample
and the sum of the amount of obtained smelting
products.

Each experiment was repeated three times. The
smelting products obtained after the experiments
were subjected to comprehensive studies. The
established results for the metal content in each
product showed good agreement (error +/-0.81%
abs.). Based on the results of averaged data on the
yield of smelting products and the content of
elements in each obtained product, the material
balances of the reduction and oxidation stages of the
melting of the charge, and then, the final material
balance of the smelting of the charge under the
conditions of reduction-oxidation blowing were
calculated.

Laboratory experiments of reduction-oxidation
smelting of the charge. The first stage of research
included determining the optimal technological
parameters for the reduction-oxidation melting of
the charge.

The results of the experiments are presented in
Fig. 2, 3, and 4 in the form of the dependence of the
influence of natural gas consumption and blowing
time on the extraction of copper, lead, zinc and
arsenic.

The best results, ensuring high complex
extraction of copper, lead, zinc and arsenic into the
targeted smelting products, are achieved at a
natural gas consumption 1.4 times higher than its
consumption from the stoichiometric required
quantity (SRQ) for the reduction of lead compounds
to metallic lead. The optimal time for purging the
melt with natural gas is 15 minutes.

The optimal oxygen consumption when blowing
the intermediate matte obtained after the first stage
was 1.1 times higher than its stoichiometric required
amount (SRQ) for the oxidation of zinc and iron
sulfide with their further transfer in the form of
oxides to slag. The duration of matte purging is 10
minutes.

The results of the material balances of the
reduction-oxidation melts of the charge, calculated
based on the results of experiments performed at
optimal parameters of blowing with natural gas and
oxygen, are shown in Tables 3 and 4.

The final material balance of the charge
processing technology is presented in Table 5.

During reduction smelting of the charge with
natural gas, the yield of products was, % (of the total
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charge): rough lead - 44.23; matte — 20.7; slag —
26.78; dust, gases — 2.1. Optimal slag composition,
wt.%: 17 Fe; 27.41 SiO,; 5.75 Ca0, ensures minimal
solubility of copper and lead in it, which significantly
increases their extraction into matte and rough lead,
respectively.

Mineralogical studies of the forms of copper and
lead in the resulting slags showed their insignificant
presence in the form of small inclusions of dissolved
oxides. The established low copper contents in the
slag (0.16%) and rough lead (0.12%) ensured the
production of high quality rough lead - with a lead
content of 99.52%. The recovery of lead into rough
lead was 98.1%. At the same time, a high extraction
of copper into matte was achieved —98.5%. Despite
the high performance, the resulting matte is
characterized by a high content of zinc ~22% and
iron — up to 11%. Studies of their forms in matte
showed their presence in the form of sulfides.
Although the resulting matte in terms of copper

composition of factory mattes, the presence of zinc
and iron sulfides in it deteriorates its quality. It
should be expected that with further conversion of
such mattes to blister copper, the costs of the
process will increase significantly.

The obtained results indicate that it is not
possible to obtain high-quality copper matte in one
step of blowing the melt with natural gas. The fact is
fully consistent with the thermodynamic laws of the
physical and chemical processes mentioned above:
when blowing the melt with natural gas, the
thermodynamic probability of the reduction of lead
compounds (sulfates, sulfides, oxides) with natural
gas with the formation of rough lead is significantly
higher than the reduction of zinc and iron sulfides.
While lead compounds (sulfates, oxides, sulfides)
are present in the melt, zinc and iron sulfides are not
reduced by natural gas. As a result, those metals are
concentrated in the obtained matte, which is fully
confirmed by the results of the experiments (Table
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Figure 2 — Impact of natural gas consumption CH4 (ratio of SRQ)
and blowing time (T, min) to extract copper into smelting products
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Table 3 - Material balance for reduction smelting of the charge with natural gas at optimal parameters: consumption of
CHasis 1.4 times higher than its consumption from the SRQ for the reduction of lead compounds; blowing time — 15
minutes; T= 1200 °C

Name of the Qty Cu Pb Zn Fe As
products g. ‘ % | ‘ ] ‘ 1l | ‘ ] ‘ n | ‘ ] ‘ n | ‘ Il ‘ n | ‘ Il ‘ n
Inlet:

Charge (feed) |200.00{99.10/17.09| 8.54 {100.0{103.25|51,63|100.0| 9.23 | 4.61 |100.0|13.94| 6.97 |100.0|0.93| 0.93 |100.0
Natural gas 1.82 | 0.90
Total: 201.82|100.0|17.09 100.0{103.25 100.0| 9.23 100.0{13.94 100.0/0.93 100.0
Outlet
Rough lead |101.78(44.23| 0.12 | 0.12 | 0.70 |101.29|99.52|98.10
Matte 41.80 |20.71|16.86|40,34|98.89| 0.72 | 1.73|0.70|9,12 |21.81|98.77| 4.64 |11,11| 33.3 |0.03| 0.07 | 3.0
Slag 54.01 |26.76| 0.05 | 0.03 | 0.11 | 0.83 | 1.53|0.80|0.02 | 0.04 | 0.23 | 9.19 (17.01| 65.9 |0.02| 0.03 | 2.0
Dust, gases 4.23 |2.10/0.05|1.21|0.30| 0.41 |9.77 | 0.40 |0.092|2.18 | 1.0 | 0.11|2.64| 0.8 |0.88(20.89| 95.0
Total: 201.82|100.0|17.09 100.0{103.25 100.0| 9.23 100.0{13.94 100.0/0.93 100.0
Sb S o SiO: Cao CH 4 Others Total:
| ‘ Il ‘III | ‘ Il ‘ 1 | ‘ 1l ‘ ]l | ‘ 1l ‘ n | ‘ I ‘ m | 1 ‘ I ‘ n | ‘ ] ‘ n
Inlet:
0.5 | 0.5 {100(9.7|9.7 | 100 |11.3|11.3| 100 |14.9|14.9| 100 | 3.1 |3.1| 100 16.1|8.02| 100 |200.0
1.8 100 | 100 1.8
0.5 100(9.7 100 [11.3 100 [14.9 100 | 3.1 100 (1.8 100 |16.1 100 |201.8
Outlet:
0.03|0.03|6.0 0.2 {0.33| 2.1 |101.8
0.00|/0.01|1.0(9.7| 23 | 100 0.8 [1.84| 4.8 | 41.8
0.01{0.02|3.0 11.2|20.7|99.0{14.8|27.4(99.0| 3.1 | 5.8 [99.0 14.827.4192.1| 54.0
0.40|9.54| 90 0.11| 2.7 | 10| 0.1 |3.54| 1.0 0.7| 1.0 1.8 |43.0(1000| 0.2 |3.80| 1.0 | 4.2
0.45 100(9.7 100 [11.3 100 [14.9 100 | 3.1 100 (1.8 100 |16.1 100 |201.8
| = quantity, g; Il = content, %; lll — extraction, %.

Table 4 - Material balance of oxidative smelting of intermediate matte with oxygen at optimal parameters: oxygen
consumption - 1.1 times higher than its consumption from SRQ for the oxidation of FeS and ZnS ; purge time — 10
minutes; T=1200 °C

Name of the Qty Cu Pb Zn Fe As
products G low [ v [wlm o lwlm v lulw[o]luwlw][ v [u]mw
Inlet:

Matte 41.80(59.64(16.86|40.34(100.0{0.72|1.73|100.0(9.11{21.81{100.0|4.64(11.11{100.0|0.028{0.07{100.0

Air 28.29140.36

Total: 70.09(100.0{16.86 100.0|0.72 100.0(9.11 100.0|4.64 100.0/0.028 100.0
Outlet:

Matte 29.96142.74|16.83|56.18|99.80({0.220.72| 30.0 |0.45| 1.52 | 5.0 |4.50|15.03| 97.0 {0.028|0.09(100.0

Slag 8.83 |112.60( 0.03 | 0.38 | 0.20 8.66(98.04| 95.0 (0.14| 1.58 | 3.0

Dust, gases 31.30|44.65 0.50(1.62| 70.0

Total: 70.09(100.0{16.86 100.0|0.72 100.0(9.11 100.0|4.64 100.0/0.028 100.0
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Sb S 0 N2 Others
I \ I \ n I \ I \ n | \ I \ n I \ I \ n I \ Il \ I |Total:
0.004 | 0.01 | 100.0 | 9.66 | 23,10 | 100.0 0.77 | 1.84 | 100.0 | 41.80
594 21.0 | 100.0 |22,35| 79,0 | 100.0 28.29
0.004 100.0 | 9.66 100.0 | 5.94 100.0 | 22,35 100.0 | 0.77 100.0 | 70.09
0.004 |0.01 | 100.0 | 7.24 |24.17| 75.0 0.68 | 2.26 | 88.0 |29.96
8.83
241 7.71 | 25.0 [5.94|18.98| 100.0 |22.35|71.40| 100.0 |0.09(0.30| 12.0 |31.30
0.004 100.0 | 9.66 100.0 | 5.94 100.0 | 22.35 100.0 | 0.77 100.0 | 70.09
| = quantity, g; Il = content, %; Ill — extraction, %.
Table 5 — Summary material balance of reduction-oxidation smelting of the charge
Name Qty Cu Pb Zn Fe As Sb
products G [ v Jufm | v [wfw] o uwfm] o fuwfw[o]ufm]v]ufm
Inlet:
In charge 200.0(86.9/17.1|8.5| 100 |103.3|51.6(100(| 9.2 |4.61| 100 |13.9(6.97|100(0.9|0.9|100| 0.5 [ 0.5| 100
Air 28.29|12.3
Natural gas | 1.81 |0.79
Total: 230.1/100|17.1 100 (103.3 100| 9.2 100 [13.9 100 | 0.9 100| 0.5 100
Outlet:
Rough lead |101.8|44.2/0.12|0.1| 0.7 |101.3|99.5| 98 0.1(0.1| 6.0
Matte 29.96(13.0|16.8| 56 |{98.5| 0.22 |0.72|0.2 |{0.46|1.52|4.94|4.50|15.0{32.3|(0.1|0.1|3.0|0.00|0.0| 1.0
Slag 62.62(27.2|10.09|/0.1| 0.5 | 0.61 |0.97|0.6 |8.68]|13.8/94.0|/9.33|14.8(66.9 2.0/0.01|0.0| 3.0
Dust, gases |35.74|15.5(0.05|0.1| 0.3 | 1.14 ({3.18|1.1|0.09|0.26| 1.0 |0.11{0.31| 0.8 |0.8|2.5| 97 |0.40| 1.1 |94.0
Total: 230.1{100(17.1 100 [103.2 100(9.23 100 [13.9 100 | 0.9 100|0.45 100
S (0] N2 Sio2 Cao CHa Others
o e o e e e e e o e o e fotal
Inlet:
9.66 9.66 [100.0{11.30[11.3 |65.55 14.96(14.96100.03.14 3.14 (100.0 16.058.02 [100.0[200.0
5.94 21.0 [34.4522.35[79.0 [100.0 28.29
1.82 |100.0{100.0 1.82
9.66 100.0(17.24, 100.0{22.35 100.0(14.96| 100.03.14 100.0/1.82 100.0{16.05| 100.0[230.11
Outlet:
0.34 [0.33 .10 [101.78
7.24 24.17(75.0 0.68 2.26 #4.22 [29.96
11.19(17.87164.9 14.8123.65/99.0 [3.11 14.96 [99.0 14.7823.60192.10(62.62
2.416.75 [25.0 [6.05 [16.9335.1 [22.35/62.52(100.0/0.15 [0.42 1.0 0.030.09 1.0 [1.82|5.09 (100.0/0.25 [0.71 [1.58 B5.74
9.66 100.0(17.24 100.022.35 100.0(14.96 100.03.14 100.0/1.82 100.0(16.05 100.0230.11
I = quantity, g; Il = content, %; Ill — extraction, %.
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Commercial, copper-rich matte is obtained in
the second stage - by blowing the intermediate
matte with oxygen, where the main amount of zinc
and iron sulfides are oxidized to their oxides and
turned into slag. In this case, the copper content in
the matte increases from 40% to ~57% and zinc-rich
slag is formed (Table 3).

From the results of the final material balance
(Table 4) it is clear that when melting a charge using
reduction-oxidation blowing, the yield of products
is, % (of the total charge): rough lead - 44.5; copper
matte — 13.0; slag — 27.2; dust and gases — 15.3.

Results of laboratory studies on joint smelting of
lead cake with various substandard lead production
materials fully confirm the provisions established in
the theoretical part of the technology.

Based on the conducted research, technological
regimes and optimal parameters for the joint
processing of lead cake and copper-lead matte by
two-stage reduction-oxidation blowing of the melt
were recommended for practical application: with
natural gas, then with oxygen:

— melt blowing time:

e natural gas — 15 minutes;

e oxygen—10min.

— gas consumption:

e (CHy — 1.4 times, its consumption from the
stoichiometric required amount (SRQ) for the
reduction of lead compounds;

e oxygen — 1.1 times, its consumption from
the stoichiometric required amount (SRQ) for the
oxidation of zinc and iron sulfide.

—temperature — 1200 °C.

With the established optimal parameters, high
technological indicators were achieved (Table 4):

— composition of rough lead, wt.%: 99.53 Pb;
0.12 Cu; 0.03 Sh.

— matte composition, wt.%: 56.2 Cu; 0.72 Pb;
1.52 Zn; 15.03 Fe; 24.17 S; 0.09 As.

— slag composition, wt.%: 14.89 Fe; 23.65 SiO2;
13.86 Zn; 0.14 Cu; 0.97 Pb.

— extraction of metals into targeted products:

e lead into rough lead — 98.6%;

e copper in matte —98.5%;

e zinctoslag—94.1%;

® arsenic and antimony in dust - up to 97 and

94%, respectively.

Conclusions

Based on the results of studies on the forms of
metals in lead cake and substandard intermediate
products of lead production, technological
calculations were carried out for the layout of a
charge of a new composition and laboratory
experiments on its smelting under conditions of
reduction-oxidation blowing. New data have been
obtained on the complex selective extraction of Cu,
Pb, Zn and As into the targeted smelting products.

Optimal conditions for melting the charge have
been established: temperature — 1200 °C; blowing
the melt with CHs — 15 min., oxygen — 10 min. High
extraction of lead into rough lead was achieved —
98.6%; copper in matte — 98.5%; zinc to slag — 94.1%;
arsenic and antimony into dust - up to 95 and 90%,
respectively.

