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Removal of Impurities from Refractory Gold Ore using Bio-reduction and
Bio-oxidation processes

!Nazirah Awang Husain,"Abdul Hafidz Yusoff, 'Wee Seng Kew, ‘Noorfazliani Shoparwe,
! Chang Shen Chang, 2Nur Nabihah Yusof, 3Muhammad Noorazlan,Mohammad M. Fares
1 Universiti Malaysia Kelantan, 17600 Jeli, Malaysia
2School of Physics, Universiti Sains Malaysia, 11800 USM, Penang, Malaysia

3 Universiti Pendidikan Sultan Idris, 35900 Tanjung Malim, Perak, Malaysia
4 Jordan University of Science & Technology, P.O. Box 3030, 22110, Irbid, Jordan

* Corresponding author email: hafidz.y@umk.edu.my

ABSTRACT

Gold in refractory gold ore is difficult to be extracted by conventional metallurgical methods due
to the presence of sulfide minerals with elevated levels of iron (Fe), sulfur (S), and arsenic (As) as
impurities, resulting in low gold (Au) recovery. Conventional methods such as cyanide leaching has
been proven ineffective for gold extraction from refractory ore due to gold being intricately bound
within the sulfide minerals. Consequently, this study explores the application of bioleaching as an
alternative to conventional cyanide leaching. Shewanella oneidensis (S. oneidensis) and

Received: January 16, 2024 Acidithiobacillus ferroxidans (A. ferroxidans) serve as bio-reduction and bio-oxidation agents,
Peer-reviewed: February 7, 2024 respectively in the bioleaching process. The composition of minerals in the ore was determined
Accepted: May 2, 2024 through XRD analysis (Model: Rigaku’s Miniflex 600) and EDX analysis (Model EDX 3). Meanwhile,

SEM analysis (Zeiss EVO LS15 SEM) was utilized to examine the morphology structure. The
concentrations of impurities (Fe, S, and As) were assessed using a spectrophotometer (Model:
DR3900 Hach) meanwhile the Au concentration was determined through ICP-OES (Model:
G8015A5110 ICP-OES). Sieved refractory gold ore samples with less than 32 um and varying in
weight (0.5g,1.0g,1.5g, 2.0 g), underwent bio-reduction and bio-oxidation processes. The results
indicated a rougher surface morphology of the raw sample as observed through SEM analysis.
Furthermore, XRD and EDX results demonstrated a decrease in impurity concentrations,
suggesting a potential increase in gold purity. Notably, the bio-reduction process exhibited a
superior enhancement in Au concentration with the value of 138.89% compared to biooxidation
with the value of 122.22%. Thus, the bio-reduction process proved more effective in increasing Au
concentration compared to bio-oxidation.

Keywords: Bioleaching, S. oneidensis, A. Ferroxidans, gold, ICP-OES.
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Introduction

Metallurgists commonly divide gold ores into
two primary categories: free milling ores and
refractory ores. Refractory gold ore, recognized as a
preg-robbing mineral, contains gold intricately
intertwined with sulphide minerals like pyrite,
pyrrhotite, arsenian pyrite, stibnite and arsenopyrite
[1]. This complex composition poses challenges in
extracting gold [2].

Refractory gold ore, a valuable material
primarily composed of sulphide minerals like
arsenian pyrite and arsenopyrite (ultrafine gold),
poses a challenge for gold recovery through
conventional cyanide leaching methods, which can
typically retrieve over 90% of gold from free-milling
ore [3]. However, refractory gold ore often exhibits
traits that hinder gold separation from sulphides,
resulting in a lower gold recovery rate (less than
20%) using the same conventional method [4]. As an
alternative, bioleaching is a method employing
microorganisms has gained significant attention
from gold miners and researchers worldwide. This
approach aims to break down preg-robbing minerals
by eliminating metal impurities, leading to an
increased concentration of gold [5].

Bioleaching methods are increasingly being
utilized for Au recovery from refractory ore that
cannot be processed effectively by conventional
methods [5]. It proposed a greener method by using
microorganisms to dissolve the impurities from the
refractory gold ore to ensure higher Au
concentration recovery achieved. This process
implied the conversion of an insoluble element to
soluble compound followed by the selected metal
recovery via either the metabolic activities or
microbe’s products [6].

In addition, bioleaching has been widely
adopted in industry for gold recovery [7], primarily
because its effectiveness hinges on the efficient
ability of microorganisms to extract gold from ores.
Therefore, microorganisms like A. ferrooxidans and
S. oneidensis have been utilized to enhance the
purity of gold compared to traditional methods like
cyanidation or carbon-in-pulp (CIP), which rely on
optimized chemical processes for achieving high
gold recovery rates [8]. Bioleaching methods offer
cost-effectiveness in terms of operational expenses
due to reduced chemical usage and lower energy
consumption when contrasted with conventional
techniques [9]. From an environmental perspective,
bioleaching is often favored as it minimizes the use
of toxic substances such as cyanide, thereby

mitigating risks associated with acid mine drainage
and related environmental hazards in sulfide-
containing ores [10]. Furthermore, ongoing research
in bioleaching focuses on improving efficiency,
optimizing microbial strains, and developing
innovative bioreactor designs, indicating the
continual advancement of these methods [11].

In the course of this research, S. oneidensis and
A. ferroxidans were employed respectively as bio-
reduction and bio-oxidation agents in the
bioleaching process. The aim was to break down
preg-robbing minerals by extracting Fe, sulfur, and
arsenic [12] which are the predominant elements in
the sample leading to a heightened concentration of
Au. Furthermore, bioleaching is recognized as an
environmentally sustainable and cost-effective
method in gold production [13]. Conversely,
bioleaching is perceived as a rapid and efficient
means of eliminating [14].

The primary objectives of this research are to
identify and characterize the mineral composition of
refractory gold ore, specifically focusing on elements
such as arsenopyrite, hematite, magnetite and
qguartz. Meanwhile, the Scanning Electron
Microscopy (SEM) used to examine the morphology
structure of the refractory gold ore. Furthermore,
the effectiveness of bio-reduction and bio-oxidation
processes in enhancing gold concentration of the
refractory gold ore was assessed by examining the
removal efficiency of metal impurities.

Experimental part

Sample Preparation

The refractory gold ore was obtained from
Benua Sunda Cari Gali. The samples were broken
down into small particles using a geological hammer
and sieved using a RETSCH Sieve Shaker AS 200
(China) until size <32 um.

Characterization of refractory gold ore

The sieve samples were sent to XRD and EDX to
determine the percentage composition of the
mineral. Meanwhile, the samples were sent to SEM
to analyze the morphology structure of the mineral.

Preparation of inoculum using S. oneidensis MR-
1 strain

S. oneidensis MR-1 strain was cultured in Luria—
Bertani broth. A single colony of bacteria from the
LB agar plate was inoculated into 5 mL of LB media
and shaken overnight at 30°C and 150 rpm [15].
Subsequently, the microbial culture was transferred
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to the autoclaved conical flask containing 50 mL of
LB media and cultivated aerobically for 5 hours at 30
°C and 150 rpm. The optical density of the seed
culture was 5 which was measured by using Genesys
20 Spectrophotometer at the wavelength of 600 nm.

Preparation of inoculum using A. Ferroxidans
strain

A. ferrooxidans strain was cultured in
Leptospirillum (hh) media [16]. 1 ml of pure strain
bacteria was added into 50 mL of Leptospirillum (hh)
media and shaken in an incubator shaker for 14 days
at 30°C and 170 rpm. After 14 days, the colour of the
medium was changed to reddish brown with 5 OD
measurements and 600nm of wavelength.

Incubation of sample for bio-reduction process
using S. oneidensis

The sterilized refractory gold samples with
different weights consist of (5 g,1.0 g, 1.5 g, and 2.0
g) were placed into 50 ml of LB media in serum
bottles. Subsequently, 0.5 ml of inoculum was
added and incubated for 19 days of bio-reduction
process at 30°C with 170 rpm. The incubation period
was 19 days which microbial growth had reached its
stationary phase. The concentration of Fe (ll) and
sulphate were measured every 3 to 4 days using the
ferrozine assay and sulfatVer 4 reagent.

Incubation of sample for bio-oxidation process
using A. ferroxidans

The sterilized refractory gold samples with
different concentrations (5g, 1.0 g, 1.5g, 2.0g) were
placed into 50 ml of Leptospirillum (hh) media. After
that, 10 ml of inoculum was added and incubated for
19 days of bio-oxidation at 30°C with 170 rpm. The
concentration of Fe (ll) and sulphate were measured
every 3 to 4 days for 19 days using the ferrozine
assay and sulfatVer 4 reagent.

Determination of Fe (Il) using Ferrozine assay

The ferric iron reduction is represented by
production of ferrous iron by ferrozine assay. 200 pl
of bioleached sample from serum bottles were
transferred into 2 ml of microcentrifuge tube and
added with 1000 pl of 0.5 M of hydrochloric acid.
During the assay, 0.5 M hydrochloric acid is applied
to keep the pH low to prevent oxidation of Fe (Il) and
to dissolve Fe (lll) particles so that Fe (ll) that is
absorbed in Fe (lll) particles were released. The
microcentrifuge was placed in the dark places for 30
minutes and then 50 ul sample from the
microcentrifuge was transferred into a cuvette
containing 950 pl of ferrozine assay. Subsequently, A

spectrophotometer (DR3900, HACH) was then d
using equation 3.1 used to take the reading using
562nm of wavelength. The final absorbance reading
of the sample obtained [17].

Fe (Il) concentration (mM):

(final absorbance reading-0.016) (1)

0.1999

Determination of iron (Fe), arsenic (As), gold (Au)
via ICP-OES

After characterization, the treated and
untreated samples were proceeded with total
digestion technique by microwave digester. The
process of digestion was followed [18], in which the
samples have been weighed about 0.5 g and placed
into the white flask. Subsequently, added 68% of
nitric acid HNO3, 48% of hydrofluoric acid (HF), and
50% of hydrogen peroxide (H,0,) were with the ratio
of 4:3:2. Later, the digested samples were sent to
ICP-OES to analyse the concentration of total Fe, As,
and Au.

Analyzation using ICP-OES

The determination of the gold, total iron and
arsenic were measured by taken 5-10 mL of the
digested samples and then measured using ICP-OES
from Agilent Technologies 5110 (California, U.S). The
calibration curve of Au was recorded in the range of
1 mg/L to 5 mg/L using 242.794 nm of Au
wavelengths. The data obtained indicated the value
of the composition mineral left in the refractory gold
ore.

Removal Percentage

The analysed results were recorded to
determine the removal percentage (R%) of the
impurities by applying the formula as shown in the
equation 3.2 [19].

R% = % x 100% (2)

Q

Where C, is the initial impurity
concentration, Ce is the impurity final concentration.

Results and Discussion

Characterization of ore using XRD

Refractory gold ore was analysed using XRD and
DIFFRAC EVA software. The aim of this
characterization was to identify the S-Q value's
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percentage of minerals presented in the refractory
gold samples. As shown in Figure 1, the percentages
in the S-Q value of impurities i.e., arsenopyrite,
magnetite, and hematite in the raw sample were
14.2%, 12.1%, and 13.4%, respectively, followed by
60.3% of quartz as the remaining mineral in the
samples. Hematite and magnetite were considered
as the principle’s ore of iron. In addition, magnetite
is a primary component of an iron oxide that
contains equal amounts of Fe (ll) and Fe (ll1) [20]. On
the other hand, the detection of arsenopyrite by
XRD indicates Au was present in the sample [21]

. Meanwhile, the presence of quartz in the
samples denotes low Au content, defining them as
refractory gold ore [22].

Arsenopyrite
Magnetite

™ Hematite

m Other

JLAAL)\‘L&AAMAA.LAA S

Arsenopyrite (14.226)

Magnetite (12.1%)

Figure 1 - The percentage in the S-Q value of mineral
composition in the raw sample

Characterization of ore by Energy Dispersive X-
ray analysis (EDX)

The characterization using EDX was performed
to determine elemental composition of refractory
gold ore. Figure 2 illustrates the percentage of iron
(Fe) and sulphur were 37.7% and 12.4%,
respectively. The presence of iron (Fe) and sulfur (S)
in the refractory gold ore was regarded as impurities
that required removal to enhance the concentration
of Au.
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Figure 2 - The elemental composition of solid surfaces
for the raw sample

Characterization of ore by scanning electron
microscope (SEM).

The morphology structure of the samples was
analyzed by SEM analysis. The surface morphology
of the raw sample is shown in Figure 3 which the
pyrite surface was relatively smooth without
treatment.

BES 20.0ka
FEae

Figure 3 - SEM photograph of raw sample

Removal of metal impurities (Fe, S, As) from
refractory gold ore

(a) Iron removal through reduction of Fe (lll) to
Fe (ll) from refractory gold ore

In this study, the removal of Fe applied the usage
of S. oneidensis MR-1 and A. Ferroxidans as the
bacteria that undergo bio-reduction and bio-
oxidation processes, respectively. Bio-reduction
process for Fe removal involved the reduction of
insoluble Fe (IIl) to soluble Fe (II). Meanwhile, bio-
oxidation implies the oxidation of Fe (Il) to Fe (lll).
The produced Fe (lll) acts as an oxidant to oxidize the
metal sulphide forming the sulphur metal and
soluble Fe (ll) ion.

Figure 4 and 5 showed a Ferrozine assay reading
at 562 nm to determine the concentration of Fe (ll)
ion for bio-reduction and bio-oxidation processes,
respectively. The weight samples in both processes
are 0.5g,1.0g,1.5¢g,and 2.0 g, with abiotic serving
as the control in the absence of bacteria strains. The
concentration of Fe (ll) was increased by days for
both processes. The result for the Abiotic sample
showed a constant reading, indicating that Fe
reduction did not occur without bacteria strains.
Based on observation for both processes, the
incubation of 2.0 g of weight sample has a higher Fe
() concentration reading as compared to other
samples.

In the bio-reduction process, Fe (lIl) was reduced
to Fe (ll) by S. oneidensis which used organic carbon
or hydrogen as an electron donor [23]. The transfer
of electrons from the cell to the iron minerals is
performed through direct contact between the cell
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and the mineral surface [24]. It means the Fe (lll) ion
gained an electron forming the soluble Fe (ll) ion to
be discarded from the refractory gold ore.

On the other hand, the concentration of Fe (ll) in
the bio-oxidation process using A. ferrooxidans also
showed an increased value as days increased. The Fe
(1) was removed by oxidation of A. ferrooxidans
which these bacteria take up O, and CO; and oxidize
Fe (II) (energy source) to Fe (lll), which dissolve
metal ions. Fe (l1l) was reacted with Sulphide mineral
and metal, and reduced to Fe (Il). The purple color
was produced when the ferrozine reagent reacted
with the Fe (ll) in the solution. The darker purple in
the solution corresponds to a higher concentration
of ferrous iron (Fe Il). Fe (ll) concentration was
chosen as a crucial parameter to regulate the
procedure for both bio-reduction and bio-oxidation.
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Figure 4 - Fe (ll) concentration obtained during bio-
reduction process within 19 days
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Figure 5 — Fe (ll) concentration obtained during bio-
oxidation process within 19 days

In addition, the remaining Fe in the refractory
gold ore after bioleaching was measured and the
result presented in Figure 6. Obviously, the
concentration of Fe in the refractory gold ore was
decreased for both bio-reduction and bio-oxidation
processes compared to the raw sample. The lowest

value of Fe concentration was shown by the weight
sample of 2.0 g indicating high removal of Fe had
been achieved compared to 0.5 g, 1.0 g and 1.5 g.
This was due to the high amount of weight sample
consisting of a large value of Fe resulting in the
increment of Fe dissolution in the ore. Moreover,
the remaining Fe in the ore after the bio-reduction
process for 2.0 g of weight sample exhibited lower
value than the bio-oxidation process. It means that
bio-reduction proposed a better process in Fe
removal compared to the bio-oxidation as Fe (lll)
was well-dissolved in bio-reduction causing the low
value of Fe left in the ore.

Therefore, Figure 7 and Figure 8 revealed the
increment of Au concentration from refractory gold
ore when the removal percentage of Fe increased
via bio-reduction and bio-oxidation, respectively. In
detail, bio-reduction with 70.12% of Fe removal
shows higher Au concentration can be achieved with
0.23 ppm rather than bio-oxidation with 0.21 ppm
with 61.81% of Fe removed.

(b) Sulphur removal from refractory gold ore through
formation of sulphate.

gold ore (ppm)
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BN W ks
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Concentration of total Fe in refractory
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Figure 6 - The concentration of total Fe in refractory gold
ore after 19 days of bioleaching process
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Figure 7 - Correlation between Au concentration and Fe
removal for bio-reduction process
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Figure 8 - Correlation between Au concentration and Fe
removal for bio-oxidation process

Bio-reduction and bio-oxidation were able to
dissolve sulphur from ore samples and formed
sulphate (soluble) by following sulphur cycle and
direct contact mechanism. The concentration of
sulphate was checked by a spectrophotometer using
SulfatVer 4 sulphate reagent. From the observation,
when the sample becomes cloudy, it possibility
determined that sulphate was present. Figures 9 and
Figure 10 illustrated the concentrations of sulphate
for bio-reduction and bio-oxidation, respectively.
From the analysis results of both processes, the
biotic samples had higher sulphate concentrations
compared to the abiotic sample.

Sulfate ion is primarily produced when metal
sulphide dissolves. S. oneidensis was used in the bio-
reduction experiment to produce ion sulphate from
the mineral sulphide (insoluble). Previous studies
revealed that specific Shewanella species link the
oxidation of organic substances (or hydrogen) to the
dissimilatory reduction of S, a reaction that doesn't
require the cell and Sp particle to come into direct
contact with each other [25]. There are two
mechanisms for microbial respiration of oxidizing
bacteria based on an interspecies sulphur cycle and
extracellular cell. In this study, extracellular cell was
interacted with SO and SO0s* to generate
thiosulphate (S,0s%) [26].

Meanwhile, the bio-oxidation process involved
oxidation of element S from refractory gold ore. This
process required the presence of both water and
oxygen [27]. Sulphur oxidation (S, S,, S,03%) can
generate energy for bacterial growth. Sulphur is a
better energy substrate than Fe (ll) because it
produces more ATP at the same molar level [28]. The
CO; fixation process of A. ferrooxidans requires both
sulphur oxidation and high redox potential electron
transfer. Bacteria can adsorb sulphur intocell surface
and transport it to the periplasmic space via
bacterial outer membrane protein [29]. After a

series of biological oxidation pathways, it is finally
oxidised to sulphate ions and released on the cell's
surface. Besides that, sulphur also can be oxidized to
sulfuric acid. Sulphur oxidation mechanisms are
classified into two types. The first one is when
sulphur is the only substrate under aerobic
conditions and is oxidised to sulfuric acid by sulphur
dioxygenase. The second one occurs when both Fe
(1) and Sulphur are used as substrates in anaerobic
conditions and Sulphur is converted to sulfuric acid
by the combined action of hydrogen sulphide Fe (ll1)
oxidoreductase, sulfuric acid Fe (lll) oxidoreductase,
and Fe (ll) oxidoreductase [30].

Moreover, the increment of sulphur removal via
bio-reduction by S. oneidensis and bio-oxidation by
A. ferroxidans resulting to the enhancement of Au
concentration left in refractory gold ore as shown in
Figure 11 and Figure 12, respectively. The bio-
reduction and bio-oxidation had removed 97.21%
and 97.70% of sulphur from the refractory gold ore
with 0.23ppm and 0.21ppm of Au concentration
obtained, accordingly. The results of removal of
sulphur only show a slight difference for both
processes. However, bio-oxidation by A. ferroxidans
was more effective as it was sulphur-oxidizing
bacteria that productively for removing sulphur
where the strain cell interacted directly with the
sulphur surface affecting to the enhancement of
sulphur dissolution from refractory gold ore [31].

(C) Arsenic removal from refractory gold ore

The reduction of arsenic was measured by ICP-
OES after 19 days of bioleaching. Figure 13 results
showed the removal of arsenic for each weight
sample was increased after bioleaching process with
the percentage removal from 82.01% (0. 5 g of
weight sample) to 84.93% (2.0 g of weight sample)
for the bio-reduction process and 91.65% (0.5 g of
weight sample) to 93.87% (2.0 g of weight sample)
for the bio-oxidation process.
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Figure 9 - Sulphate concentration obtained during the
bio-reduction process within 19 days
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Figure 10 - Sulphate concentration obtained during the
bio-oxidation process within 19 days

97.21%
100% —

90% e R2=06592
80%
70%
60%
50%
20%

Sulphur removal (%)

30%
20%
10%

0%

0.09 011 0.13 0.15 0.17 0.19 021 023

Au concentration (ppm)

Figure 11 - Correlation between Au concentration and S
removal for bio-reduction process
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Figure 12 - Correlation between Au concentration and S
removal for bio-oxidation process

The breakdown of Fe and S from arsenopyrite
(FeAsS) via bio-reduction and bio-oxidation
processes released free arsenic such as As (lll) and
As (V). In bio-reduction, As (V) undergoes a
reduction process by gaining electrons from the S.
oneidensis and producing soluble As (l111) [32]. In this
case, the removal of arsenic higher by bio-reduction
compared to bio-oxidation process because the rate
of As (V) reduction was more rapid than other
electron acceptors such as nitrate, thiosulfate,
manganese (IV) oxide, and iron resulting to the

increment of the arsenic removal [33]. Meanwhile,
the removal of arsenic from the bio-oxidation
process was not efficient compared to bio-reduction
due to the removal of As (lIl) is more difficult than
the removal of As (V) [34]. This reaction occurred
through the oxidation of Fe (lIl) to Fe (lIl) ions and
simultaneously oxidation of As (lll) to As (V)
producing some ferric arsenate [35]. Subsequently,
the removal of arsenic from refractory gold ore
affected the enhancement of Au concentration with
the value obtained 0.23 ppm and 0.22 ppm via bio-
reduction and bio-oxidation processes as shown in
Figure 14 and Figure 15, respectively.
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Figure 13 - The concentration of arsenic in refractory
gold ore after 19 days of bioleaching
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Conclusions

As a conclusion, the impurities of refractory gold
ore namely Fe, S, As were successfully reduced by
bioleaching technique using S. oneidensis and A.
ferroxidans as a bio-reduction and bio-oxidation
agents, respectively. The results from XRD and EDX
show As, Fe, S exist in the refractory gold ore. In
addition, the SEM analysis has shown a rough
morphological structure that indicates the presence

with respective R? values of 0.7109, 0.6261,
and 0.953.
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KublH eHaeneTiH anTblH KeHiHeH Kocnanapabl 6UOTOTbIKCbI3AaHY aaicTepimeH
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Makana kengi: 16 kaHmap 2024
CapanTtamagaH eTTi: 7 aknaH 2024
KabbingaHapl: 2 mamoip 2024

TYWIHAEME

KMbIH 6HAEeNeTiH anTblH KeHiHAEr anTbiHAb! K3AIMI METanNypruanblk aaicneH any KubiH, cebebi
Kocranap peTiHgae KypambiHaa Temip (Fe), KyKipT (S) »aHe mbiwbAK (As) 60naTbiH MoFapbl
cynbduaTi mrHepangap 6ap, HaTuKeciHae anTbiH (Au) a3 6eniHesi. UnaHuaTi waimanay cuakTbl
O9CTYpPAi  a4jcTep anTbiHHbIH cyAbdUATI MUHepangapmeH Kypgeni 6alinaHbiCKaHapblFbIHA
6anNaHbICTbl KWMbIH OHAENETIH KeHHEeH anTblH any YWiH TWIMCI3 eKeHairi asnenpengi. byn
3epTTeyae aaeTTeri UMaHuATi wWalkimanayFa 6anama peTiHge 6uowarimanayabl  KongaHy
3epTTenegi. Shewanella oneidensis (S. oneidensis) kaHe Acidithiobacillus ferroxidans (A.
ferroxidans) 6uowaimanay npoueciHae calikeciHWwe 6UMOTOTLIKCbI3AAHY KaHe 6MOoTOTbIFy
areHTTEpi peTiHAe Kbi3meT eTedi. KeHgeri muHepangapapiH, Kypambl XRD Ttangaybl (Mogens:
Rigaku’s Miniflex 600) skaHe EDX Tangaybl (EDX 3 yarici) apKbiibl aHbiKTanabl. COHbIMEH KaTap,
SEM tangaybl (Zeiss EVO LS15 SEM) mopdonorusbik KypblabiMabl 3epTTey YiWiH nainganaHblagbl.
KocnanapapiH, KoHueHTpauuackl (Fe, S »kaHe As) cnektpodotometpain, (yari: DR3900 Hach)
KemerimeH 6afanaHgpbl, an Au KoHueHTpauwmacbl ICP-OES (yari: G8015A5110 ICP-OES) apKbinbl
aHbIKTangpl. Ipiniri 32 Mmm-geH a3 kaHe canmasbl apTypai (0,5, 1,0 r, 1,51, 2,0 r) enekreH
OTKIi3iNireH KMblH ©HAENETIH anTblH KeHiHiH yAarinepi 6MOTOTbIKCbI3gaHy »aHe 6MOTOTbIFY
npouecrepiHeH oTTi. HaTuxenep SEM Tangaybl apKblnbl balikanfaH eHAeAMereH YAriHiH, 6eTiHiH,
Kedip-6yabipabl mopdonoruaceiH KepcetTi. CoHbiMeH KaTtap, XRD »kaHe EDX HaTuxenepi kocna
KOHLLEHTPALMACBIHbIH, ~ TOMEHAEreHiH aHblKTagabl, 6yn  anTblH  Tas3afblfblHbIH,  bIKTUMaN
JKOFapbliayblH OaikaTagbl. ATan anTkaHaa, 6uoTOTbIKCbI3AaHy npoueci 122,22% maHi bap
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61oTOTbIFYyMEH canbicTbipFaHaa 138,89% maHaepimeH Au KOHLLEHTPALMACBIHbIH, XOFapbl AeHreMiH
kepceTTi. Ocbinaliwa, 6UOTOTbIKCbI3JaHY mnpoueci OWOTOTbIFYMEH canbicTbipFaHaa Au
KOHLLEHTPALMACBIH apTTbipyAa TUiIMAipeK 6ongpl.