High-quality rough lead, matte and slag were
obtained, which can easily be processed to produce
commercial lead, copper and zinc using known
technologies at minimal cost. The high copper
content in the matte, more than 70%, will
significantly reduce the costs of subsequent fire
refining and electrolysis operations to obtain
commercial copper cathodes.
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TYWIHAEME

KyMbICTa WaAHHAH MbIWbLAKTbI anfblH ana anbif TacTan XaHe OHbl KYKIPT KbIWKbUIbIMEH
LWaliManafaHHaH KeriH anblHFaH KOPFacbiH KOKbIMbI HEFi3iHAEr WMKIKYPaMHbIH, TYpi MeH Kypambl
6oibIHWa Kypaeni eHaeyaiH TeopuabiK 6a3acbl MeH HaTUXKenepi KenTipinreH. TeXHONOMUAHDBIH,
Heri3ri MakcaTbl — KOPFacblH KOKbIMbIMEH bipre KOpfacblH OHAiPIiCiHIH, KOHAMUMANBIK emec
apTblNail eHiMAepiH eHAeyre TapTy aHe TYCTi MeTanaapabl TayapAblk, eHIMAEPre CeNeKTUBTI
6enin any: MbICTbl — LWITENHre; KOPFacbiHAbl — Kapa KOpPFfacblHFa: MbIPbIWTbl — KOXfa.
LLIMKiKypamMHbIH, KypamMblH TaHAAy ONapAblH OHAIPICTe WbIFaTblH KOIEMIH eCKepe OTbIpbIM Ky3ere
acbIpbINApbl KaHE MbIHAAAN KypblnbiMA@ YCbIHbIABI, %: KOPFacblH KOKbIMbl — 50; Mbic-
KOpFacbiHAb! WTenH — 40; kBapuTbl datoc — 10. BenrineHreH 6ankbiTy eHiMAEPiHE MbIC, KOPFACbIH,
MbIPbIL X3HE MbILbAK KOFapbl KeleHAi anblHaTblH €H XaKCbl H3TWXKenepre KOpFacbiH
KOCbINIbICTaPbIHbIH, METaN KOPFacbiHFa AeliH TOTbIKCbI3AAHYbIH KAMTamachl3 eTeTiH Tabusu rasgbl
CTEXMOMETPUANBIK KaxkeTTi menwepaeH (CHK) TyTbiHyaaH 1,4 ece sofapbl TYTbIHY apKblabl KON
JKETKI3iNeTiHi aHbIKTanabl. banKbiMaHbl Tabufn rasbeH ypneyaiH OHTalbl yakbiTbl - 15 MUHYT.
BipiHWi Ke3eHHEH KeliH anblHFaH apanblK WTEWHA] ypaey KesiHAeri OTTEriHiH, OHTalbI WbIFbIHbI
MbIPbIW NeH Temip cyNbdUAiHIH TOTbIFYbl YLWiH OHbIH, CTEXMOMETPUABIK KAXKeTTi MeswepiHeH
(CHK) 1,1 ece »ofapbl 6014bl, 0ONap 0faH api oKcuATep TypiHAe KOKFa Kewegi. LUTelHai ypaey
y3aKTbifbl — 10 MUHYT. BenrineHreH OHTalAbl NapameTpiepae TEXHONOTUAHbIH, MKOoFapbl
TEXHONOTUANBIK, KOPCETKILUTEPIHE KON KETKI3iNAi: KOPFAacbIHHbIH, Kapa KopfacbiHfa GeniHyi —
98,6%; MbICTbIH, WTeiHre — 98,5%; MbIpbIWTbIH, KOXFa — 94,1%.

TyiiiH ce30ep: KOPFacbiH KOKbIMbI, LMKIKYPaM, ¥KapTblaai eHimaep, TOTbIKCbI3AaHABIPbIN Ypaey,
TOTbIKTbIPbIN YP/IEY, MbIC, KOPFACbIH, MbIpbIL, 6ein any.
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TexHonorua ussneyenus Pb, Cu, Zn u3 WKXTbl Ha OCHOBE CBUHLLOBOrO KeKa oT
BbILL,E/IAYNBAHMUA NbIIN NyTEM BOCCTAaHOBUTE/IbHO-OKUCUTENbHOM

NPoAyBKM pacnnasa
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AHHOTALUMUA

B pabote npeacTasieHbl TeopeTuyeckan 6asa U pesynbTaTbl NepepaboTKU CAOKHOMO Mo TURY U
COCTaBYy LWMXTbl, COCTaBJEHHOM Ha OCHOBE CBMHLOBOTO KeKa, MOJIyYeHHOro nocne
npeABapuUTENbHOTO YAANEHUA U3 NbIIM MblLUbAKA U NOC/EAYIOLLETO ee BblleauYnBaHUA CEPHON
Kucnotoi. OCHOBHas LeNb TEXHONOTMW — BOB/EYEHWE Ha nepepaboTKy HEeKOHAMLMOHHbIX
NoNYNPOAYKTOB CBMHLIOBOTO MPOM3BOACTBA COBMECTHO CO CBMHLIOBbIM KEKOM U CeNeKTUBHOE
u3B/NeYeHMe LIBETHbIX METa/I/IOB B TOBApPHble MPOAYKTbI: Men — B WTEMH; CBMHLA — B YEPHOBOW
CBMHeL;: LUMHKa — B LWNaK. BbI6Op KOMMNOHOBKM LWWXTbI OCYLLECTB/IEH C YYETOM MOJTyHaeMbIX WX
06bEMOB Ha NPOW3BOACTBE U MpPeACTaBNeHa CeAytole CTPYKTYpoit, %: CBUHLOBbIN Kek — 50;
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MeAHO-CBMHL0BbIM WwTeiH — 40; KBapuesblit ¢ntoc — 10. YCTaHOBAEHO, 4YTO Hauaydwwue
pe3ynbTaThl, obecneymBaloliMe BbICOKOE KOMMIEKCHOE M3B/eYEHWE MeaM, CBUHLA, UMHKA U
MbILWbAKA B LieseBble NPOAYKTbI NIaBKMU AOCTUIAOTCA NPU pacxode NpupogHoro rasa B 1,4 pasa
NPEBLILIAIOWEM €ro Pacxos, OT CTEXMOMETPUYECKOro Heobxogumoro ero konuuectsa (CHK) ans
BOCCTAHOB/IEHUA COEAMHEHWI CBMHLA [0 METa//IMYecKoro cBuHUA. OnTumasbHOe Bpems
NpoAyBKM pacniasBa NpuMpoAHbIM rasom — 15 MUHYT. ONTUManbHbIA Pacxos KUcnopoga npu
NpoAyBKe NPOMEKYTOYHOrO LUTEHHA, NOAYYeHHOro nocne nepsoi ctaguu, 8 1,1 pasa npesbiwan
ero crexmometpuuyeckoe Heobxoanmoe Konmuectso (CHK) ana okucneHus cynbduaa LMHKa u
Kenesa ¢ AanbHenlnm NepeBogom X B BUAE OKCMA0B B WAK. MPOA0IKUTENBHOCTL NPOAYBKMN
wreHa — 10 mMUHYT. MpW yCTaHOBAEHHbIX ONTUMA/bHbLIX NapameTpax AOCTUTHYTblI BbICOKME
TEXHO/IOTUYECKMEe MOKasaTeNn TEXHONOMMU: U3BNeYeHWe CBUHLA B YepHOBOWN cBuHel, — 98,6%;
meau B WreinH — 98,5%; unHKa B wnak — 94,1%.

Kniouesnblie cnosa: CBMHLI,OBbIﬁ KeK, WnxTa, NonynpoayKTbl, BOCCTaHOBUTE/IbHAA NPOAYBKa,
OKUCAUTENbHAA NPOAYBKA, me[b, CBUHEL, UMHK, U3B/ieYeHune.

UHpopmayusa 06 asmopax:
Aocmyxamedoe HypaaH Kanuesuy K.m.H., npogpeccop. Satbayev University, 050013, Anmamei, yn. Camnaesa 22, KasaxcmaH. E-mail:
nurdos@bk.ru

PhD, Me3kaszaHckuli yHusepcumem umeHu O.A. balikoHyposa, 100600, *e3kaseaH, yn.

#ondacbai Epycan Ecenbatlyner AnawaxaHa 16, Kazaxcmat. E-mail: zhte@mail.ru

PhD, Me3kaszaHckuli yHusepcumem umeHu O.A. balikoHyposa, 100600, *e3kaszaH, yn.

A Ali A
p2oiH Alidap AGOunmanuxy el AnawaxaHa 16, Kazaxcman. E-mail: aidarargyn@gmail.com

K.m.H., eskaseaHckuli yHugsepcumem umeHu O.A. balikoHyposa, 100600, Me3kaszeaH, yn.

WNueea IOnuaHHa bopucosHa
P AnawaxaHa 16, KazaxcmaH.

Mazucmp, Satbayev University, 050013, Aamamel, yn. Camnaesa 22, KaszaxcmaH. Email:

K. M E|
nbiwbekosa MaHap EpukosHa galamat3196@gmail.com

References

[1] Kobayashi Y, Hirano S. Distribution and excretion of arsenic metabolites after oral administration of seafood-related
organoarsenicals in rats. Metals. 2016; 6(10):231. https://doi.org/10.3390/met6100231

[2] Fengs, Chel, Zhang W, Zuo Y, Wang C, Ma B, Chen Y. A sustainable approach for recovering copper and zinc from copper
smelting flue dust: Paving the path for waste reduction. Separation and Purification Technology. 2024; 342:127037.
https://doi.org/10.1016/j.seppur.2024.127037

[3]1 Zhong DP, Li L, Tan C. Separation of arsenic from the antimony-bearing dust through selective oxidation using CuO. Metall.
Mater. Trans. B. 2017; 48:1308-1314.

[4] Yang WC, Tian SQ, Wu JX, Chai LY, Liao Q. Distribution and behavior of arsenic during the reducing-matting smelting process.
JOM. 2017. https://doi.org/10.1007/s11837-017-2332-8

[5] Vorotnikov AM, Lyzhin DN, Ipatova NS. Waste management system as an integral part of circular economy. Journal of
economic research. 2018; 10:29-34.

[6] Takezhanov ST, Erofeev IE. Concept Complex of technical and technological development of non-ferrous metallurgy in
Kazakhstan. Almaty: Publishing house Kitap. 2001.

[7]1 Orac D, Laubertova M, Piroskova J, Klein D, Bures R, Klimko J. Characterization of dusts from secondary copper production.
J Min Metall Sect B — Metall. 2020; 56(2):221-228. https://doi.org/10.2298/JMMB1908200110

[8] Jabtoriska M, Rachwat MF, Wawer M, Kadziotka-Gawet M, Teper E, Krzykawski T, Smolka-Danielowska D. Mineralogical and
Chemical Specificity of Dusts Originating from Iron and Non-Ferrous Metallurgy in the Light of Their Magnetic Susceptibility. Minerals.
2021; 11(2):216. https://doi.org/10.3390/min11020216

[9] Fry KL, Wheeler CA, Gillings MM, Flegal AR, Taylor MP. Anthropogenic contamination of residential environments from
smelter As, Cu and Pb emissions: Implications for human health. Environmental Pollution. 2020; 262:114235.
https://doi.org/10.1016/j.envpol.2020.114235

[10] Gonzadlez A, Font O, Moreno N. Copper flash smelting flue dust as a source of germanium. Waste Biomass Valor. 2017;
8:2121-2129. https://doi.org/10.1007/s12649-016-9725-8

[11] Chen J, Zhang W, Ma B, Che J, Xia L, Wen P, Wang Ch. Recovering metals from flue dust produced in secondary copper
smelting through a novel process combining low temperature roasting, water leaching and mechanochemical reduction. Journal of
Hazardous Materials. 2022; 430:128497. https://doi.org/10.1016/j.jhazmat.2022.128497

[12] Adrados A, Merchan M, Obregdn A, Artola A, Iparraguirre JA, GM, Cortazar Eguizabal D, Demey H. Development of a
sustainable metallurgical process to valorize copper smelting wastes with olive stones-based biochar. Metals. 2022; 12(10):1756.
https://doi.org/10.3390/met12101756

[13] Li Q, Lai X, Liu Z, Chai F, Zhao F, Peng C, Liang Y. Thiourea-assisted selective removal of arsenic from copper smelting flue
dusts in NaOH solution. Hydrometallurgy. 2024; 224:106246. https://doi.org/10.1016/j.hydromet.2023.106246



mailto:nurdos@bk.ru
mailto:aidarargyn@gmail.com
https://doi.org/10.3390/met6100231
https://www.sciencedirect.com/journal/separation-and-purification-technology
Vol.%20342
https://doi.org/10.1016/j.seppur.2024.127037
https://doi.org/10.1007/s11837-017-2332-8
https://doi.org/10.2298/JMMB190820011O
https://doi.org/10.3390/min11020216
https://doi.org/10.1016/j.envpol.2020.114235
https://doi.org/10.1007/s12649-016-9725-8
https://doi.org/10.1016/j.jhazmat.2022.128497
https://doi.org/10.3390/met12101756
https://www.sciencedirect.com/journal/hydrometallurgy
https://doi.org/10.1016/j.hydromet.2023.106246

Complex Use of Mineral Resources. 2025; 334(3):78-90 ISSN-L 2616-6445, ISSN 2224-5243

[14] CheJ, Zhang W, Deen KM, Wang C. Eco-friendly treatment of copper smelting flue dust for recovering multiple heavy metals
with economic and environmental benefits. Journal of Hazardous Materials. 2024, 465:133039.
https://doi.org/10.1016/j.jhazmat.2023.133039

[15] Gao W, Xu B, Yang J, Yang Y, Li Q, Zhang B, Liu G, Ma Y, Jiang T. Comprehensive recovery of valuable metals from copper
smelting open-circuit dust with a clean and economical hydrometallurgical process. Chemical Engineering Journal. 2021; 424:130411.
https://doi.org/10.1016/j.cej.2021.130411

[16] Baniasadi M, Vakilchap F, Bahaloo-Horeh N, Mousavi SM, Farnaud S. Advances in bioleaching as a sustainable method for
metal recovery from e-waste: A review. Journal of Industrial and Engineering Chemistry. 2019; 76:75-90.
https://doi.org/10.1016/].jiec.2019.03.047

[17] Gao W, Xu B, Yang J, Yang Y, Li Q, Zhang B, Liu G, Ma Y, Jiang T. Recovery of valuable metals from copper smelting open-
circuit dust and its arsenic safe disposal. Resources, Conservation and Recycling. 2022; 179:106067.
https://doi.org/10.1016/j.resconrec.2021.106067

[18] Shi T, He J, Zhu R, Yang B, Xu B. Arsenic removal from arsenic-containing copper dust by vacuum carbothermal reduction—
vulcanization roasting. Vacuum. 2021; 189:110213. https://doi.org/10.1016/j.vacuum.2021.110213

[19] Chen Y, Zhu S, Taskinen P, Peng N, Peng B, Jokilaakso A, Liu H, Liang Y, Zhao Z, Wang Z. Treatment of high-arsenic copper
smelting flue dust with high copper sulfate: Arsenic separation by low temperature roasting. Minerals Engineering. 2021; 164:106796.
https://doi.org/10.1016/j.mineng.2021.106796

[20] Liu X, Wu F, Qu G, Zhang T, He M. Recycling and reutilization of smelting dust as a secondary resource: A review. Journal of
Environmental Management. 2023; 347:119228. https://doi.org/10.1016/j.jenvman.2023.119228



https://doi.org/10.1016/j.jhazmat.2023.133039
https://doi.org/10.1016/j.cej.2021.130411
https://doi.org/10.1016/j.jiec.2019.03.047
https://doi.org/10.1016/j.resconrec.2021.106067
https://www.sciencedirect.com/journal/minerals-engineering
https://doi.org/10.1016/j.mineng.2021.106796
https://www.sciencedirect.com/journal/journal-of-environmental-management
https://www.sciencedirect.com/journal/journal-of-environmental-management
https://doi.org/10.1016/j.jenvman.2023.119228

KomnnekcHoe Ucnonb3oBaHne MuHepanbHoro Coipba. Ne3(334), 2025

ISSN-L 2616-6445, ISSN 2224-5243

= Crossref
DOI: 10.31643/2025/6445.31
Metallurgy

@creative
commons

Optimization of joint electric smelting of the Shalkiya sulfide ore and its
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ABSTRACT

Flotation beneficiation of the Shalkiya deposit high-silicon sulfide ore, containing 4-6% of 3 Pb and
Zn, is ineffective, with the extraction of <80% of zinc and <60% of lead into the concentrate and
the formation of up to 0.93 t of tailings per 1 ton of the ore. The paper presents the results of
experimental studies on the processing of a mixture of the Shalkiya ore and its beneficiation
tailings by electric smelting in the presence of coke, steel cuttings and magnetite concentrate,
which acts as a sulfide oxidizer and iron supplier. The effect of coke and the iron replacement
degree in magnetite concentrate with iron in steel cuttings on the silicon extraction in the alloy
and its content in the alloy was studied using the method of planning experiments and their
optimization. It was established that from 75 to 82.8% of silicon is extracted from the mixture into
the silicon-containing alloy. The silicon content in the alloy varies from 30 to 44.2%. The formation
of FeSi45 grade ferrosilicon, containing 41-47.7% of silicon, occurs during the smelting of the
mixture of ore and tailings with a ratio of 1:1 in the presence of 26.8-33.0% of coke and the
replacement of iron from magnetite concentrate with iron from steel cuttings from 19.4 to 97%.
The sublimates formed during the electric smelting contain 25.2% of Zn and 11.7% of Pb. They are
9.4 times richer in 3Zn and Pb compared to the base mixture.

Keywords: sulfide ore, beneficiation tailings, lead-zinc ore, electric smelting, zinc sublimate,
ferrosilicon.
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Introduction

Lead-zinc ores are divided into three classes
according to their lead and zinc content: rich,
containing >7% >Pb and Zn, ordinary - YPb and Zn =
4-7%, and poor - 3Pb and Zn = 2-4%. Based on the
total reserves of zinc and lead, the ores are divided
into rich (2-10 million tons), medium (0.5-2 million
tons), and poor (<0.5 million tons) [1]. Based on this,
the Shalkiya deposit sulfide ore with the total zinc
and lead reserves of 5-8 million tons and containing
4.1-6% of 3 Zn and Pb belongs to the category of rich
with ordinary content [[2], [3]]. Ores of this category
are mainly processed by hydrometallurgical method:

beneficiation, roasting, leaching of the resulting
cinder and then producing cathode zinc [[4], [5], [6],
[71]. Even though at least 90% of zinc-containing ores
are processed using the hydrometallurgical method,
taking into account flotation, and all of its stages are
constantly being improved (from flotation to
producing cathode zinc) [[8], [9], [10]], this method
is associated with the formation of beneficiation
tailings, and, as a rule, with an insufficiently high
degree of zinc extraction into concentrate. The latter
circumstance is quite often connected with the fact
that in the process of ore crushing and grinding it is
not possible to obtain relatively homogeneous
grains of ore minerals, which differ in their
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properties from the minerals of gangue; existing
technologies and reagent regimes do not allow
effectively process such ores and obtain required
indicators [[11], [12], [13], [14], [15], [16], [17], [18],
[19], [20], [21], [22], [23], [24]].

For this reason, the flotation beneficiation of the
Shalkiya ore is characterized by low indicators. Thus,
70-77% of Zn (on average 73.5%) is extracted into
the zinc concentrate with a content of 56% of Zn,
and 49-56% of Pb (on average 52.5%) is extracted
into the lead concentrate with a content of 45% of
Pb. With an average content of 3.8% of Zn in the ore,
the zinc concentrate mass formed from 1 ton of the
ore is 1:0.038-:0.735/0.56=0.0498 tons. With a
concentration of 1.3% of Pb in the ore, the lead
concentrate mass is 1-0.013-0.525/0.45=0.015 tons.
The beneficiation tailings mass per 1 ton of the ore
is 1-(0.0498+0.015)=0.93 tons. The number of
tailings during the 8 years of the Shalkiya ore
beneficiation is approximately 3 million tons.
Therefore, the development of new, low-waste
technologies for processing the Shalkiya ore and its
beneficiation tailings is currently relevant. A
distinctive feature of the Shalkiya ore and its tailings
is a significant (40-60%) content of SiO, [[25], [26]].
Based on this, modern technology for processing the
ore and tailings should provide for high zinc and lead
extraction, and production of commercial silicon-
containing products. By this, the authors of this
paper propose a joint electrothermal processing of
the Shalkiya ore and tailings with the extraction of
zinc and lead into the gas phase and the production
of silicon-containing ferroalloys. To obtain gaseous
zinc, lead and silicon ferroalloy, the authors [27]
propose the electric smelting of the mixture of ore
and tailings in the presence of Fe30s4 with the
implementation of the following reactions:

ZnS + Fe304+ 8C + 3Si0, = Zng + 3FeSi + SO, + 8CO; (1)
PbS + Fe304+ C + 3Si0, = Pbg + 3FeSi + SO, +8C0O;  (2)
FeS;+ FesO4+ 6C + 3Si0, = 3FeSi + 250, + 6CO.  (3)

The effect of temperature on AG® and AH° of
reactions 1-3 is shown in Figure 1 (the calculation
was performed using the Equilibrium Compositions
module of the HCS-10 software package [28]).

It can be seen that as the temperature increases,
the reactions’ equilibrium shifts to the right. The
dependences of AG®=f(T) for the reactions 1, 2, and
3, respectively, have the form:

AG°=2228.1-1.619T; (4)
AG°=2166.1-1.569T; (5)
AG°=2592.6-1.727T. (6)

300 A B
3200
200
100 3000
(U] 0 T
< < 2800
-100 {
2
200 600
-300 1 2400
1350 1450 _ _155( 1300 1450 _ 160

The numbers on the lines are the numbers of
the reactions

Figure 1- Effect of temperature on AG° (a) and AH® (8) for
reduction of Zn, Pb and Fe from sulfides

Based on the equations 4-6, it was determined
(by AG®=0) that the first reaction becomes possible
at a temperature of >1376.10C, the second at a
temperature of >1380.60C, and the third at a
temperature of >1501.20C. All the reactions under
consideration are classified as endothermic. A more
energy-consuming reaction is the interaction of
pyrite with quartzite, FesOs and carbon. The
observed maximum on the dependence AH®=f(T) is
associated with the melting of FeSi. Earlier [[27],
[29]] the authors published the results of a complete
thermodynamic analysis of the formation of silicon-
containing ferroalloys from the mixture of the
Shalkiya ore and its beneficiation tailings and
exploratory (preliminary) electrothermal smelting of
silicon-containing alloys from the mixture.

This paper presents the results of experimental
studies on the optimization of obtaining silicon-
containing alloys from the mixture of the Shalkiya
ore and its beneficiation tailings.

Experimental part

The electric smelting of the mixture of the
Shalkiya ore and its beneficiation tailings (SHOT)
with a mass ratio of 1:1 was carried out using a
single-electrode arc furnace with a maximum power
of 15 kV-A. The melting was carried out in a graphite
crucible with a height of 12 cm and an internal
diameter of 8 cm. The setup diagram and the
experimental methodology were described by the
authors earlier in [29].

The resulting alloy and sublimate were analyzed
by SEM microscopy (a scanning electron microscope
JSM-6490LV), gravimetric method. The content of
lead and zinc was determined by the polarographic
method according to [30]. The content of Si in the
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alloy (Csialoy) Was determined by its density (D,
g/cm?3) by the formula (7):

Csi(alloy)=252.405-101.848D+18.209D-1.243D*  (7)

The silicon extraction degree in the alloy
(oysifalioy)) Was determined by the ratio of the silicon
mass in the alloy to the silicon mass in the charge.
The studies were carried out by the method of
mathematical planning of experiments using the
second-order rotatable plans (Box-Hunter plan)
[[31], [32]]. Based on the obtained experimental
data, the regression equations were found for the
effect of the coke amount (C, % of the SHOT mass)
and the iron replacement degree in the magnetite
concentrate with iron in the steel cuttings (y, %) on
Qsifalioy) and Csialioy). The adequacy of the regression
equations was checked by the Fisher’s criterion, the
significance of the equation coefficients was
checked by the Student’s criterion. The
experimental error did not exceed 5%. Based on the
regression equations, 3D and planar images of the
coke and y effect on Qiaioy) and Csiaioy) Were
constructed.

Results and Discussion

The process was optimized by superimposing
horizontal images asiaiioy) =f(K, ¥) and Csigaioy)= f(K, V).

The chemical composition of the Shalkiya ore
and its beneficiation tailings is shown in Table 1.

Table 1- Chemical composition of the Shalkiya ore and its
beneficiation tailings, %

s Content, %
I
>
% E Ly L o on
8E 2 glag|8 3] <
N T 2315 53858
Ore 5.211.0 |4.050.2/19.5 [10.1/6.40.3 |0.4 |2.5
Tailings|2.5/0.8 |3.160.1{17.06|8.9 |{2.20.5 |0.6 |3.2
Mixture| 3.810.9 |3.4/55.318.41|9.5 |{4.90.4 |0.5 2.8

The ore and coke were used in 1-1.5 cm fractions.
The beneficiation tailings were pelletized together
with bentonite clay to 1-1.5 cm and dried at 150-
160°C for 30 minutes. The magnetite concentrate
obtained from the copper ore flotation tailings at the
Balkhash plant was used as a raw material
containing Fe;04 and the following, by mass %: 86.0
of Fe304; 10.76 of SiO,; 2.0 of Ca0; 1.4 of Al,0Os; 0.3
of MnO; 0.3 of K;0; 0.2 of Na,O; 0.4 of Mg0O; 0.017
of ZnO; 0.1 of PbO. The ash content in the coke was

13.0%, volatiles — 1.1%, moisture — 0.8%, S — 0.7%,
and C — 84.5%. The steel cuttings contained 97.31%
of Fe, 1.8% of C, 0.4% of Si, 0.2% of Mn, and 0.1% of
Al

Table 2 shows the matrix of the experiments and
their results.

Table 2- Matrix of the experiments on the electric
smelting of the Shalkiya ore and tailings mixture and their
results

# Variables Output parameter
Coded Natural O(si(alioy), % |  Cisi(alloy), %6
X1 Xz2|C, % |y, % |Exp. | Calc. | Exp. | Calc.
1 + - 31.5| 15 [73.4]72.97| 39.2 |39.08
2 + + 31.5| 85 (49.0(78.86| 42 |42.09
3 - - 24.5| 15 |58.1|58.06|34.58|34.57
4 - + |24.5| 85 |73.5|73.76| 37.5 |38.09
511414 0 33 | 50 |82.0|82.36| 44.4 |44.52
6 (-1.414 0 23 | 50 |68.4|68.21| 39.1 |35.51
7 0 1.414 | 28 | 100|74.3{74.17| 38.1 |37.71
8 0 |-1.414| 28 | 0 |58.6| 58.9 | 33.2 |33.11
9 0 0 28 | 50 |78.0| 77.0 | 41.3 |41.48
10 0 0 28 | 50 |76.5| 77.0 | 42 |41.48
11 0 0 28 | 50 |76.0| 77.0 | 41.1 |41.48
12 0 0 28 | 50 |77.5| 77.0 | 41.8 |41.48
13 0 0 28 | 50 |77.0| 77.0 | 41.2 |41.48

Based on the data in Table 2, the following
regression equations were obtained:

Qsialloy) =-64.204+1.141 y+63.428-101-C-42.694-10
4y?-69.877-103-C>-0.02-C-y; (8)

Csifalloy)=15.6+32.276-10%y-58.36-C-24.767-10° y*-
10.204-10*Cy. (9)

Then, using the equations 8-9, 3D and planar
images of siaioy)=f(C, v) and Csianoy)=f(C, v) were
constructed, shown in Figures 2-3.

It follows from Figure 2 that the minimum
silicon extraction degree in the alloy is 45%, and the
maximum is 82.8%. sialioy) from 75 to 82.8% occurs
in the presence of 15.0-33% of coke and 14.8-99.6%
of v, Qsigaloy) from 80 up to 82.3% occurs in the
presence of 22.6-33% of coke and 31.5-81.0% of y.
At a constant value of y, an increase in the amount
of coke increases the silicon extraction in the alloy.
The silicon concentration in the alloy varies from 30
to 44.2%. Moreover, the formation of FeSi45 grade
ferrosilicon (41-44.7% of Si) occurs in the presence
of 26.8-33% of coke and 19.4-97.2% of y. At a
constant value of y, an increase in the amount of
coke increases the silicon concentration in the alloy.
The low silicon extraction degree in the alloy in the
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absence of steel cuttings is associated with the foam
formation during the magnetite reduction.

° <h:c \T‘\u|\ﬁ< -

n 255 = 0% E:]
Coke. %

Image: | — 3D, Il — planar

Figure 2- Effect of coke and iron replacement degree in
the magnetite concentrate with iron in the steel cuttings
on the silicon extraction degree in the alloy
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Figure 3- Effect of coke and iron replacement degree in
the magnetite concentrate with iron in the steel cuttings
on the silicon concentration in the alloy

Figure 4 shows a combined image picture of the
dependence asialioy)=f(C, y) and Csigaioy)=f(C, y). Table
3 shows values of technological parameters in two
areas, in the first area Csjaioy)=41-44.7% and
Osialloy)=75.1-82.6%, in the second area
Ol(si(alioy)=80.0-82.6% and Csialioy)=42.6-44.7%.

10— n
—
=T —| |
a7
a2

Y. %

FI T Z

50

—
— Mo T
28 3
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Figure 4- Combined image of the dependence
siatioy)=f(C, v) and Csigalioy)=F(C, v)

Table 3- Values of technological parameters at the
boundary points of two areas: 1 — with Csi(lloy)291.0% and
2 — with asialioy)280%

Point in Technological parameters
Figure 4 | Coke, % Y, % Qsi(alioy)y % | Csifalioy), %
a 29.6 71.3 80.0 42.6
b 33.0 81.0 80.0 43.3
c 33.0 56.6 82.3 44.7
d 33.0 31.5 80.0 43.0
m 26.8 62.5 75.8 41.0
n 33.0 97.2 75.1 41.0
f 33.0 19.4 75.7 41.0

Figure 5 shows photos of ferroalloys smelted
from ore and tailing mixtures with varying degrees
of iron replacement in magnetite concentrate with
iron in steel cuttings.