TyiiiH ce30ep: BuocinTiney, S. oneidensis, A. Ferroxidans, antbiH, ICP-OES.
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YaaneHue npumecen U3 ynopHoM 30/10TOPYAHOM pyAabl MeTO4aMMU
6uoBoccTaHOBNAEGHUA U Npoueccbl bBUookucneHus
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AHHOTAUMA

30/10TO 3 YNIOPHOM 30/10TOM PyAbl TPYAHO M3BAEYb TPAANLMOHHbIM META/ITYPrUYECKUM METOA0M
13-3a MPUCYTCTBMA CyNbOUAHBIX MMHEPA/IOB C NOBbILEHHbIM COAEPKaHMeEM kenesa (Fe), cepbl (S)
N MbllbAKa (As) B KauecTse MpUMecei, 4To NMPUBOAMT K HU3KOMY COAepaHuio 3o/10T1a (Au).
BOCCTaHOBAEHME. TPaAMLMOHHbIE METOABI, TaKMe KaK LMaHMAHOE BbllenadmBaHme, oKasaamch
HeahDEKTUBHBIMM ONA M3BAEYEHUA 30/10Ta M3 YNOPHOM pyabl M3-3a TOFO, YTO 30/10TO CIOMHO
CBA3aHO C CyNbGUAHBIMU MUHepanamu. Cief0BaTeNbHO, B 3STOM UCCIEL0BaHUM PacCMaTPUBAETCA
npUMeHeHne BMOBbLILLENAYMBAHMA B KA4decTBE a/bTepHaTVBbl TPAAWMLMOHHOMY LMaHUGHOMY

MocTynuna: 16 aHeaps 2024 BbllwenaumsaHuto. Shewanella oneidensis (S. oneidensis) u Acidithiobacillus FerrOXIDANS (A.
PeueHsunposanue: 7 gpespansa 2024 FerrOXIDANS) cnyaT areHTamu 6WOBOCCTAaHOBNEHUA W OUOOKUCNEHUA COOTBETCTBEHHO B
MpuHAaTa B Neyatb: 2 masa 2024 npouecce 6uoBbillenaumBaHua. CocTaB MWHeEpasoB B pyde OMpeaensnca C NOMOLLbIO

PEHTrEeHOCTPYKTYpPHOro aHanusa (mogenb: Miniflex 600 komnaHum Rigaku) v aHanusa EDX
(mogenb EDX 3). Tem BpemeHem gna usyyeHua mopdONOrMyYeckoi CTPYKTypbl UCMNO/b30BaCcA
aHanu3 COM (Zeiss EVO LS15 SEM). KoHueHTpaumu npumeceit (Fe, S n As) oueHMBanm ¢ NOMOLLbIO
cnektpodoTomeTpa (Moaens: DR3900 Hach), a KoHueHTpauuto Au onpeaenanu ¢ nomouypsto ICP-
OES (moaenb: G8015A5110 ICP-OES). MpocesHHble 06pa3sibl YNOPHOW 3010TOPYAHOM pyabl C
KPYMHOCTbIO MeHee 32 MKM U passinyHon maccoi (0,5, 1,01, 1,51, 2,0 r) noasepramcb npoeccam
6uoBoccTaHOBNEHMA U BUOOKMCNeHMA. Pe3yabTaTbl NOKasanun 6onee wepoxosaTtyto mopdonoruio
noBepxHocTU HeobpaboTaHHOro 06pasua, Habaaaemyto c nomowblo SEM-aHanumsa. Kpome Toro,
pe3ynbtatl XRD u EDX nNpoAeMOHCTPMPOBANM CHUMKEHWE KOHLEHTPAUMWU NpUMecen, 4To
YKa3biBaeT Ha MOTeHLMaNbHOE yBeAMYeHWe UYMCTOTbl 30/10Ta. lMpuMmevaTenbHo, 4TO npouecc
610BOCCTAHOB/NEHMA NPOAEMOHCTPUPOBAN NPEBOCXOAHOE YBe/MYeHMEe KOHUEeHTpauuu Au co
3HayeHnem 138,89% no cpaBHEHWIO C NpoLEeccom BMOOKUCAEHUA CO 3HaveHnem 122,22%. Takum
obpasom, npouecc 6MoBOCCTaHOBNEHWUA OKasancA 6onee 3GPEKTUBHbIM B YBENUYEHUU
KOHLLeHTPaLMKM AU No cpaBHEHUIO ¢ BUOOKUCNEHMEM.
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Knrouesvie cnosa: Buonormnyeckoe BbllenaunsaHue, S. oneidensis, A. Ferroxydans, 3on0to, ICP-
OES.
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Mini review polyurethane hybrids: preparation, characterization
and applications
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ABSTRACT

Polyurethane hybrids (PUHs) are a type of versatile materials with a broad variety of possible
applications. Considering the connections between their structure and characteristics, this is
especially true. Because of its special mechanical stability, toughness, stickiness, sustainability of

Received: March 9, 2024 the finished product, biological properties, and chemical properties, PUHs are the subject of
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extensive research and development for use in a wide range of applications. Polyurethane /acrylic
hybrids are important type of binders in coating industries due to their exceptional properties. This
mini review aims to provide an overview of different types of polyurethane/acrylic hybrids,
including waterborne, blending, and UV curable hybrids. The synthesis of these hybrids through
addition and emulsion polymerization techniques is discussed, emphasizing the importance of
achieving intimately homogenous latex. The hybrids (PUHs) enhanced the physical, chemical, and
mechanical properties of the final products including coatings, paints, adhesives, and performance
of other products. In addition, the anticorrosion coatings based on PUHs exhibits the properties of
polyurethane and acrylic to reduce or prevent the corrosion.

Keywords: Polyurethane hybrids, Acrylic, Water borne, UV curable, Blending, Emulsion
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Introduction mechanical stability [[1], [2], [3], [4], [5], [6], [7], [8],

Acrylic-polyurethane hybrids are binders based
on combining polyurethane and acrylic and become
important type of binders in coating industries
because of their high-performance properties, good
dispersion to the pigments and lower cost, as well as
the highest performance of polyurethane such as
excellent chemical resistance, adhesion,
sustainability of the final products, toughness, and

[9], [10]]. The properties of hybrids depend on the
types, concentrations, ratios, and molecular weight
of raw materials of polyurethane and acrylic. To
achieve the highest properties of polyurethane and
acrylic polymer is to synthesise polyurethane/acrylic
hybrids using addition and emulsion polymerization,
resulting in intimately homogenous latex [[10], [11],
[12], [13], [14]].
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There are different kinds of polyurethane/acrylic
hybrids: 1) emulsion waterborne
polyurethane/acrylic hybrids which produce water-
base hybrids based on different kinds of surfactants
including anionic, cationic and nonionic surfactants
as well as acrylic monomers with hydroxyl groups. 2)
blending polyurethane prepolymer with polyacrylic
through cross-linking between functional groups of
both polymers to produce a blending copolymer
with the highest physical and chemical properties. 3)
UV-curable waterborne polyurethane/acrylic to
produce eco-friendly polymer using UV-radiation for
polymerization of polyurethane-acrylic with a
network structure to improve mechanical properties
as well as chemical and corrosion resistance.
Therefore, waterborne UV-curable coating exhibited
excellent hardness, scratch-resistance, impact-
resistance as well as chemical and corrosion
resistance. 4) polyurethane/acrylic solution type:
polymerization of hybrids was prepared by solution
technique in presence of solvents including toluene,
acetone and characterized different standard
methods [[15], [16], [17], [18]].

Emulsion waterborne polyurethane/
acrylic hybrids

Stable emulsions of waterborne poly(urethane-
urea) and hybrid materials including n-butyl acrylate
(BA), glycidyl methacrylate (GMA), and perfluoro
decyl acrylate with varying acrylate contents were
effectively synthesized by Lee et al.2013 [19]. The
emulsify of the waterborne emulsion was restricted
at 40 wt. % acrylic monomer content. With the
highest acrylate content prompted expanded
molecule size, hardness, thermostability, and
water/methylene iodide-contact points, while
diminishing consistency, lengthening at break, water
enlarging and surface energy.

While Sukhawipat et al. 2020 [20] combined a
mixture of waterborne polyurethane by emulsion
technique process utilizing a mix of hydroxyl
telechelic and hydroxylated oil as the polyol. The
waterborne polyurethane showed good
dependability with 16% complete solids content and
shaped excellent coatings. Further improved
mechanical properties were accomplished by
emulsified butyl acrylate (BA) and methyl
methacrylate (MMA) co-monomers onto the
waterborne. The extent of BA/MMA was found to
impact the morphology, mechanical properties,
surface wetting, and cement strength of the films.
Waterborne hydroxyl-practical polyurethane/acrylic
emulsions for two-part coatings were created by Ma
et al. 2015 [21] through the copolymerization of

hydroxyethyl acrylate (HEA)/BA with methyl
methacrylate and acrylic-ended polyurethane
scattering. The results showed that expanding the
HEA/BA weight proportion diminished molecule
sizes, limited size circulation, and expanded
emulsion consistency. Films showed upgraded warm
obstruction, substrate bond, rigidity, and hardness,
however, decreased water opposition and expanded
wettability with higher HEA/BA proportions.
Application in two-part coatings further developed
water obstruction, decreased wettability, and
further expanded glass change temperature, warm
steadiness, attachment, rigidity, and hardness. The
review recommends that hydroxyl bunches in
polyurethane add to hydrogen holding and
covalently crosslinked networks with polyisocyanate
in the coatings. Liu et al. 2020 [22] incorporated
semi-gleam waterborne polyurethane-polyacrylate
half and half scatterings with shifting styrene/butyl
acrylate monomer proportions utilizing
arrangement polymerization and stage reversal. The
PUA films displayed superb bond qualities and great
hardness.

Qu et al. 2014 [23] synthesized semi-batch
acrylic-polyurethane  emulsions by emulsion
copolymerization, using a combination of acrylic
monomers and an isocyanate-ended polyurethane.
The authors examined the effect of polyurethane
content on the emulsion morphology and film
properties. Expanding polyurethane content
stimulated harsher film surfaces. Ultra violet
conveyance spectra diminished with higher
polyurethane content, lining up with changes in film
surface unpleasantness. Electrophoresis on an
aluminum composite surface and ensuing drying at
120°C brought about films with phenomenal
mechanical execution because of a restoring
response among polyurethane and the air
conditioner copolymer. The film gleam dropped to
4.0 after electrophoresis testing, showing possible
use in elimination electrophoresis applications.

Alvarez et al. 2018 [24] studied the combination
of waterborne polyurethane/acrylate scatterings by
joining with bisphenol-A-glycidyl dimethacrylate.
Using a prepolymer self-emulsifying approach,
waterborne polyurethane/acrylate were organized
with styrene and n-butyl acrylate in the polyacrylate
segment and isochrone diisocyanate, poly
(tetramethylene ether) lycol, dimethylolpropionic
corrosive, and ethylenediamine in the polyurethane
section. As the polymerization initiator, a redox pair
configuration of hydrogen peroxide and ascorbic
corrosive was added. Expanding the bisphenol-A-
glycidyl dimethacrylate/1,4 butanediol proportion
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expanded molecule size, yielding stable scatterings
with adversely charged particles and low thickness
regardless of high solids content (27 wt. %). The
expansion of 35 wt.% bisphenol-A-glycidyl
dimethacrylate fundamentally expanded cross-cut
attachment of polyurethane/acrylate coatings to
treated steel.

Pardini et al. 2018 [25] synthesized PU/DEA
hybrid films with pH-responsive characteristics by
preparing films with different concentrations of 2-
(diethylamino)ethyl methacrylate (DEA) and a
polyurethane based on isophorone diisocyanate
(PU). In instance, in the DEA-rich hybrid system
(50 wt. %), batch investigations analyzing Cu®* and
Zn* sorption on the polymer films show best
removal at pH 4.0 with an initial concentration of
250 mg/L for each ion. Zn?* is more favored by the
polymer systems than Cu?* is, and the equilibrium
sorption data closely match the Langmuir sorption
isotherm model.

Deng et al. 2018 [26] conducted a study, where
hybrid emulsions of waterborne polyurethanes-
acrylate were synthesized using isophorone
diisocyanate, polytetramethylene glycol, and an
acrylate monomer. The study concentrated on how
different characteristics of the hybrid emulsions and
films were impacted by the NCO/OH ratio and the
polyurethane/polyacrylic  ratio. The findings
demonstrated that the hybrids latex particles
exhibited regular spherical shapes and excellent
stability. Particularly at a polyurethane/polyacrylic
ratio of 30/70, the hybrids films displayed a
significant loss factor (tand) of 20.3 across a
temperature range of 75°C, making them suitable
for damping applications.

Degrandi-Contraires et al. 2013 [27]
demonstrated the production of urethane/acrylic
hybrid latexes for pressure-sensitive adhesive
applications by miniemulsion polymerization. The
technique provided addition polymerization of an
isocyanate-terminated polyurethane with hydroxyl
groups of one acrylic component (HEMA) and
simultaneous free-radical polymerization of acrylic
monomers. The concentration of HEMA significantly
influenced the polymer microstructure, impacting
the gel content, crosslinking density, and the
formation of smaller loops in the network. Computer
simulations using a Monte Carlo method provided
insights into the polymer microstructure, revealing
the potential for developing a new generation of
urethane/acrylic with enhanced shear resistance.
While Lopez et al. 2011 [28] conducted one-step
miniemulsion polymerization to prepare

waterborne polyurethane-acrylic hybrid
nanoparticles for use in pressure-sensitive
adhesives. The addition of polyurethane significantly
increased cohesive strength, resulting in a much
higher shear holding time, making it desirable for
pressure-sensitive adhesives. Nevertheless, phase
separation was caused by the addition of a tiny
amount of methyl methacrylate to the acrylic
copolymer, leading to a hemispherical morphology
and reduced tack energy. The study underscores the
sensitivity of viscoelastic and adhesive properties to
polymer network architecture, emphasizing the
importance of precise composition and synthesis
conditions. In order to investigate the effects of
colloidal structure, grafting between the two
polymers, and the makeup of the polymer phases on
the mechanical properties of cast films, Mehravar et
al. 2019 [29] <created a number of
polyurethane/acrylic dispersions using a solvent-
free approach. The dispersions exhibited a
polyurethane shell/acrylic core structure, translating
into a morphology that acted as a filler material,
allowing the use of high T, copolymers, and resulting
in films with exceptional mechanical strength.
Grafting between polyurethane and acrylic phases
enhanced compatibility but had a minimal impact on

mechanical characteristics. The study provides
design principles for synthesizing
polyurethane/acrylic  hybrids with  controlled
mechanical properties. Poly(siloxane—ether—

urethane)-acrylic (PU-AC) hybrid emulsions were
created by adding different amounts of
hydroxyethoxypropyl-terminated
polydimethylsiloxane (PDMS) to the acrylic-
terminated poly(ether—urethane) backbone in a
study by Yi et al. 2017 [30]. Larger particle sizes and
reduced viscosity in the hybrid emulsions were
observed upon the introduction of PDMS, according
to in situ copolymerization with methyl
methacrylate and butyl acrylate via an emulsion
technique. The resulting films exhibited improved
flexibility, = water  resistance, and surface
hydrophobicity with increasing PDMS content,
making them potentially valuable for applications
such as fouling-release coatings, biomaterials, and
surface finishing.

Waterborne polyurethane/acrylic hybrid
emulsions were prepared by Ma et al. 2015 [31]
using a hybrid synthesis technology. The content of
2-ethylhexyl acrylate and N-acryloylmorpholine
affected the hybrid emulsions and films that
resulted from the polymerization of methyl
methacrylate, butyl acrylate, 2-ethylhexyl acrylate,
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and N-acryloylmorpholine in the presence of acrylic-
terminated polyurethane dispersion, as the study
examined. This study demonstrated that the
addition of ethylhexyl acrylate enhanced film
elasticity, while N-acryloylmorpholine contributed
to high gloss, substrate adhesion, toughness, and
hardness. The combination of both monomers
produced hybrid materials with moderate
properties, and an increase in the N-
acryloylmorpholine/ethylhexyl acrylate weight ratio
resulted in changes in emulsion properties and film
characteristics, including a synergistic effect on film
gloss and increased hydrogen bond interaction with
higher N-acryloylmorpholine content.

A study on the production of hydroxyl-functional
polyurethane-acrylate (PUA) emulsions for two-
component coatings was carried out by Ma et al.
2015 [21]. The effects of changing the hydroxyethyl
acrylate/BA ratio on PUA emulsions, films, and two-
component coatings were observed through
copolymerization of varying weight ratios of
hydroxyethyl acrylate (HEA) and BA with a constant
amount of methyl methacrylate (MMA) and
acrylate-terminatedpolyurethane (PU). Increasing
the HEA/BA weight ratio led to smaller particle sizes,
a narrower particle size distribution, increased
special surface area, and higher viscosity in the
emulsions. The resultant PUA films showed
improved hardness, tensile strength, adhesion on
surfaces, and thermal resistance, but also increased
wettability and decreased water resistance.
Furthermore, in two-component coatings, the
reaction between polyisocyanate (PIH) and the
hydroxyl group of PUA resulted in covalent
crosslinking, leading to increased glass transition
temperature, improved water resistance, and
enhanced adhesion, tensile strength, and hardness
in the cured films.

The fabrication of stable emulsions of
crosslinkable waterborne polyurethanes (CWPU)
and waterborne polyurethane-acrylic (CWPU/AC)
hybrids using variable amounts of
trimethylolpropane (TMP) and acrylic monomers
was studied by Hyelin et al. 2016 [32]. The
investigation focused on the effects of these
components on emulsion stability, particle size,
viscosity, as well as the mechanical, thermal, and
surface properties of resulting film materials. The
study found that specific content limits of TMP and
acrylic monomer were critical for emulsion stability.
The film samples, enriched with silicone and fluorine
according to XPS analysis, exhibited improved
tensile strength, modulus, and hardness with
increasing crosslinkable TMP/acrylic monomer

content, demonstrating potential for high-
performance antifouling coating materials at an
optimum composition of approximately 0.04 mol/50
wt%. Zhang et al. 2014 [33] successfully prepared a
waterborne polyurethane—polyacrylic ester hybrid
emulsion (PUPA) by physically blending polyacrylic
ester emulsion (PA) and waterborne polyurethane
emulsion (PU). The hybrid nanoparticles were
characterized for  structure and chemical
components, revealing promising properties. While
PUPA-C, a humidity-sensitive coating, showed
noteworthy humidity sensitivity and retention
qualities, films made from PUPA revealed good
hardness, gloss, water resistance, and water
absorption. In their comprehensive investigation of
PU/acrylic hybrid dispersions, Mehravar et al. 2019
[34] highlight the importance of seeded emulsion
polymerization in the large-scale synthesis of
surfactant-free waterborne PU/acrylic hybrids. PU's
dominance in film formation allows the
incorporation of acrylic compositions with higher T,
values without major effects on the film formation
process. The study underscores the need for
ongoing  research, particularly  considering
environmental concerns and evolving regulations
impacting PU/acrylic hybrid synthesis. Yi et al. 2017
[35] created robust waterborne polyurethane-
acrylic (PU-AC) hybrid emulsions with different
AC/PU weight ratios (45/55 to 70/30) by using allyl
polyoxyethylene ether (APEE) as a coupling agent.
The resulting emulsions exhibited a core-shell
structure without cross-linking of copolymers.
Increasing the AC/PU weight ratio led to larger
particle sizes and broader size distributions,
accompanied by reduced emulsion viscosity. The
films that were produced using these emulsions
showed enhanced mechanical characteristics,
including higher water resistance, water contact
angle, glass transition temperature, shore A
hardness, tensile stress, and storage modulus. The
choice of acrylate type (MMA, BA, or their mixture)
influenced emulsion properties for specific
applications. The study underscores APEE's role in
establishing chemical bonds between PU and AC,
promoting self-emulsification during
polymerization, and facilitating the synthesis of high
AC/PU ratio PU-AC hybrid emulsions. Water-borne
polyurethanes (WPU) ended with vinyl groups and
various concentrations of dimethylolpropionic acid
(DMPA) were produced by Wu et al. 2019 [36].These
WPU emulsions were utilized as surfactants in the
soap-free emulsion copolymerization to produce
core-shell polyurethane/polyacrylate (PUA)
composite emulsions. The incorporation of WPU in
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copolymerization resulted in low surface tension
(38.8 mMN mA-1), and the reactive seed with WPU
achieved a high final conversion of acrylic monomer
(98%). The core-shell structure of PUA was
confirmed by FTIR-ATR, and the compatibility
between WPU and PUA improved with increased
grafting efficiency, as observed in TEM results. PUA
composite particle morphology changed from
scattered to multi-core, core-shell, and core-shell
architectures with different DMPA contents. Tensile
testing revealed reinforcing and toughening effects
in PUA films with increased DMPA content. In order
to overcome the inadequate water resistance of
conventional waterborne polyurethane (WPU), Xu
et al. 2021 [37]  created CO,-triggered
hydrophobic/hydrophilic switchable waterborne
polyurethane—acrylate (WPUA) containing methyl
methacrylate (MMA) units. The resultant WPUA,
especially with 10 weight percent MMA, showed
excellent mechanical qualities, such as high tensile
strength (16.7 MPa) and modulus (85.9 MPa), as well
as outstanding water resistance (low water uptake
of 2.15 weight percent and linear swelling ratio of
0.17 L%). The study highlighted the stable dispersion
of CO,-triggered WPUA latex particles in water and
their excellent properties post-film formation. Ma et
al. 2017 ([38] created a composite emulsion,
waterborne polyurethane-acrylate (WPUA), by
polymerizing waterborne polyurethane (WPU) as a
seed emulsion dispersion, followed by methyl
methacrylate (MMA) and BA. To examine their
impact on performance qualities, the researchers
altered the mass ratio of MMA to BA and the
concentration of polyacrylate (PA) in WPU, using
poly(propylene carbonate) (PPC) diol as a soft
segment. The resulting WPUA films showed
improved adhesion, pencil hardness, water
resistance, and hydrophilicity, indicating good
compatibility and a synergistic effect between PPC-
based WPU and PA, leading to enhanced thermal
properties and coating characteristics. Maurya et al.
2018 [39] present a comprehensive review on
polyurethane-acrylate (PUA) oligomers, a novel class
of polyurethanes produced by capping polyols with
diisocyanate and acrylate. The review covers topics
such as structure, modification, reactive diluents,
curing, and the mechanical, optical, and thermal
behavior of PUA, providing insights into the
chemistry and mechanisms underlying these
oligomers. The authors highlight the growing
demand for modifying PUA to enhance its properties
and note that the understanding of PUA chemistry
has advanced to a level where tailor-made

formulations for specific applications can be
developed. Waterborne polyurethane modified by
acrylate/nano-ZnO (PUA/ZnO) was manufactured
and employed by Jiang et al. 2018 [40] to improve
the wet rubbing fastness of cotton fabric dyed
reactively. The treated fabrics showed a notable
improvement of about 0.5-1 rate in wet rubbing
fastness, achieving a rating of 3-4. Moreover, the
treated fabrics exhibited enhanced ultraviolet
protection with a UPF level of 50+, and SEM analysis
revealed a smooth and reticular coating on the fabric
surface, contributing to improved rubbing fastness
by reducing mechanical friction forces. Using a
solvent-free technique, Shi et al. 2013 [41] created a
TDI-polyurethane/polyacrylate (TDI-PU/PA)
composite emulsion by substituting methyl
methacrylate (MMA) and butyl acrylate (BA) for
acetone as a diluent. TDI, polypropylene glycol
(PPG), 1,6-hexanediol (HDO), and dimethylol
propionic acid (DMPA) were used in the emulsion
synthesis, with the resulting latex film exhibiting
increased tensile strength and pendulum hardness.
The addition of MMA improved water resistance,
and compared to IPDI-PU/PA, TDI-PU/PA offered
cost efficiency and increased pigment loading,
enhancing film hardness, and covering power.

Blending polyurethane/acrylic hybrids

Mehravar et al. 2019 [42] zeroed in on study of
blending synthetically united
polyurethane/(meth)acrylic half and half scatterings
for wood floor coatings. Utilitarian monomers with
hydroxyl  gatherings and  different  vinyl
functionalities (acrylic, allylic, methacrylic) were
utilized for joining polyurethane and acrylic polymer
stages. The polymerization method of (meth)acrylic
monomers (bunch and semibatch) and the reactivity
of monomers during acrylic polymerization were
examined. The utilization of less responsive
monomers brought about restricted gel portion
arrangement, while additional receptive twofold
bonds prompted higher gel content and molar mass.
TEM examination showed that united mixtures
displayed more homogeneous molecule and film
morphologies. Comparing the connected and non-
united polymer films, the former showed a greater
Young's modulus and strain solidifying, with a more
articulated impact for crossovers with higher gel
content. Wood floor coatings arranged with these
scatterings showed last properties practically
identical to an industrially accessible reference
covering. Kozakiewicz et al. 2016 [43] in the second
part of the survey centers around the blend and
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portrayal of watery polyurethane-acrylic scatterings
(APUAD) with cross breed molecule structures.
These scatterings yield coatings that show better
properties analyzed than those created from mixes
of watery polyurethane scatterings (APUD) and
acrylic polymer scatterings. The paper talks about
the potential outcomes of crosslinking coatings from
APUD and APUAD, as well as the development of
filled composites, including nanocomposites, from
these scatterings. Also, the survey momentarily
sums up current uses of APUD and APUAD. The
paper features huge turns of events and
distinguishes regions where further examination is
required, zeroing in on the blend, portrayal of
APUAD, and investigating crosslinked and filled
frameworks including APUD or APUAD. Peruzzo et
al. 2011 [44] blended polyurethane/acrylate cross
breed composites with changing acrylic content (10-
90 wt.%) through emulsion polymerization of acrylic
monomers within the sight of preformed
polyurethane chains. Mixes with identical acrylic
content were likewise ready by blending
polyurethane and acrylic scatterings. FTIR, UV, SEC,
TEM, AFM, DLS, SAXS/WAXS, and gel division
examination were among the methods used to
portrayal. Mechanical characteristics, surface
roughness, pencil and Buccholz hardness, and
partially settled water contact point. The half breeds
displayed crosslinked structures with changing
molecule and film morphologies in view of acrylic
content, showing non-straight conduct in film
properties. Actual mixes exhibited a steady change
from polyurethane to acrylic. FTIR showed preferred
similarity in mixture frameworks over in actual
mixes. By SAXS, crossover composites containing up
to 70% acrylic were homogenous, while AFM
uncovered ease isolation in mixes at all piece levels.
Mehravar et al. 2017 [45] investigate the glue
properties of strain delicate cements (public service
announcements) got by mixing latexes with various
qualities. Generally, public service announcement
execution is surveyed in view of the sub-atomic load
of the solvent polymer division and gel content. In
any case, the examination recommends that
depending entirely on gel portion and sol atomic
weight distorts the portrayal. All things considered,
the review stresses the requirement for an extensive
comprehension of the whole sub-atomic weight
dissemination, decided utilizing Lopsided Stream
Field-Stream Fractionation (AsFIFFF), for a more
significant connection between polymer
microstructure and glue properties. Saeed et al.
2013 [46], conducted a study where emulsion-
synthesized polyurethanes/polyurethane blend

resins offer an environmentally conscious solution
by minimizing solvent usage during leather resin
application, thereby addressing pollution concerns.
The resulting films exhibit desired properties such as
high flexibility, gloss, fast-dry, and non-flammability,
coupled with high thermal stability and cost-
effectiveness. PU/PA-1, PU/PA-2, and PU/PA-3
blend resins exhibit notably varied drying times (4.0
to 7.0 min), with the faster curing reaction in PU/PA-
1 attributed to a higher hexamethylene diisocyanate
(HDI) content, leading to enhanced crosslinking. By
adding polyacrylate resin emulsions, the films
become impermeable in organic solvents and water,
extending the polyurethanes' application
endurance.

Mohamed et al. 2020 [47], conducted research
focused on developing an eco-friendly water-based
protective coating for steel pipelines, aiming to
replace coatings containing hazardous materials to
eco-friendly ones. The coating, formed by blending
acrylic emulsion (AC) with varying proportions of
polyurethane (PU) polymer, underwent
comprehensive characterization to assess chemical
structure and morphology. Additionally, the
innovative mixed metal pigment that was generated
from bauxite ore was added to the modified acrylic
emulsion (AC-PU). The formulated coatings,
particularly those with AC mixed with 15%
polyurethane and the prepared pigment,
demonstrated superior corrosion protection in 3.5%
NaCl and 10% HCI solutions compared to other
formulations and individual polymers. Negim et al.
2023 [48] prepared polyurethane hybrids based on
different kinds of polyurethane and 2-hydroxyethyl
methacrylate to modifiy unsaturated polyester
resins. The results showed that the polyurethane
hybrids improved physical and mechanical
properties of polyester due to the crosslinking
between hybrids and polyester.

UV curable waterborne polyurethane/acrylic

The raw ingredient for UV-curing coatings is
waterborne polyurethane that is UV-curable.
Environmentally friendly and safer than solvent-
based paints are waterborne UV curing coatings.
Since UV-curing technology is environmentally
friendly and has superior qualities including high
hardness, gloss, scratch resistance, and chemical
resistance because of the high crosslink density from
the acrylate group, it has therefore been proposed
as a solvent-borne coating replacement. When
creating products with unique waterborne qualities
like low skin irritation and no flash point, UV
polyurethane might be a useful tool. UV-curable
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waterborne polyurethane dispersions made by
addition of copolymers of polycarbonate diols with
various end-capping groups. According to the
molecular weight (800, 1000, or 2000 g/mol) of
polycarbonate diols, the physical properties were
analyzed, and the authors [49] investigated the
impacts of the polyol molecular weight on the UV-
curing behavior. Similar research was conducted to
determine how the end-capping group's
functionality affected the physical characteristics
and behavior of UV curing. To give the end-capping
group functionality, 2-hydroxyethylmethacrylate, 2-
hydroxyethylacrylate, and pentaerythritol tri-
acrylate were utilized, in that order. The findings
demonstrated that when the molecular weight of
the polycarbonate diols decreased, so did the
pendulum hardness, curing rate, and conversion.
Compared to the other dispersions with mono-
methacrylate or mono-acrylate functionality, the
dispersion with tri-acrylate functionality on end-
capping groups exhibited significantly higher
pendulum hardness, curing rate, and conversion.
UV-curable polyurethane dispersions were created
by Kim et. al. (2006) [50] using varying prepolymer
chain lengths and capping agents, such as 2,3-epoxy-
1-propanol (glycidol) and 2-hydroxyethyl acrylate.
Because the terminal isocyanate groups were
capped with glycidol, the resulting films based on
polyurethane dispersion had exceptional hardness,
maximum elongation at break above 200%, and
were tack-free before curing.