I —33% of coke, y=20.0%; Il — 28.5% of coke, y=75%
Figure 5- Photos of smelted ferroalloys
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Figure 6 shows the SEM analysis of the alloy at
v=20%; Figure 7 shows the sublimates collected on
the electric holder.

2 4 6 8 10 12 14 1
Full scale 11364 imp. Cursor 0.000 keV

Element| Si Fe | Al [Mg| P | S |[Ca|O | C

Content,

% 41.28(47.82(2.40(0.24|0.25|1.02|1.91|3.95|1.13
(4

Figure 6- SEM analysis of the alloy

Spectrum 1

2 4 6 8 10 12 14 16

Full scale 11124 imp. Cursor 0.000 keV

Element Zn | Pb [Fe| Si | S|Ca| K| Al|Mg| C | O

C""f/e"t 25.2/11.7/0.4|12.1/1.1|0.4|0.7]0.1| 1.1]16.5|30.7
, 0

Figure 7- SEM analysis of the sublimates

The alloy containing 41.28% of silicon does not
contain zinc or lead. In terms of silicon content, the
alloy can be classified as FeSi45 grade ferrosilicon
[33]. In the sublimates, into which 98.8% of Zn and
97.8% of Pb pass, the zinc content was 25.2% and
the lead content was 11.7%. That is, the sublimates
are a polymetallic concentrate, in which the zinc
content is 8.1 times higher than in the base mixture,
and the 3 Zn and Pb is 9.4 times higher.

Conclusions

Based on the results obtained during the electric
smelting of the mixture of ore and beneficiation
tailings with coke, magnetite concentrate, and steel
cuttings, the following conclusions can be drawn:

A high (75-82.8%) degree of silicon extraction in
the alloy occurs when the mixture is smelted in the
presence of 15-33% of coke and with 14.6-91.9% of
iron replacement in the magnetite concentrate with
iron in the steel cuttings.

The silicon concentration in the alloy varies from
30 to 44.2%. Moreover, the formation of FeSi45
grade ferrosilicon (41-44.7% of Si) occurs in the
presence of 26.8-33% of coke and 19.4-97.2% of y.

The main part of zinc (98.8%) and lead (97.81%)
is extracted from the mixture into the sublimates,
which contain 25.2% of Zn and 11.7% of Pb. The zinc
concentration in the sublimates is 8.1 times higher
than that in the base mixture, the zinc and lead sum
concentration is 9.4 times higher.
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OpTawa KpemHuini peppocunuuum any ywin LWankua cynbdpuaTi KEHi MeH OHbIH,
6aibITy KangblKTapbiH BipikTipin anekTpmeH 6anKbiTyabl OHTaNAHAIPY

! Wesko B.M., ! MaxaH6etoBa B.A., 2Aittkynos [.K.,  bBagukosa A.

1 M.9ye3z08 ameiHAarel OHMycmik KazakcmaH yHusepcumemi, LLbimkeHm, KasakcmaH
2 KazakcmaH Pecriy6uKaceiHbIH, MUHepanoblk Wukizammel keweHOi Kalima eHoey #eHiHoeai yammebik opmansirsl, Aamamel, KazakcmaH

TYRIHAEME

KypambiHaa 4-6% 5 Pb xaHe Zn 6ap Lankua KeH OpHbIHbIH, CybOUATI OFapbl KPEMHUIAT KEHIH
dnotaumansik, 6anbiTy H6apbicbiHaa <80% Mblpbil neH <60% KOpfacbiHAbl KOHLLEHTPaTbIH any
TUIMCi3 »KoHe 1 TOHHA KeHre lwakkaHpa 0,93 T-fa peliH Kanablk Tysineai. Makanaga Wankua
KEHiHiH, 3N1eKTPAIK BanKpITy KOCNACbIH XaHe OHbl 6albiTy KanablKTapbliH KOKC, 6onaT yriHainepi
oHe cynbpuaTepai TOTLIKTHIPFBIW KaHE TeMip KeTKi3ywi KbI3MeTiH aTKapaTblH MarHeTut
KOHLLEHTPATbIHbIH, KaTbICYbIMEH OHAEYAIH TaXipubenik 3epTreynepiHiH, HaTUKenepi bepinreH.

Makana kengj: 22 mamoip 2024 Toxipubenepai socnapnay )aHe onapAbl OHTaWNaHAbIPY SiCIH KOALaHa OTbIPbIN, KPEMHUMAIH,
CapanTamagaH eTTi: 3 winde 2024 KOPbITNafa a/blHyblHAa KOKCTbIH, 9Cepi K9HE MarHeTUT KOHLEHTpaTbiHAafbl Temipai 6onat
Kabbinpanabl: 17 winde 2024 yriHainepiHaeri TemipmeH anMacTbipy ASpexeci KoHe OHAafbl OCbl 3/EMEHTTIH Kypambl

3epTTengi. KocnagaH KpeMHUAAiH 75-TeH 82,8%-fa AeiiH KpeMHUidi 6ap KOpbITNafa anblHaTbIHbI
aHblKTangapl. KopbiTnagafbl KpeMHuUii menwepi 30-aaH 44,2%-fa aeiiin esrepai. KypambiHaa 41-
47,7% KkpemHuiti 6ap FeSi45 mapkanbl deppocunnumingiy, Tysinyi 26,8-33,0% KOKC KaTbiCbIHAA
oHe 1:1 KeH MeH OHblH, 6albITbiNFaH KangplK KOCNacbiH OankpITKAHAQ KOHEe MarHeTuT
KOHLLEHTPATbIHbIH, TeMipiH 6onat yriHainepimeH 19,4-TeH 97%-fa AeliH anmacTbipFaHaa nanga
60naabl. INEKTPAiK BanKpITy KesiHae Ty3ineTiH BO3roHAap KypambiHaa 25,2% Zn xaHe 11,7% Pb
60onaabl. Onap 6actankpl KOCMamMeH canbiCTbipFaHaa YZn xaHe Pb-fa 9,4 ece 6ai.

TyiiiH ce30ep: cynbduATi KeH, 6albITy KanabIKTapbl, KOPFACbIH-MbIPbILL KEeHi, 3N1eKTPAiK 6anKkbITy,
MbIPbIL BO3rOHbI, GeppoCUNULNNA.
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ONTMMMU3aLUA COBMECTHOU 3N1eKTPoNNaBKu cynbduaHom pyabi LLankmua u xsoctos
ee oboraweHus ¢ nonyyeHnem cpegHEKPEMHUCTOro Gpeppocunmnuma
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AHHOTALMUA

dnoTaumoHHoe oboralleHne cynbOGUAHON BbICOKOKPEMHUCTOW pyabl MecTopoxKaeHus Lankus,
copepKawel 4-6% Y Pb n Zn npoucxoant He 3dDEKTUBHO C U3BJIEYEHMEM B KOHLEHTPaT <80%
LMHKA M <60% cBUHUa M obpa3oBaHnem Ha 1 T pyabl go 0,93 T xBocToB. B cTaTbe npuBoaATCA
pe3ynbTaTbl 3KCMEePUMEHTaIbHbIX MCCNeA0BaHUI NepepaboTKM 3/M1EeKTPONIaBKoW cmecu pyapbl

Noctynuna: 22 mas 2024 LLIafiKMA U XBOCTOB ee 06OralleHns B NPUCYTCTBUM KOKCA, CTa/IbHOM CTPYKKM U MarHeTUTOBOrO
PeueHsuposanwe: 3 utos1a 2024 KOHLLEHTPaTa, BbIMO/HAIOLLETO PO/b OKUCAUTENs CyNbdUAOB M MOCTaBLIMKA Xene3a. MeTogom
NpuHaTa B nevatb: 17 ukons 2024 NNaHMPOBAHMA IKCNEPUMEHTOB M MX ONTUMM3ALMEN UCCNeA0BaHO BAUAHME KOKCa U CTeneHu

3aMeHbl Kenes3a MarHeTUTOBOrO KOHLLEHTpaTa Ha efe30 CTa/lbHOM CTPYXKM Ha u3BNneveHune
KPeMHWA B CN/JaB W COAEp)KaHWe B HEM 3TOro 3/leMeHTa. YCTaHOBJEHO, YTO M3 CMecu B
KpemHuitcoaepKalmii cnnas ussnekaetca ot 75 ao 82,8% kpemHua. CoaepKaHue KpemHus B
cnnas usmensaetca ot 30 Ao 44,2 %. ObpasoBaHue deppocunmuma mapku FeSid5, copepralero
41-47,7% KpemHuUA NPOUCXOLMT MpPW NaBKe CMecUu pyabl U XBOCTOB C OTHOoweHuem 1:1 B
npucytcteumn 26,8-33,0% KOKCa M 3aMEHOW Kesnesa MarHeTUTOBOrO KOHLEHTPaTa Ha Keneso
CTafNbHOM CTPYKKM OT 19,4 10 97%. Bo3roHbl, 06pa3oBaHHble NpK 31EKTPONNaBKe coaepaT 25,2%
Zn v 11,7% Pb. OHu 6oraye no YZn u Pb B cpaBHEeHWM C UCXOLHON cmecbio B 9,4 pasa.
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ABSTRACT

The paper presents a method for the extraction of copper from sulfuric acid solutions, which
reduces the consumption of sulfuric acid, increases the extraction of copper and the quality of
cathode copper, and reduces the undesirable formation of the third-phase crud. The main results
of copper extraction, including 2-3 stepwise extraction of copper, are presented. The extraction is
carried out by mixing sulfuric acid solutions with a solution of a chelating, selective extractant of
the aldoxime group (10 vol.%) and separating the mixture by settling to obtain a copper-containing
extract and extraction raffinate, with the suppression of the third phase-crud due to the
dissolution of polymerized silicon bonds in the cruds with a monomeric polymer
(H2C=CHC6H4S03Na)n poly(4-sodium styrene sulfonate). This is achieved by adding 5 cm?® of the
polymer, influenced by the surfactant complex of sodium alkyl sulfonate, with an O/A ratio of 1:2
and a temperature of 20+5°C. Subsequent re-extraction of copper from the extract is carried out
by mixing the extract with a sulfuric acid solution and separating the mixture by settling to obtain
a copper-containing re-extraction and an extractant solution. The re-extract is purified from
impurities, and copper is extracted electrically from the purified re-extract to obtain cathode
copper and waste electrolyte. A method for calculating the technical and economic choice of an
extraction apparatus has also been developed.
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Introduction

Today, producing energy from renewable
sources requires significantly more copper than
producing energy from traditional sources. For
example, an offshore wind farm may require five
times more copper than a coal-fired power plant.
Copper is also used in the manufacture of wind
turbine cables to connect elements of complex
installations (particularly deep-sea cables) and to

transmit power to shore. Increasing demand from
renewable energy sources, which require large
amounts of copper, is driving the development of
new technologies and the intensification of existing
copper extraction technologies. KAZ Minerals Group
achieved record copper production of 403 kt in
2023, up 6% from 2022, driven by increased
production at Aktogay following the launch of its
second world-class sulphide concentrator in 2022.
Management's constant focus on operational
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improvement resulted in all ore processing plants
exceeding design capacity throughout the year.

Methods that solve the problem of intensifying
the extraction process and reducing the
consumption of reagents are relevant. There is a
method for the extraction of copper from sulfuric
acid solutions, which includes extraction by mixing
sulfuric acid solutions with a solution of a cation-
exchange organic selective extractant and
subsequent separation of the mixture by settling to
obtain a copper soda hot extract and raffinate
extraction [1]. The process is characterized by the
formation of three phases: raffinate, extract, and the
third phase - crud, which is concentrated in the
extract as a separate phase. Re-extraction of copper
from the extract is carried out by mixing the extract
with a solution of sulfuric acid, followed by
separation of the mixture by settling to obtain a
copper-containing re-extraction and extractant
solution. The re-extract is then purified by flotation
with subsequent filtration or coalescence, and
copper is electroextracted from the purified re-
extract to obtain copper cathode and spent
electrolyte. The spent electrolyte is used for copper
re-extraction.

The technical result is a reduction in sulfuric acid
consumption, increased copper extraction, reduced
copper losses with waste solutions, and improved
quality of copper cathode. The disadvantage of this
method is that it does not provide for the
suppression or reduction of the third phase - crud,
containing various types of impurities, with silicon as
the main component at 17.58% and above. This
reduces the extraction of copper and affects the
quality of commercial copper during
electroextraction due to the use of the extractant LIX
984N, a ketoxime derived from a ketone. In the IR
spectrum of this extractant, there are bands of
stretching vibrations of C-H aliphatic hydrocarbons
at 2957, 2926, 2871, 2856 cm-1, deformation
vibrations of aliphatic hydrocarbons §(CH3), §(CH2)
at 1464, 1378 cm-1, and stretching vibration v(OH)
at 3374 cm-1, aimed specifically at selectivity for
copper rather than other metals in the liquid phase.

The interaction in the D2EHPA - In2(SO4)s -
Fes(SO4)s - Ti2(SO4)3 - ZnSO4 - H,0 system was
studied, showing that the basis of cruds is the salt
InR3, resulting from the secondary interaction of
indium ions in solution with compounds formed in
the extract [[2], [3]]. The formation of interphase
suspensions containing osmium during the
extraction of rhenium from acid wash solutions in

copper production was examined. Secondary
interaction of salts with compounds formed in the
extract also occurs when the extractant contains
iron and titanium [4], [[5], [6], [7]1], [[8], [9], [10],
[11], [12]]. This interaction greatly contributes to
crud formation in the raffinate when in contact with
the original indium-containing solution.

Methods for selecting extractants of the
ACORGA class are discussed in works considering the
suppression of iron and silicon impurities [[13], [14],
[15], [16], [17]]. These works propose mechanisms
for silicon polymerization, albeit with different initial
solution compositions and preparation histories
than those considered in the present study.

Let's consider the factors influencing the
efficiency of extractors. The operation of the
extraction  apparatus depends on  many
technological parameters, controlled and
uncontrolled. To carry out the process under optimal
conditions, it is necessary to determine the values of
the controlled parameters at which, considering the
existing limitations, the most advantageous
technological regime would be ensured. The
efficiency of the extraction apparatus is influenced
not only by the mode of the process carried out in it
but also by the correct choice of the structural type
of the apparatus itself, which contributes to the
achievement of the specified technological
parameters [18].

Continuous action devices are subject to various
requirements, the main ones being: 1) maximum
productivity and work intensity; 2) low energy
consumption during operation; 3) high degree of
extraction of valuable components; 4) simplicity of
the device and low cost of production; 5) ease of
control and automatic regulation. Currently, devices
of mainly two types are used in practice: periodic
and continuous, and the use of continuous devices is
more effective due to their greater productivity and
the possibility of automated control of their
operation. Batch-type devices are usually used in
industries with small volumes of reacting phase
flows [[19], [20], [21], [22]].