Conclusion
Polyurethane hybrids (PUHs) are versatile
materials with a wide range of potential

applications. The combination of polyurethane and
acrylic in hybrid binders has gained significant

attention in the coating industry due to their
exceptional properties. Polyurethanes hybrids,
particularly those incorporating acrylic components
offer a wide range of properties and applications.
The synthesis and characterization of
polyurethane/acrylic hybrids through various
techniques, including emulsion and addition
polymerization, have been discussed. The resulting
polyurethanes hybrids exhibit improved mechanical
stability, adhesion, toughness, and chemical
resistance. These materials have shown great
potential in coating industries, two-part coatings,
damping applications, and pressure-sensitive
adhesives. Further research and development in this
field can lead to the exploration of new hybrid
combinations and the enhancement of their
properties for various applications.
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MuHu-0630p NnoanypeTaHOBbIX rM6PUAOB: NoNyYeHue,
XapaKTepuUCcTUKa U NnpuMeHeHue

1 El-Sayed Negim, 2Marwan Shalash, 3 Mykaraesa X.C., * Baligynnaesa A.K., ! Andpepos T.K.,
1HyprasuHa A.A., 1 Kapabaesa A.E., ‘Moshera Samy

1 KazaxcmaHcko-bpumatckuli mexHuveckuli yHusepcumem, Aamamel, KasaxcmaH
2 Hay4Hbll Konnedx, YHusepcumem CegepHoli epaHuybl, Apap 9280, Caydoseckas Apasus
3UHcmumym ecmecmeo3HaHua u 2eozpaguu KasHIMY umeHu Abas, Anmamel, Kazaxcma
4 Kasaxckuli HayuoHanbHbIG meduyuHckul yHusepcumem um. C.A. AcpeHdusposa, Anmamel, KazaxcmaH
> HayuoHanbHbIl uccnedosamesnsckuli yeHmp, ya. 3ae byxym, 33, Jokku, Muza 12622, Ezunem

AHHOTAUMA
MonuypetaHosble rMbpuabl (MYF) npeacTtaBnAloT coboi TMN YHWBEPCA/bHBIX MATepUanos C

LUMPOKMUM CMEKTPOM BO3MOMKHbIX MPUMEHEHWUWA. YuMuTbIBas CBA3b MEXKAY WX CTPOEHUEM U
XapaKTepUCTUKamMK, 3TO 0cobeHHO aKTyanbHo. Bnarosaps csoeit 0coboit mexaHUuecKoi

CTabWUNbHOCTM, NPOYHOCTW, JIUMKOCTU, YCTOMYMBOCTM FOTOBOTO NPOAYKTa, bGuonornyeckum w
Noctynuna: 9 mapma 2024

PeueH3nposaHue: 29 mapma 2024
MpuHaTa B Nevats: 3 mas 2024 MCNO/Ib30BaHNA B LUIMPOKOM CNeEKTpe NpuMeHeHnin. MTbpuabl NonnypetaHa U akpuaa ABAAIOTCA

XUMmnyeckum ceoictsam MY aBAsoTCA NpeaMeToM 0BLWUPHbIX UCCNef0BaHWiA U pa3paboTok ansa

BaYKHbIM TUMOM CBA3YIOLWMX B JIAKOKPACOYHOM MNPOMBILIEHHOCTM 6arofapa  CBOMM
MCKIOUYUTENIbHBIM CBOWCTBaM. Lienbto 3Toro muHu-ob63opa asnseTca npegoctasneHne obsopa
Pas/IMUYHbIX TUNOB rMBPMA0B NOANYPETaHa M aKpWAa, BKYan rubpumapl Ha BOAHOM OCHOBE, CMecH
n rmbpuapl, oteepxaaemole YO-usnydeHmem. O6cyRaaeTca CUHTES STUX rTMEPULOB C MOMOLLLIO
MEeTOL0B aAANTUBHOM M 3MY/IbCMOHHOW NOMMEPU3ALLMM, NOAYEPKMBASA BAKHOCTb SOCTUMNKEHUA
MaKCMMaNbHO FOMOTEHHOrO NlaTeKca.

Knrouyesbie caoea: NnonnypetaHoBble rMbpuapl, akpua, Ha BOLHOW OCHOBe, OTBepXaaemble Y-
N3ly4YEHNEM, CMELIMBAHWUE, IMYIbCUA.
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ABSTRACT

In our country, the problem of water purification remains urgent, with the growth of external
factors contributing to this, which can include an increase in the number of industrial enterprises,
the development of agriculture, urban growth and others. To solve the problem of water
purification it is economically advantageous to create new sorbents, with the available resources
in our country.For the processing of of bentonite clay under experimental conditions, instrumental
test methods were chosen using a scanning electron microscope (SEM) of the Jeol JSM-6490I V
brand, a multi-parameter portable cyberscanner (PCD 650 Eutech) and a Q-1500 Derivatograph.
In this article, we studied the bentonite of the Darbaza deposit. For physico-chemical analysis of
clay from the Darbaza deposit, a specially selected sample was crushed, and sieved and its
chemical composition was determined. Results. Based on the results of instrumental studies, the
elemental and mineralogical composition of bentonite clay from the Darbazinsky deposit was
determined using a scanning electron microscope JSM-6490I V (Jeol, Japan) using the energy-
dispersive method. The resulting sorbent based on bentonite clay has a high sorption capacity and
is recommended for use in the treatment of wastewater from chemical industries. The resulting
sorbent based on bentonite clay from the Darbaza deposit makes it possible to purify wastewater
from phosphate production from phosphate and other ions up to 60%. The developed sorbent
based on bentonite clay has environmental and economic efficiency and connections with the use
of local natural resources. Thus, it should be noted that for adsorption treatment of wastewater
from chemical industries with a high degree, it is possible to use effective sorbents based on
bentonine clays from the Darbaza deposit. It should also be noted that the use of bentonite clays
for water purification by the sorption process is an effective and affordable alternative to
adsorbents that show high adsorption capacity for various compounds.

Keywords: bentonite, Darbaza deposit, water treatment, montmorillonite, adsorption, heavy
metals.
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Introduction

The problem of wastewater treatment, since the
second half of the 20th century, is relevant for all
countries of the world. From the colloid-chemical
point of view, wastewater is a heterogeneous
mixture of dissolved, colloidal and suspended-in-
water impurities of organic and inorganic nature.
One of the main pollutants of natural waters is heavy
metal ions coming with the wastewater from
galvanic shops, mining, ferrous and non-ferrous
metallurgy, and machine-building plants.

There are quite a lot of purification methods, but
the simplest and most effective methods of water

purification are adsorption methods [[1], [2], [3],
[4]]. The advantages of these methods are high
efficiency, possibility to treat wastewater containing
several substances, as well as recovery of these
substances. The efficiency of adsorption purification
reaches 80-95 % and depends on the chemical
nature of the adsorbent, the size of the adsorption
surface and its availability, the chemical structure of
the substance and the chemical form of its presence
in the medium. Kazakhstan is famous for its rich
deposits of various minerals, as well as natural clay -
bentonite, the properties of which will be
investigated in this article. The diverse application of
bentonite is conditioned by its physical and chemical
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abilities. The greatest use of bentonite clay is in
medicine, drilling, metallurgy, foundry,
construction, agriculture, environmental programs,
adsorbents, fillers, etc [[5], [6], [7], [8], [9]].

The world bentonite reserve is 5.5 billion tons,
45% of which is accounted for by China, and 15% by
the United States, the remaining reserve is
accounted for by Russia, Turkey, Greece, India, etc.
Kazakhstan has large reserves of bentonite clay, only
in South Kazakhstan there are more than 6 deposits
of bentonite, Keles, Darbaza, Lenger, Andreevs,
Dzerzhin, lldersay, etc., in East Kazakhstan there are
known such deposits as Tagans, Dinosaur,
Manraksk, etc. The total reserve of bentonite clay is
more than 150 million tons [10].

Since the problem of water purification from
various pollutants remains urgent, and our country
is rich in the presence of many deposits of bentonite
clay, which in composition is not inferior to
Wyoming bentonite (USA), it is economically
advantageous to use it for water purification. Of the
many known methods of purification, sorption
methods of purification are economically
advantageous and effective, as the efficiency of
sorption can reach 80-90% depending on the nature
of the adsorbent used [11].

Natural clay minerals are widely used as
sorbents. They have good physical and chemical
characteristics as well as high absorption capacity.
Adsorption properties of bentonites can be
regulated both by methods of physical action and by
chemical activation.

From a practical point of view, bentonite
occupies a special place among clay minerals. One of
the areas of bentonite use is wastewater treatment
from chemical contaminants, where it is used as a
sorbent.

Experimental part

The initial sample of clay with sorbing
properties was selected in the South Kazakhstan
region, Saryagash district, Darbaza deposit.

The following methods of physical and chemical
analysis were used to study the structure and
structure of clay: scanning electron microscope, FTIR
spectrometer and X-ray phase analysis. The
chemical composition of bentonite was determined
using a JSM6490LV scanning electron microscope.
The IR absorption spectra were taken on a
ShimadzulRPrestige-21 FT-IR spectrometer with a
Miracle total internal reflection (TIR) attachment by
PikeTechnologies.X-ray phase analysis was carried

out on a Bruker D8ENDEAVOR diffractometer
(Germany).

Differential-thermal analysis of the initial
sample of bentonite clay of Darbazin deposit,
selected on the floodplain of the Keles River was
performed on a Q-1500 derivatograph in the
laboratory "Sapa" of M. Auezov SKU. For physico-
chemical analysis of clay from Darbaza deposit, a
specially selected sample was crushed, and sieved
and its chemical composition was determined.
Figure 1 shows bentonite samples in the original and
pulverized form.

Bentonite clay is a complex rock, the base of
which is montmorillonite, which has the formula
SigAl4020(0OH)4 x NH,0, where silicon can be replaced
by various cations (aluminum, iron, zinc,
magnesium, calcium, sodium, potassium, etc.).
Montmorillonite has a three-layer crystalline
structure, the outer layers are silicon-oxygen
tetrahedrons, with silicon in the middle and
associated hydroxyl groups or oxygen at equal
distances from it. The middle layer is represented as
octahedrons with oxygen atoms or hydroxyl groups
in the tops and aluminum, iron or magnesium atoms
between them [[12], [13]].

Figure 1 - Bentonite samples in initial and crushed form
of Darbaza deposit

In order to study the composition of bentonite
clay, the result of a scanning electron microscope
(SEM) was obtained (Figure 2), and the elemental
composition of the initial clay sample of the Darbaza
deposit was determined (Table 1).

onvas wxana 4900 vewn. Kypoop: 0.000

Figure 2 — Microstructure and elemental analysis of
bentonite clay of Darbaza deposit
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Table 1 - Elemental composition of bentonite clay of
Darbaza deposit

Elemental composition of clay

Weight %
18|18 |6 |2 ) |s |¢
z = < @ X © = g
1.48 | 2.61 | 14.87 | 51.4 | 2.66 | 1.29 | 0.80 | 9.98

The elemental composition of the sample shows
that the bentonite of the Darbaza deposit contains
large amounts of silicon, aluminum and iron
compounds, which explains the adsorption capacity
of the studied object, it should also be noted the
content of associated metal compounds in the form
of oxides, hydroxides, carbonate and sulfate salts,
which reduce the adsorption capacity of the object.
In practice, to improve adsorption properties
bentonite is subjected to activation, which in turn is
divided into chemical and acidic [14].

To determine the mineral composition of the
clay of the Darbaza deposit, IR spectroscopy and X-
ray phase analysis were performed (Figure 3,4).
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Figure 3 - IR spectrum of bentonite from Darbaza deposit

Decoding of spectra shows that in bentonite of
Darbaza deposit small peaks in the region of 1600-
1700cm™ and 3600-3700cm™ are observed, which
are characteristic for Na-O and O-H groups. The
presence of peaks in the region of 950-1050 cm™
confirms the presence of the main group Si-O, which
is one of the main constituents of bentonite. Peaks
in the region of 740-800 cm® which are
characteristic of Al-O are observed.

Figure 4 - XRF of Darbaza bentonite

Analysis of the data obtained by XRF showed
that the bentonite clay sample from Darbaza deposit
has three intense and several non-intense
diffraction maxima: - d equal to 5.02; 3.342; 1.55 are
characteristic of the phases of muscovite, which has
the formula K,0-3Al,03-6S5i0,:2H,0;

-dequalto 3.21; 2.77; 2.227; 1.995; 1.560; 1.49;
1.292 are characteristic phases of potassium
feldspar, which has the formula Na;0-Al,03-6Si0;

- d equal to 4.47; 3.42; 3.06; 2.60 are
characteristic of phases of montmorillonite, which
has the formula SigAl4020(OH)4 x nH,0;

- d equal to 3.85; 2.291; characteristic of
kaolinite phases, Al,05:25i0,*2H,0.

The presence of minerals, bentonite muscovite
explains the sorption properties of the studied
bentonite sample. Graphical dependences of DTG
and DTA curves on temperature are shown in Figure
5.
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Figure 5 - DTA of Darbaza bentonite

Analysis of the obtained graphical data showed
that the studied sample is characterized by two
pronounced and one insignificant endo-effects and
four exo-effects. Endoeffect at T=180°C indicates the
removal of surface moisture and at 550 °C partial
desulfatization of iron-containing impurities. The
exoeffect at 870°C is characteristic  of
decarbonization of magnesium and calcium
carbonates. Insignificant exo-effects at 280-450°C
are characteristic of burnout of organic impurity
components. Exoeffects at 525-530 °C indicate the
burnout of sulfur impurities of bentonite clay.

Activation [15] of bentonite clay is carried out as
follows: A certain mass of bentonite clay is
suspended in a water-sprite solution (ratio 1:1.5
cm?, temperature 80-100 °C) for 60 minutes and at
the same time a modifier solution is prepared by
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dissolving octadecylamine in aqueous-alcohol a
solution containing an equimolar amount of
hydrochloric acid (up to pH = 7.0) at the same
temperature. A solution of octadecylammonium
chloride salt is added in portions to the bentonite
clay suspension with continuous stirring throughout
the entire period of the activation process. After
dosing of the modifier solution is completed, the
suspension is stirred for an additional 30 minutes
and cooled to room temperature.

To separate unbound activated bentonite clay, it
is centrifuged repeatedly, washed with a hot
aqueous-alcohol solution, and then with distilled
water [16]. The completeness of washing is assessed
by the residual content of chlorine ions by adding a
few drops of a 5% silver nitrate solution to the
mother solution. The resulting product is dried at a
temperature of 80°C in a vacuum to constant weight.
The cation exchange capacity of bentonoite clay is
90 mEq/100 g with an average silicate platelet
diameter of ~75 nm. To determine the functional
groups of the resulting activated bentonite clay,
spectral analysis was carried out with an IR Fourier
spectrometer (Zhimadzu IR Prestige-21). The result
of IR spectroscopy after the activation process is
shown in Figure 6.
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Figure 6 — IR absorption spectra of Darbaza bentonite
clay after activation

According to the results of the IR spectra it was
revealed that Darbaza activated bentonite clay
appears absorption bands in the region of 2924 and
2854cm™ related to stretching vibrations of the
methylene group and also corresponds to the
asymmetric bending vibration of methyl groups in
the region of 1458cm™. The absorption bands at
1712-1735 cm? are characteristic of stretching
vibrations of acrylate groups. Pendulum vibrations
of methylene groups in the region of 798 cm™ are
also observed. There is a slight increase in the
absorption band with a peak at 1010 cm™ (1100-837
cm™?) corresponding to the stretching vibrations of
the Si-O-Si group.

Table 2 — Physico-chemical and mechanical properties of
sorbents based on bentonite clay

Name Density, Specific surface
g/cm?3 area, cm?/g
2.07 1380
Bentonite clay Average Strength,
from the Darbaza granule, MPa
deposit mm
10-13 4.4
Density, Specific surface
g/cm3 area, cm?/g
Activated 2.30 1445
bentonite cl
entonite cay Average Strength,
from the Darbaza
. granule, MPa
deposit
mm
10-13 5.25

From Table 2 it follows that the physico-
chemical and physico-mechanical parameters of
acid-activated bentonite clay are higher than those
of a conventional bentonite clay sample and can
increase the mechanical strength of sorbents to 5.25
MPa, which facilitates repeated use for wastewater
treatment.

Determination of the physicochemical and
mechanical parameters of the sorbent based on
bentonite clay before and after activation was
carried out by GOST 28177-89 [[17], [18]].

The discussion of the results

The obtained results of elemental analysis in
Table-1 confirm that the bentonite clay of the
Darbaza deposit belongs to the alkaline earth group.
Since its complex consists of calcium and magnesium
cations. Bentonite has a porous structure, due to
porosity - high swelling, which determines their
optimal sorption characteristics. The mechanism of
sorption of bentonite clays is that sorbates are
introduced between planes, while the structure the
layers themselves remain unchanged. It should be
noted that scientists [19] have concluded that the
sorption process on bentonite clay is predominantly
a physical process, includes ion exchange and is
controlled by diffusion in the solution film.

The resulting sorbent based on bentonite clay
has a high sorption capacity and is recommended for
use in the treatment of wastewater from chemical
industries.

The sorption capacity and the dependence of
the process on the time and temperature of the
resulting sorbent are shown in Figure 7.
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Figure 7 - Dependence of adsorption on process time.

From Figure 7 it follows that the adsorption
capacity of the resulting sorbent increases by 10-
15% after activation. The studies were carried out on
a laboratory installation with software control of a
liquid flow rate of 3.5-4.0l/min, in the temperature
range of 20-40°C. In laboratory studies, we used
wastewater from the mineral fertilizer plant (MFP)
of LLP «Kazphosphate», characterized by the
presence of the following chemical compounds, %:
P,0s-2,0-2,1, SOs-0,6-0,8, Ca0-2,8-3,1, K,0-0,6-0,8,
MgO -0,8-1,1, A1,03-0,8-0,9, Fe,03-0,3-0,4.

After using the sorbent, the chemical
composition of the wastewater has the following
composition, %: P,0s-1,1,0-1,2, SO3-0,3-0,33 CaO-
1,5-1,7, K,0-0,2-0,2,5 MgO -0,3-0,4, A1,0-0,3-0,4,
Fe203—0,1-0,15.

The composition of wastewater before and after
the sorption process was determined according to
GOST 26449.1 [20].

Based on the results of the experimental studies,
it can be concluded that the resulting sorbent based
on bentonite clay from the Darbaza deposit makes it
possible to purify wastewater from phosphate
production from phosphate and other ions up to
60%.

Conclusions

Based on the results of instrumental studies, the
elemental and mineralogical composition of
bentonite clay from the Darbazinsky deposit was
determined using a scanning electron microscope
JSM-64901 V (Jeol, Japan) using the energy-
dispersive method. Differential thermal analysis was
used on a bentonite clay sample to monitor changes
in the raw material that occur as a result of heat
treatment. Based on X-ray phase analysis, the phase
composition of bentonite clay was determined. IR
spectroscopic analysis was also carried out to
determine the structural features of the starting raw
materials and the finished product.

The developed sorbent based on bentonite clay
has environmental and economic efficiency and
connections with the use of local natural resources.
Thus, it should be noted that for the adsorption
treatment of wastewater from chemical industries,
it is possible to use effective sorbents based on
bentonine clays from the Darbaza deposit to a high
degree. It should also be noted that the use of
bentonite clays for water purification by the
sorption process is an effective and affordable
alternative to adsorbents that show high adsorption
capacity for various compounds.
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Xumua eHAipiciHiH, aFbIHAbI CyNapbiH Ta3anay ywiH 6eHTOHUT ca3bl HerisiHae

copbeHT any aaiciH 3epTrey

MwaHoBa M.H, Kagup6aesa A.A., Capbin6ekoBa H.K.

M. dye3o08 ameiHOaFbl OHMycmik KasakcmaH yHusepcumemi, LeimkeHm, KazaxcmaH

Makana kengi: 12 Haypei3 2024
CapantamapgaH eTTi: 4 cayip 2024
KabbingaHapl: 4 mameip 2024

TYWIHAEME

bi3giH, enimizge cyapl TasapTy maceneci e3ekTi 6onbin Kana bepedi. ByFaH eHepKacinTik
KCiNOpbIHAAP CaHbIHbIH, Kebeti, ayblN LWapyaLUbIIbIFbIHBIH, AaMybl, KananapapliH, ecyi xaHe T.6.
CbIpTKbI pakTopnapablH, ecyi biknan eteai. Cyapl TazapTy MaceneciH wely ywiH 6i3aiH enimisge
6ap pecypctapgaH kaHa copbeHTTep asy SKOHOMMKanbIK TypFblaaH TMiMai 6onbin Tabbinagpl.
JKCNepUMEHTTIK KaFaannapaa 6eHTOHWUT casblH eHaey ywiH Jeol JSM-64901 V ckaHepneywi
3NEKTPOHAbI MMKpocKon (SEM), ken napameTpi noptaTueTi Knbep ckaHep (PCD 650 Eutech) xaHe
Q-1500 pepuBatorpadbl apKblabl acmanTblkK —CbiHAK aAicTepi TaHganabl. 3epTreynepain,
HaTUKenepi BGOMbIHWA 3Heprua-aucnepcuansik agicned JSM-64901 V  (Oxeon, Xanowus)
CKaHepneywi 3NeKTPOHAbl MMKPOCKONTbIH, KemerimeH [lap6a3a KeH OpHbIHAAFbl GEHTOHWUT
Ca3blHbIH, 3N1EMEHTTIK KaHe MUHEePaNoruANbIK Kypambl aHbIKTanapl. AnbiHFaH 6EHTOHUT BanlbiK
HerisiHaeri copbeHT Kofapbl COPOUMANBIK KabineTke ue KaHe XMMUA BHEPKICIBiHiH, aFbiHAbI
CynapblH Ta3apTyaa KONAaHyFa yYCbiHbINaabl. [lapbasa KeH OpHbIHAH anblHFAH GEHTOHUT Ca3blHbIH,
HerisiHae anbiHFaH copbeHT docdaTt eHAipiciHiH, aFbiHAbI cynapbiH docdatraH xaHe backa
noHaapaaH 60%-fa aeWiH TasapTyfa MYMKIHAIK 6epepi. BeHTOHUT casbl HerisiHAe »acanfaH
copbeHT KepriniktTi Tabufu pecypcTapapl nNaiAanaHblIFAHABIKTAH  KONOMUANDBIK  XKaHe
3KOHOMMKanbIK Tuimai 6onbin Keneai. COHbIMEH, XMMMA OHEPKICIBiHIH, afblHAbl CyNapblH
aacopbumanbik TasapTy ywiH [apba3a KeH OpHblHbIH GEHTOHUTTI ca3 HerisiHgeri Tuimai
copbeHTTepai Kofapbl Aapexene KongdaHyfa 6onatblHAblFbl  aHblkTanabl.  CoHpaii-ak,
copbuMANbIK NPOoLECcC apKbiabl CyAbl Ta3apTy YWiH GeHTOHWT casgapbliH NaiganaHy apTypAi
KOCbI/IbICTAp YLUiH »Ofapbl aacopbumanbiK KabineTiH KepceTeTiH agcopbeHTTepre TMIMAi KaHe
KomKeTiMAi 6anama 60bin TabblNATbIHbIH aTan OTKEH YKeH.

TyiiiH ce30ep: 6eHTOHUT, [apbasza KeH OpHbI, CyAbl Ta3apTy, MOHTMOPU/IOHUT, agcopbuus, aybip
meTangap.
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UccneposaHue nonyyeHus cop6e|-|'ra Ha OCHOBe 6@HTOHUTOBOWM INIUHDI AnAa
OYUCTKUMN CTOYHDbIX BOA XUMUYECKUX NpOon3BoAacCcTB
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AHHOTALUMUA

B Hawei cTpaHe npobsema OYMCTKM BOAbl OCTAETCA aKTyaNbHOM, Mpuyem 3Tomy crnocobcrsyeT
POCT BHELWHMX GaKTOPOB, K KOTOPbIM MOYKHO OTHECTU YBEe/IMYEeHWE KONMYECTBA MPOMbILLAEHHbIX
npeanpuATUIA, Pa3BUTUE CENbCKOTO XO3AIMCTBA, POCT rOPOA0B U Apyrue. Ansa peweHuns npobaembl
OYMCTKM BOAbI SKOHOMMYECKM BbIFOAHO CO3JaHME HOBbIX COPOEHTOB, U3 UMEIOLLMXCA B HaLLen
cTpaHe pecypcos. 1A 06paboTKn BEHTOHUTOBOM MMMHbI B 3KCNEPUMEHTANbHbIX YCA0BUAX Bblan
BblOpaHbl WMHCTPYMEHTaNbHblE METOAbl WCMbITAHUM € UCMNO/Ib30BAaHMEM  CKaHMPYIOLLEro
3N1EKTPOHHOro MwuKpockona (COM) mapku Jeol JSM-64901 V, MHOronapameTpuyecKoro
nopratMeHoro KubepckaHepa (PCD 650 Eutech) u gepusatorpada Q-1500. Mo pesynbratam
MHCTPYMEHTa/IbHbIX WMCCNEfOBaHUI onpeaeneH 37eMeHTHbI U MUHEepasorMyeckuii coctas
6EHTOHUTOBOW NHbI M3 [JapbasMHCKOro MeCcTOpOXAEHUA C UCMONb30BAHUEM CKaHWPYHOLLEro
pPacTpoBOro 31EKTPOHHOrO MUKpockona JSM-64901 V (Jeol, finoHWA) 3Hepro-aAMCnepcUoHHbIM
MeToA0M. MoNyYeHHbI COPHEHT HA OCHOBE BEHTOHUTOBOM FMHbI UMEET BbICOKYIO COPOLMOHHYIO
CNocobHOCTb M PEKOMEHAYETCA NPUMEHATb MPU OYMCTKE CTOYHBIX BOS, XMMUYECKUX MPOU3BOACTB.
MonyyeHHbI copbeHT Ha OcHOBe BGEHTOHWTOBOM WHbI U3 [apbasnHCKOro MecTOpOXKAEHUA
No3BO/IAET OYUCTUTL CTOYHbIE BOAbI pochaTHOro Npon3soacTBa oT pocdaTHbIX 1 APYrMX MOHOB A0
60%. Pa3paboTaHHbIi cOpbeHT Ha OcHOBE GEHTOHMTOBOMN TNWHbI MMEET 3KONOTMYECKY U
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3KOHOMMUYECKYI0 3GEKTUBHOCTb, CBA3M C WMCMOb30BAaHUEM MECTHbIX MPUPOAHbLIX PECYPCOB.
Takum obpasom, cnepyet OTMETUTD, YTO A/15 3ACOPOLIMOHHOWM OUMCTKM CTOUHBIX BOA XUMUYECKUX
NMPOM3BOACTB C BLICOKOW CTEMEHbIO BO3MOMHO MCMO/b30BaHUE 3OPEKTUBHBIX COpbEHTOB Ha
0cHOBe 6EHTOHMHOBbLIX FMMUH U3 [Jap6asuHCKOro MecTopoXaeHus. Takxe cneayet OTMETUTb, UTo
MCMONb30BaHWE GEHTOHUTOBbLIX [AMH A/ OYMCTKM BOAbI MpoLeccom copbuun ABaseTcs
3pbEKTUBHON WM [OCTYNHOW anbTepHATMBON aAcOpbOEHTOB, KOTOpble MOKa3biBalOT BbICOKYHO
aACcoOPBLMOHHYIO EMKOCTb MO OTHOLUEHMIO K PA3/IMYHbIM COEAUHEHUAM.