The operation of extraction equipment is
characterized by a close relationship between its
productivity, quality, and the cost of the products
produced since the cost depends on the optimal
time for the actual residence of the raw materials in
the apparatus. If raw materials are unjustifiably
delayed in the devices, the overall productivity of
the equipment decreases, the cost of production
increases, and in some cases, the quality of the
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products may decrease. An unjustified reduction in
the residence time of raw materials in devices,
although it increases the overall productivity of the
equipment, reduces the efficiency of using raw
materials and the volume of the device, and also
leads to a deterioration in product quality [[23],
[24]].

Thus, when choosing the type of continuous
extractor, it is necessary, first of all, to consider the
residence time of the phase flows in the apparatus
to achieve the specified economic efficiency of the
process being carried out. Having information about
the residence time of flow elements in the
apparatus, it is possible to assess the operating
efficiency of the apparatus itself, i.e., determine the
proportion of the apparatus volume occupied by
particles kept in the apparatus for a given time
interval, the value of which was determined earlier
in the process of laboratory or pilot-scale tests in
periodic devices.

The purpose of the research was to develop a
method for intensifying the extraction of copper
from sulfuric acid solutions of the Aktogay deposit
and to develop a technique for the technical and
economic assessment of the choice of extraction
apparatus.

Materials and Methods

The research focused on investigating copper
extraction processes using different extractants. The
main object of study was a productive copper-
containing sulfate solution, commonly referred to as
PLS (Pregnant Leach Solution). This solution was
obtained through processing ore derived from the
Aktogay deposit, with a solution pH of
approximately 1.7.

Methods of Analysis: Analytical methods were
employed to analyze the samples in this study. The
qguantitative determination of major elements in
brines was conducted using an Optima 8300DV
inductively coupled plasma atomic emission
spectrometer and a PFP 7 flame photometer
(Jenway, England).

Infrared absorption spectra were recorded using
an Avatar 370 IR-Fourier spectrometer across the
range of 400 - 4000 cm-1 from capillary layers in KRS-
5 windows. The experimental setup included the
“Transmission E.S.P.” attachment. Data processing
was performed using OMNIC 6 software, along with
electronic libraries including HR Aldrich FT-IR

Collection Edition Il (containing 18,454 spectra) and
Aldrich Organometallic, Inorganic, Boron,
Deuterium Compounds (consisting of 632 spectra)
published by Nicolet Instrument Corp. in 1995. In
cases where information was not available in the
electronic libraries, literary sources were consulted.

X-ray fluorescence analysis was carried out using
an Axios PANalytical wavelength dispersive
spectrometer (Netherlands). X-ray phase analysis
was performed using a D8 ADVANCE diffractometer
(BRUKER AXS GmbH, Germany) equipped with Cu Ka
radiation, a tube voltage of 40 kV, and a current of
40 mA. Data processing of the obtained diffraction
patterns and calculation of interplanar distances
were accomplished using EVA software. Sample
interpretation and phase identification were
achieved using the Search/Match program, utilizing
the PDF-2 database from the International Center
for Diffraction Data (ICDD, USA).

Extraction Experiment Procedure: Extraction
experiments were conducted under controlled room
temperature conditions of 20 + 5°C. Temperature
stability was ensured using a LOIP-105A thermostat.
The investigation focused on studying the volume
ratio of the organic and aqueous phases, ranging
from 1:2 to 1:10 with a step size of 2. The contact
time between phases was determined based on the
time-dependent behaviour of the copper
distribution coefficient (DCu), set at 5 minutes. The
extraction process was carried out in conventional
separatory funnels, followed by phase separation
through settling. Aqueous solutions were filtered
through a designated paper filter labelled "red
ribbon" before sampling for analysis. Mechanical
mixing was employed to achieve homogenization of
the phases. Depending on the experimental
objectives, the resulting solutions were analyzed for
their copper content.

Materials. The results of the chemical analysis of
a sample of the productive solution are presented in
Table 1.

Table 1 — Chemical composition of the initial solution,
g/dm?3

Cu Fe. Mo Mn Zn Al Ca Mg
1.25 | 4.23 - 1.47 0.16 29.10 | 0.69 | 12.98

Si Co Ni Cr Cd P Pb H2504
0.51 | 0.033 | 0.007 | 0.002 | 0.0017 | 0.55 | 0.02 | 2.22

As shown in Table 1, the concentration of copper
in the solution is 1.25 g/dm3, while sulfuric acid has
a concentration of 2.22 g/dm3. The concentrations
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of aluminum, magnesium, total iron, calcium, and
phosphorus are 29.1, 12.98, 4.23, 0.69, and 0.55
g/dm?3, respectively. Silicon is also present in the
solution with a concentration of 0.51 g/dm3. Other
elements in the solution have relatively low levels.

To determine the composition of the solid
residue obtained after evaporating the sulfuric acid
solution to wet salts, X-ray fluorescence analysis
(XRF) was performed. Table 2 presents the results of
the XRF analysis of the solid residue.

Table 2 - Content of elements in solid residue

Element Content, % | Element | Content, %
0] 59.394 Ti 0.067
Na 0.346 \Y 0.008
Mg 3.818 Mn 0.386
Al 4.883 Fe 5.048
Si 0.304 Co 0.014
P 0.296 Ni 0.016
S 14.984 Cu 0.746
Cl 0.263 Zn 0.073
K 0.019 Y 0.004
Ca 0.114 Th 0.013

According to Table 2, the residue contains
significant amounts of aluminum (4.9%), magnesium
(3.8%), and iron (5.1%). The sulfur content is
approximately 15%, which can be attributed to the
presence of metal sulfates in the solution. The
presence of the SO4% group is confirmed by infrared
(IR) analysis of a sample of the productive solution.

In  the spectrum, absorption bands
corresponding to water are observed at wave
numbers of v(OH) 3368 cm™ and §(HOH) 1647 cm™.
The presence of the SO4% group is evidenced by
absorption bands at wave numbers 1108, 979, 671,
and 620 cm™. The band with a peak at a wave
number of 698 cm-1 corresponds to the
manifestation of deformation vibrations of Me-O-H.

Based on the results obtained from chemical,
infrared spectroscopic, and X-ray fluorescence (XRF)
analyses, it can be concluded that the productive
solution contains silicates of aluminum, magnesium,
iron, and calcium, in addition to sulfates. These
silicates are the primary components responsible for
the formation of impurities. However, the solid
residue has a relatively low silicon content of
approximately 0.3%. This suggests that insoluble
hydroxides, such as Al(OH); and Fe(OH)s, which are

generated through the hydrolysis of metal salts in
the original sulfuric acid solution, may also
contribute to the presence of impurities.

To further investigate the process and optimize
the extraction of copper, different classes of
extractants were tested, including ketoximes
(derivatives of ketones) and aldoximes (derivatives
of aldehydes). The goal was to identify the most
effective extractant for suppressing the formation of
copper during the extraction process.

Results

Selecting an Extractant to Reduce Crud
Formation During the Extraction of Copper from
Sulfuric Acid Solutions.

The copper extraction method is carried out
from leaching solutions of oxidized, sulfide, or
sulfide-oxidized copper ore or flotation copper
concentrate, derived from productive solutions
obtained after percolation leaching. At least 5 dm?
of a representative batch of the productive solution
is filtered, with a solution pH of approximately 1.7.
Purified solutions are collected in a separate
container to study their chemical and material
composition and conduct further research.

The copper concentration in the solution was
1.25 g/dm3 or less, and sulfuric acid was 2.22 g/dm3.
The concentrations of aluminum, magnesium, total
iron, calcium, and phosphorus are 29.1, 12.98, 4.23,
0.69, and 0.55 g/dm3, respectively. In addition to
these elements, silicon is also present in the solution
at a concentration of 0.51 g/dm3. The remaining
elements have relatively low content.

The productive solution contained, in addition
to sulfates, silicates of aluminum, magnesium, iron,
and calcium. Silicates are the main crud-forming
components. The silicon content in the solid residue
can be approximately 0.3%. Therefore, the crud-
forming components can also be insoluble
hydroxides Al(OH); and Fe(OH)s, which are formed
in the original sulfuric acid solution due to the
hydrolysis of salts of these metals.

The choice of extractant during the extraction
process largely depends on its extraction ability and
the initial concentration of the metal in the process
solutions. Other important parameters for the
effective operation of extraction technology are the
low solubility of the extractant in the aqueous
phase, its chemical stability under operating
conditions, which ensures low losses of the

— 102——



KomnnekcHoe Ucnonb3oBaHne MuHepanbHoro Coipba. Ne3(334), 2025

ISSN-L 2616-6445, ISSN 2224-5243

extractant, the possession of acceptable values of
the flash point and viscosity of the extract (to ensure
effective phase separation), as well as the
commercial availability of reagents.

Extraction is carried out at room temperature
(20 £ 5°C). Temperature regulation and consistency
are ensured by a thermostat (LOIP-105A). The ratio
of the volumes of the organic and aqueous phases is
controlled in the range of 1:2 to 1:10, with a step of
2; the phase contact time is established based on the
time dependence of the copper distribution
coefficient (DCu) — 5 minutes. Separatory funnels are
used to carry out the extraction process. Phase
separation is carried out by settling. Before sampling
for analysis, agueous solutions after extraction are
filtered through a paper filter marked “red ribbon.”
Mixing of the phases is carried out mechanically.
Depending on the task, the resulting solutions are
analyzed for copper content.

The volume ratio of extractant and diluent is 10-
20% to 80-90%. Aliphatic kerosene is used as a
diluent. The organic phase is a solution of 10 vol.%
of the studied extractants in kerosene, previously
purified.

Two classes of extractants are used as reagents
for the extraction of copper from acidic leaching
solutions: ketoximes and aldoximes. However, it is
necessary to take into account the selectivity of
elements of these extractants, as well as the
formation of the third phase - crud.

The extractant used in this work is ACORGA
M5774, which is a modified aldoxime (5-nonyl
salicylaldoxime). A distinctive feature of the IR
spectrum of the ACORGA M5774 extractant is the
presence of a stretching vibration of the carbonyl
group v(C=0) — 1736, 1712 cm-1. In the range of
1400-1000 cm-1, vibrations of the C—O-H group
appear. The band at a wave number of 1271 cm-1
also falls into the range of —C—N- vibrations in
compounds of the type: ArNHR.

A productive sulfuric acid solution is used,
containing 1.25 g/dm3 Cu and 2.22 g/dm3 H2S04.
Table 1 presents the results of the influence of the
extractant ACORGA M5774 and the O/A phase ratio
on the formation of cruds and the extraction of
copper from the productive solution.

When extracting copper with aldoxime ACORGA
M5774 from a productive solution at a phase ratio
O/A = 1:2, the degree of copper extraction into the
extract is approximately 67%. An increase in the O/A
ratio towards the aqueous phase during extraction

leads to a significant decrease in the degree of
copper extraction; at O/A = 1:4, the extraction into
the extract decreases to 17.44%.

Extraction is characterized by the formation of
three phases: raffinate, extract, and cruds, which are
concentrated in the extract as a separate phase.
When using the extractant ACORGA M5774,
regardless of the O/A ratio, the phases divide
quickly. However, with an increase in O/A, the
amount of cruds in the organic matter decreases, so
at an O/A of 1:10, only a small amount of sediment
is formed.

Table 3 - Effect of the extractant ACORGA M5774 and the
O: A phase ratio on the formation of cruds and the
extraction of copper from the productive solution

Content
N Cuin .
Ne| O:A X raffi extra Note
raffinate,

nat ct

g/dm3

Extraction, %

1 3 4 5 6 7

Extraction at O:A 1:2: the
raffinate is transparent,
brown in color. The organic
matter contains a marsh-
colored sediment. Phase
separation time is 5
minutes.

0.412 32,96 | 67.04

Extraction at O: A 1:4: after
filtration, the colour of the
raffinate is dark brown with
a greenish tint.

2 1:4 1.032 82.56 | 17.44

Extraction at O: A 1:6: after
filtration, the colour of the
raffinate is dark brown with
a greenish tint.

3 1:6 1.250 100.0

Extraction at O: A 1:8:
phase separation occurs
quickly. The raffinate was
filtered, its colour is dark
green. No precipitate
formed in this sample.

4 1:8 1.250 100.0

Extraction at O: A 1:10:
phases  separate  well.
Raffinate is  brownish-
greenish in  colour. A
precipitate is observed in
the organic phase.

5 1:10 1.250 100.0

O: A" - ratio of organic phase to aqueous

At higher pH values, the solution turns yellow
due to hydrolysis, and if the pH is above 2-3, further
condensation occurs, and the formation of colloidal
gels begins, eventually forming a reddish-brown
precipitate of hydrated iron(lll) oxide.

The content of the main components in the third
phase, in percentages, is silicon 17.58%, nickel
3.13%, total iron 2.31%, aluminum 2.14%, and
magnesium 2.023%. The remaining elements have
relatively low content. Two compounds
predominate in the crud sample: alunogen
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[AI(H20)6]2(S04)s (H20)s (28.3%) and quartz SiO2
(28.1%). There is a small amount of the compound
nuyakasite (7.6%), a complex silicate of iron and
aluminum with sodium and silicon oxide of variable
composition (3.9%).

Analysis of IR spectroscopic data confirms that
during the copper extraction operation, the
formation of crud leads to the loss of the extractant.
Thus, we can draw the following conclusion that in
most cases, the main components of crud are:

Silicic acid is contained in solutions in the form
of colloidal particles, which cannot be isolated even
by careful filtration, and inorganic sulfates.

Solid compounds present in aqueous solutions:
ore material, metal oxides and hydroxides, etc.

The next stage of extraction is to use an
alternative method that helps suppress the third
phase (crud) formation during the copper extraction
process by adding a monomeric polymer,
poly(sodium 4-styrene sulfonate), with the chemical
formula (H,C=CHCsH,SO3Na)n. The sulfonate ion
contains the functional group -5(=0),-O-. The
general formula is RSO20-, where R is a radical;
sodium alkyl sulfonate functionally acts as a
surfactant.

When this additive is used in the form of a
monomeric polymer, the formation of crud in
settling tanks is reduced, thereby increasing the
volume available for flows of productive sulfuric acid
solutions (PLS) and organics, which directly leads to
an increase in plant productivity. The process of
liquid extraction in the presence of silicon dioxide in
PLS solutions is challenging; however, with the
addition of the monomeric polymer poly(sodium 4-
styrene sulfonate), stable operation of the process is
observed with a pronounced decrease in the
formation of the third phase.

Table 4 - Extraction of PLS solution with the addition of
(H2C=CHCsH4SO3Na)n

Volume Volume Concentration Recovery,
Name of of of Cuin into
o:w ) X
extractant raffinate, extract, raffinate, extract,
cm3 cm3 g/dm3 %
ACORGA M 1:2 82 43 0.947 24
5774

Table 4 presents the results of the cooper
extraction process in the oresence of the additive
(H2C=CHC6H4S03Naln to reduce the formation of
crud. Copper extraction is carried out using the
extractant ACORGA M5774 — 10 vol.% with the

addition of the additive (H2C=CHC6H4S0O3Na)n in
an amount of 5 cm3.