Kntouessblie cnosa: 6eHTOHVIT, MecTopoXxaeHue ﬂ,apﬁasa, O4YMCTKa BOAbl, MOHTMOPUANOHUT,
a,u,cop6u,v1ﬂ, TAXeNble MeTaN/ibl.
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ABSTRACT

The research is aimed at studying Cedar nut seeds and the use of special pneumatic reactive and
centrifugal equipment for their processing. The main purpose of the work is to develop
equipment for cleaning cedar grain. The article describes the features of Cedar nut seeds, which
are widely distributed in the east of the Republic of Kazakhstan, and also presents a
technological scheme for extracting Cedar nut kernels. The main attention is paid to the results
of the development of special equipment that allows you to separate the kernels of cedar grain
from the shell without damaging them. Experiments were carried out on this equipment, the
results of which were presented in the form of graphs. Studies have shown what air velocities
and torques are used to eject grains of various sizes when exposed to a target. In the first
experiment, it is shown at what air velocity the grains are peeled from the shell, depending on
their diameter, that is, cedar grains are peeled from the shell when hitting a target with an air
velocity of 5 mm-41 m/s, 6 mm — 39 m/s, 7 mm — 38 m/s, 8 mm-35 m/s, 9 mm-31 m/s. In the
second experiment, it is shown at which torque of the disc, depending on the diameter of the
grains, that is, cedar grains are peeled from the shell when hitting a target with a torque of 5
mm —15N*m, 7 mm —-13 N*m, 8 mm-10 N* m, 9 mm - 8 N* m.
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Introduction

Research and review articles on the Cedar nut

Russian Federation and European countries, a large
number of medicines, medicinal oils and pine nuts
from pine nuts are widely used as a food additive.

(Pinus sibirica du Tour) have so far been devoted
mainly to the biochemical characteristics of its
grains, and the prospects for the use of grains for
medical, food and technical purposes [[1], [2]]. At
the same time, the scientific literature does not
sufficiently cover the technological aspects of the
production of such products. Studies have shown
that the average weight of a cedar grain is 0.23-
0.25 grams. Grains are 9 mm, medium — 7-9 mm,
small — 7 mm and less. In particular, when cedar
nuts are processed into kernels or cedar oil, a shell
is formed, which accounts for an average of 51-59%
of the weight of the original raw material, and 5-
10% of the same residue contains grains with a
disturbed structure [[3], [4]]. Currently, in the

And in the Russian Federation, plants for the
production of pine nuts as finished products are
developing.

The analysis of technical means and technical
literature on the separation of pine nuts from the
shell showed that they are designed for large-scale
production, have high energy consumption,
complex technologies, and the need to use a large
amount of equipment. Since the pine nut grows
only in the east of Kazakhstan, only farms are
cultivated around it, so small multifunctional
equipment is required. The use of such equipment
makes it possible to reduce transportation costs
and increase the profitability of production.

—— 34 ——
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That means that it is relevant to design small
equipment designed to accurately separate the
cedar texture from the bark without disturbing its
structure. Therefore, careful processing from cedar
nuts without disturbing the structure of the grain is
an urgent problem. And to solve this problem, the
following tasks were set:

- Study of the technical and physical
characteristics of cedar nuts growing in the eastern
region of the Republic of Kazakhstan;

- analysis of the scheme of installations for
separating cedar nuts from the Shell to determine
the promising direction of research;

- development of a project for carefully
separating the Cedar grain from the bark without
destroying its structure;

This article is devoted to the consideration of
the main technological aspects of complex
processing without disturbing the structure of the
Cedar nut grain.

Experimental part

For processing Cedar nut grain, which comes in
large batches, the design of the equipment changes
significantly, depending on the mechanical
properties, regional and climatic characteristics of
the region of its growth, as well as the technology
of preparation and primary processing. The large
distribution of physical characteristics makes us pay
more attention to the first stage of the
technological process [[5], [6], [7]]. Primary sorting
and calibration will allow you to highlight the nut
with underdeveloped kernels and residues. The
amount of primary waste can be from 3 to 15% of
the total weight of raw materials. The moisture
content of the seeds that come for processing is
very important, they can vary from 10 to 30%. High
humidity of the nuclei leads to their destruction
and loss. The low moisture content of the shell
increases its hardness and relative size of the
nuclei, which prevents the separation of the nuclei
from the Shell and beyond [[8], [9], [10]].

Therefore, when working out the industrial
process of peeling cedar nuts, a sequence of
operations was found that included convective
drying of nuts with warm air to ~10% humidity and
short-term humidification of them for 2-8 hours
[[11], [12], [13]]. Thus, at a relatively low humidity
of the nuclei, it is possible to achieve a high
humidity of the Shell, which ensures a decrease in

its strength and an increase in its relative size. As a
result, the distribution indicators of finished
products are significantly improved [[14], [15],
[16]].

1-drying the 2-cleaning 3- 4- )
grains _from s_mall calibration moisturizing
impurities the grain shell

4- o 7-drying the 6-separation 5-separation
{EO'St“f'Z'”g grains from the
e grain
shell Shell
9-sort 10-washing -
11-drying 12-
the kernels packaging

Figure 1 - Technological scheme for obtaining
Cedar nut kernels

Figure 1 shows the scheme of complex
processing of cedar nuts. The Cedar grain
preparation stage (l) consists of four stages: (1)
drying the grains, (2) cleaning them from fine
impurities by airing, (3) calibration, (4) moistening
the grain shells. At the stage of peeling (ll), in
pneumatic or centrifugal peeling equipment, the
grain is separated from the shell (5), in the drum
separator (6) there is a destruction of the grain
shell, that is, the separation of the shell from cedar
nuts and unprocessed grains, then the peeled
grains are pre-dried in a convection drying cabinet
(7), and then the cleaning of the protective film (8)
is performed. At Stage lll, grain sorting (9), washing
(10), drying (11) and packaging (12) are carried out
[[17], [18]].

Since the kernels of nuts on the market must
meet the requirements for environmentally friendly
food products, we know that during their
processing it is not necessary to use any chemical
reagents, high temperatures and other effects that
can lead to partial destruction of the protein -
vitamin complex of the seeds. For this reason, of all
the possibilities, the mechanical method of
separating the grain from the Shell was chosen.
Traditional mechanical methods of processing
grains are relatively simple and usually involve
separation from the Shell between rotating
cylinders or millstones [[19], [20]].

In semi-industrial conditions, reactive stripping
equipment has been tested, which works as
follows. Cedar nut seeds through the ejector node
(figure 2) the accelerator enters the tube, where it
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gains a speed of ~ 40 m/s with an air flow, and
then, when hitting the target, they are reflected.
The impact Force acquires efficiency with a change
in the speed of the air flow due to the strength and
elasticity of the shell. This makes it possible to
reduce the destruction of the nuclei during impact
to a minimum. The disadvantages of this method
should include relatively low performance and low
efficiency, since the efficiency of air compression is
low. In addition, it is necessary to purify the
compressed air from compressor oil vapors,
otherwise the chemical composition of the grain
may change.

Therefore, for an industrial installation, a
device without the above disadvantages is a multi —
channel centrifugal stripping equipment (figure 3)
applied. It works as follows. From the hopper, cedar
nuts are fed by the dispenser to a disk of radius R,
which rotates at an adjustable angular velocity,
where, under the influence of centrifugal force, N is
distributed along radial channels. By friction against
the walls of the channels, the grains acquire a linear
velocity close to r at the exit, and then reflect when
hitting the target.

Grain
n Pipe

Air ::;]

Target

J.
!

Ejector

;

\/‘

Kernel+shell

Figure 2 - Pneumatic jet stripping equipment

Target Overclocking drive

Figure 3 - Multi-channel centrifugal stripping equipment

The resulting grain is sucked into a tube
through the ejector assembly, where it s
accelerated by airflow. At the moment of hitting
the target, its reflection occurs. The nuclei and
shells are discharged into the receiver by air. The

resulting grain is fed to the centre of the rotating
accelerator disk, where it is distributed through
radial channels and, having a linear speed close to r
in them, hits and reflects the annular target.

This force is determined by the time the grain
pulse collides with the normal target. In turn, the
collision time depends on the elasticity of the grain
shell, that is, its moisture and direction at the time
of collision.

To assess the effect of air velocity on the
separation of the shell from the grain, a number of
experiments were conducted, where sensors were
installed at various points to measure air velocity in
different parts of the target and due to centrifugal
force. In the first type of experiment, cedar grains
with different diameters were used as a control
group to determine how the diameter affects the
air velocity required to peel them from the shell. In
the second case, by setting different speeds of
rotation of the disk, the centralizing force was
calculated and the efficiency of separating the shell
from the grain at each speed was measured.

An analysis of the data was carried out in order
to determine the relationship between the grain
diameter, the air velocity and the disk required for
their purification. Due to this, a dependence graph
was constructed and statistical methods were used
to assess the significance of the results obtained.

The study was carried out on special equipment
that allows you to separate the kernels of cedar
grain from the shell without damaging them. The
data was processed using Statistica 10 statistical
analysis software. A one-factor analysis of variance
was performed for different grain diameters.

The results of the experiment showed that
grain diameters require higher air velocities for
successful shell cleaning and this is useful for
optimizing the cleaning process. This process made
it possible to quantify the effect of grain diameter
on the air velocity required to peel them from the
shell.

Discussion of results

The above dimensions of the booster channel
made it possible to reduce the distribution of
impact force, thereby reducing costs and increasing
productivity. When using dried healthy grains, the
yield of the finished product was increased to 30-
33%, and the yield of the decomposer increased to
150-200 kg of processed raw materials per hour.

A mixture of cores, unbreakable cores and
shells from centrifugal stripping equipment enters
the drum separators, where they are separated
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from each other. The seeds are wrapped in a loop,
and the kernels come to pre-dry. As practice shows,
such nuclei are harvested from 5 to 20-25%
depending on the conditions of seed collection,
processing, storage. After that, the commercial
nuclei reach a humidity of less than 3% for washing
and final drying. Dry kernels can be stored for a
long time in the open air, without losing their
marketable properties.

Experiments on the cleaning from the shell of
Cedar grain on pneumatic jet stripping equipment
were carried out and filled in Table 1. As a result of
the experiment, it was observed that between an
air speed of 42 m/s and 30 m/s, Cedar grains were
peeled from their shells without disturbing the
grain structure.

Table 1 — Experiment results on pneumatic jet stripping
equipment

Cedar grain sizes
Experi 5mm 6mm 7mm 8mm 9mm
ment
Ne
1 w | 42m/s | 38m/s | 37m/s | 36 m/s | 33m/s
S~
€
2 Z | 40m/s | 40m/s | 39m/s | 34m/s | 31m/s
3 S [ 41m/s | 38m/s | 36m/s | 36m/s | 32m/s
()]
4 ; 41m/s | 41m/s | 39m/s | 35m/s | 32m/s
5 < | 42m/s | 39m/s | 38m/s | 35m/s | 30m/s
44
a2t T
40+
w38 ¢
£
=
g 36
@
=
< 34+
32
30t
28

5 6 7 8 9 |
Cedar grain sizes, mm i

Figure 4 - The ratio of air velocity to grain diameter in
pneumatic jet stripping equipment

Figure 4 shows the experiment results for the
ratio of air velocity to grain diameter in pneumatic
jet stripping equipment. The experiment shows at
what air speed the grains peel, depending on their
diameter , that is, 5 mm Cedar grains are reflected

when struck at an air speed of 41 m/s, 6 mm — 39
m/s, 7 mm-38 m/s, 8 mm-35 m/s, 9 mm-31 m/s.

In the first case, the results of the experiment
showed that for successful cleaning of grain from
the shell, a high air supply rate is required, but not
more than 45 m/s and not less than 25 m/s, which
is useful for optimizing the cleaning process.

Experiments were carried out on the
equipment of centrifugal stripping of Cedar grain
and filled in Table 2. As a result of the experiment,
it was observed that between 18 N*m and 7 N*m
of torque, Cedar grains are peeled from their shells
without disturbing the grain structure.

Table 2 - Experiment results on centrifugal stripping
equipment

Cedar grain sizes
Experi 5mm 6mm 7mm 8mm 9mm
ment
Ne
1 16 N*m 14 N*m 12 N*m 11 N*m 9 N*m
2 14 N*m 15 N*m 11 N*m 9 N*m 7 N*m
*E
3 Z ["18N*m | 16N*m | 13N*m | 10N*m | 8 N*m
g
g
4 ’2 15 N*m 16 N*m 14 N*m 9 N*m 7 N*m
5 17 N*m 15 N*m 14 N*m 9 N*m 8 N*m
20
18
16
£ 14
=
o
=
o
5 12
=
10
8
6
5 6 7 8 9

Cedar grain sizes, mm

Figure 5 - The ratio of torque to grain diameter in
centrifugal stripping equipment

Figure 5 shows the experiment results for the
ratio of torque to grain diameter in Centrifugal
stripping equipment. The experiment shows at
what torque the disc peels, depending on the
diameter of the grains, that is, 5 mm Cedar grains
separate from the shell when hitting the target with
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a torque of 16 N*m, 6 mm — 15 N*m, 7 mm — 13
N*m, 8 mm-10 N*m, 9 mm - 8 N*m.

Numerous experiments have shown that the
disadvantage of this method is the low yield of the
finished product and the destruction of the grain
structure. With an average grain weight without a
shell of 43%, the yield was less than half of the
specified number. We were able to eliminate losses
using the shock method, which occurs when the
detachment of the grain shell hits the target.

Conclusion

A technological scheme for the complex
processing of cedar nuts has been developed,
which includes the production of refined grains of
Cedar nuts. It has been shown that optimal peeling
conditions are achieved after drying and short-term
moistening of nuts. As a result of the experiments
performed, it was shown at what airspeed and with

what torque grains of different sizes are peeled
when hitting the target. In the course of semi-
industrial experiments, it was found that among the
tested types of Walnut peeling equipment, good
results are achieved through the use of multi-
channel centrifugal peeling equipment.
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Bbankaparait }KaHfafblH KabbifblHaH Ta3apTyFa apHaNfaH apHaMbl XXababIKTbl

93ipney 60MbIHLWIA 3KCNEPUMEHTTIK 3epTTeyaep

*A.X. Xamutbek, A.E. Kaiipb6aesa,

Anmamel mexHon02UAnNbIK yHUsepcumemi, Aamamel, KazakcmaH

TYWIHAEME

Makana kengi: 18 Haypeoi3 2024
CapanTtamagaH eTTi: 3 mameip 2024
Kabbinganabl: 10 mameip 2024

3epTrey 6ankapafail KaHFafblHbIH, [A9HIH 3epTTeyre KaHe onapgpl eHAey YLWiH apHalibl
NMHEBMAaTUKa/bIK, PEaKTMBTI KaHe OpTanblKTaH Ternkiw KabAablKTbl KongaHyFa 6afbiTTanfaH.
yMbICTbIH, Heri3ri makcaTbl — banKkapaFfail XKaHfafblH Ta3apTyFa apHaifaH apHalbl KababIKTbl
a3ipney. Makanaga KasakctaH Pecnyb/vKacbiHbIH, LWbIFbICbIHAA KeH TapanfaH 6ankaparail
JKaHFaFbl TYKbIMAAPbIHbIH, epPeKLeNnikTepi cunaTrasfaH, CoHAan-aK KapaFrai »KaHfafbl AdHAEPIH
anyablH, TEXHONOTMANBIK CXemacbl YCbiHbIAFaH. Bankapafait O9HiHIH, AgponapblH KabbIKTaH
3aKkbiMZamait b6enyre MyMKiHAK 6epeTiH apHalibl KabAablKTbl 33ipsiey HaTuKenepiHe Hasap
ayfapblnagbl. Ocbl XabablKTapaa 3KCNepUMEHTTEp XKYPrisingi, onapablH, HaTUXKenepi rpaduk
TYPiHAE YCbIHbINAbI. 3epTTeynep HbicaHafa Kapalk bafbiTTanFaH apTypai enwemaeri AsHAepA
KabblfblHaH Ta3apTy YLWiH KaHAal aya XKblngamapblFbl MeH aliHany MOMEHTTEPI KONAaHbIATbIHbIH
KepceTTi. BipiHwWi cbiHaKTa AsHAEP AMamMeTpiHe Kapai KabblKkTaH KaHAal aya XKbligamaplfbiMeH
Ta3apTblNaTbiHbl KOPCETiNreH, AFHn 5 mm-41 m/c, 6 mm — 39 m/c, 7 mm — 38 m/c, 8 mm -35 m/c, 9
MM-31 M/C aya XblNgamaplFbIMEH HbiCaHafa COfblafaH Kesge 6ankaparail AsHaepi KabbikTaH
TasapTbinaTbiHbl KepceTinreH. EKiHWi cbiHaKTa AsHAepAiH, AvameTpiHe 6ainaHbICTbl AMUCKIHIH,
KaHZau aiiHany MOMEHTIMEH aiHany Keperi KepceTinreH, AFHn 5 Mm-15 H * m, 7 Mm-13 H * m, 8
Mm-10 H* m, 9 mm-8 H*m allHany MOMEHTIMEH HbicaHafa COfblAFaH Ke3ge KabbiKTaH
Ta3apTblNaHbl KOPCETINTEH.

TyliiH ce30ep: 6ankaparail }aHfafbl, Ta3anay Kabablfbl, NTHEBMATUKANbIK KabapblK, OpTanblKTaH
TenKil abaplK, TEXHONOTUANbIK CXema
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JKcnepumeHTaibHble UCcCcnen0BaHMA No pa3paboTKe cnewuanbHOro
060pypo0BaHUA 418 OYUCTKU KEAPOBbIX OPEXOB OT CKOPAYMbI

*A.X.Xamutb6ek, A.E.Kaiip6aesa,

AnmamuHcKuli mexHonozauveckuli yHusepcumem, Aamamel, KasaxcmaH

AHHOTAUMA

MccneposaHne HanpaBneHo Ha U3ydYeHME CEMAH KeAPOBOro Opexa U NPUMeEHeHWe cneunanbHoro
NMHEBMATUYECKOro PeakTMBHOTO U LieHTpobexxHoro obopyaosaHua ana nx o6pabotkun. OcHoBHan
uenb paboTbl 3aktoyaeTca B pa3paboTke cneunanbHoOro o6opyA0BaHUA ANA OYUCTKU KeApPOBOro
opexa. B cratbe onucbiBaloTcA OCOBEHHOCTU CEMAH KeapoBOro Opexa, KOTopble LWMPOKO
pacnpocTpaHeHbl Ha BOCTOKe Pecnybanku KasaxcTaH, a TakKe npeacTaBneHa TEXHONOrn4yeckas
Mocrynuna: 18 mapma 2024 CXema Wu3B/eYeHUsA Afdep KeapoBoro opexa. OCHOBHOE BHUMaHWe yAeneHo pesynbTaTam
PeLeHaMpoBaHme: 3 mas 2024 pa3paboTku cneunanbHoro obopyaoBaHMA, KOTOpoe MO3BONAET OTAEAUTb AApa KeapoBOro
MpuHaTa B NevaTs: 10 mas 2024 3epHa OT 060/104kM 6e3 ux nospexaeHna. [lpoBeaeHbl 3KCNEPUMEHTbl Ha  AAHHOM
obopynoBaHMK, pesynbTaTbl KOTOPbIX OblAM NpeacTaBieHbl B BUAE rpaduKkos. UccnenosaHus
NoKa3anW, KakMe CKOPOCTM BO34yXa M KPYTALLME MOMEHTbI UCNOAL3YIOTCA A8 Bbl6pacbiBaHWUA
3epeH Pas/IMYHOro pasmepa Npu BO3AENCTBUM Ha LeNb. B NepBOM MCNbITaHUMKM MOKasaHo, Npu
KaKol CKOPOCTU BO3ZyXa 3epHa OYMLLAIOTCA OT CKOPAYMbl B 3aBUCMMOCTM OT UX AMameTpa , TO
eCTb KelpOBble 3epHa OUYULLLAIOTCA OT CKOP/YNbl NPY yAape No MULLEHM CO CKOPOCTbIO BO3Ayxa 5
Mm-41 m/c, 6 mm — 39 m/c, 7 mm — 38 m/c, 8 mm-35 m/c, 9 mm-31 m/c. Bo BTOPOM MUCMbITaHMK
NoKasaHo, MPU KaKOM KpyTALLEeM MOMEHTE AMCKa , B 3aBUCMMOCTM OT AMaMeTpa 3epeH, To ecTb 5
MM — 15 H*m, 7 mm — 13 H*m, 8 Mm-10 H*M, 9 Mmm - 8 H*M npu ygape No MULIEHM C KPYTALMM
MOMEHTOM OYMLLAIOTCA OT CKOPAYMbI.

Kniouesble cnoea: kedposoili opex, o0b6opyoosaHue 08 O4YUCMKU, MNHEBMAMUYECKOoe
obopydosaHue, yeHmpobexHoe 06opy0o8aHUE, MexHOM02UHeCKasa cxema
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ABSTRACT

Tribological characteristics of implants, such as wear resistance and friction coefficient, play a
critical role in ensuring their durability and functionality when interacting with surrounding tissues.
These parameters influence the implant's ability to withstand mechanical loads and minimize wear
throughout its service life. Minimizing friction between the implant and biological tissues not only
helps prevent mechanical damage but also reduces the risk of inflammatory reactions, ensuring
better biological compatibility. In this study, calcium phosphate coatings were obtained using the
micro-arc oxidation method with different duty cycle of current to investigate their tribological
characteristics. The coatings deposited on titanium had a structure with volcano-like formations
with pores ranging from 66 to 98 micrometers. The thickness of the coatings varied from 74.3 to
100 micrometers depending on the conditions during microarc oxidation. Tribological tests were
conducted using a ball-on-flat setup with reciprocating motion. The coatings were subjected to
tribological tests against SHX15 steel under normal loads of 5 and 20 N. Depending on the applied
load, the friction coefficients of the coatings ranged from 0.029 to 0.034 at 5 N and from 0.9 to
1.26 at 20 N. Analysis of wear parameters and micrographs of worn surfaces indicate that the
mode with a pulse current duty cycle of 17.3% during micro-arc oxidation allows for the production
of titanium surface coatings with high wear resistance.

Keywords: calcium phosphate coating, micro-arc oxidation, duty cycle, friction coefficient, wear.
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Introduction

Titanium and its alloys are widely used in various
industries due to their unique combined properties
[[11, [2], [3]]. This versatility is attributed to both
mechanical (low elastic modulus,

To address such issues, it is necessary to create
biocompatible materials or calcium phosphate
coatings that promote the formation of a
transitional zone between bone and the implant.
This area should have a strong connection to the
implant material without the risk of rejection, as well

low density, ) - ‘
as a macro- and microstructure compatible with the

corrosion resistance) and biological characteristics
(high bioinertness, bioactivity, and biocompatibility)
[[4], [5], [6]], making titanium and its alloys a
preferred choice, especially in medical applications
as implants. However, despite their valuable
properties, there are some clinical issues with
titanium implants regarding their interaction with
the human body and their long-term usage [[7], [8]].

organism [[9], [10]].

Currently, there is a wide range of developed
methods for depositing calcium phosphate (CaP)
coatings on metallic implants, such as plasma
spraying [11], micro-arc oxidation [12], detonation
gas spraying [13], magnetron sputtering [14],
electrochemical deposition [15], sol-gel, and others.
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Considering all the advantages and disadvantages of
these methods, the micro-arc oxidation (MAO)
method has gained widespread popularity in the last
decade as a method for applying bioactive CaP
coatings to titanium surfaces. Literature [[16], [17]]
notes that the MAO method allows for the
production of CaP coatings providing high adhesion
strength between the substrate and the coating.

Traditionally, CaP coatings have been used to
enhance the osseointegration of metallic implants.
However, during the implantation procedure, the
coatings are usually subjected to significant shear
stresses, which can lead to their delamination and
wear from the metal surface, deteriorating their
functionality [17]. Therefore, studying the
tribological and adhesion properties of MAO
coatings requires additional attention and evidence.
Analysis of tribological characteristics can help
better understand the behavior of biomaterials [5].
Furthermore, titanium alloys limit their further
application in medicine due to low wear resistance
([18], [19]].

Recently, there has been growing interest in the
scientific community in the tribology of CaP
coatings, and several studies have been conducted
in this direction. For example, Santos A. and
colleagues [5] conducted tribocorrosion research on
a titanium oxide and calcium phosphate coating. The
Ti/TiO,/CaP coating provided 99.93% protection in
static experiments and significantly reduced
corrosion during tribocorrosion tests in simulated
body fluid. The application of TiO,/CaP resulted in
reduced tribological parameters: friction coefficient
(CoF) to 0.25 and wear rate (WR) to 578.45 um?3/J.
The work [20] showed that the presence of rutile
titanium in the composition of CaP coatings
obtained by the MAO method is a key factor in
improving the tribocorrosion properties of coating
surfaces. The authors explain this by the impact
softening properties of the nanocomposite gradient
structure of the CaP coating. Marques I.D. and
colleagues [21] investigated the influence of the
Ca/P ratio in the electrolyte on the tribocorrosion
properties of biofunctional coatings obtained by the
MAO method on a titanium alloy. The study by [22]
examined the phase structure, morphology,
chemical composition, corrosion mechanism, and
tribocorrosion behavior of CaP coatings obtained at
different voltages (380, 400, 420 V). The sample
processed at 420 V showed the highest wear volume
after  tribocorrosion. The  mechanism  of

tribocorrosion of samples at 380 and 420 V was
mainly determined as the wear effect.

The results of the aforementioned studies are of
high quality and provide valuable information in the
field of tribology of CaP coatings, bringing us closer
to understanding the real wear of implants in the
human body. However, to date, there have been no
studies on the influence of current parameters in the
micro-arc oxidation method on the tribological
characteristics of CaP coatings.

The aim of the study was to investigate the
morphology, microstructure, and tribological
characteristics of calcium-phosphate coatings
depending on the pulse current duty cycle during
micro-arc oxidation of titanium.

Experimental part

Materials

Plates measuring 10 mm x 5 mm x 1 mm made of
VT1-0 grade titanium (equivalent to titanium GRADE
2) were used as substrates. Prior to oxidation, the
substrates underwent mechanical processing. The
preparation of the titanium surface for coating
included cutting, grinding, degreasing with hexane,
and rinsing in distilled water. The electrolyte was
prepared with the following composition: a 30%
aqueous solution of orthophosphoric acid (HsPQ,,
thermal grade A) + hydroxyapatite (Caio(PO4)s(OH);
- 60 g/L) + calcium carbonate (CaCOs - 100 g/L). The
hydroxyapatite (HA) was sourced from Sigma Aldrich
with a dispersity of <5 um. The electrolyte was
poured into an ultrasonic bath, where it was further
mixed with an electric stirrer. To ensure chemical
reactions were complete, the electrolyte was
allowed to stand in the bath for two days.

Micro-Arc Oxidation (MAQ) process

A micro-arc oxidation setup was assembled for
this work, in which a 150 W stainless steel ultrasonic
bath was used as the electrolysis bath. A custom-
built pulse power source was employed, capable of
varying the voltage from 0 to 700 V with a constant
pulse duration of 300 ps, allowing for different duty
cycles of 0.0102 (35%), 0.0049 (17,3%), and 0.0022
(8,3%) seconds. MAO was conducted in anodic mode
at 300 V with a processing duration of 10 minutes.
Three series of experiments were conducted in the
electrolyte to perform MAO on the surface of
titanium samples with varying pulse current duty
cycles (modes A, B, C), as schematically shown in
Figure 1. The treated samples were labeled
according to modes A, B, and C.
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Figure 1 - Schematic diagram of MAO and characteristics of the electric pulse current applied
in different coating synthesis modes

Methods for Studying CaP Coatings

Titanium samples after MAO were examined
using scanning electron microscopy (SEM) and
profilometry, and they were subjected to
tribological testing under dry friction conditions at
room temperature. Surface morphology and
elemental composition analysis, as well as thickness
measurements, were carried out using a scanning
electron microscope model Phenom ProX with EDS
(Phenom, Netherlands) at various magnifications.
Surface roughness was measured with a
profilometer, the Diavite DH-5 (DIAVITE AG,
Switzerland). Each sample was measured 5 times,
with the average roughness result from the five
measurements reported. The measurement length
was 4 mm.