When extracting with the extractant ACORGA
M5774 and the additive (H,C=CHCeH,SOsNa)n, the
phases separate quickly, but the raffinates remain
turbid. The raffinates are left to settle for a day and
then filtered through a red ribbon filter. The
resulting raffinates are pure transparent solutions,
without sediment, and have a light brown colour
with a yellowish tint.

The rich organic phase is filtered separately
through a blue ribbon filter. Filtration proceeds
quickly, and there is no sediment on the filter. The
amount of sediment is sharply reduced and becomes
ultradispersed.

The use of a reagent to reduce the formation of
crud (H,C=CHCgH;SOsNa)n in an amount of 5 cm? in
a productive sulfuric acid solution before it is
subjected to the liquid extraction operation leads to
a significant reduction in the formation of interfacial
crud.

The use of surfactants to reduce the formation
of the third phase - crud - allows several problems to
be solved: returning the extractant and copper-
containing solution to circulation and reducing the
number of cruds sent for disposal.

Thus, the optimal technological parameters of
extraction with the process of reducing the
formation of the third phase - crud - are as follows:
ACORGA M5774 extractant is wused at a
concentration of 10 vol.%. Kerosene is used as a
diluent. The O/A ratio is 1:2, temperature 20-25°C,
process duration 5 minutes, and phase settling time
1 day. The volume of the additive
(H2C=CHCgH4SO3Na)n is 5 cm3. The pH value of the
initial solution should be between 1.5 and 3.0, which
helps prevent the decomposition of the organic
phase and avoids the formation of various types of
precipitation that can contaminate the organic
phase and prevent phase separation, reducing the
technical characteristics of the process. To increase
the degree of extraction, extraction and re-
extraction are carried out in several stages (2-3),
determined by the concentration of copper in the
raffinate and extractant after extraction.

Development of a technique for technical and
economic assessment of the choice of extraction
apparatus.

The economic efficiency of using an extraction
apparatus is determined, on the one hand, by the
achieved degree of extraction of the substance, and
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on the other hand, by the costs of conducting the
process. To assess the economic efficiency of using
this type of extraction apparatus, an optimality
criterion is used, which depends on the cost per unit
volume of interacting phases at the entrance to and
exit from the apparatus, the compositions and
volumetric flow rates, operating costs (energy costs
for ensuring the movement of flows and heat
exchange, costs for depreciation of equipment,
labour costs, etc.). Conditional cost savings (Sc) and
present income (Ip) can be used as optimality
criteria. Conditional cost savings are determined
using one of the following equations:

Sc =(Cp‘c) Q Sc =CpQ’( Cf + Cv)

Sc = Rex Cex‘ Ren Cen - Ct (1)

Where,

Co-planned cost

C - actual cost

Sc- conditional cost savings

lo- present income

Q- quantity of product produced

C - fixed costs

C,- variable costs

Ren - volumetric flow rates at the entrance

Rex- volumetric flow rates at the exit

Cen - cost per unit volume of interacting phases
at the entrance

Cex- cost per unit volume of interacting phases
at the exit

C: - total costs associated with equipment
operation

Where C,, C planned and actual compared cost
of products; Q - quantity of product produced; Cs-
fixed production costs that do not depend on
productivity and quality of management; C, -
variable costs determined by the productivity and
quality of the technological process; Ren, Rex -
volumetric flow rates at the entrance to and exit
from the apparatus; Cen, Cex- COSt per unit volume of
interacting phases at the entrance to the apparatus
and exit from it; C; - total costs associated with
equipment operation.

Another quantitative measure of the technical
and economic effect of using an extractor is the
present income, equal to the difference between
the income from the sale of commercial products
and the total present costs and determined per unit
of output

I'y = (Zliilpi - ()0 —EC; = (Zilpi -
C,)0 — (Ci/PB,) (2)

or the total present income from the release of
all products

I'y=%L,P,0; — C, — EC (3)

Here P; - price of 1 product: O - annual output of
product i; E - standard investment efficiency ratio; C
- capital investment; P, - standard payback period; O
- annual output of all products. The value of the
reduced income is one of the most universal criteria
for optimality since it indicates both the volume of
production and the quality of products, as well as
operating and capital costs. The maximum amount
of present income is achieved at a minimum cost or
present costs, or a maximum profit.

I'p - present income, equal to the difference
between income from the sale of commercial
products and total present costs and determined per
unit of output

Pi- price of 1 product

O - annual output of product i

E - standard investment efficiency ratio

Ci- capital investment

P, - standard payback period

Dependency (VII1.35) can be rewritten in a
video

N —_
Ip=(Q.  Fi(®OH ~Cop)By— (/) 4)

Where E; (t)- extraction; 0;. — conditional
production of commercial products per unit of raw
materials (with complete extraction); Cyy costs of
processing a unit of raw materials; P, raw material
productivity.

If the volume of output is strictly determined,
then to carry out technical and economic
calculations, you can use the average value of the
reduced costs per unit of output:

I, =Cyp+ (0%) (5)

Optimizing the  process when  using
dependencies (VIII.33)-(VIIl.37) comes down to
finding the maximum of the optimality criterion I,
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when using dependency (VIII.36) and its minimum
when using dependency (VI11.37).

In the case of a sufficiently low price of the
obtained by-products, the reduced income can be
determined by the formula:

PO
I, = P,0 — [

+ CvarO + Cfix] (6)

where, P, Py - total price per unit of raw
materials and target product; Cyar - variable costs per
unit of product produced; Csi - fixed costs per unit of
time.

An increase in the value of Ppr can be achieved
by regulating the following factors:

1) Improving the conditions of the process (with
unchanged installation productivity;

2) Making additional capital investments when
an increase in output leads to an increase inl, i.e.,
when d Csi /dE(i) < P,O/ E2(i), or in the case of an
increase in productivity and volume of marketable
products;

3) Increasing the productivity of the installation.

4) Increasing product yield and reducing variable
costs (especially the cost of raw materials, heat, and
energy costs).

If variable and fixed costs are much higher than
the cost of raw materials (i.e. CyarO+Csix>> PO/ E(T)),
then they should be reduced to a minimum, and the
extractor productivity should be increased to a
maximum value, provided that the depreciation of
the apparatus significantly affects total fixed costs.

In the case where the cost of raw materials
significantly exceeds other costs (i.e. PO/ E(t)>>
C.arO+Csix) the output value at the installation should
be maximized by improving the process conditions.

In general, when searching for an optimality
criterion in practice, it is necessary to vary various
independent variables, the limit values of which are
determined by technological conditions.
Optimization of continuous devices is achieved in
two ways: static (in which they strive to carry out the
process with maximum efficiency according to the
optimized criterion at each moment in time) and
dynamic (in which the process is subject to frequent
disturbances and practically proceeds in a dynamic
mode).

Since solving the problem of achieving the
maximum value of the optimality criterion in a
general form is impossible, in practice the optimum
is found according to one or, in rare cases, two or
three indicators, which may include productivity,

degree of extraction, cost, product yield, etc. Other
main variables that can be changed to optimize an
industrial extractor are the process temperature,
the type of extractor, the reaction time and the
residence time of the material in the apparatus, the
concentration of reagents, the number of
apparatuses in the cascade, etc. For multi-stage
devices, the selected indicator is optimized for each
link, moving from the next stage to the previous one.

Conclusion

A method has been developed for the extraction
of copper from sulfuric acid solutions, which reduces
sulfuric acid consumption, increases copper
extraction and the quality of cathode copper, and
reduces the formation of the third phase (crud).
Crud, which is concentrated as a separate phase in
the extract along with the raffinate, negatively
affects phase separation, copper extraction, and the
removal of non-ferrous metal impurities. The
introduction of the monomeric polymer poly(4-
sodium styrene sulfonate) ((H2C=CHC6H4S0O3Na)n)
into the process dissolves and destroys polymerized
silicon bonds in crystals, enhancing the process by
more than 25%.

After completing calculations to optimize all
compared options for using the extraction
apparatus, preference is given to the option that
corresponds to the maximum value of Ppr, found for
the optimal values of the studied independent
technological parameters. If the values of Ppr for the
compared options differ slightly from each other,
preference is given to the option characterized by
better working conditions, a shorter payback period,
and improved flow organization of the reacting
phases.
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KYKipT KbILWKbINbI epiTiHAiNepiHEH MbICTbl anyAblH, XeTinaipinreH agiciH Xacay

Yenywrarosa T.A., ‘EcupkereHos M.U., 2Hukonockuii A.,
Mepkubaes E.C., 'Antmbiwb6aeBa A. XK.

1Cam6aes YHusepcumemi, Aamamel, Kazakcmax
2 Miopdoka YHusepcumemi, Aecmpanus

TYWIHAEME

Makanaga KyKipT KbIWKbUIbIHbIH, €epiTiHAINepiHEH MbICTbl any 3A4iCi YCbIHbINFAH, ON KYKipT
KbILWKbINIbIHbIH, LUbIFbIHbIH @3alTagbl, MbICTbIH, a/blHYbIH KJHE KaTOATbl MbICTbIH, CanacbiH
apTTbipagpl, COHbIMEH KaTap ywiHwi ¢asa-KpaaTblH, KaKeTci3 Ty3inyiH asaitagbl. Mbic anyapiH,
Herisri HaTuXKenepi, COHbIH iwiHAe 2-3 caTbiibl MbIC any KenTipinreH. KykipT KpiWwKpinabl
epiTiHAiNepai xenatraywbl, CENEKTUBTI 3KCTPareHT anbAoKcumpaep TobbiHaH (10 kenem. %)

Makana kengi: 29 mamoip 2024 epiTiHAIMEH apanacTbipy KaHe KOCMaHbl TYHAbIPY apKblabl MbIC Kypamabl 3KCTPAKT KaHe
CapantamagaH eTTi: 17 mayceim 2024 SKCTPAKLMANDIK paddUHAT any apKblibl IKCTPaKLMA Kyprisineni. KpagTtasbl noanmepneHreH
Kabbinganapl: 9 mameiz 2024 KpeMHuit 6ainaHbicTapblH  MoHOMepai noanmep (H2C=CHC6H4SO3Na)n nonu (4-HaTpuit

cTuponcynbdoHaTbl) NaiiganaHbin epiTy apKblabl ywiHwi Gasa-kpaaTbiH nainga 60nybiH a3aitagpl.
Byn HaTpuii ankuncynbdoHaTbiHbiH, MAB KeweHiHiH, acepiHeH, O/A KaTbiHacbl 1:2 3KaHe
Temnepatypa 20+5°C 6onraHga 5 cm® NosMMep Kocy apKbl/bl sKy3ere acbipblnagsl. KypambiHaa
MbIC 6ap PEIKCTPAKT KOHE IKCTPAreHT epiTiHAICIH any YWiH SKCTPAKTTbl KYKIPT KbIWKbINbIHbIH,
epiTiHAicimeH apanacTblpbin, 04aH KeliH KocnaHbl TYHAbIPbIN 61y apKbl/bl Xy3ere acbipblnagbl.
PeaKkcTpaKT KocnanapAaH TasapTblaafbl KaHe KaToATbl MbIC NEH NaiAanaHbiNFaH 3NEKTPOAUTTI
any vywiH TasapfaH PEIKCTPAKTTaH MbIC 3/1EKTPONUTTIK KOAMeH anbiHagpl. CoHpaii-ak,
IKCTPAKUMANDIK annapaTTbl TEXHUKAbIK KIHE SKOHOMUKaNbIK TaHAAY dici asipaeHai.

TyliiH ce30ep: SX-EW; MmbIC; 3KCTpaKUMANay; Kpag, MHTeHCUdUKaUMA dAici; KYKIPT KbIWKbIAAbI
epiTiHainep.
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AHHOTAUMA
B cTaTbe NpeAacTaBiieH MeTOA U3BJeYEHNA MeAM U3 CEPHOKUC/bIX PaCTBOPOB, KOTOPbIV CHUXAEeT

notpebneHVe CepHOI KMCNOTbI, YBEIMUMBAET U3B/EYEHME MEM U KauecTBO KaToAHOW Meaym, a
TaKKe YMeHbLUAeT HexenatenbHoe obpasoBaHue Tpetbeit dasbl (kpaga). OCHOBHble pesynbTaThl
u3BNEUEHMA MeAM, BKAOYas 2-3 3TanHoe u3BnedeHUe MeaM, MpeacTasfieHbl. U3BneyeHue
OCYLLLECTBAAETCA NyTEM CMELUMBAHUA CEPHOKMC/bIX PAcTBOPOB C PAacTBOPOM XenaTupyHoLLEro,

Moctynuna: 29 mas 2024 CEeNEeKTUBHOTO 3KCTpareHTa rpynnbl anbgokcumos (10 06.%) W pasgeneHus cmecu nyTem
PeueHsnpoBsaHue: 17 utoHa 2024 OTCTaMBaHWUA AN1A MONYYEHWUA MEAbCOAEPIKALLErO SKCTPAKTA U IKCTPaAKLMOHHOrO padduHaTta, ¢
MpwvHATa B neyatb: 9 agzycma 2024 nogasnexHvem Tpetbel $asbl (Kpaga) 3a cHET PacTBOPEHUS MOAMMEPU30BAHHbBIX KPEMHMUEBbIX

cBA3eli B KpyAax C MCNo/ib30BaHWEM MOHOMepHoro nonaumepa (H2C=CHC6H4SO3Na)n nonu(4-
HaTpuit cTuponcynbdoHata). ITo gocturaetca gobasneHnem 5 cm® nosumepa, nog BAUAHUEM
Komnnekca MAB u3 ankuncynbdpoHaTa HaTpus, € cooTHoweHnem O/B = 1:2 u TemnepaTypoit
2045°C. Mocneaylowas pPesKCTPaAKUMA MeAM M3 3KCTpaKTa MPOBOAMTCA NyTEM CMeLIMBaHUA
3KCTPAKTa C pacTBOPOM CEPHOW KUCNOTbI U Pa3AeieHNA CMeCU NyTemM OTCTauBaHWUA ANA NOAYYEHUA
MebCOAEPHKALLErO PEIKCTPAKTA M PACTBOPA IKCTPAreHTa. PEIKCTPAKT OUMLLAETCA OT NPUMECEN, U
Mefb U3BNEKAETCA INEKTPOAUTUYECKU U3 OYMLLLEHHOTO PE3KCTPaKTa ANA NONYyYeHUA KaToAHOMN
mean M oTpaboTaHHOro anekTponuTa. Takke paspaboTaH MeTon pacyeTa TEXHWUYECKOro W
3KOHOMMYECKOTo BbI6Opa IKCTPAKLMOHHOrO annapaTa.

Kniouesbie cnoea: SX-EW; mefb; KUOKOCTHAA IKCTPAKUWA; Kpad, MeToh WHTeHCcMpUKauuu;
CEepPHOKMUC/Ible PacTBOpPbI.
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ABSTRACT

The modern strategy for the development of underground coal mining in the Karaganda basin
provides for the development of the concept of reforming the mining fund, ensuring a high level
of concentration and intensification of mining operations with increasing the load on the
treatment face to 5-6 thousand tons per day. At the same time, the main deterrent factor is the
high methane content of the coal seams of the basin, which reaches 30-40 m3/t of coal. The high
gas content of the coal seams being developed and their satellites is one of the main causes of
methane explosions in mines, leading to violations of the technological regime and irretrievable
loss of life. The problem of degassing minefields has always been and is among the priority areas
that require prompt solutions. Gas dynamic phenomena and sudden methane emissions are
accompanied by human casualties, and large material and financial losses, and are 25-30% of the
cause of the total number of accidents that occurred in coal mines of the CIS countries in the last
decade. The article evaluates progressive methods of degassing high-gas-bearing, explosive
formations to reduce the methane content and ensure the safety of the operation of coal mines
in the Karaganda region, taking into account modern experience and achievements in this field.

Keywords: methane, gas flow rate, gas output, methane abundance, coal mines, degassing,
mining technology, minefields, gas dynamic phenomena, formation.
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Introduction

The mine gases of the coal seams of the
Karaganda coal basin contain methane, carbon
dioxide, nitrogen, hydrogen sulfide, hydrogen and
heavy hydrocarbons. The Dolinskaya and Karaganda
formations are characterized by the highest gas
content. At depths of more than 400-500 m in the
Karaganda basin in the developed formations of the
Karaganda formation, the amount of gas reaches
22-25 m3/t, increasing in the Sherubainurinsky and

Tenteksky districts to 25-27 m3/t. The methane
content of coal seams increases with the depth of
their occurrence [1].

Unlike oil and gas reservoirs, most coal seams
are characterized by lower values of natural
porosity, filtration and diffusion permeability. The
natural permeability of coal seams is low and in the
conditions of the Karaganda basin, it is (10-50)x10-
4 milliDarsi (mDa) [2].

The deeper the coal seams sink into the
subsurface, the more gas they contain, but at the
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same time, their gas permeability and methane
flow rate from drilled degassing wells decrease. In
this regard, there is a need for artificial directional
effects on coal seams to intensify their gas
recovery. These include such methods as hydraulic
fracturing (sufficiently high methane production
rates from hydraulic fracturing wells have been
recorded — up to 5-7 m3/min), hydraulic fracturing,
hydrochloric acid treatment (a decrease in the gas
content of mine workings by 30-70% has been
achieved), torpedoing in wells, hydraulic pulse
treatment, interval fracturing and several other
modifications of the intensifying effect for the
growth of coal gas recovery [3].

Currently, an integrated method of artificial
degassing has been developed and implemented at
the mines, including the simultaneous use of
several methods and schemes of degassing from
methane sources: preliminary degassing of the
reservoir under development, degassing of under-
and over-worked formations (satellites) and the
developed space: underground wells drilled above
the mounting chamber, counter wells, wells above
collapse domes and vertical wells from the surface;
gas extraction from a particularly explosive
formation d6 through wells drilled from field
unloading workings, etc. [4]. Currently, work is
actively being carried out on advance degassing
preparation from unloading field workings of a
particularly explosive formation d6 is being carried
out in the field of the Kazakhstanskaya mine, with
drilling of ascending degassing wells through a
particularly explosive coal pack.

Experimental part

In the mines of the Karaganda basin, degassing
of converging coal seams, worked-out spaces and
host gas-bearing rocks with the help of wells drilled
from the surface is widely used. The location of the
well is chosen in such a way that after the end of
drilling and casing of the well, the area of its
intersection with the reservoir under development
is located in the coal massif at a distance of more
than 30 m ahead of the lava. The well should cross
the reservoir under development and go deeper
into the soil rocks by 3-5 m. The casing of vertical
wells is carried out with steel pipes with a diameter
of at least 100 mm. The lower part of the casing is
located 3 - 5 m above the roof of the formation. In
the areas of intersection of the adjacent overlying
layers, the casing pipes are perforated with holes

with a diameter of 15-20 mm with a length of this
pipe of 20 m for each of the layers.

The mouth of the vertical well is sealed to the
first from the surface of the coal seam, but not less
than 10 m long. At the same time, the methane
flow rate through wells increases, and the service
life of vertical and underground degassing wells
increases. The gas is sucked out at a discharge of at
least 150 mmHg. The efficiency of degassing the
methane release source at a distance between
wells of 60-70 m is 60-80% and at a distance of 70-
100 m - 50-60%.

Analytical studies show that with an increase in
the load on the lava to 3,000 - 4,000 tons per day or
more, the optimal values of the lava length of at
least 200-250 m and the excavation column up to
1,500-2,000 m increase [5].

One of the promising areas of improvement is
the work on the early degassing of coal seams by
hydro-pneumatic action through wells drilled from
the earth's surface. The intensification of reservoir
gas recovery is based on the methodology of B.
Moscow State Mining University (now MISIS)
(Figure 1). During the period of application of this
method, 152 wells were processed at the mines of
the Karaganda coal basin (Table 1) with subsequent
hydraulic fracturing and more than were extracted
100 million tons m3 of methane.

When processing the d6 formation in the field
of the Kazakhstanskaya mine (Figure 2), the
following technological schemes for early degassing
of coal seams have been developed and
implemented: pneumohydraulic action;
hydrodynamic action using the effect of self-
sustaining destruction of coal; pneumohydraulic
action with exposure to working fluid; exposure
using foaming substances, pneumohydraulic action
using the effect of aeration of working fluid; hydro-
impact using a water hammer [[6], [7]].

Figure 1 - Advance degassing of coal seams by hydro-
pneumatic action through wells drilled from
the surface
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Figure 2 - The scheme of early degassing of the d6
formation in the field of the Kazakhstanskaya mine

The increase in the depth of coal seam mining
determines the need to improve the technology of
early degassing of minefields and methane
extraction through wells drilled from the surface. At
the same time, along with the positive aspects,
such as separation in time and space of mining and
degassing operations; the possibility of processing
significant coal reserves through a well; achieving
stable methane flows with a concentration of over
90%, there are also several negative factors and
manifestations [8]. These include insufficient
reliability of the method (with the same parameters
of impact on the formation, the volumes of
methane extraction from the treated areas vary
significantly); lack of technical means to control the
process of hydraulic impact on the formation and
subsequent opening of natural cracks; no reliable
relationship has been revealed between the
parameters of reservoir treatment, its
characteristics and methane extraction indicators
[9].

To increase the reliability and efficiency of the
method, it is necessary to change the approach to
carrying out work on the early degassing
preparation of minefields by methodically
substantiating the parameters of artificial impact
on the coal seam from the earth's surface. It is most
advisable to improve the method of pneumohydro-
separation of a coal seam, which is the most
technologically advanced and effective method of
exposure, using powerful high-performance
compressors that provide a rate of injection of a
gaseous working agent of more than 80 m3/min. A
feature of the pneumatic hydroelectric effect on
the coal seam is an increase in the phase
permeability of the formation for gas, regardless of
the mode of air introduction into the array, and a
decrease in the sorption capacity of coal for
methane when heating the formation, due to the
chemical reaction of oxygen in the air with coal,

when compressed air is injected into the coal seam
at a rate exceeding the natural intake of the
formation. The main parameters of pneumatic
hydraulic separation include: the number of
injection cycles; injection volume; injection rate;
expected pressure, distance between wells.

The effectiveness of the impact of the method
of pneumohydro separation of a coal seam from
the earth's surface is estimated by the coefficient of
pick-up:

q-P, (1)

where q - is the rate of air injection into the
reservoir, m3/sec;

P.: - atmospheric pressure, MPa;

6 - is a coefficient that takes into account the
conditions of opening the formation, the properties
of the formation and the injected air, 6 = 0.05-0.15;

Ps; - is the pressure at the bottom of the well,
MPa.

Pneumohydro separation is carried out in cycles
with an increase in the rate by 20-25% and an
increase in the volume of injection of the gaseous
agent by 10-15% in each subsequent cycle.

At the end of each cycle, the air is kept in the
reservoir until the pressure stabilizes, and then the
gas mixture is released until the pressure drops at
the wellhead of the Py = 0.1 MPa. The number
of cycles is assumed to be equal to the number of
natural crack systems (n).

With an assumed radius of pneumatic
separation of the Rpy, equal to 125 m, the total
amount of air injected into the coal seam Q is
determined by the formula:

7-R" -h-m,-K-P’
Q= - @
z-P,-P, .

form

where h - is the reservoir capacity, m;

me - is the effective porosity of the formation,
%;

K - is a coefficient that takes into account the
filtration and reservoir properties of the coal seam
and host rocks, K=1.8-3.2;

Rep - the expected average pressure of
compressed air in the pneumatic separation zone:
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N _ Py +Prorm

C > (3)

where P, - is the pressure of the pneumatic
separation of the formation, MPa; P, = 61 — Pform +
Op, here o1 is the vertical rock pressure, MPa;

Ptorm - reservoir pressure, MPa;

Op - is the tensile strength of coal, MPa;

z - is the coefficient of super-compressibility of
air;

Py - barometric pressure, MPa;

Tai - the temperature of the injected air, Co;

T, - reservoir temperature, Co.

R is the expected average pressure of
compressed air in the area of pneumatic
dismemberment.

During pneumohydroaction, sequential
processes of hydraulic fracturing of the reservoir
with a working fluid with compressed air injection
occur. The technology provides for the separation
of the formation by aerated working fluid due to
the simultaneous injection of liquid and gaseous
agents at a rate exceeding the natural permeability
of the formation. In this case, the injection of
aerated liquid is carried out according to the
pressure, injection, which must be at least:

P.=0,025H +o, (4)

where H - is the depth of the formation, m;
O, - is the tensile strength of coal, MPa.

At the end of the injection cycle, the degassing
well is kept hermetically closed for 3 to 7 days. until
the pressure drops at the wellhead to the value of
reservoir pressure. Then the well is opened and a
cyclic self-discharge of water occurs. At the same
time, air bubbles contribute to the removal of the
working fluid from the filter pores and cracks [[10],
[11]].

In order to increase the efficiency of methane
extraction from the formation of coal seams, the
treatment of each formation of the formation
begins with a hydropneumatic rupture of the
downhole zone, which is then washed and
strengthened with a solid filler, and the treatment
of the formation continues in the mode of
hydropneumatic separation, while the treatment of
the subsequent formation of the formation begins
after the output of the treated formation to a
stable water and gas flow mode, and the processing

parameters are determined by the following
calculation formulas:

- in case of hydro-pneumatic rupture of the
downhole zone of the formation, the volume of
injection of the working fluid:

2 .. 3

Q =KR h n; m; (5)
wf dz e
- the volume of injection of solid filler to secure
the downhole area:
2 . . . .
V=2mR h dL K ,m (6)
3 da bl p

where K - is a coefficient that takes into
account the degree of filling of fracturing cracks
with solid filler, K = 0.4 - 0.8; K = 0.4 - with
maximum filling of cracks, K = 0.8 - with no or
minimal filling of cracks;

Rq; - is the radius of the downhole zone of the
formation, m;

h - is the reservoir capacity, m;

n - is the effective porosity of the formation, in
fractions of a unit;

d - is the effect of a hydraulic fracturing crack,
m;

Ly - the size of the coal block in the downhole
zone, m;

Ki - is the coefficient of loosening of the solid
filler;

H - is the depth of the formation, m;

o - is the tensile strength of coal, MPa;

Re - is the effective radius of hydraulic action,
m.

Calculated parameters were obtained for the
possible absolute volume of drained methane from
the depth of vertical degassing wells at different
distances between them (from 50 to 250 m).

Vs
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e e -200m
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V- volume of drained methane, thousand m3
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|
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Figure 3 - Calculated parameters for the possible
absolute volume of drained methane from the depth of
vertical degassing wells at different distances between

them (from 50 to 250 m)
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It is known from world practice that in some
cases, various intensifying methods of influencing
the coal seam are used to increase the efficiency of
degassing in underground mines [[12], [13], [14]].

One of the methods of progressive
intensification of gas release during reservoir
degassing is the point-to-point hydraulic fracturing
of a coal seam, in which the formation is processed
in fixed sections along the length of the well (Figure
4, a).

For the production of hydraulic fracturing, the
machine drills degassing wells to a predetermined
depth. After the end of drilling and flushing (no
screw drilling) before drilling the well with the
drilling machine 1, a sealing device consisting of
two (or several) sealers 4 is introduced using rods 2.

The ratio of the lengths of the sealers is
selected taking into account that water breaks into
the well and occur in the direction of its bottom. A
valve device 5 is placed between the sealers to
supply water to the well (Figure 4, b).

1 —drilling rig (SBG-1m); 2 —drilling rods; 3 — high—
pressure pumping unit; 4 —sealers; 5 — valve device;

6 — pressure gauges; 7 — flow meter; 8 — three-way tap;
9 — water tank; 10 - high-pressure hose; 11 - seal ring;
12 — adapter to the drill rods; 13 — adapter from the drill
rods to the sealer; 14 — adapter from the sealer to the
valve device; 15 — plug to the sealer; 16 — adapter from
the three-way tap to the hoses

Water
becoming

High-pressure
i pumpmng urt 4§
] Driling GAS-60 ‘ GAS-60
I i | rods sealers s
e f \ [ p—

| Degassing well

sealers

High-presswe [
[ bighway .

Figure 4 - The scheme of conducting inter-interval
hydraulic fracturing of a coal massif through
reservoir wells

After installing the sealing device in a given
area, a high-pressure pump 3 is turned on and
waterfalls along the rods at a rate of 20-50 |/min,

which expands the sealers. When the maximum
liquid pressure is exceeded (at least 2-3 MPa), the
valve opens automatically in the valve device, and
water enters the well cavity located between
adjacent sealers. The pressure and flow of water
are constantly monitored with a pressure gauge
and a water meter. After supplying the calculated
amount of water or a drop in liquid pressure, the
pump is stopped and the water is lowered from the
rods and sealers using a three-way crane, carrying
out depressurization of the well (Figure 5).

1 - conveyor belt of overlying lava;
2 — conveyor belt of prepared lava;
3 —field production; 4 — hydraulic fracturing wells;
5 — Overlaying adjacent zones of interval
hydraulic fracturing.

Figure 5 - The scheme of hydraulic fracturing
using two seals

Then, the sealing device is moved with the help
of rods and a drilling machine in the direction of the
wellhead and installed in such a way that the end of
the sealer closest to the bottom of the well is
located at the boundary of the rupture zone with
the movement of sealing elements along the well
to a length equal to the length of both sealers and
the valve device.

After installing the sealing device on a new
section of the well, the processing process is
repeated. In this sequence, sections of the coal
massif are processed along the entire length of the
well until the near end of the sealer approaches the
wellhead at a distance of up to 15 m.