Tribological tests were conducted on a custom-
designed setup to determine the friction coefficient
(CoF) of samples through reciprocating motion. The
tribological test conditions were close to the DIN
51834-1:2010 standard. The setup consisted of a
holder for the counter-body with a load, a sample
displacement mechanism, an electronic control unit,
and a laptop. A 4 mm diameter steel ball made of
SHX15 steel was used as the counter-body. Test
parameters included: ball displacement speed of 26
mm/sec, friction track length of 5 mm, total friction
path length of 5 m, 500 cycles, and loads of 5 and 20
N.

Results and Discussion

Morphology, thickness, composition, and
roughness of the coating
CaP coatings exhibit different surface

morphologies depending on the duty cycle of the

MAO pulse current. Figure 2 shows SEM images of
the surface morphology and thickness of the CaP
coating obtained at 300 V across all pulse current
modes: A, B, and C. In modes A and B, the coating
forms a porous structure with spherical aggregates
and volcano-like structures with pores. The sizes of
spherical aggregates in mode A are 98 + 7.8 um,
while in mode B they are 66 £ 5.5 um. Changing the
duty cycle to mode C results in not only spherical
structures but also walls and fragments thereof. The
average size of these structures is 66.5 + 5.1 um.
Notably, the porous structures (with pore sizes
ranging from 15 to 50 um) promote nutrient
circulation in biomedical implant materials [23]. The
thickness of the coatings increases from 74.3 um to
100 pum as the pulse duty cycle decreases, likely due
to a greater number of pulses (from A to C), leading
to thicker CaP coatings in MAO.

The elemental composition of the CaP coating
shows the presence of Ca, P, O, and Ti, as shown in
Table 1. All samples exhibit a significant increase in
oxygen content, which is a characteristic of the MAO
method. The Ca/P ratio is a key indicator of
bioactivity. Given this parameter, the coatings
produced are likely related to bioresorbable phases.
These could include CaP coatings with a lower Ca/P
ratio (Ca/P = 1.67) compared to HA [24]. As the duty
cycle decreases (from A to C), the Ca/P ratio
increases from 0.3 to 0.4. This might be due to
intensified deposition of Ca2+ ions from the
electrolyte. Additionally, as the coating thickness
increases, the titanium content decreases while the
calcium content increases in elemental analysis with
changes in the MAO pulse current duty cycle.
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The surface roughness of an implant is one of
the critical characteristics during osteointegration.
According to the literature [[25], [26]], the
roughness parameter Ra in the range of 4 < Ra< 7
um is considered optimal, as it promotes enhanced
osteogenic differentiation on such rough titanium
surfaces. The obtained CaP coatings had roughness
within this range, indicating that depending on the
application mode, the roughness parameter Ra was
recorded within the range of 5.7 to 6.11 um. The
other roughness parameters are shown in Table 2.

Tribological study of CaP coatings

During tribological testing, the surface of the
CaP coating in contact with the SHX15 steel counter-
body underwent degradation, leading to the
formation of wear tracks. Figure 3 shows typical
morphologies of worn coating surfaces after
tribological tests at a load of 20 N against a steel ball
for different MAO application modes. At a5 N load,
wear tracks were barely noticeable, so to study the
wear characteristics in greater detail, tracks formed
at a 20 N load were selected. As a result, extensive
wear tracks were observed on the worn surfaces.

The wear tracks for the sample processed in
mode A exhibited two distinct zones: the first was a
wear track with surface layer removal, and the

second had pits corresponding to locations where
the coating delaminated due to intense wear. The
width of the wear track in the first zone was 488 +
65 um, while in the second zone, it was 234 £ 66 um.
Among the three coatings studied, the sample
processed in mode A showed the lowest wear
resistance, as indicated by the greater depth of the
wear track. One reason for this low resistance could
be the higher surface roughness [[27], [28]]. In
contrast, the tribological behavior of the other
coatings showed a different wear pattern. As shown
in Figure 3, the coatings obtained in modes B and C
exhibited surface wear without noticeable exposed
substrate. The width of the wear tracks for these
coatings was 538 + 138 um for mode B and 745 + 191
pm for mode C.

Roughness measurements using SEM within the
wear tracks were 3.63 um for the mode A coating,
585 nm for the mode B coating, and 947 nm for the
mode C coating. This data helps characterize the
extent of wear-related roughness. A visual
comparison of surface degradation, wear pattern,
and wear volume after tribological testing suggests
that the coating produced in mode B has the highest
wear resistance among those studied, supported by
the absence of delamination and a narrower wear
track.

Table 1 - Elemental composition of calcium phosphate coatings on titanium and the Ca/P ratio

Elemental composition (aT. %)
Coating Ca p 0 T Ca/P
A-300 V 3.26 10.52 77.33 8.89 0.3
B-300 V 3.50 10.38 77.43 8.69 0.34
C-300V 4.60 11.37 78.13 5.90 0.4

Table 2 - Parameters for measuring the surface roughness of CaP coatings deposited with different duty cycles in MAO

Surface roughness measurement parameters
Mean arithmetic Profile roughness Maximum R3z, Rt, Rq,
Coating deviation of profile, Ra height across ten profile height, (nm) (nm) (um)
(um) points, Rz (um) Rmax (pum)
A 6.11 35.5 435 25.6 43.5 7.75
5.70 30.7 40.6 26.5 40.6 7.11
C 5.76 20.0 20.0 20.0 20.0 6.62
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Figure 2 - Surface morphology and thickness of CaP coatings obtained in duty cycle modes: A, B, and C

According to the friction test results (Figure 4),
the coefficient of friction (CoF) in all studied coatings
showed stable behavior, except for minor spikes or
changes. During tests with a 5 N load (depicted by
the black line in Figure 5), there were initial minor
spikes in the CoF graphs, indicating a break-in period
for the surface. The break-in period could be due to
the smoothing of surface roughness peaks on the
coatings [29]. Increasing the normal load from 5 to
20 N led to a higher CoF. These results indicate a
significant influence of load on the wear response of

the materials studied. As for the CoF graphs at a 20
N load (depicted by the red line in Figure 5), after 50
cycles of friction, if a decrease in CoF is observed for
coatings deposited in modes B and C, there is an
increase in CoF for mode A, which continues up to
200 cycles. A possible reason for this might be the
delamination of ceramic material particles during
tribological testing, which increases the surface
roughness and consequently leads to higher CoF
values [17].
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Figure 3 - SEM Images of wear tracks after tribological testing of CaP coatings deposited in duty cycle modes: A, B,

and C
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Figure 5 shows the averaged values of the CoF at
5 N and 20 N loads and the wear track width for the
CaP coatings. The lowest average CoF is observed for
the CaP coating obtained in Mode B of the MAO
process, with a CoF of 0.029 at 5 N and 0.909 at 20
N. The highest CoF, 0.034, is noted for the coating in
Mode A. The median CoF values for all coatings were
as follows: ASN—0.034, A20N —-1.396, B5N —0.026,
B 20N — 0.89, C 5N — 0.024, C 20N — 1.058. When
comparing wear track width, the coating in Mode B
demonstrates the highest wear resistance due to its
narrower width at 5 N. For 20 N, the narrowest wear
track is recorded for the coating in Mode A at 488
um. However, it's important to note that this coating
also exhibits deeper wear grooves. Consequently,
when considering wear volume, the coating in Mode
B displays lower wear than other coatings. In
summary, the tribological data suggest that Mode B
of the MAO process allows for the deposition
coataing with high wear resistance on titanium
surfaces.
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Figure 5 - The wear track and the averaged CoF values
for loads of 5N and 20 N

Coatings applied in mode B exhibit less wear and
better integrity retention under load compared to
other modes, which can be explained by several
reasons outlined below. Mode B results in the
formation of smaller spherical aggregates (66 + 5.5
um) compared to mode A and, unlike mode C,
prevents the formation of fragmented structures.
The consistency and uniformity of these smaller
spherical aggregates may contribute to the creation
of a more compact and homogeneous coating,
thereby enhancing its wear resistance. Transitioning
from mode A to B increases the calcium content,
which contributes to structural integrity through a
denser phosphate matrix. Consequently, mode B
likely induces beneficial structural changes, such as
a more uniform and compact microstructure,

optimal roughness, and improved chemical
composition, enhancing its wear resistance.

Conclusions

The micro-arc oxidation method successfully
applied calcium-phosphate coatings to the VT1-0
titanium surface with varying pulse duty cycles in an
electrolyte containing a 30% aqueous solution of
orthophosphoric acid, hydroxyapatite, and calcium
carbonate. The coatings underwent tribological
testing against SHX15 steel under normal loads of 5
N and 20 N. From the study, the following
conclusions can be drawn:

1. Investigation into the morphology of
coatings resulting from MAO with various pulse duty
cycles on the titanium surface showed a common
structure featuring volcano-like formations with
pores. The average size of these structures ranged
from 66 to 98 micrometers. Decreasing the pulse
duty cycle (from 35% to 8,3%) caused the coating
thickness to increase from 74.3 micrometers to 100
micrometers due to the higher number of pulses.

2. The surface roughness of the coatings fell
within the optimal range of 5.7 to 6.11 micrometers,
conducive to enhanced osteogenic differentiation.
Following tribological testing, the roughness within
the wear track decreased by 6 to 10 times compared
to the initial condition.

3. The Ca/P ratio, a critical bioactivity indicator,
varies with changes in the MAO pulse current duty
cycle. A decrease in this ratio is observed as the duty
cycle increases, suggesting an enhancement in the
bioactive potential of the coatings. The presence of
bioresorbable phases in the coatings indicates their
suitability for biomedical implant applications,
particularly where nutrient circulation within the
implant material is crucial.

4. Wear resistance studies showed that the
coating produced in duty cycle 17.3% had the
highest wear resistance among the coatings tested.
The absence of delamination, the narrow wear track
width, and a favorable coefficient of friction
indicated the high wear resistance of the coatings
obtained in this mode. This is attributed to the
smaller, more uniform spherical aggregates formed,
which result in a more compact and homogenous
layer, offering better protection against wear. The
wear patterns and friction coefficient data
corroborate the superior performance of MAO
mode (voltage 300 V, duty cycle 17.3%), where the
coatings exhibit minimal delamination and maintain
structural integrity even under higher loads.
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TOTbIFY apKbI/bl KanbLuit pocdaTTbl KabblHAAPbI aNbiHAbI. TUTAHFa OTbIPFbI3blAFaH XKabblHaap 66-
AaH 98 MUKpomeTpre QAeniHri By/nKaH Tapisai Teciktepi 6ap KypblabimaapmeH 6onabl.
KabblHaapabIH, KanbIHAbIFbI MUKPOAOFaNbIK TOTbIFY Ke3iHAE anblHFaH Kafaaifa 6alinaHbicTbl
74,3-teH 100 mukpomeTpre aemiH e3repai. TpM60AOrUANbIK CbiIHAKTap LUApP-»a3bIKTbIK CXeMacbl
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UccnepoBaHue TpMB0N0OrMuecKUMX XapakTepUCTUK MUKPOAYrOBbIX KaNbLUN-
dochaTHbIX NOKPLITUIA HA TUTAHA
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AHHOTALUMUA

Tpubonornyeckme xapaKTEPUCTUKM WUMNIAHTATOB, TakMe KaK COMPOTUBNAEHUE W3HOCY W
KO3QOULMEHT TPEHWA, WUrPaKOT KPUTMYECKYID POoab B OBecnevyeHun ux [OArOBEYHOCTU W
bYHKLMOHaNBbHOCTY NPU B3aUMOAENCTBUM C OKPYKAIOLLMMM TKAHAMKW. ITU NapameTpbl BAMAIOT Ha
CMOCOBHOCTb MMMIAHTaTa BbIAEPKMBATD MEXaHUYECKME HArPy3KM U MUHUMMMU3UPOBATbL U3HOC B
TeYyeHWEe BCEro CpoKa €ro CAyX6bl. MUHMMM3AUMA TPeHUA MeXAy WMMNAAHTaTOM W
61ONOTUYECKUMM TKAHAMM HE TOJIBKO MOMOTaeT NPeAoTBPaTUTb MeXaHUYEeCK1e NOBPEXAEHNA, HO
M CHWXKAeT pPUCK BOCMAJMTE/bHbIX peakuuit, obecrieumsas Aydwyo  6UONOrUYECKYIO

Noctynuna: 25 anpens 2024 COBMECTMMOCTb. B gaHHOW pabote 6biav MoayyeHbl KanbUmint-GpocdaTHble MOKPLITUA METOLA0M
PeueH3nposaHue: 4 maa 2024

MMKPOAYrOBOro OKCUMAMPOBAHUA NPU Pa3HOM CKBAXKHOCTM MMMYNbCHOMO TOKa ANA UCCNef0BaHNA
MpuHATa B Neyatb: 16 mas 2024

UX TPUBONOrMYECKMX XapaKTepuUCTUK. OcaxeHHble MOKPbITUA Ha TUTaHe UMeNU CTPYKTYpy C
BY/IKaHONOA06HbLIMM 06pa3oBaHNAMM C MOpamm OT 66 A0 98 MUKPOMETPOB. TO/ILLMHA NOKPbLITUIA
BapbupoBanacb ot 74,3 no 100 MMKPOMETPOB B 3aBUCMMOCTU OT YC/NOBMUA NOAYYEHUA MNpuU
MMKPOAYrOBOM OKCMAMPOBAHUWU. TpMBONOrMYECKMe UCMbITaHMA NPOBOAMAUCH MO CXEME Lap-
NNOCKOCTb C MNOMOLLBIO BO3BPATHO-NOCTYNATENbHOTO ABUMKEHMA. MOKPbITUA BblNn NOABEPrHYTHI
TPUBONOrMYECKUM UCMbITaHUAM NPOTMB cTanu LWX15 npu HopmanbHbIX Harpyskax 5 u 20 H. B
3aBMCMMOCTM OT NPUIONKEHHOIN HarpysKkn Ko3bPpUUMeHTbI TPEHMA NOKPbLITUIA cocTaBaanm ot 0,029
800,034 npu 5H un ot 0,9 fo 1,26 npu 20 H. AHanu3 NnokasaTenen nsHoca n mukpodoTorpadun
M3HOLLEHHBIX MOBEPXHOCTEN CBUAETENLCTBYIOT O TOM, YTO PEXKUM CO CKBAXKHOCTBIO MMMY/IbCHOTO
ToKa 17,3 % npu MUKPOAYroBOM OKCUAMPOBAHWUM NO3BOAAET NOyYaTb Ha MOBEPXHOCTAX TUTAHA
NOKPBITUA C BbICOKON M3HOCOCTOMKOCTbIO.

Kntouesbie cnosa: Kanbuuit-dochaTtHoe NOKPLITUE, MUKPOAYTOBOE OKCUANPOBAHUE, CKBAXKHOCTb
TOKa, KO3PUUMEHT TPEHUA, U3HOC.
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ABSTRACT

In this work, based on experimental studies, the effect of roasting temperature and duration on
the chlorination of gold from E-waste under low-temperature conditions was studied. It has been
established that in the low-temperature range of 150-300 °C, the gold content in the residue shows
a sharp decrease, reaching its minimum of 8 ppm at 250 °C. A further increase in temperature does
not affect the gold content in the cinder. It has been shown that during chlorinating roasting above
a temperature of 250 °C, side reactions should be expected to occur with the formation of
additional phases representing chlorides of copper, iron and other elements. The results of SEM
and XRD analyzes of the solid phase obtained after chlorinating roasting at a temperature of 250
°C and a roasting duration of 20 minutes showed the presence of copper and iron chlorides in
them. Optimal technological parameters and modes of the process of chlorinating roasting of E-
waste with gaseous chlorine have been established: temperature — 250 °C; roasting duration — 20
minutes; chlorine consumption is 1.5 times more than the stoichiometrically required amount
(SRA) for gold chlorination. Under optimal roasting conditions, a high, up to ~97.6%, recovery of
gold in the form of gold chloride (AuCls) was achieved. The results of the experiments can be a
basic basis and make it possible to conduct more representative experiments (scaling) in the
future, taking into account the established optimal technological parameters. This will provide a
chance to evaluate the possibility of extracting gold from E-waste of different types and
compositions and to conduct further research on obtaining pure gold from the collected
representative amount of gold sublimate AuCls by smelting.

Keywords: E-waste, gold, roasting, AuCls sublimate, temperature, recovery.
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Introduction

Increasing

environmental
necessitate the introduction of new accessible

of high-quality primary raw materials. In recent
years, the recycling of waste electronic and electrical
equipment, combined into a separate category, and
referred to in the scientific literature as electronic
waste (E-waste) [[1], [2], [3], [4], [5], [6], [7]], has

requirements

technologies with the transition to a circular
economy. The issues of resource-saving of primary
raw materials and reducing the costs of metal
production are the main tasks nowadays, the
solution of which requires finding new types of
sources of raw materials for the production of
metals. One of the promising areas is the
involvement of secondary raw materials in the
processing, which is becoming widespread in
European countries where there is a clear shortage

received high interest and development.

Known technologies for processing E-waste,
including pyro-, hydro- and biometallurgical
technologies, require serious modernization, both in
terms of technology and environmental
requirements [[8], [9], [10], [11], [12], [13]]. The lack
of rational technology for processing E-waste has led
to its growth in terms of volume. According to
experts [[14], [15], [16]], up to 343 thousand tons of
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electronic waste are accumulated in Kazakhstan per
year, which could be used as an additional source of
raw materials for the production of valuable metals.

The wuse of chlorinating technologies for
processing E-waste, which is currently widely used
for the extraction of valuable metals from various
types of primary raw materials and technogenic
waste [[17], [18], [19], [20]], has a high theoretical
and practical interest. The results of systematic
studies carried out in [19] showed the possibility of
selective extraction of gold from various types and
compositions of primary gold-bearing raw materials
at a relatively low temperature. The positive results
obtained by the authors indicate the prospects of
using chlorine gas as a chlorinating reagent for the
sublimation of gold in the form of its sublimate
(AuCls) from E-waste. However, for a more detailed
assessment, data on the completeness and rate of
interaction of gold with chlorine is important.
Knowledge of these factors is necessary to study the
mechanism of the process of chlorination of E-waste
with chlorine gas.

This research [20] on the interaction of E-waste
components with gaseous chlorine shows the
fundamental thermodynamic possibility of selective
gold extraction from E-waste. Significant factors
affecting gold recovery during low-temperature
chlorinating roasting of E-waste with chlorine gas
are chlorine consumption, temperature, process
duration and impurity content. At low temperatures
(100-250 °C), only AuCl; has high vapor pressure.
Therefore, it can be argued that the main factors
influencing the completeness of gold extraction
from E-waste will be the temperature and duration
of the process. In this case, the consumption of
chlorine should be optimal, and it should be spent
on the chlorination of gold, the content of which, as
the literature data show, in E-waste can vary from 50
to 350 ppm, depending on the type and composition
of electronic scrap.

To obtain quantitative data on the recovery and
rate of gold chlorination, this article contains studies
on the chlorination of gold from E-waste in a stream
of chlorine gas. The effect of roasting temperature
and time on the chlorination of gold and its
extraction from E-waste in the form of a volatile
sublimate AuCl; was studied.

Materials and research methods

Computer boards were used as the initial
object. -35 mesh PC board materials were prepared
in advance using an SM 300 cutting mill from Retsch

GmbH. The gold content in the source material is
310 ppm.

Roasting was carried out in a temperature-
controlled laboratory electric furnace Nabertherm
HTC-03/15/B170 at a temperature of 250 °C in an
atmosphere of excess chlorine gas. The heating rate
of the furnace was constant and amounted to 12
9C/min.

In all experiments, the gas flow (chlorine), to
optimize it, was constant and amounted to 150
ml/min. The consumption of chlorine was 1.5 times
higher than the stoichiometrically required amount
(SRA) for the chlorination of gold according to the
reaction: 2Au +3Cl; =2AuCls.

Experiments were carried out at temperatures
of 150, 200, 250 and 300 °C. The experimental time
varied from 10 to 20 minutes in 5-minute
increments. The experimental methodology is based
on the experimental planning theory method, which
makes it possible to determine the influence of
temperature and process duration on the extraction
of gold from E-waste under conditions of
chlorination with chlorine.

The total number of experiments was 16
experiments. Each experiment was repeated three
times for reproducibility to obtain accurate results.
At the end of each experiment, the weight of the
residue was monitored. The presence of gold in the
residues obtained after roasting was determined
based on the results of elemental, SEM and XRD
analyses. The gold content in the residue was
additionally determined by the traditional method
of chemical analysis.

Based on the results of experimental data, the
values of gold recovery from E-waste at different
temperatures and roasting times were calculated.

Diagram of the laboratory setup and
experimental methodology

The general diagram of the laboratory
installation for gold extraction is shown in Fig. 1.

The experimental procedure was as follows. The
initial sample was loaded into boat crucible 4 and
placed in a quartz reactor 2 installed in the zone of a
uniform temperature field of electric furnace 1. The
working area of the furnace allows for placing four
boat crucibles at the same time, which can increase
the amount of raw material being roasted. In our
case, we used one boat crucible with a minimum
weight of 15 g.
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Figure 1 — General diagram of the laboratory installation to extract gold from E-waste:
1 — Nabertherm HTC-03/15/B170 electric furnace; 2 — quartz reactor;
3 — gases containing AuCI3 sublimate; 4 — boats crucible for samples;
5 — exhaust gas absorbers; 6 — AuCI3 sublimate trapping device;
7 — plug with a hole for supplying chlorine to the reactor;
8 — cylinder with chlorine (gas). The picture was illustrated by the authors.

The quartz reactor is plugged on opposite sides
with a plug, which has holes for the input and output
of gases. The roasting was carried out in a stream of
chlorine gas, which was supplied from cylinder 8
through a plug with a hole 7 into a quartz reactor 2.

Sublimate (AuCls) formed during roasting was
removed from the reactor through pipeline 3 and
captured in a specially designed device 6.
Continuous removal of the sublimate from the
reaction zone ensured that the gold chlorination
reaction proceeded practically in the absence of its
chlorides in the reaction zone.

Exhaust gases containing chlorine were
captured in absorption flasks containing lime milk.
At the end of the experiment, the furnace was
turned off. The solid residue obtained after the
experiment was removed from the furnace, weighed
and subjected to chemical and phase analysis. The
degree of gold chlorination under various
experimental conditions was determined by the
difference, taking into account the amount of the
initial sample and the resulting residue and the gold
content in them.

Results and discussion

The results of experiments on low-temperature
chlorination of E-waste with gaseous chlorine are
given in Table 1.

Figure 2 shows the dynamics of changes in the
gold content in the source material depending on
the temperature and duration of roasting.

It is easy to notice that in the low-temperature
range of 150-300 °C, the nature of the curve of the
dependence of the gold content in the residue on
temperature shows a sharp decrease in the gold
content, reaching its minimum of 8 ppm at 250 °C
(Fig. 2 (A)). A further increase in temperature does
not affect the gold content in the cinder. This
indicates that during chlorinating roasting above a
temperature of 250 °C, side reactions should be
expected to occur with the formation of additional
phases representing chlorides of copper, iron and
other elements. In particular, as shown by the
results of SEM and XRD analyses, copper and iron
chlorides were found in the residues obtained after
chlorinating roasting at a temperature of 250 °C and
a roasting time of 20 minutes. The obtained results
are in good agreement with the results of
thermodynamic analysis of the reactions of
interaction of E-waste components with gaseous
chlorine, where during chlorinating roasting of E-
waste at low temperatures (below 400 °C), a high
thermodynamic probability of interaction of non-
ferrous metals (Cu, Pb, Zn) was established with
chlorine gas to form solid chlorides.
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Table 1 - Results of experiments on chlorination of E-waste with chlorine

# Initial weight, Temperature, 2C Time, min Quantity of Content of
g. residue, g. Au in the residue,
ppm
1 200 150 10 73 8.8
2 200 150 15 65 8.4
3 200 150 20 54 8.1
4 200 150 30 49 7.9
5 200 200 10 71 8.5
6 200 200 15 67 8.2
7 200 200 20 57 7.7
8 200 200 30 50 7.5
9 200 250 10 70 8.3
10 200 250 15 64 7.9
11 200 250 20 99 7.2
12 200 250 30 52 7.1
13 200 300 10 68 8.4
14 200 300 15 54 7.8
15 200 300 20 49 7.1
16 200 300 thirty 46 7
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Figure 2 — Dependence of gold content in the residue on temperature (A)
at t =20 min., and roasting duration (B)
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From Fig. 2 (B) it is clear that the duration of
roasting is an equally important parameter affecting
the chlorination of gold: an increase in the roasting
time also leads to a decrease in the gold content in
the residue obtained after roasting. At T=200 °Cand
roasting time t = 20 minutes, the gold content in the
residue is reduced from 310 ppm to 9.5 ppm. The
greatest effect of reducing gold in the residue is
achieved at T = 250 °C and roasting time t = 20
minutes: the gold content in the residue is 8 ppm.

The most significant technological indicator of
the chlorination roasting process is the extraction of
gold from E-waste under experimental conditions.
Based on the task set, using the results of
experiments, the values of gold extraction into
sublimates in the form of AuCI3 sublimate were
calculated.

Gold recovery was calculated using the formula:

a = 100 — (Eeinder , 1),

€scrap

where: Me cinder — metal content in the cinder, %;
Me srap — metal content in the original
scrap, %.

Figure 3 shows the graphical dependences of
gold extraction (a) on temperature and roasting
duration, developed from the results of
experimental data.

The recovery of gold from E-waste increases
with increasing temperature. Moreover, its sharp
increase, at a constant roasting time, is observed in
the temperature range of 100-250 °C, reaching its
maximum at 235 °C (t = 20 min.) equal to ~97.6%
(Fig. 3 (A)). A further increase in temperature does
not affect gold extraction; on the contrary, a slight
decrease is observed, which is associated with a
change in the phase composition of the starting
material during the roasting process. At high
roasting temperatures (more than 250 °C), sintering
of the material occurs with the formation of
additional phases: CuCl,; FeClO and Cu,Cl(OH)s,
which inhibit the interaction of gold with chlorine
and reduce the reaction rate. However, as
experimental results show, the greatest reduction of
gold with chlorine is achieved up to a temperature
of 250 °C. Further chlorination of gold can be
achieved by increasing the temperature, however,
the resulting gold sublimate will decompose into
metallic gold and chlorine to the point of capture. In
addition, at elevated temperatures, we should
expect changes in the composition of the gas phase
due to the volatilization of undesirable

accompanying metals (As, Cd, etc.), as well as
organics due to the thermal destruction of plastics,
etc.
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Figure 3 — Dependence of gold recovery (a)
on temperature (A) at T = 20 min., and duration (B)

Increasing the experiment time, at a constant
temperature, has a significant effect on gold
recovery in the time range from 10 to 20 minutes,
sharply increasing gold recovery during roasting to a
maximum of 20 minutes (Fig. 3 (B)). Increasing the
temperature reduces the roasting time and
increases the gold recovery, indicating that the
roasting time has a negligible effect on gold recovery
from E-waste.

The obtained positive experimental results
provide a chance to select the optimal technological
parameters and modes of the process of
chlorinating roasting of E-waste with gaseous
chlorine: temperature — 250 °C; roasting duration —
20 minutes; chlorine consumption is 1.5 times
higher than its stoichiometric required amount for
chlorination of gold. The established parameters
provide high gold recovery up to ~97.5% from E-
waste in the form of AuCls sublimate.

The results of the experiments can serve as a
basic basis to conduct more representative
experiments (scaling) in the future, taking into
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account the established optimal technological
parameters. This will allow us to evaluate the
possibility of extracting gold from E-waste of
different types and compositions and to conduct
further research on obtaining pure gold from the
collected representative amount of gold sublimated
AuCl; by smelting.