Despite the low pump performance in case of
intermittent hydraulic fracturing (2.4 - 5.0 m3/min)
compared with hydraulic fracturing from the
surface (270 m3/min), hydraulic fracturing of the
coal massif, as shown by the positive results of
work in mine conditions, occurs within a radius of
up to 10 m from the treated well. Calculations show
that with intermittent hydraulic fracturing, the
specific injection rate per 1 ton of processed coal
reserves is 1.5 times higher than with hydraulic
fracturing, and therefore, at this rate of fluid
supply, hydraulic fracturing can occur within a
radius of up to 10 m from the fracturing well
(Figure 5, Table 1) [15].
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Table 1 — Comparative parameters and indicators for different modes of hydraulic action on the formation
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Figure 6 - Change in fluid pressure during well interval processing
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Figure 7 - The change in the rate of water injection into
wells and the residual gas content of the coal seam,
depending on the amount of applied hydraulic fracturing
at the radius of crack formation in the massif

The main controlled parameter for the process
of hydraulic fracturing of a coal massif is the liquid
pressure according to the readings of a pressure
gauge mounted on the discharge side of a high-
pressure pump (Figure 6). High liquid pressure and
its sharp drop indicate the formation of hydraulic
fracturing cracks in the coal massif. The time spent

When choosing the type of pump for hydraulic
fracturing, it is necessary that existing cracks open
and new cracks form during its operation.

The formation of a tearing force by is
performed according to the formula 16]:

P=(1-v) (2q.+05) (7)

where Pr - is the liquid pressure required for

the formation of vertical cracks during hydraulic
fracturing of a coal seam, MPa;

v - is the Poisson's ratio;

q - lateral mountain pressure, MPa;
Os - is the tensile stress of coal, MPa.
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In mine conditions, hydraulic fracturing was
performed at the mine named after Lenin of the
Karaganda coal basin from conveyor and ventilation
bremsbergs 4.05 d6-1b (depth from the surface
672.7 - 822.2 m).

The conducted studies have established that for
the conditions of the Karaganda coal basin, the
lateral mountain pressure does not exceed 15-20%
of the vertical pressure and it can be determined by
the formula [17]

q,=0,2yH (8)

where y - is the volume weight of the overlying
rocks, t/m3;

H - is the depth of the formation, m.

After being reduced to a single measurement
system (with an average density of carbon-bearing
rocks y = 2.5 t/m3), formula (8) will take the form:

q.=0,005H (9)

At a depth of 700 m, the lateral mountain
pressure value will be g, =3.5 MPa.

For the d6 formation, the value of the Poisson's
ratio is in the range v = 0.1 - 0.3, and the breaking
force for coal is g5 =9.1 - 40 MPa. Substituting the
initial data into formula (7), it turns out that the
value of the liquid pressure for hydraulic fracturing
at a depth of 700 m (mining operations will be
carried out at this depth) is in the range of 16-20
MPa [18].

The rate of liquid supply to the coal seam is a
very important parameter of hydraulic fracturing,
since the higher the injection rate, the greater the
radius of influence of hydraulic fracturing, and vice
versa. In the case of underground hydraulic
fracturing with an injection rate of 30-40 m3/h
through a reservoir well with a length of 70-100 m
(with a sealing length of 40 m), the specific flow
rate is 0.5 - 0.8 m3/h. m.

In the mode of intermittent hydraulic fracturing
with a rate of 2.4 m3/h at a well interval of 0.3 - 0.4
m, the specific flow rate of liquid is 6 - 8 m3/hr. m,
i.e., an order of magnitude higher.

Therefore, at low flow rates (about 2.4 m3/h), it
is also possible to get cracks in the coal mass if the
liguid acts on a small interval of the well [[19],
[20]].

The injection rate and the fracking radius are
interrelated parameters. At a water flow rate of 0.5
- 2 m3/h or less through reservoir wells, natural
cracks do not open, but only water is filtered into
the reservoir with its humidification. Therefore, for

the formation of non-closing cracks during
hydraulic fracturing at a considerable distance from
the well, it is advisable to use pumps with the
highest possible performance.

In case of intermittent underground hydraulic
fracturing in the Karaganda basin, when liquid is
supplied to the reservoir at a rate of 30-50 I/min,
the opening of existing and the formation of new
cracks in the coal massif occurs within a radius of
up to 10 m from the place where the liquid exits
the valve device of the treated well. For hydraulic
fracturing within a radius of 20 m, it will be
necessary to increase the injection rate by 4 times
and bring it to 60-100 liters/min.

In case of underground hydraulic fracturing,
when a large amount of water is supplied to the
coal mass per unit of time, first of all, the liquid also
moves through large cracks. Under the influence of
the "water wedge" there is an increase in the
gaping of large cracks with simultaneous closure of
cracks with a small gape due to movements and
compaction of the coal mass between the cracks.

At the initial moment of water supply in the
coal massif adjacent directly to the bottom of the
well, the zone through which the liquid moves in
the coal will generally represent a spherical radial
flow resembling an ellipsoid. After the liquid
reaches the roof and soil, the impact zone takes the
form of a truncated ellipsoid. With the further
movement of liquid from the well, the radial flow
takes the form of a cylinder of a certain radius with
a generator equal to the reservoir capacity.

The total amount of injected liquid QB (m?3) in
each well interval is calculated using the formula:

2
QB:E

7RE MKy, (10)

where Rg - is the radius of propagation of
hydraulic fracturing cracks, m;

mp - full capacity of the coal seam;

Keap - the coefficient of filling the coal massif
with liquid, during hydraulic fracturing, is assumed
to be in the range of 0.001 - 0.002.

Processing time of one interval - the estimated
operating time of the t; pump for processing is
defined as the ratio of the calculated amount of
water QB to the pumping rate qp, assumed to be
equal to the pump capacity

t, =—%, (12)
"oay
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For wells drilled through the reservoir, the
distance between the treatment intervals is
selected so that the zones do not overlap, i.e. the
sealing device after the completion of the injection
cycle must be moved at least the full length of the
two sealers. In this case, the number of processing
intervals is determined by the formula:

N=—""—, (12)

where N - is the number of processing intervals;
Lwei - the length of the well, m;
Lg is the length of the sealing device, m.

The number 20 indicates the extent of the
degassing zone near the reservoir preparatory work
for the rise or fall of the formation.

The experimental installation for hydraulic
fracturing was tested in the landfill conditions of
the Special Mine Installation and Degassing
Department, and experimental work in
underground conditions was carried out at the
Abayskaya mine along the k10 formation at a depth
of 510 m. The calculated fluid pressure at which the
opening of existing fractures and the formation of
new fractures for this depth should occur is 16.5
MPa. Hydraulic fracturing occurs at a liquid
pressure of 15-18 MPa, close to the design
pressure. To determine the methane flow rate from
the treated wells, a packer (a device designed to
separate 2 zones of the borehole and isolate the
inner space of the production column from the
impact of the borehole environment) and a
measuring device were used, with the help of
which it was established that the productivity of 1
cubic meter of the well as a result of interval
treatment increased from 0.1-0.3 to 1.031.5 m3/day
*m, i.e. an average of 7 times [17].

Results and Discussions

The increase in the depth of coal seam mining
determines the need to improve the technology of
early degassing of mine fields and methane
extraction through wells drilled from the surface.
Along with the positive aspects: separation in time
and space of mining and degassing operations; the
possibility of processing significant coal reserves
through a well; achieving stable methane
production rates with a concentration of over 90%,
there are also a number of negative factors. These
include: insufficient reliability of the method (with

the same parameters of impact on the formation,
the volumes of methane extraction from the
treated areas vary significantly); lack of technical
means to control the process of hydraulic impact
on the formation and subsequent opening of
natural cracks; no reliable relationship between the
parameters of formation treatment, its
characteristics and methane extraction indicators
has been revealed.

When pneumohydrogenation acts on a coal
seam, the phase permeability of the formation for
gas increases, regardless of the mode of air
introduction into the array, and the sorption
capacity of coal for methane decreases when the
formation is heated, due to the chemical reaction
of oxygen in the air with coal. A method for
calculating the parameters of pneumohydro-
separation of a coal seam from the surface is
presented.

Conclusion

To increase the reliability and efficiency of the
method, it is necessary to change the approach to
carrying out work on the advance degassing of
mine fields from the earth's surface. It is most
advisable to improve the method of pneumohydro-
separation of a coal seam, which is the most
technologically advanced and effective method of
exposure, using powerful high-performance
compressors that provide a rate of injection of a
gaseous working agent of more than 80 m3 / min.
During pneumohydrogenation, successive
processes of hydraulic fracturing of the reservoir
with a working fluid and subsequent air injection
occur. The technology provides for the separation
of the formation by aerated working fluid due to
the simultaneous injection of liquid and gaseous
agents at a rate exceeding the natural permeability
of the formation.

Intensification of gas release during reservoir
degassing in  underground conditions s
recommended to be carried out by inter-interval
hydraulic fracturing of a coal seam, in which the
formation is processed on fixed sections of the well.
The calculation method, operational parameters
and indicators are recommended for various modes
of hydroelectric action on the coal seam in
underground conditions during intermittent
hydraulic fracturing of the coal seam. The article
discusses the characteristics of the mine gases of
the coal seams of the Karaganda coal basin, the
features of their gas content and methods of
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artificial degassing. Studies show that with an
increase in the depth of coal seams, the gas content
increases, but their natural permeability and
methane flow rate decrease, which requires the
use of various technologies to intensify gas
recovery, such as hydraulic fracturing, hydraulic
fracturing and other methods. The article also
presents data on the effectiveness of various
methods of artificial impact on coal seams, which
emphasizes the need for further improvement of

these technologies to increase methane production
and ensure the safety of mining operations.
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Kemip KabaTtTapblH rascbi3gaHabipy Ke3iHae napameTtpaepai ecenteyain,
3aMaHayu Tacinaepi meH agicrepiH 6aranay
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TYAIHAEME

KapafaHabl 6acceliHiHAe KepacTbl KeMip eHAIPYAl AaMbITyAblH 3aMaHayu CTpaTeryachbl LWaxTa
KOpPbIH pedopmanay TyXKblpbIMAAMacbiH 33ip/eyi, Tay-KeH KYMbICTapbliH LWOFbIPAAHABIPYAbIH,
JKOHE KapKbIHAATYAbIH KOFapbl AeHreliH KamTamacbl3 eTyfi, KYKTeMeHi TayniriHe 5-6 MblH
TOHHafa AeliH KeTKi3yai ke3aenai. byn kafaanaa Herisri wekTeywi dakTop baccenHaeri Kemip
KabaTTapbiHbIH, MeTaHblHbIH, }0fapbl 60aybl 6oabiN Tabblnagbl, 0N KpUTUKanbIk Typae 30 - 40
M3/T Kemipre (opTa ecenneH 18 - 25 mM3/T) xeTeai. OHAipineTiH Kemip KabaTTapbl MeH 0n1apAbIH,
CepiKTepiHiH *KOFapbl ra3apbl/blfbl KeHiluTepaeri MeTaH XapblibiCbIHbIH, Herisri cebenTtepiHiH, 6ipi
60/1bIM, TEXHONOTUANBIK PEXMMHIH, By3blayblHa KaHe agam eniMiHe aKenin CokTbipaabl. KeH
OpbIHAAPbLIH  rascbi3AaHAbIPy MIceneci apKallaH Xegen Llwewyai Tanan eTeTiH 6Hacbim
bafbiTTapapiH, 6ipi 6onapl kaHe 6osbin Kana 6epepi. a3-AMHaMUKanblK KybblibicTap MeH
MEeTaHHbIH, KeHeTTeH 6eniHyi afam eniMiMeH, YAKeH MaTepUangplk KoHe KapHKblblK,
WbIFbIHAAPFA dKENendi KaHe COHFbl OHXblnabikTa TM/, engepiHiH, Kemip WwaxTtanapbiHAa OpbiH
anfaH anaTTapaplH, Xannbl caHbiHbiH, 25-30% Kypaigbl. Makanaga ocbl canafafbl 3amaHayu
TaXKipMbe MeH KeTICTiKTepai eckepe OTbIpbIN, MeTaHAbl a3aiTy kaHe KapafaHabl 06/bicbIHAAFbI
KOMIp LAxTanapblHbIH, KAYinci3 XyMbICbIH KamMTamMacbI3 €Ty YLiH YKOfapbl rasgbl, Kapblny Kayni
6ap Ty3inimaepai rascoizAaHAbIpyAbIH NporpeccusTi TacinaepiHe 6ara 6epingi.
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OueHKa coBpeMeHHbIX cnocoboB U MEeTOAMK pacyeTa napameTpos
npu aerasauum yronbHbIX NNacToB
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AHHOTAUMUA

CoBpemeHHan cTpaTerua passBuTMA noA3emMHoW Aobblum yrna B KaparaHgMHCKom 6acceiiHe
npeaycMaTpuBaeT pasBUTME KOHUEeNUuu pedpopmuposaHue wWwaxTHoro doHaa, obecneyeHus
BbICOKOrO YPOBHA KOHLEHTPaLUUN N MHTEHCUPUKALMK TOPHBIX PaboT ¢ AoBeAeHMEeM Harpysku Ha
O4YUCTHOM 32601 [0 5 - 6 TbIC. TOHH B CYTKU. [IpM 3TOM OCHOBHbIM CAEPKMBAOWMM HaKTOPOM
ABNAETCA BbICOKAA METAHOHOCHOCTb Yro/ibHbIX MAacToB 6acceiHa, KOTOpas KPUTUYECKM
pocturaet 30 - 40 m3/T (B cpegHem 18 - 25 m3/T) yras. BbicoKkas rasoHOCHOCTb pa3pabaTbiBaeMbIX
YroNbHbIX NAACTOB U WX CMYTHWKOB ABNAETCA OAHOM M3 INABHbIX MPUYMH B3PbIBOB MeETaHa Ha
WaxTax, MNPUBOAALLMX K HapYLIEHUAM TEXHONOTMYECKOTO pexunma U 6e3B03BpaTHbIM
YyenoBeyeckuMm kepteam. [pobnema gerasaumu WaxTHbIX Nonei Bcerga 6bi1a U CTOUT B pagy
nepBooyepeaHbIX HanpaBneHWW, Tpebylowmx onepaTMBHOrO pelleHnA. [asoAnHamMUyeckue
AB/IEHNA W BHe3aMnHble BblAE/EHNA MeTaHa COMPOBOXAAIOTCA Ye/N0BEYECKMMMU XKepTBamu,
60NbWMMU MaTeEPUANbHBIMU U GUHAHCOBBIMUM NOTepAMM, ABAAIOTCA Ha 25-30 % npuunHOM
obwero yucna asapwuid, NPOM3OWEALIMX HA YroAbHblX wWwaxtax ctpaH CHI B nocnegHee
aecatunetue. B craTbe npousBeAeHa OUEHKa MPOrpeccuBHbIX CrnocobosB  Aerasauuu
BbICOKOra3oOHOCHbIX, BbIBPOCOONACHBIX MAACTOB A1 CHUXKEHUA MEeTaHOHOCHOCTM obecneyeHus
6€30MacHOCTM  3KCNAyaTaLmMM  YroNibHbIX  LWAxT  KaparaHAWHCKOrO perMoHa ¢ y4yeTom
COBPEMEHHOrO OnbITa U AO0CTUXKEHWUI B 3TOI obnacTu.
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PeueH3nposaHue: 8 agzycma 2024
MpuHATa B Neyatb: 26 ageycma 2024
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