Conclusions

Based on experimental studies, the influence of
roasting temperature and time on the chlorination
of gold from E-waste has been established.
Extraction from E-waste, at a constant roasting time,
increases with increasing temperature and reaches
its maximum equal to ~97.6% at 235 °C (t = 20 min.).
A further increase in temperature does not affect
gold extraction; on the contrary, a slight decrease is
observed.

At a constant temperature, increasing the
duration of the experiment from 10 to 20 minutes
linearly increases the extraction of gold during
roasting. Increasing the temperature reduces the
roasting time and shifts gold recovery towards
higher levels.

Optimal technological parameters and modes of
the process of chlorinating roasting of E-waste with
gaseous chlorine have been established:
temperature — 250 °C; roasting duration — 20

minutes; chlorine consumption is 1.5 times more
than SRA for gold chlorination. Under optimal
roasting conditions, a high, up to ~97.6%, recovery
of gold in the form of gold chloride (AuCls) was
achieved.

The obtained data will be used for further
research on the extraction of gold from E-waste of
various types and compositions in the form of AuCl;
sublimate and the isolation of pure gold from it.
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Xnopnan Kyigipy KesiHge E-KanablKTapblHaH anTbiHAbl 6enin anyfa
Temnepartypa MeH Npouec Y3aKTbIFbIHbIH, 3CepPiH 3epTTey

YKonpacbaii E.E., *"ApsbiH A.D., 2KypmaHnceutos M.B., locmyxameposa K.C., 2Oapyew F.C.

18.A. balikoHblpos ameiHOaFbI He3Ka3raH yHusepcumemi, MeskasraH, Kazakcmax
2Cambaes YHusepcumemi, Aamamel, KazakcmaH

TYWIHAEME

Makana kengi: 17 Haypei3 2024
CapanTtamagaH eTTi: 16 cayip 2024
Kabbinganabl: 17 mameip 2024

By }KymbICTa aKCNepUMeHTaNAbl 3epTTeynep Herisivae ToMeH TemnepaTtypa KafaanbiHaa Kynaipy
TemnepaTtypacbl MeH YaKblITblHbIH, E-KanablKTapAaH anTbiHHbIH, X10paaHybliHa acepi 3epTTengi.
150-300 °C apanbifblHAAFbl TOMEH TemnepaTtypaza KanablKTafbl anTblHHbIH Menwepi 250 °C
TemnepaTtypaga 8 ppm-re TeH, MMHUMYMFa KeTe OTbIpbin, KYpT TOMeHAEMTiHi aHbliKTanabl.
TemnepaTypaHblH 0ZaH api ecyi epTeHAl KypamblHAafbl anTbiHFa acep eTneiai. 250 °C-TaH ofapbl
TemnepaTtypaja XJopnan Kynaipy KesiHAe jKaHama peakumMAanapablH, Kypyi HaTukeciHae
KOCbIMLUA $asanap mMbic, TEMIp KaHe BacKka a1eMeHTTePAiH X/I0PUATEPIHIH, TY3iNeTiHi aHbIKTanabl.
250 °C temnepaTypaga aHe 20 MWHYT xnopnan KyWaipy yakblTbIHaH KeWiH ajblHFaH KaTTbl
¢dasaHbl SEM xaHe XRD TangaynapbiHblH, HITUXKeNepi onapaa MbiC XKaHe TemMip XJ0pUATEPIHIH,
6apbiH KepceTTi. E-KangbikTapabl X10p rasbiMeH Xnopaay NpoLeciHiH, OHTalIbl TeXHONOTUANbIK,
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napameTpaepi MeH pexxumaepi benrineHai: Temnepatypa - 250 °C; Kynaipy y3akTbifbl — 20 MUH.;
XN0P WbIFbIHbI anTbiHAbI xnopnay ywiH CKM-HeH 1,5 ece Ken. OHTalnbl KyWAipy KafpanbiHAa
Kofapbl ~97,6% peiiH antbiH  xnopug  (AuCls) TypiHge 6enin  anbiHAbI. WyprisinreH
ToXipubenepaiH, HaTukenepi 6asanblk Heris 6ona anafbl KoHe 6enrineHreH OHTabI
TEXHONOTMANBIK, MapameTp/iepai ecKepe OTbipbiN, OAAaH dpi  OKINeTTi 3KCNepuMeHTTepai
(macwrabray) Kyprisyre MymkiHaik 6epepgi. Byn apTypni TunTeri KaHe Kypampafbl E-
KangablkTapaaH antbiHAbl 6enin  any MyMKiHAiriH - 6afanayfa KaHe JKMHanfFaH anTblH
cybammaTbiHbiH, AuCls ekineTTi MenwepiHeH 6anKpITy apKpblibl Tasa anTbiH any 6ovibiHWA 0faH api
3epTTeynep XKyprizyre MyMKiHAiK 6epeai.

Tyiiin ce30ep: E-kanabIKTap, antbiH, Kyinaipy, AuCls cybanmartsl, Temnepatypa, 6enin any.
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UccnepoBaHue BAUAHUA TeMnepaTypbl U NPOAONKUTENbHOCTU XJIOPUPYIOLLLETO
063Kura Ha usBneuyeHue 3onorta us E-otxopos

YKonpacbaii E.E., *"AprbiH A.A., 2KypmaHcentos M.B., }locmyxameposa K.C., 2Napyew I'.C.
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2Satbayev University, Anmamel, Kazaxcma
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MpuHAaTa B Nevatb: 17 mas 2024

AHHOTALMUA

B paboTe Ha OCHOBaHMM SKCNEPUMEHTANbHbBIX UCCNEA0BAHUIA U3YyYEHO BAUAHUE TeMNepaTypbl U
BpPemMeHM 06ura Ha XxnopuposaHue 3010Ta U3 E-OTXOA0B B YCNOBMAX HU3KUX TemnepaTyp.
YcTaHOBNEHO, YTO B MHTEpBane HU3KMx Temnepatyp 150-300 °C copeprkaHue 30/10Ta B OCTaTKe
NOKa3blBaeT PE3KOE CHUMKEHUE C AOCTUNKEHMEM CBOETO MUHMMYMA, paBHoro 8 ppm, npu 250 °C.
[anbHenwunii poct TemnepaTypbl Ha coaepiKaHue 30/10Ta B orapke He BauseT. NoKasaHo, 4To B
npouecce xnopupytollero obxura Boiwe Temnepatypbl 250 °C cneayeT oXuAaTb NpoTeKaHWA
NobOoYHbIX peakumnit c obpasoBaHMemM JONONHUTENbHBIX a3, NPeACTaBAALMX XA0pPUabl Meau,
Kenesa v Apyrux anemeHToB. PesynbTatbl SEM 1 XRD-aHanu3oB TBepaoi ¢asbl, Nony4yeHHou
nocne xaopupytowero obxura npu temnepatype 250 °C v BpemeHn 063kmra 20 MUHYT, NoKasanm
Ha/svuyMe B HUX XNOPUAOB MeAM W Kenes3a. YCTaHOB/EHbl ONTMMasibHble TEXHONOrU4ecKue
napameTpbl U pexunmbl npouecca xnopupytollero obxura E-oTxof0B razoobpasHbiM X10pom:
Temnepatypa — 250 °C; NnpoAoKUTEeNbHOCTb 06Xkura — 20 MUH.; pacxog, xnopa B 1,5 pasa 6onblue
CHK pana xnopupoBaHuA 30710Ta. B oNTUManbHbIX YCI0BUAX BEAEHUA 06XKMUra AOCTUFHYTO BbICOKOE,
80 ~97,6 %, u3sneyeHune 3o010T7a B Buae ee xnopuaa (AuCls). PesynbraTbl NPOBEAEHHBIX OMbITOB
MOTYT C/AYXUTb 6a30BOM OCHOBOW W NO3BOAAIT B JajbHelliem npoBectn bonee
npeacTaBUTeNbHbIE SKCNEPUMEHTbI (MacluTabupoBaHme) C y4eTOM YCTaHOBEHHbIX ONTUMA/bHbIX
TEXHO/NIOTMYECKMUX NapameTpoB. ITO MO3BONIUT OLEHUTb BO3MOXHOCTb M3BJ€YEHUA 3010Ta U3
pas/IM4HOro No TNy 1 coctasy E-0Tx0A08, 1 NpoBecTv fanbHelne NccaefoBaHNA No NOYYEHUIO
YUCTOro 30/10Ta U3 COBPAHHOTO NPeACTaBUTENBHOTO KoanyecTBa cybanmata 3onota AuCls nytem
NNaBKu.

Kmiouesvble cnoea: E-otxofpl, 301070, 063kur, cybammat AuCls, Temnepatypa, ussnedeHue.
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ABSTRACT

The purpose of this study was to study the possibility of producing high-strength briquettes from
high-moisture iron-containing slimes by hydration with quicklime (chemical dehydration) in
combination with dolomite dust from a degusting system and carbon-containing pulverized
materials and developing a drainless technology for the production of complex self-healing
briquettes. The physicochemical conditions of the hydration process, temperature and time
parameters of the process were studied, and the choice of active dehydrating materials
significantly increased the degree of hydration of the composite system and their optimal ratios,
and the period of the beginning and end of self-hardening were determined. The conditions of
combining the processes of dehydration, and self-hardening with the processes of melding, when
applying external pressure to a hardening mixture in a meld to obtain a coated material in the
form of a briquette in one technological cycle are considered, which is one of the main provisions
of the scientific novelty of the proposed method. Optimal conditions for the production of high-
strength briquettes suitable for metallurgical production technologies, excluding the stages of
thermal drying and firing, have been established, and a set of strength properties occurs in the
air. The method allows obtaining a self-healing dipped material by introducing a carbon-
containing reducing agent into a slurry-lime self-hardening mixture. Cheap waste pulverized
limestone and dolomite roasting wastes are used as a dehydrating material, and pulverized
carbonaceous materials (coke and coal screenings) are used as a reducing agent. Unlike well-
known technical solutions, the proposed technology and the method incorporated in it
eliminates the storage of iron-containing sludge in a sludge storage facility and allows you to
organize a drainless scheme of non-annealing and the production of complex self-healing iron-
containing material for the production of steel and rolled products. The technology will make it
possible to organize production for the processing of high-moisture iron-containing sludge,
pulverized calcium- and magnesium-containing and carbon-containing pulverized waste and also
solves the problems of environmental pollution and land allocation for the storage of industrial
waste.
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Introduction

aimed at
cleaning

- development of technologies
reducing harmful emissions and

The "Green Industry" is becoming a new trend
that ensures the implementation of the concept of
sustainable development [[1], [2]]. Despite the
popular opinion that metallurgy is a "dirty" industry,
large companies, over the past decades, have been
implementing and developing new environmentally
friendly solutions, improving production processes.
Today, two main directions can be identified in
which metallurgy is moving towards increasing the
environmental friendliness  of production:

production processes;

- closure of the production cycle, when various
materials and resources are used several times or
sold for further processing.

Creation of a closed cycle, in terms of emissions
into the atmosphere and wastewater or secondary
raw materials. The transition to low-waste
technologies within the framework of the closed-
loop concept is the most difficult and most
important part of the "green industry" [[1], [2], [3],
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[4]]. The metallurgical industry is one of the largest
sources of formation of significant volumes of large-
tonnage mineral waste with various compositions
and is accompanied by the formation of a
significant amount of various wastes, reaching 30%
of steel production. It consists of about 80% slag
and about 20% dust and other waste. At the same
time, waste is often technologically superior to iron
ore materials extracted from the subsurface.
However, despite its high resource potential, waste
from the mining and metallurgical industries in
Kazakhstan is mainly used as raw materials for the
construction industry, but even here the volume of
recycled material does not reach 10% of the annual
volume of education. The utilization of man-made
waste can not only contribute to saving resources,
i.e. obtaining an alternative source of raw materials,
but also reduce environmental pollution. In
addition, the integrated use of man-made waste
can potentially reduce production costs and
increase economic benefits.

One of the most problematic areas is the
technology of storing high-moisture waste from
metallurgical production in tailings dumps. For
example, iron-containing sludge is sent through
multi-kilometre sludge pipelines to a tailings dump
in the form of pulp with a solid: liquid 1 mass ratio:
2. The technology requires significant costs for
transporting the pulp to the tailings pond and
returning the clarified water after settling into the
technological cycle [[5], [6], [7], [8]]. Due to the lack
of effective dewatering and fumigation
technologies, these materials are usually stored in
tailings dumps, where they are mixed with other
slurries and dust and their metallurgical value is
lost. On the other hand, at full-cycle metallurgical
enterprises, when calcining limestone and raw
dolomite, a large amount of finely dispersed
calcium and magnesium-containing waste is formed
in the form of lime and dolomite dust, which are
excellent dehydrating and binding materials and, as
a rule, these materials are not in demand and are
stored in ash and sludge storages. Taking into
account the emerging trend of reducing the total
iron content in natural iron ore concentrates (45-
50%), an alternative secondary raw material can be
an iron-containing oxidized material obtained from
high-moisture iron-containing sludge and pulverized
waste from lime production and firing of crude
dolomite to partially replace iron ore concentrate.
This approach will reduce the need for natural iron
ore and flux materials. This is possible if there is a

technology for preparing sludge for metallurgical
processing. In Kazakhstan, millions of tons of ash
and sludge waste from various industries are
deposited in sludge storages, forming man-made
deposits of iron-containing and fluxing materials
that can serve as secondary metallurgical raw
materials and a partial substitute for natural iron
ore raw materials. In addition, they are usually
located near metallurgical enterprises.

Literature review

Until now, tailings disposal has remained the
only common treatment option for this sludge
other than recycling, but if recycled, these iron
oxides have the potential to provide significant
economic  benefits. The technology under
consideration for storing “liquid” waste from
metallurgical production has several disadvantages:
high one-time capital costs for the construction and
operation of slurry pipelines and tailings dumps;
there is a high probability of migration of harmful
chemicals into groundwater if the protective
screens of the base and sides of the tailings dump
are damaged.

The known technology for storing ore
enrichment waste in underground workings and
tailings with the use of a hardening agent additive
allows the use of underground workings of the
enterprise with production capacity for storage [[5],
[6]].

Reducing the risk to the environment by storing
high-moisture metallurgical waste in underground
goaves and tailings with the addition of a hardener
solves important scientific, practical and social
problems. This is achieved by hardening hazardous
ingredients, selecting the compositions of
hardening mixtures and converting them into a
solid state [[6], [7], [8]].

In world practice, technologies  for
agglomerating mineral sludge by cold briquetting
under pressure are known, based on the use of
binders made of powdered materials [[9], [10], [11],
[12], [13], [14], [15], [16] ]. The wet sludge is mixed
with suitable binding materials to obtain a
homogenized mixture. The finished mixture is fed
into a briquette press and after applying pressure to
the mold, a briquette is obtained, which is
subjected to heat treatment and firing.

Briquetting provides wide opportunities for
recycling fine waste; it is also promising from the
point of view of obtaining a metallized product
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since reducing agents can be introduced into the
briquetted charge [[19], [20], [21], [22], [23], [24],
[25], [26], [27]].

The advantages of briquetting are that this
method makes it possible to obtain standard
products with adjustable sizes and technological
properties from the waste of various chemical
compositions and properties, increase the density
of bulk materials, prevent freezing and caking of
finely dispersed waste in bins and dosing
equipment, and reduce dust during transportation
and use. The efficiency of using useful components
in briquettes is significantly higher than in any other
state (in a fine or polydisperse fraction, in sorted
form). Compared to agglomeration and pelletizing,
briquetting of iron-containing waste has several
advantages:

- briquettes have the same shape and weight,
are characterized by a high iron content, density
and strength, and better transportability;

- all the oxygen in the briquette remains active,
while in the agglomerate it is in a bound state (in
the form of silicates), which is especially important
for blast furnace production;

- environmental safety of briquetting: waste-
free, no high temperatures during production;

- the possibility of using carbon-containing filler
in a briquette in any ratio to activate processes in a
metallurgical furnace (carburizing, reducing agent,
energy carrier);

- the possibility of recycling all types of fine
waste from metallurgical production.

To reduce moisture when processing sludge,
thermal drying is traditionally used, which quickly
reduces the moisture content in the sludge [[10],
[15], [21], [27]]. Sludge dewatering by hydration of
calcium and magnesium-containing materials
(chemical dewatering), as a new processing
technology, has the advantage of energy saving and
environmental protection and its ability to reduce
the volume and quantity of sludge. This method
makes it possible to obtain hardened material
without thermal firing [[28], [30], [31], [32]].

There are known studies on the hardening of
sludge from wastewater treatment plants by
hydration using cement and lime [[28], [29], [30],
[31], [32]]. Cement and lime are mixed with the
sludge in certain proportions to dewater the sludge
and harden it. It was established that the rate of
sedimentation and dewatering of the hardened
sediment depended on the ratio of hardener to
sludge. The higher the ratio, the more obvious the

dehydration effect, and the maximum dehydration
reduction value is 13%.

Currently, chemical curing is a more advanced
sludge treatment method. The method eliminates
the problems of low efficiency and severe pollution
of traditional methods of storing sludge in a sludge
reservoir or sludge fields [[28], [29], [30], [31]]. The
principle of hydration of wet tailings with cement
was incorporated in the above-mentioned
technology of storage in abandoned mines [[5], [6],
(71, [8]].

When disposing of man-made waste from
metallurgical production, non-firing methods of
agglomeration are increasingly effective, which
have fundamental advantages in comparison with
high-temperature methods of thermal drying. This
is expressed in high technical and economic
indicators (cost, capital and current costs, energy
consumption, etc.) and environmental indicators (3-
5 times reduction in the degree of environmental
pollution) [[17], [18], [19], [21], [26]].

Once cured, the product must have mechanical
resistance to allow some basic work such as
transport and oven loading and the type of binder
plays an important role. Regardless of the chosen
binder, a reliable briquette should retain all of the
above-mentioned properties as much as possible.

The purpose of this study was to study the
possibility of producing high-strength briquettes
from high-moisture iron-containing slurries by
hydration with quicklime powder (chemical
dehydration) in combination with dolomite dust
from the dust removal system and carbon-
containing dust materials and developing a
drainless technology for the production of complex
self-healing briquettes.

Research Methodology

When carrying out this work, we proceeded
from the condition of developing a technology for
the chemical dehydration of iron-containing sludge
with a moisture content of 60-90%, obtaining
sludge-lime mixtures without the use of complex
equipment and the use of lime and dolomite dust,
which are secondary material resources.

To study the processes of combining the
operations of dewatering, self-hardening and
agglomeration of iron-containing sludge, a
laboratory installation was developed (Fig. 1) and
experiments were carried out to study the
conditions that ensure the production of iron-
containing briquettes suitable for use in steel
production.
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1-receiving hopper (funnel); 2 - screw mixer (activator); 3 — electric drive; 4 - reducer;
5 - belt drive; 6 - hydraulic press; 7 - cylindrical mold

Fig. 1 - Scheme of a laboratory plant for cleaning converter gas-rich, briquetting
iron-containing sludge

Table 1 - Fractional composition of components

Component Content, % by fraction, mm
>2.5 1.6-2.5 1.0-1.6 0.63-1.0 0.1-0.63 0.063-0.1 0.05-0.063 <0.05
Converter ; - ; 7,8 27,2 2,8 1,2 61,0
sludge
Lime dust 15.8 119 10.7 7.9 23.7 119 13.8 4.3
Dolomite dust - 2.0 3.3 4.0 16.0 34.0 13.3 27.4

Mixing was done manually, and the volume of
materials used was measured using measuring
containers. During the mixing and holding process,
the temperature was measured, the time was
recorded and the rate of dehydration of the mass
was calculated. The mixing process lasted 5-10
minutes until a homogeneous mass was obtained.

Molding was carried out on a laboratory
hydraulic press with a force of 125, 180 and 280 kN.

As source material for the preparation of slurry-
lime mixtures and briquettes, converter sludge with
a moisture content of 60-90% was used, taken from
the slurry pipeline at the time of its pumping from

radial settling tanks to the ash and sludge storage
tank.

For chemical dehydration of the initial sludge,
lime dust from gas purification of the KS-1000
furnace and dolomite dust from a rotary kiln were
used. In the process of research in laboratory
conditions, the physicochemical properties of
converter sludge taken from the slurry pipeline at
the time of pumping, lime and dolomite dust, and
lime-slurry mixtures were studied (Table 1, 2).

When preparing experimental mixtures, the
volumetric ratio of converter sludge, lime and
dolomite dust varied from 0.5 to 2.0 parts by
volume (Table 3).
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Table 2 - Average chemical composition of components, %

component | ¢ s | Fewsw | CaO | CaOu | Si0, | MgO | MnO | ALOs | P | s | nnn | MNpouve
Converter | 60 | 5560 | 1640 | - | 210 | 205 | 127 | 1.87 | 0.60 | 0.25 | 10.50 7.79
sludge
Lime dust - - 84.90 | 68.0 - 0.77 - - - 002 11.0 3.31
Dolomite
- 5-6 | 44.50 - 3.71 | 26.52 - 1.74 - - 15.00 7.77
dust
Table 3 - Composition of sludge-lime mixtures dehydration process based on the nature of
changes in the temperature of the mixture.

_ Content, volume fractions According to the colloid-chemical theory of
Mixture | Converter | Limedust | Dolomite hardening, the chemical transformations that occur
number sludge dust L . . . -

1 0 10 - when mixing lime with sludge of high humidity are

5 05 15 - described by the following reaction:

3 0.5 - 1.5

4 1.0 1.0 0.5 3Ca0 - Si0; +4,5 H0 = Ca0 - Si0,- 2,5H,0 + 2Ca(OH), (1)

5 1.0 1.5 0.5

6 1.0 2.0 0.5 ) )

- 05 10 3 The curing process of the system is purely

3 05 15 i physical and mechanical. Calcium hydrosilicate is

9 05 20 _ very slightly soluble in water, and remains in a
colloidal state for a long time, gradually

After mixing these components, various recrystallizing, —and then compacting and

technological parameters of the resulting mixtures ~ strengthening. The cement paste acquires cohesion
were determined: humidity, temperature, and strength and turns into a solid monolithic body.

dehydration rate, and hardening time.

Briquettes with a diameter of 50 mm and a
height of 60 mm were prepared from slurry-lime
mixtures using a mechanical press at loads of 125,
180 and 280 kN/briquette. After keeping the
briquettes in natural conditions for 1.5 and 15 days,
their strength was assessed by crushing in a press.

Research results

The process of chemical dehydration
(hydration) of converter sludge with lime and
dolomite dust is characterized by an exothermic
reaction between active CaO and excess moisture in
the sludge. The process was accompanied by an
increase in system temperature. As the research
results have shown, the change in the rate of
dehydration is directly proportional to the change in
temperature during the process of mixing sludge
pulp with dewatering components and holding,
which made it possible to develop a new method
for assessing the degree of chemical dehydration.
The technique makes it possible to study the
mechanism and kinetics of the chemical

Chemical processes are completed sometime after
the interaction of the binder, in our case pulverized
lime, with sludge water to form a fragile loose mass.

Its transformation into a stone-like body occurs
due to the formation of a crystalline intergrowth of
calcium hydroxide and hydrosilicates. The
hardening period is the longest and is characterized
by a slight release of heat.

When the binder, in our case pulverized lime,
comes into contact with excess moisture from the
sludge, there is a so-called preparatory period,
during which a saturated solution is formed. The
heating of the mixture at this moment is
insignificant, since the dissolution process is
endothermic. Upon reaching saturation, the cement
paste quickly heats up due to the hydration
reaction.

It bhas been established that chemical
dehydration of sludge pulp occurs through a two-
stage mechanism. The first stage the process is
characterized by an exothermic reaction of
interaction of the dehydrating component with
water with the formation of calcium hydroxide with
water according to reaction (2) and occurs in the
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kinetic region, accompanied by an increase in
temperature and rate of dehydration.

CaO + H,0 = CaO(OH), (2)

It has been established that the first stage of
chemical dehydration, i.e. chemical binding of
moisture ends with a maximum increase in
temperature (Fig. 2).

Depending on the mineralogical and dispersed
composition, the initial moisture content of the
sludge and the mixing speed, the intensity and
speed of hydration changes.

11}: 6

Temperature, 0C

Duration, hour

Fig. 2 - The nature of the temperature change during
solidification of the slurry-lime mixture

The heat released as a result of the exothermic
reaction goes to evaporate moisture. As the
research results have shown, at this stage the bulk
of the moisture is removed and an increase in the
rate of dehydration is observed, which ends when
the maximum temperature of the mixture is
reached (Fig. 2). The intensity of this chemical
interaction depends on the degree of mixing and
the maximum area of contact of the reacting
substances and the activity of CaO. In this case, the
surface of the adsorbed layer of lime particles is
deformed, and a more durable crystalline structure
of Ca(OH)2 is formed, which cements the resulting
sludge-lime mass, and also makes it possible to
obtain strong briquettes from this mass. At this
point, the moisture content of the mixture is 15-
25% and a further decrease in the moisture content
of the mixture occurs according to the law of
molecular falling
dehydration and temperature of the mixture.

diffusion with a rate of

Further binding of residual moisture s
controlled by the diffusion transport of water
molecules through a thin diffusion boundary layer
that forms on the surface of the dehydrating
material particles. The surface, boundary layer
consists of crystallized calcium hydroxide and
carbonate, formed as a result of the reaction of
calcium hydroxide absorbing carbon dioxide from
the surrounding atmosphere according to reaction

(3)
Ca(OH), + CO, = CaCO, + H,0 (3)

At the second stage of dehydration, hardening
of the mixture begins, caused by supersaturation of
the wet mixture with calcium hydroxide.
Crystallization centers are metal particles of sludge
(iron oxides). Crystals of calcium hydroxide and
calcium carbonate coalesce with other oxides
present in the sludge into a relatively strong and
hard mass.

Thus, the second stage of chemical dehydration
generally determines the total duration of obtaining
a semi-dry solid mass of sludge-lime mixture
suitable for transportation and further disposal in
the charge of the sintering or converter process. It
has been established that the intensity of chemical
dehydration, i.e. the duration of the first and
second stages depends on the type of dehydrating
materials, the activity of CaO, MgO in it, its
fractional composition, as well as the degree of
mixing of the main components.

The use of pure pulverized lime as a
dehydrating component with a CaO content of at
least 60% (compositions No. 7-9) is characterized by
a low dehydration rate (Fig. 2). The residual
moisture after the first stage is (35-40%), and
hardening of this mixture continues for more than
12 hours.

The use of one pulverized lime with active CaO
(75-80%) is characterized by a higher rate of
dehydration (compositions No. 1-2) and a residual
moisture content of 20-30%. The total time for
dehydration and hardening of the mixture is 6
hours, obtaining a residual moisture content of 18-
20%.

Treatment of slurry pulp with pure dolomite
dust, although it reduces the duration of the first
stage of dehydration to 2 hours and the residual
moisture before the hardening process to 15-17%,
but the sludge-lime mixture turns out to be self-

—— 4 ——
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disintegrating. After 24 hours it crumbles with
subsequent dusting and cannot be wused in
metallurgical production technology.

The best results were obtained when treating
slurry pulp with a moisture content of 60-90% with
a mixture of pulverized lime and dolomite
(compositions No. 4-6). This reduces the duration of
the main stage of dehydration until the beginning of
the hardening period of the mixture. The total
duration of dehydration and hardening is 3 hours.
noay4YeHMeM BNAXKHOCTU TBepaoi macchl 10-15 %.

Treatment of sludge with lime and dolomite
dust intensifies the process of chemical
dehydration, which is confirmed by a higher level of
temperature rise and rapid hardening of the sludge-
lime mixture. This is explained by the presence of
dolomite dust, in addition to CaO (45%) and the
presence of MgO in it up to 27%. In addition, in
dolomite dust, in addition to CaO and MgO, there
are clay components - AL,Os3, SiO3, and Fe;03, which
form silicates with CaO and MgO, aluminates and
ferrites of calcium and magnesium, which have high
astringent properties. These compounds, when in
contact with water, quickly harden in air and
contribute to the formation of a fast-hardening
slurry-lime mixture.

Since after the completion of the first stage of
dehydration a paste-like mass with a residual
moisture content of 16-30% is obtained, the
possibility of combining the stages of dehydration,

self-hardening and  agglomeration in one
technological cycle was studied
The compressive strength of briquettes

produced by pressing with a force of 125, 180 and
280 kN had 94, 265 and 505 kN/cm2, respectively,
and density, respectively, 2.7 kg/cm3. The number
of fines less than 5 mm falling onto a steel plate
from a height of 2 m was 0.6%.

Moreover, those made using dolomite dust
(compositions No. 4 and No. 5) were distinguished
by increased strength compared to briquettes using
pure lime dust.

The humidity of the briquettes after 24 hours
was 9%, and after 15 days it was in the range of 0.3-
0.5% and did not lose their shape. Moreover, the
strength of the briquettes practically did not change
during their ageing process, and they turned out to
be quite suitable for transportation via conveyor
systems and transfers of charge supply paths.

If we consider the economic aspect of the
proposed technology, then the most acceptable for
production are compositions No. 4 and No. 5, which

do not require large amounts of lime and dolomite
dust.

Discussion of the research results

As shown by the results of experiments on
combined chemical dehydration, self-hardening and
molding processes, the strength of the resulting
briquettes is affected by the heat release process in
the first stage of hydration. It has been established
that the maximum strength of briquettes is
obtained by pressing the sludge-lime dough at the
moment the mixture reaches its maximum
temperature. Briquettes made earlier than this
moment had low strength, which, apparently, is
explained by their destruction under the influence
of thermal stresses and steam release during the
period of intense heating. An even greater decrease
in the strength of briquettes is observed during
pressing much later than the maximum heat
release, probably due to the loss of thixotropic
properties by the hydration products.

Research results have shown that the optimal
moisture content of the charge required for the
production of high-quality briquettes from iron-
containing sludge should not exceed 15-20%.

A distinctive feature of the proposed method of
agglomeration from all known ones is the use of the
synergistic effect of moisture hydration by active
calcium and magnesium oxides, accompanying self-
hardening of lime paste sludge and combination
with the briquetting process. New patterns have
been established that have made it possible to
develop a non-firing method for obtaining
agglomerated material in the form of self-healing
briquettes from iron-containing sludge and waste
dusty materials (lime and dolomite dust and
carbon-containing dust).

The proposed technology does not require
drying or firing, and strength properties are gained
when the material is cooled in air for 24 hours.

The established patterns of chemical
dewatering of iron-containing sludge with dust-like
waste from the production of lime and dolomite
made it possible to develop a drainless
technological scheme for the production of iron-
containing briquettes (Fig. 3).

A closed sludge recycling cycle is envisaged, in
which the water will be drained for reuse, and the
condensed sludge will be used in full to prepare a
sludge-lime mixture.
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Fig. 3 - Technological scheme for the production of sludge-lime briquettes for converter production
Note: The drawing was created by the author

Currently, pumps pump converter sludge from
radial settling tanks to the ash and sludge storage
tank three times a day, 650 m3 each, which is about
2000 m3 per day. The interval between pumping
sludge is 5-7 hours. The main technological
operations will take place in this interval.

The positive side of this method is that there is
no need to wait for the sedimentation of solid
particles of sludge, as is used in settling tanks; the
entire technological process of preparing for sludge
disposal occurs while pumping the sludge through
the sludge pipeline. The estimated moisture
content of sludge after hydrocyclones is about 50%.

Drainless technology is carried out as follows.
Slurry from wet gas cleaning technology or systems
is pumped directly to the proposed installation (Fig.
2), to a dewatering unit, where the slurry is
dewatered in pressure hydroclones GNS-500 and
GNS-250, to a moisture content of 40-50%. The
condensed sludge is sent to a conveyor, where
pulverized lime and/or pulverized dolomite, as well
as screening of coke breeze or pulverized coal, are
dosed. Materials from the conveyor are fed into a
two-roll screw mixer-activator, where the processes
of mixing and chemical dehydration are carried out.
From the mixer, the dehydrated heated sludge-lime
mixture enters a press (roller or vibropress), where
the processes of final hardening and molding occur
and at the output we obtain agglomerated material

in the form of a briquette with a moisture content
of 5-9%. Briquettes are stored on pallets for cooling
at ambient temperature. Clarified water from the
hydrocyclone is pumped out and returned to the
technology.

The performed technical and economic
calculations showed that the construction of the
site and the use of the slurry-lime mixture in the
sinter production charge according to the proposed
method of chemical dehydration of waste from the
production of lime and dolomite, with the disposal
of 70 thousand tons of converter sludge, will save
52.5 thousand tons of iron ore annually, 2. 8
thousand tons of manganese ore, 7.0 thousand tons
of fuel equivalent and 21.0 thousand tons of
limestone. The effect is achieved by saving iron ore
materials and replacing them partially with iron
contained in sludge and lime, as well as by reducing
budget payments for environmental pollution.

The proposed technology makes it possible to
create a closed water supply system not through a
purification pond (sludge reservoir), but through
the proposed installation, which significantly
reduces water consumption, labor and energy costs
for transporting the pulp through many kilometres
of slurry pipelines to the sludge reservoir and
returning clarified water to the technology, as well
as the costs of maintaining slurry pumps, slurry
pipelines and sludge accumulators.
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Thus, iron ore slurry in the form of
agglomerated composite material can be used as a
substitute iron ore concentrate in end-to-end
technology for smelting steel and cast iron. There is
no need to allocate land for sludge storage and
achieve more complete recycling of industrial
waste.

The proposed project is the basis for the
creation of closed metallurgical environmentally
friendly resource-saving processes that solve not
only the problems of raw materials and maximum
involvement of waste in economic circulation but
also environmental problems of production.

The competitiveness of the proposed
technology compared to other analogues is as
follows:

- transportation and storage of sediments in a
sludge storage tank is eliminated;

- labour and energy costs for transportation and
storage of sludge, maintenance of slurry pumps,
slurry pipelines and sludge accumulators are
reduced;

- there is no need to dry the sludge before
agglomerating and firing iron ore briquettes;

- organizing a one-stage process of dehydration,
self-hardening and molding to produce complex
iron-carbon-containing agglomerated material in
one production cycle;

- dispose of waste dusty waste from burning
lime and dolomite, as well as screenings of coke or
coal.

This version of the technology was introduced
at ArcelorMittal Temirtau JSC in the water supply
shop for the dewatering of oil-containing and iron-
containing waste from rolling production (oily scale)
using powdered lime and dolomite dust to produce
lime scale for sintering production [33].

Conclusion

The study of the physicochemical conditions of
hydration processes, temperature and time
parameters of the process made it possible to select
active dehydrating materials and their optimal
ratios, which significantly increase the degree of
hydration of the composite system and the period
of the beginning and end of self-hardening. The
conditions for combining the processes of
dehydration, and self-hardening with molding
processes when applying external pressure to the
hardening mixture in a mold with the production of

agglomerated material in the form of a briquette in
one technological cycle are considered, which is one
of the main provisions of the scientific novelty of
the proposed method. Optimal conditions have
been established for the production of high-
strength briquettes suitable for metallurgical
production technologies, excluding the stages of
thermal drying and firing, and the development of
strength properties occurring in air.

The method makes it possible to obtain self-
healing agglomerated material by introducing a
carbon-containing reducing agent into a self-
hardening slurry-lime mixture. Cheap waste
materials are used as dewatering material dusty
waste from burning limestone and dolomite, and
dusty carbon-containing materials (coke and coal
screenings) as a reducing agent.

In contrast to known technical solutions, the
proposed technology and the method incorporated
in it eliminates the storage of iron-containing sludge
in a sludge storage facility and makes it possible to
organize a drainless scheme of non-firing
agglomeration and the production of complex self-
healing iron-containing material for the production
of steel and rolled products. The technology will
make it possible to organize production for the
processing of high-moisture iron-containing sludge,
dusty calcium- and magnesium-containing and
carbon-containing dusty waste and also solve the
problems of environmental pollution and land
acquisition for storage of production waste.

The proposed technology solves not only
technological, but also environmental problems:
reducing environmental pollution and land
allocation for storage of industrial waste, reducing
environmental charges for waste storage, as well as
pollution of off-balance and groundwater.

The self-hardening properties of sludge when
treated with dewatering materials based on
industrial waste can also be implemented for the
disposal of hazardous sludge waste, for example in
abandoned mines. This will prevent contaminated
water from entering water bodies while eliminating
the need for the construction and maintenance of
ash and sludge storage tanks without the danger of
breaking dams and flooding adjacent arable lands.

Ash and sludge waste dewatered using the
proposed method can be used for landscape work,
as well as in the industry for the production of
various building materials.
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Ubpaes U.K., Ubpaesa O.T., AiiTkeHosB H.b.

KaparaHdel uHOycmpuandsi yHusepcumemi YAO, KaparaHdel, KazakcmaH

TYWIHAEME

Byn 3epTTeyaiH makcaTbl WaHAbl KeTipy KyheciHaeri 4ONOMUT LWaHbIMEH XaHe KypamblHAA
KemipTeri 6ap LaH MaTepuangapbiMeH yinecimae ceHAipinMereH oK yHTafbIMeH ruapartauus
(xumuAnbIK cycbi3gaHabipy) apKblabl bIAFaNAbIIbIFbI KOFapbl TeMipi 6ap waamaapaaH 6epikriri
JKOFapbl BpPUKeTTepAi any MYMKIHAIrH 3epTTey )KaHe OcCbl Herizge e3airiHeH KainbliHa KeneTiH
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KaNbINTafbl KAaTaUTaTbIH KOCMaFa CbIPTKbl KbICbIM TYCipy Ke3iHAe cycbi3gaHablpy, 634iriHeH KaTato
npouecTepiH Kanbintay npouecTepimeH GipiKTipy WapTTapbl KapacTbipblnagbl, 6yn yCbiHbIAFaH
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CapantamagaH eTTi: 24 kaHmap 2024
Kabbinganabl: 17 mameip 2024
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6onaT MeH NPOKaT eHAipyre apHanfaH KypamblHAA Temipi 6ap e3firiHeH KannblHa KeneTiH
maTepuangbl eHAipyre MyMKIHAIK 6epefi. TexHO/MOrMs bIAFanablblFbl KOFApbl Temipi 6ap
WAamapl, KYypamblHAA KanbLMii MEH MarHuiii KaHe KemipTeri 6ap WaHAabl KanablKTapabl eHaey
boibIHWa eHAipicTi yibiMaacTbipyFa MYMKIHAIK 6epeai, COHbIMEH KaTap KopluafaH OpTaHbl
NlaCTamMay »KaHe eHAIPICTIK KanablKTapAbl CAKTay YLUiH KQXKeTTi XKepai any macenenepin wewea,.
TyiiiH ce30ep: Wwnam, WaH, eHaey, Cycbi3AaHAbIpy, arnomepaums, bpukeTTey.

Aemopnap mypanel masnimemmep:

Ubpaes Upwek Kaxcbikapimynol TexHuka

FblLIMOGPbIHGIH
Memannypaus #aHe Memasnn folabiMbl KagedpacsiHbiH, npogeccopsl, KaparaHosl, Kazakcmat.

dokmopel,  KaparaHOel  UHOYcmpuandsl  yHUBepCcUMeMmiHiH,

Email: ibraevik@yandex.ru

N6paesa Opazbuke ToKkMapxXaHKbI3bl

T.f.K., doyeHm, «KaparaHObl uHOycmpuanosl yHusepcumemi» KEAK, KaparaHObi, KazakcmaH.
Email: ibraevaot@yandex.ru

@unocogus felneimoapsiHbiH 0okmopsl PhD, KaparaHdel uHdycmpuandsl yHugsepcumemi KEAK

AlimkeHoe Hypbek Bonamysnoi
KazakcmakH.

«Memannypausa MHoHe MemanamaHy»

KagheopacwiHbIH, afa  OKbimywbicel, KaparaHObl,



https://doi.org/10.31643/2025/6445.18
mailto:ibraevik@yandex.ru
mailto:ibraevaot@yandex.ru

KomnnekcHoe Ucnonb3oBaHne MuHepanbHoro Coipba. No2(333), 2025 ISSN-L 2616-6445, ISSN 2224-5243

Be306)k1rosbii cnocob nepepaboTKu BbICOKOBAAXKHDIX XKe1e30coAepKalmux
LI/IaMOB MeTalypruyeckoro npousBoaCcTea

Ubpaes U.K., U6paeBa O.T., AisTKeHoB N.B.

HAO KapazaHAuHcKuli uHOycmpuanbeHsili yHusepcumem, KapazaHda, KazaxcmaH

AHHOTALUMUA

Llenbto gaHHOro uccnefoBaHUA 6b10 U3YYUTb BO3MOMHOCTb MPOU3BOACTBA BbICOKOMPOUHbIX
6PMKETOB M3 BbICOKOBNAMKHBIX KENE30-COAepKallMX LWAAaMOB ruMApaTaumein HeraweHown
NblEBUAHOW U3BECTbIO (XMMMUUECKoe 06e3BOXKMBaHME) B KOMBMHALMM C JONOMUTOBOW Mbl/bO
U3 cucTembl 06ECNbINMBAHUA U YINIEPOACOAEPHKALLMX NbINEBUAHBIX MaTepuanoB U paspaboTku
Ha aTOoM ocHoBe  6GEeCcCTOYHOM  TexHosjoruu npou3BoAcTBa KOMMIEKCHbIX
CaMOBOCCTaHaB/IMBaAOWWMX BpUKETOB. MccnefoBaHbl GU3MKO-XMMUYECKME YCNOBUA npouecca
rMapaTaumm, TemnepaTypHO-BPEMEHHbIE MapameTpbl MpoLiecca, onpeseneH BbIOOP aKTUBHbIX
06€3BOKMBAIOLLMX MAaTEPUA/IOB 3HAUMTE/IbHO MOBbLILIAIOLWMX CTEMNEHb MMAPATALMU KOMMO3UTHOM
CACTEMbI U WX ONMTUMaJbHbIX COOTHOLIEHWI, MEepuos Hayano U KOHLA CamMOOTBEPAEHUS.
PaccmoTpeHbl  yCNOBUA  COBMELLEHWS NPOLLECCOB  06e3BOXKMBAHUA, CaMOOTBEPAEHUA C
npoueccamm GOPMOBaHUA MPU MPUIOKEHUN BHELUHEro AaBfAeHWA K TBepAelowei cmecu B
npecc-opme C MO/My4EHMEM OKYCKOBAHHOrO MaTepuasna B d¢opme 6puKketa B OAHOM

Moctynuna: 22 dekabps 2023 TEXHO/NIOTMYECKOM UMKNE, YTO COCTaBAsfeT O4HO M3 OCHOBHbIX MOJIOXKEHWA Hay4HOM HOBU3HbI
PeueH3nposaHue: 24 aHeapa 2024 npeaiioKeHHOro cnocoba. YCTaHOBAEHbI ONTUMA/bHbIE YCAOBUA MOAYYEHUA BbICOKOMPOUHbIX
MpuHAaTa B Neyatb: 17 mas 2024 6PUKETOB NPUTOAHbIX ANA TEXHONOTUIA METaNNypPruieckoro MpPOU3BOACTBA, WCK/IHOYAOLLMX

CTafluM TEPMUYECKOM CYLIKU U 06xKnra, a Habop NPOYHOCTHbLIX CBOWCTB NPOUCXOANUT Ha BO3AyXe.
Cnoco6 no3BonseT NOAy4aTb CAMOBOCCTAHAB/MBAIOLWMIA OKYCKOBAHHbIV MaTepuan BBEAEHUEM B
LIIAMOU3BECTKOBYIO CaMOTBEPAECIOLLYI0 CMeCh YrepOACOAEpKallero BocCTaHoBWUTeNA. B
KayecTBe 06€3BOXKMBAIOLLErO MaTepuana MCMoib3yloTcAa AelleBble Hpocosble NblneBUAHbIE
OTX0Abl O6XWra W3BeCTHAKAa W A[O0/NOMWTA, @ B KayecTBe BOCCTAHOBUTENA MblAeBUAHbIE
yrnepoacofepiKaLime matepumanbl (OTCEBbI KOKCUKA U yras). B oTanume M3BECTHbIX TEXHUYECKUX
peleHnit Nnpeanaraemas TEXHONOMUA U cnocob 3aN0XKeHHOM B Hel UCKIOYaeT CKNajMpoBaHue
Kenesocofepalimx WAamMoB B LWIAMOXPaHUAULLE WM MO3BONAET OpraHW30BaTb GeccTOYHY
cxemy 6e3063KMroBOro OKyCKOBaHMA U NPOM3BOACTBO KOMMJ/IEKCHOrO CaMOBOCCTaHaB/IMBAIOLLErO
Xenesocofepallero matepuana Aia NPOM3BOACTBA CTasM U MpokaTta. TexHONorna no3BoONAT
OpraHM30BaTb NMPOU3BOACTBO NO NepepaboTKe BbICOKOBNANKHBIX KENe30CoAepHaLLMX LINAMOB,
NbINEBUAHBIX KaNbLWA- U MarHUMCOAEPIKALLMX U YIIePOACOAEPKALLMX MbINEBUAHBIX OTXO40B U
pellaeT Takxe Npob/iembl 3arpA3HEHUA OKPYKaloLei cpeapl M OTBOAA 3eMenb AR XpaHeHUs
OTXO/ZI0B MPOU3BOACTBA.

Knwoveeble cnosa: wnam, nbiab, nepepaboTka, 00e3BOXMBAaHME,  OKYCKOBaHUe,
6pUKETMPOBAHME.
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ABSTRACT

To extract aluminium from highly concentrated aluminate solutions of alumina-containing raw
materials, decomposition is performed through the crystallization of sodium hydroaluminate. This
paper presents the results of a study on the stability of aluminate solutions. To calculate the
probable yield of Al,0s in the solid phase, it is necessary to determine the crystallization rate of
sodium hydroaluminate according to the composition of the initial solutions and the conditions of
the process. The influences of SiO, content on the decomposition of aluminate solutions with
Na2Ok concentrations of 540 g/dm? and 590 g/dm? with and without inoculum were studied. In
addition, the influence of silica on the appearance of precipitating crystals of sodium
hydroaluminate was considered. A sharp increase in the stability of the aluminate solutions at rest
in the presence of silica was observed. Different crystallization conditions for sodium
hydroaluminate have been investigated. Silica slows the crystallization process of sodium
hydroaluminate, affecting both the nucleation and crystal growth rates. The effect of SiO, on the
rate of decomposition is similar to the reduction in the degree of supersaturation.
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Introduction

When Al(OH)s is separated by carbonization, the
solution is treated with CO,-containing gases.

The sintering and Bayer methods are used to
process alumina-containing raw materials used in
industry [[1], [2], [3], [4], [5]]. Processing by the
hydrochemical alkaline method results in high-
modulus aluminate solutions with caustic modulus
(ax) values of 6-12. The properties of aluminate
solutions significantly depend on the technological
process [[6], [7], [8], [9][10]]. Two methods are used
for aluminium extraction from the obtained
aluminate solutions: decomposition and
carbonization [[11], [12], [13], [14]].

Aluminium hydroxide precipitation is performed
by the spontaneous  decomposition of
supersaturated solutions.

When opening high-siliceous aluminosilicate
rocks with hydroalkali technology, high-modulus
aluminate solutions are obtained. In addition,
spontaneous decomposition of these solutions with
aluminium hydroxide extraction is impossible, and
carbonization is economically unfeasible due to the
transfer of expensive caustic alkali into carbonate
products. Therefore, for aluminium extraction from
highly concentrated aluminate solutions, a
decomposition method based on the crystallization
of sodium hydroaluminate is used. Then, the
obtained product is dissolved in industrial water to
obtain aluminium hydroxide by decomposition.
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The crystallization process is a bottleneck of the
hydrochemical method. The obtained solid phases
are finely dispersed, contain a large amount of
entrained mother liquor and are poorly filtered;
additionally, the resulting solution has a high caustic

modulus (1.8-2), which adversely affects the
subsequent conversion—decomposition process
[11].

To calculate the probable yield of Al,O; in the
solid phase, it is necessary to determine the
crystallization rate of sodium hydroaluminate
according to the composition of the initial solutions
and the conditions of the process. Of great
importance for the crystallization of sodium
aluminate is the presence of silica in the solution.

Silicon is the main impurity in bauxite, and is also
one of the most harmful impurities in the process of
the alumina production using alkaline method such
as the conventional Bayer process [15]. The
presence of even small amounts of silica in
Oaluminate solutions sharply inhibits the
crystallization of sodium hydroaluminate. To realize
its recycling, the alkali-silicate solution needs to be
desiliconized [16]. After leaching by a hydrochemical
method, the solutions contain a maximum of 10
g/dm? SiO,, from which only a small part of the Al,Os
can be separated into a solid phase. Moreover, the
crystallization process proceeds at a very low rate.
Therefore, it is necessary to purify the solution from
silica.

There is a known method [17] in which some
silica is removed from high-modulus aluminate
solutions by decreasing the solubility of sodium
aluminosilicate in relatively low-concentration
Na2O. solutions. For this purpose, the solutions are
diluted to 300 g/dm? Na,O and stirred at 90 °C for 2—
3 h. The silica in this case precipitates in the form of
sodium aluminosilicate. Therefore, the silicon
modulus of the ps; solution (mass ratio of Al,03/SiO3)
increases from 7-10 to 50-100. A similar method
combining desiliconization with sludge separation
was recommended in the literature [18]. In the
process of bauxite sintering, CaO is added to bind
SiO,; and obtain 2Ca0-SiO; [[19], [20]]. CaO is not
used during the hydrochemical processing of high-
modulus bauxite with a silicon modulus exceeding 7,
since the SiO; content is low enough, and the losses
are insignificant [21].

The deep desiliconization of aluminate solutions
with silicon moduli (usi) of 8—12 can be performed by
binding silica to hydrogenates in the polythermal
regime. Studies on the conditions allowing the
decomposition of unsilicified aluminate solutions
have not been carried out.

The distribution of Na, Al, and Si between the
solid and liquid phases depends on the chemical
compositions of the silicate and aluminate solutions
[22].

The influence of SiO, on the rate of
decomposition of aluminate solutions and the
formation of hydroaluminate crystals under
different conditions has not been sufficiently
clarified, and the mechanism of silica action in this
process remains unclear. This work aims at studying
the influence of silica on the production of sodium
hydroaluminate.

Materials and methods

The kaolin sample from Alexeevskoe deposit
was used in this study. The sample was determined
to contain AlLOs; 35.6%; SiO, 43.2% and other
components 21.2%, the silicon modulus was 0.6. The
kaolin sample was submitted to autoclave leaching
using 240 g/ dm?* Na,O for 90 min at 240°C. Obtained
solution was evaporated to a concentration of 540
g/dm?3 of Na;O in total; 115.5 g/dm? of Al,0s; and
0.609 g/dm?3 of SiO, with a ps; of 7.5-8.5. Silica was
added as an alkaline sodium silicate solution
containing 550 g/dm?3 of Na,O., and 200 g/dm3 of
SiO,. The solution with added silicate solution was
heated until it boiled and then cooled to the
experimental temperature.

Leaching was carried out in a thermostat with a
stirrer.

The resulting precipitates were X-ray
amorphous, and the phase composition could not be
identified by X-ray diffraction (XRD) analysis.
Consequently, we indirectly determined their
compositions from the values of usi and ax (caustic
modulus).

Experimental part

The decomposition kinetics of solutions with a
NaO content of 540 g/dm? (ax=8) in the presence of
different amounts of silica are shown in Figure 1.
These experiments were carried out without
inoculum since it was possible to trace the influence
of silica on nucleation in this case. Stirring was
performed at a speed of 15 rpm.

The obtained data show that small amounts of
silica (from 0.3 to 0.6 g/dm?3) affect the initial period
of crystallization. In this case, the average rate of the
process decreases sharply, especially at the
maximum point, but the content of SiO; in solution
practically does not change. The effect of 0.8 g/dm?3
of SiO (usi = 136) is more noticeable than that of a
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smaller amount. At a SiO, content of 1.7 g/dm? (usi =
64, curve 4), the rate decreases throughout the
process. After 5 h of stirring, the Al,O3 content in the
solution is 21.4 g/dm? instead of 14.5 g/dm? at an
SiO, content of 0.3 g/dm3. However, this amount of
SiO; has a negligible effect on the alumina yield (80—
86%). With the addition of 2.6 g/dm? of SiO; (usi =
40), an induction period appears, and the maximum
rate of the is approximately halved; however, after
3 h, approximately 70% of the Al,Os is released into
the solid phase. Thus, even without inoculum,
sodium hydroaluminate can be isolated from
solutions containing 540 g/dm? of Na,O with a silicon
modulus of 40 at a satisfactory rate. It is known [23]
that for solutions containing 500 g/dm3® of Na,Ox
(ax=7) at psi = 50 in the presence of an inoculum for
7 h equivalent to either 2.5% of the solution weight
or 33% of the solution Al,Os content precipitates
only 50% of the Al,Os, and only at pusi = 100 is the
yield 73%.

—4—S5i0, = 0.35 g/dm? —@=Si0, = 0.58 g/dm?

Si0; = 0.8 g/dm3 ==Si0,=1.7 g/dm3
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Figure 1 - Kinetic curves of the decomposition of
aluminate solutions with a Na20k concentration of 540
g/dm3 depending on the SiO2 content

A higher Al,O3 content (usi = 30) in the solution
with a Na,O¢ concentration of 540 g/dm?3
considerably slows the process. Even with stirring
for 3 d (10 g/dm?3 of Si0,), the concentration of Al,O3
in the solution is 48 g/dm?3. The SiO, content in the
solution first gradually and then sharply decreases in
the first hour of stirring. The silicon modulus of the
solutions with low SiO, contents (0.3-0.9 g/dm?3)
gradually decreases, and at 2.6-3.6 g/dm?3, the
silicon modulus peaks, which agrees with the data in
the present work. The final ps; at an SiO; content of
0.6 g/dm? in the initial solution is low and equals
approximately 17 at 1.7 g/dm3. The silicon modulus
of the mother solution is low because silica is
practically not removed from it, and a small amount
of aluminium oxide is present. For the silica-rich
solutions, the uSi after 5 h of stirring is 25-27.

The effect of silica on the average rate of
decomposition of the solutions is similar to the
decrease in the degree of supersaturation [24]. The
solubility of aluminosilicate in aluminate solutions
increases with increasing Na,Ox concentration, while
the solubility of sodium hydroaluminate decreases.
Under these conditions, we attempt to isolate
aluminate from high-silica aluminate solutions.

While decomposing aluminate solutions with a
Na,Ox content of 590 g/dm® at ax = 8 and a
temperature of 45 °C (Figure 2), the presence of 2.3
g/dm?3 of SiO2 (usi = 47) does not substantially affect
the crystallization rate of sodium hydroaluminate. At
a SiO, content of 4.6 g/dm?3 (us; = 27), decomposition
proceeds at a noticeably reduced rate, but after 5 h
of stirring, 77% of the Al,Os is released into the solid
phase. In the presence of 6.5 g/dm3 of SiO; in the
solution, 70% of the Al,O; precipitates during this
time interval. Thus, the decomposition process
proceeds at a satisfactory rate, even when the
silicon modulus of the solution is 20.

The SiO, content decreases during the first 2 h
of stirring and remains almost unchanged afterward.
The silica modulus of the solution gradually
decreases by a factor of 2 after 5 h.

Most of the silica (>50%) remains in the solution,
and its amount does not decrease when stirred with
sodium hydroaluminate precipitate; this result is in
good agreement with previously obtained data [3].

Precipitation from solutions with 540 g/dm? of
Na,O (stirring at 15 rpm) has a caustic modulus in
the range of 1.8-2.0. For solutions with a Na,O
content of 590 g/dm?3, the caustic modulus is 1.7—
1.9. In the latter case, after stirring at 80—90 °C for 2
h and cooling to 45 °C, precipitates with a low alkali
content (ax = 1.5-1.6) are obtained.
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Figure 2 - Kinetic curves of decomposition of aluminate
solutions with Na>O = 590 g/dm? in the presence of
different amounts of silica

Microscopic examination of the solid phases
shows that sodium hydroaluminate is represented
by large crystals (200-1000 microns), and the
crystals are not faceted. This morphology
complicates the filtration process (Figures 3 and 4).

Figure 3 - Sodium hydroaluminate precipitate, 40x

Figure 4 - Precipitate of sodium hydroaluminate, 100x

If the influence of silica on the crystallization of
sodium hydroaluminate is reduced to adsorption, it
is likely that introducing additional inoculum into the
solution can remove SiO,, thus accelerating the
crystallization process [24].

According to the literature [25], when using a
dispersed inoculum, the degree of maximum
decomposition is 73.9% after 7 h.

The results of studying the decomposition of
aluminate solutions containing silica in the presence
of inoculum are given below. The size of the initial
aggregates ranges from 200 to 1000 microns.

The solutions are stirred with the inoculum at a
speed of 85 rpm. The obtained data are shown in
Figure 5. In the presence of inoculum equivalent to
16% of the Al,Os3 content in an aluminate solution
containing 10 g/L of SiO; (usi = 10), no induction
period is observed on the kinetic curves. After 1 h,
approximately 15% of the Al,O; is released, after
which the crystallization is very slow (3% Al;Os in 4
h). When 16% of the inoculum is added to the
solution after stirring for 1-2 h, the curve again
shows a jump. After 4 h, 35% of the Al,Os is released.
Thus, each new portion of inoculum (16%)
contributes to the crystallization of 18% Al,Os;
specifically, to isolate 70% of sodium
hydroaluminate, approximately 70% of the
inoculum is needed.

A similar pattern is observed in the presence of
5.0 and 3.3 g/L of SiO; (psi = 20 and 32). The alumina
yields after are 60 and 75% in the presence of 5.0
and 3.3 g/L of SiO,, respectively, which are
significantly greater than those previously obtained
in the presence of 37.5% inoculum (probably coarse
crystalline). These data show the principal possibility
of sodium hydroaluminate extraction from
nondispersed solutions. However, the precipitates
formed in this case are finely dispersed and contain
a large amount of alkali (ax = 2-3).
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Figure 5 - Kinetic curves of aluminate solution
decomposition in the presence of inoculum

Microscopic examination of many precipitates
shows that in the presence of 2-3 g/L of SiO,,
monosodium hydroaluminate crystals grow in the
form of thin plates with pelletized tops. The
dispersibility of the precipitates is related to the
conditions of production, depending on the
concentrations of Na;O and Al,03, the temperature,
and the method and speed of mixing, which should
be the same as those in pure solutions to ensure that
the difference in ax is nonsignificant. Sometimes,
without inoculum, relatively large crystals grow with
increasing SiO, content in solution. Small crystalline
precipitates (1-3 um) are difficult to study by the
crystal-optical method. Therefore, for this purpose,
large crystals of sodium hydroaluminate (reaching

200 p) are obtained by stirring the solutions in
rotating nickel autoclaves at temperatures of 45 and
85°. The Na,Ox contents of the solutions are 532 and
620 g/L, and the caustic moduli are 4, 8 and 12. Silica
is added at a concentration of 10 g/L. The
appearance of hydroaluminate crystals obtained in
the presence of silica is very different from that of
crystals precipitated from pure solutions. Thus, thin,
rounded flakes form from solutions with ox =8-12
(532 and 620 g/L of Na,0) at 45° (Figure 6). The cross
sections are shaped like elongated lenticels with
high interference colours. From solutions with oy =4
and Na,O concentrations of 532 and 620 g/L (45 and
85 °C), various oval and rounded aggregates are
formed (Figure 6 (c)). At ax =12 (620 g/L) and ayx =8
(530 g/L), round lamellar crystals grow, with similar
small formations appearing on the surface (Figure 6
(2)). Without silica, 8-cornered laminae form under
these conditions. From a solution with ax =8 (620
g/L) at 85 °C, crystals (Figure 6 (e)) precipitate (Figure
6 (2)), which have a pronounced stepped surface,
sometimes in the form of typical helical dislocations.
From pure solutions, well-bounded 12-angular
plates are formed in this process. When aluminate
solutions with o, =8 and a Na,O concentration of 620
g/L (45 °C) decompose, clear crystals precipitate
instead of forming plates, as shown in Figure 6 (e).
No sodium aluminosilicate crystals are observed in
the precipitate. There is a tendency for the light
refractive indices of sodium hydroaluminate to
decrease. For precipitates obtained at 45°, mainly
the ray of ordinary light (No; 0.005-0.007
decreases). Crystals formed in the presence of silica
at 85° have a ray of extraordinary light (Ne) with a
lower value than that of pure precipitates.

In the presence of 7.8 g/L of SiO; during 5 h of
contact, the content of Al,Os in the solution almost
does not change, and despite the high silica content,
the latter is not deposited on the surface of the seed
in appreciable amounts.

At a SiO, content of 4.6-2.8 g/L in the initial
solutions, the crystallization process proceeds at a
relatively high rate. The amount of silica in the
solution gradually decreases.

If sodium hydroaluminate does not crystallize,
the silica is not deposited on the inoculum in
appreciable quantities. In general, hydroaluminate
and silica are deposited together, which indicates is
a relationship between Al,O3 and SiO, in the
solution.
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Results and discussion

The effect of silica on the stability of aluminate
solutions and the appearance of precipitating
sodium hydroaluminate crystals is noted. The
stability of aluminate solutions at rest in the
presence of silica increases dramatically.

i '.m"'/_\‘—_.
o J‘-.{'_: N .
el

Figure 6 - Sodium hydroaluminate precipitate in the
presence of SiO2, 100x

When standing solutions with a Na,O content of
500-520 g/L (o =8) in the presence of 0.2 g/L of SiO,,
sodium hydroaluminate precipitates after 1-2 d. At
Si0; =3 g/L, the solution does not decompose within
7 d, and at 7-10 g/L, the solution is stable for
approximately one month. With the mechanical
stirring of these solutions, an induction period
occurs, and the amount of SiO, in the solution
increases. During the crystallization of sodium
aluminate in the presence of a large amount of
inoculum with different dispersity degrees, no
preferential deposition of silica can be observed. In
general, the sodium aluminate is released into the
solid phase
crystallization of sodium hydroaluminate. With the
introduction of the active inoculum, a new portion
of the hydroaluminate crystallizes with the silica.
These phenomena lead to the concept that the
effect of SiO, is a consequence of the poisoning of

only during the simultaneous

active centres on the seed crystals and acts on the
state of sodium hydroaluminate in solution.
However, the effect of silica is not limited to the
formation of sodium aluminosilicate because it
binds a relatively small part of dissolved aluminium,
thus  slightly degree  of
supersaturation of solutions by 0.2-0.5 at C,—Sn/Sn =

5.5-7.

decreasing  the

The increase in the degree of saturation at an
unchanged SiO, content in solution is similar to the
decrease in silica concentration. In solutions with
concentrations of Na,O (590 g/L), the solubility of
aluminosilicate increases, and as a result, its
influence on the crystallization rate of sodium
hydroaluminate decreases. The interaction of
sodium silicate with surface molecules of aluminate
and the adsorption of aluminosilicate from the
solution, occurs at the sites with the highest surface
energy, which include the tops of crystals.

Further deposition of hydroaluminate molecules
occurs mainly on the faces; thus, the crystals have a
rounded shape. The formed crystals have a mosaic
structure, and the entrained aluminosilicate is
distributed in the form of single molecules or small
groupings on the surface of the cells since X-ray
analysis does not reveal any change in the
interplanar distances. Moreover, free
aluminosilicate is not detected in the sediments.

The stability of aluminate solutions at rest in the
presence of silica increases dramatically. For
standing solutions with a Na;O content of 500-520
g/L (ax =8) in the presence of 0.2 g/L of SiO,, sodium
hydroaluminate precipitates in 1-2 d. At SiO, =3 g/L,
the solution does not decompose within 7 d, and at
7-10 g/L, the solution is stable for approximately
one month.

Conclusions

Different crystallization conditions for sodium
hydroaluminate have been investigated. Silica slows
the crystallization process of sodium
hydroaluminate, affecting both the nucleation and
crystal growth rates. The effect of SiO, on the rate of
decomposition is similar to the reduction in the
degree of supersaturation.

At a Na,O concentration = 540 g/L (o =8), the
crystallization of sodium hydroaluminate even
without inoculum proceeds at a satisfactory rate
(70% Al,03 in 5 h) at psi = 40. When the Na;O content
increases to 590 g/L, the solutions with ps =19
decompose quickly. Moreover, approximately half
of the SiO, remains in the liquid phase.

The possibility of crystallization of sodium
hydroaluminate from nonsilica aluminate solutions
(SiO; content reaching 10 g/L, Na,O content of 500—
530 g/L, and ax =8) by introducing a large amount of
inoculum has been established.
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KpemHuingiH, HaTpuii rmapoantoMmUHATbIHbIH KPUCTANAaHYbIHA acepi
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TYRIHAEME

YKoFapbl KOHUEHTPAI antoMUHAT epiTiHginepiHeH aNlOMUHUI any YWiH KypambiHAA antOMWUHUIA
okcunai 6ap WKKI3aTTbl eHAeY Ke3iHAe HaTPUi rMAPoaNtOMUHATBLIHBIH KpUCTaNAaHYbIMEH blAblipay
agici kongaHbinaabl. Al2Os-TiH KaTTbl Ppasara bIKTUMAN WbIFbIMABIIbIFLIH ecenTey ywiH 6actankbl
epiTiHainepaiH, KypamblHa KoHe NPOLLECTiH, WwapTTapbiHa 6ainaHbICTbI HaTpui
TMAPOANOMUHATBIHBIH, KPUCTanAaHy KbliAamableblH 6iny KaxeT. EpiTiHAige KpemHesemHiH,
60nybl HaTPWIN aNtOMMHATBIHBIH, KpUCTangaHy npoueci YWiH yAKeH maHbi3fa ue. Makanaga
aNtOMUHAT epiTiHAINepiHiH, TYPaKTbINbIFbIH 3epTTey HaTUKenepi 6epinreH. SiO2 menwepiHiH Na2Ok
KoHUeHTpauuacbl 540 r/am® kaHe 590 r/gm® 6GonaTtblH antOMUHAT epiTiHAiNepiHiH, 6ypbliH
JaviblHAaNfFaH HAaTPUI TMAPOANIOMUHAT TYPiHAEri (3aTPaBKaHbl) KOCbIN KaHe Kocnai antoMuHaT
epiTiHAinepiHiH,  bigbipayblHa  ocepi  3epTTengi. KpemHesemHiH,  Ty3sineTiH HaTpui
rMAPOaNOMUHATBIHBIH, KPUCTaNdapbiHblH, CbIPTKbl TypiHe acepi KapacTbipblagbl. AnloMmuHaT
epiTiHAiNepiHiH KpeMHe3eMHiH, KaTbICbIHAA TbIHbIWTbIKTaFbl TYPAKTbIIbIFbIHbIH, KYPT XKOFapblaaybl
aHbIKTanapl. HaTpuil rmapoantoMUHaTbIHbIH, KPUCTaNAAaHYbIHbIH, SPTYPI LWapTTapbl 3epTTensi.
KpemHUIn AMOKCUMAI HaTpuit rMAPOANtOMMHATBIHBIH, KPUCTAanAaHy npoueciH 6aceHAeTeTiHi,
3MBPMOH Ty3inyiHe ae, KpUCTangapablH ecy XKblagaMablFbiHa Aa acep eTeTiHi KkepceTinreH. SiO,-
HiH  biAblpay  ’KbliJaMAblFblHA — 9Cepi  KaHblFy  [A9pEeXKeCiHiH  TemeHaeyiHe  yKcac.
KpemHuitcisgenmereH antomMuHaT epiTiHainepiHeH HaTpuii rMAPOAIOMUHATBIHBIH,
KPUCTanaaHyblHbIH, HETi3ri MyMKIiHAIr Kebipek (3aTpaBKa) eHri3y apKblabl aHbIKTAaNAbI.

TyliiH ce30ep: antoMUHaT epiTiHAiCI, KPDEMHUI AMOKCUAI, HATPUI TMAPOANIOMUHATLI.

A60yneanuee Punam AHeapbeKosu4

Aemopnap mypansl masimemmep:

TexHUKa fblabIMOApPbIHbIH, KaGHOUOGMbI, CA3MOnbIPaK MHaHe aAoMUHUL 3epmXaHacbIHbIH
MeHzepyuwici, Memannypausa #aHe KeH balisimy uHcmumymel, Cambaes yHugsepcumemi, Kew.
LllesyeHKo, 29/133, 050010, Anmamei, Kazakcmar. Email: rin-abd@mail.ru

adviwes Cepzeli BnaduneHosu4

TexHUKa fblabIMOAPbIHbIH,  KGHOUOAMbI, CA3MOonbIpaK HaHe aaAloMUHULU  3epmXaHacblHbIH
HemeKwi folabiMu Kbidmemkepi, Memannaypeus xaHe KeH 6albimy uHcmumymel, Cambaes
yHueepcumemi, Kew. LlleeyeHko, 29/133, 050010, Aamamesl, KazakcmaH. Email:
gladyshev.sergey55@mail.ru

Axmaduesa Hazbim KaHamosHa

PhD, casmonbipaK #aHe antomMuHuli 3epmxaHacbiHbIH FblabIMU Kbi3amemkepi, Memannypaus #aHe
KeH balibimy uHcmumymesl, Cambaes yHusepcumemi, kew. LLlesyeHko, 29/133, 050010, Animamei,
KazakcmaH. Email: n.akhmadiyeva@satbayev.university

Py3zaxyHoea lanus CyneiimeHoeHa

TexHUKa FolabIMOapbIHbIH KaHOUOamul, Pu3uKasebik manday adicmepi 3epmxaHacbiHbIH HemeKwi
FbLALIMU KbI3MemKepi, Memannypaus 3 aHe KeH 6alieimy uHcmumymsi, Combaes yHusepcumemi,
Kew. LllesueHko, 29/133, 050010, Anmamel, KazakcmaH. Email: galiya_suleymen@mail.ru

Tyrambaii Coimb6am LUapansiKbi3sl

PhD dokmopaHmel, ¢u3ukanslik manday adicmepi 3epmxaHacCbIHbIH HemeKwi UHMeHepi,
Memannypeus #aHe KeH 6alibimy uHcmumymesl, Camb6aee yHusepcumemi, Kew. Llleg4yeHKo,
29/133, 050010, Aamamel, KazakcmaH. Email: symbat_tugambay@mail.ru



https://doi.org/10.31643/2025/6445.19
mailto:rin-abd@mail.ru
mailto:gladyshev.sergey55@mail.ru
mailto:n.akhmadiyeva@satbayev.university
mailto:galiya_suleymen@mail.ru
mailto:symbat_tugambay@mail.ru

Complex Use of Mineral Resources. 2025; 333(2):71-79 ISSN-L 2616-6445, ISSN 2224-5243

BanaHMe KpeMHUA Ha KPUCTANNU3ALMIO TMAPOANIOMUHATA HATPUA

A6gynsanues P.A., Tnagbiwes C.B., Axmaguesa H.K., PysaxyHosa I'.C., Tyramb6ai1 C.LL.

UHcmumym memannypeuu u oboeaueHus, Satbayev University, Anmamel, KazaxcmaH

AHHOTAUUA
Mpu nepepaboTke [/IMHO3EMCOAEPNKALLETO CblPpbA [ANA  U3BAEYEHWUA  ANIOMUHMA U3

BbICOKOKOHLLEHTPUPOBAHHbLIX a/lOMUHATHBIX PACTBOPOB MPUMEHAETCA METOZL Pa3/ioKeHun ¢
KpUCTannu3aumein rmapoantomvHaTta Hatpua. YTobbl paccumTaTb BeposATHbIM Bbixod AlLOs B
TBepAyl $asy, HeobXxoAMMO 3HaTb CKOPOCTb KPWUCTaNNM3aLUKM TUAPOANIOMMHATA HATpUA B
3aBUCMMOCTM OT COCTaBa MCXOAHbIX PAcTBOPOB W YC/NOBUI MpoBeAeHus mpouecca. bonbwoe
3HaueHWe ANA Npouecca KpPUCTanNM3auuu anioMuHaTa HaTpua MMeeT Hajuuue B pacTBope

Moctynuna: 4 anpens 2024 KpemHesema. B cTaTbe npeacTaB/ieHbl pesynbTaTbl UCCIEL0BaHMUSA YCTOMYMBOCTM aSIlOMMHATHbIX
PeueHsunposanue: 3 maa 2024 pacTBOPOB. BblN0 U3ydYeHOo BAUAHME copepKaHua SiO2 Ha pa3NoKeHMe aNloMUHATHBIX PacTBOPOB
MpuHaTa B Nevats: 27 mas 2024 ¢ KoHueHTpaumeit Na,Ok 540 r/am3 v 590 r/am? ¢ fobaBieHnem 3aTpaBKM B BUAE NPeLBapUTE/IbHO

Noy4EHHOro rMApPoaatoMUHATa HaTpuA 1 6e3 Hero. bblI0 PAaCCMOTPEHO BANAHUE KpEMHE3emMa Ha
06/1MK BbIMaJaloWwmMxX KPUCTANNO0B rMAPOANIOMMHATA HaTpUA. YCTAaHOB/IEHO Pe3Koe MOoBbIleHue
YCTOMYMBOCTM  a/NIlOMUMHATHBIX PAcTBOPOB B TMOKOE B MPUCYTCTBUM KpemHesema. bbiiu
nccnenoBaHbl pPasinyHbie YC0BUA KPUCTANAN3ALMMN TMAPOANIIOMUHATA HaTpus. [oKasaHo, yYTo
KpemHesem 3ameansieT NpoLecc KPUCTanamsauuu rmapoantoMuHaTa HaTpusA, AencTBya M Ha
3apoapllieobpasoBaHMe U CKOPOCTb POCTa KpucTannos. [elicteue SiO; Ha CKOPOCTb Pa3NoXKeHUA
dHaNOrMMYHO CHUXEHUIO CTeneHU nepecblilleHnA. YcTaHoBNEHA ApUHUMNUANbHAA BO3MOXHOCTb
KPUCTaNAMU3aLMN rMApoantoMMHaTa HaTpUsA M3 HeobecKpeMHEHHbIX altoMUHATHBIX PAacTBOPOB
nytTem BBeeHUa 60/blIero KoanyecTsa 3aTpaBKu.

Kniouesbie c108a: antoMMHaTHbIM PacTBOP, KPEMHE3EM, FMAPOANIOMUHAT HAaTPUA.
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ABSTRACT

The topic of processing low-grade or low-quality bauxite is highly relevant in modern conditions
due to the gradual depletion of high-quality bauxite reserves. Consequently, there is an increasing
need to explore alternative sources of raw materials for aluminum production and its derivatives.
Processing low-quality bauxite ores can become an effective solution, reducing dependence on
limited high-quality resources and ensuring production stability in the long term. Such research
has significant potential for developing technologies capable of optimizing aluminum production
processes and enhancing its competitiveness in the global market. Bauxites from the
Krasnooktyabrsky bauxite ore management with low aluminum oxide content (37 — 40% by mass)
and a silicon module up to 2.0 are considered as potential blending materials for sintering bauxite
in alumina production due to the depletion of high-quality bauxite reserves. This article presents
the results of research on their processing into alumina at the Pavlodar Aluminum Plant.
Laboratory and pilot-scale studies were conducted to assess the feasibility of using low-quality
bauxite in alumina production and to determine the techno-economic indicators of processing.
The research results confirmed the technological feasibility of processing depleted bauxites with
a silicon module of 1.95 - 2.0 in the sintering section while maintaining the quality of sinter and
extracting useful components. The maximum proportion of blending of depleted bauxites with the
main bauxite was determined not to exceed 50%.
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Introduction

The impending shortage of natural raw

In these conditions, the relevance of issues
related to the extraction and processing of
unbalanced ores increases, with reserves on certain
deposits reaching tens of millions of tons [1].

materials with acceptable quality for processing,
such as bauxite, is a prerequisite for the involvement
of depleted or substandard bauxite of the lowest
quality in the production of alumina, which will
compensate for the technological shortcomings of
the raw materials.

At ore deposits, rich and easily accessible areas
have always been developed first, leading to a sharp
decrease in metal content in recoverable reserves in
recent years, while extraction costs have increased

[1].

The criterion for the feasibility of including
unbalanced ores in processing is the metal grade. Its
determination is influenced by technical,
technological, and economic factors. The
effectiveness of combined extraction and processing
of balanced and unbalanced ores depends on
specific indicators unique to each deposit [1].

Bauxite ores show various forms under
geological and physical-chemical effects [2]. While
various bauxite classifications had been proposed in
the past, the current consensus tends to divide
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bauxite into karstic and lateritic bauxite [3].
Kazakhstan's bauxites are characterized by an
unstable lithological and phase composition,
elevated content of ferruginous minerals,
carbonates, and organic impurities. Additionally,
Kazakhstan possesses other types of alumina-
bearing raw materials, such as nepheline syenites,
clays, kaolins, and coal ash, which are potential
sources for alumina production [[4], [5], [6], [7]].

Most of Kazakhstan's bauxite deposits are
complex. Alongside high-grade bauxites, bauxite-
bearing formations include alites, which contain a
large amount of gibbsite, high-alumina, and basic
refractory clays [8].

Reserves of off-balance sheet ores have been
formed in metal deposits, the content of which is
close to the balance value, but does not ensure
profitability with gross mining. At metallic deposits,
reserves of unbalanced ores have formed, the
content of which is close to the balanced value, but
gross extraction does not ensure profitability.
Unbalanced reserves include mineral resources that,
due to their quantity, quality, complex extraction or
processing conditions, are not utilized, but may
become the subject of development in the future
[1].

Depleted or off-balance bauxite is a low-quality
bauxite-like ore with a silicon module
(Msi=Al>03/Si0,) below 2.0. Such substandard ores
make up the main part of the contact zone of the
bauxite deposit, which is formed during mining
during the stripping of the ore body, they enter the
dumps together with the overburden and are not
listed as ore raw materials. A fairly large amount of
substandard bauxite is formed; therefore, studies
have been conducted on the possibility of involving
these bauxites in processing using the Pavlodar
aluminum plant sintering method.

Figure 1 — The charging yard on the PAP

Bauxites from Kazakh deposits themselves are
low-grade raw materials and abroad are classified as
bauxite-like clays, unsuitable for processing into
alumina [9].

At one time, thanks to the improvement and
development of technologies, as well as the
modernization and improvement of the basics of
alumina production, it became possible to process
low-quality bauxite [10]. It was for the processing of
such bauxites that the Pavlodar Aluminum Plant was
designed.

The Pavlodar aluminum plant occupies a special
place in the global hierarchy of alumina producers
and has positive experience in processing low-
quality bauxite raw materials into alumina using the
world's only technological scheme, the 'Sequential-
Parallel  Bayer-Sintering' method, achieving
satisfactory economic indicators [11].

The Bayer process, currently dominant in
alumina production, is suitable only for low-silica
bauxites [12]. However, through the sintering
process, not only various bauxites but also clays,
kaolins, sericites, and other aluminosilicate rocks,
whose reserves are inexhaustible, can be processed
into alumina [13].

According to the existing technological scheme
of the plant, bauxite is processed using the parallel—
sequential Bayer-Sintering method. The distribution
of bauxite by branches is ~ 91% (Bayer) and 9%
(Sintering).

The alkaline sintering method is used for
processing bauxites with high silica content, whose
silica modulus typically does not exceed 5. This
method involves sintering bauxite with soda and
limestone. During sintering, the interaction between
the alumina of the bauxite and the soda forms
sodium aluminate, while the silica is bound by
calcium oxide into insoluble dicalcium silicate.
Sodium aluminate is leached from the resulting
sinter with water [14].

At the Pavlodar Aluminum Plant, an important
technological problem was solved for the first time
in global practice, involving the large-scale industrial
production of high-silica and high-iron bauxites from
Kazakhstan [15].

However, according to the mining plan for the
Krasnooktyabrsky bauxite ore management from
2020 to 2030, a deterioration in the quality of the
ore base is expected in terms of a decrease in the
quality of bauxite and an increase in the stripping
coefficient, which creates significant risks of an
increase in the cost of both bauxite and alumina.
Therefore, the topic of involving depleted or
substandard bauxite raw materials in the production
of alumina has now become relevant.

Partial replacement of bauxite from the
Pavlodar aluminum plant Sintering branch with




Complex Use of Mineral Resources. 2025; 333(2):80-88

ISSN-L 2616-6445, ISSN 2224-5243

bauxite-like bauxites from the Krasnooktyabrsky
bauxite ore will reduce the production of "basic"
bauxite by ~ 111 thousand tons per year.

Previously, the Pavlodar aluminum plant
Sintering branch had already processed lignite
bauxites with a silicon module of ~ 2.0 with optimal
technological performance. However, currently, due
to the depletion of these bauxite reserves, the
Krasnogorsk Ore Management bauxite with Ms; 3.5,
which is suitable for use in the Bayer branch, serves
as a "sintering" one. Therefore, the search for
alternative raw materials as "sintering" bauxite was
continued.

This paper presents the results of testing an
alternative type of bauxite raw materials from the
Sintering branch of the Pavlodar aluminum plant —
dining bauxite to reduce the cost of alumina
production.

Table 1 presents a comparative analysis of
bauxite from Kazakhstani deposits with various
qualitative indicators:

Table 1 - Chemical composition of Kazakhstani bauxite

Deposits ALOs | sio, | co, Ve
%
Krasnooktyabrskoye 42.0 | 10.9 | 3.70 | 3.85
Ayatskoye 446 | 10.7 | 1.26 | 4.17
Belinskoe 41.4 | 10.3 | 1.79 | 4.02
Depleted A 37.3 | 189 | 3.51 | 1.97
Depleted b 40.3 | 20.7 | 0.31 | 1.95

Kazakhstan's bauxite deposits, such as Belinskiy,
Ayatskiy, and Krasnooktyabrskiy, have Al,03/SiO;
ratios ranging from 3.0 to 8.0 [16]. Depleted
bauxites are characterized by a low content of
alumina and an increased content of silicon oxide,
and, accordingly, a low silicon modulus of up to 2.0.

Depending on the content of aluminum oxide
and silicon modules, bauxites are divided into grades
and grades. There is a certain standard
corresponding to GOST — 972-74. According to the
qualitative characteristics, depleted bauxite does
not comply with this GOST.

As a rule, schemes (methods) with its
preliminary enrichment are used for low-quality raw
materials.

For instance, the method of processing poor and
low-grade bauxites with Al,O3; content less than
37%, SiO, content over 5.5%, and silicon modulus of
2.1 - 3.5, as well as the processing of old tailings of

unbalanced ores, which includes ore transportation,
their express analysis by radiometric methods, ore
quality averaging, nuclear-physical sorting, and lump
separation using relay separator, heap bacterial-
chemical leaching of SiO, with silicate bacteria
(Silucius) [17].

In work, it is mentioned about the radiometric
enrichment of various types of bauxites from the
Middle Timan region, namely unbalanced bauxite,
calcining, and Bayer [18]. Radiometric separation
from unbalanced bauxite allows the extraction of
36.3% of enriched product with a silicon modulus of
4.2, which is suitable for further calcining.

The article describes the thermochemistry —
Bayer method, which allows the processing of
various substandard bauxite raw materials, this
method may well "compete" with the Sintering
method [19].

These methods ensure efficient separation of
harmful gangue minerals from bauxite during the
raw ore preparation stage. However, despite the
promising nature of these methods, the capital and
operational costs for bauxite beneficiation are quite
high, and in some cases, it is still not possible to
obtain concentrates of the desired quality [20].

A method is known for the hydrochemical
processing of low-quality aluminosilicate raw
materials in the Bayer branch with the addition of
lime [21].

The work describes the results of studies of the
decomposition of aluminium-containing ores:
mudstones and kaolin clays of the Ziddy and
Chashma-Sang deposits of the Republic of Tajikistan
by mineral acids and chlorine methods [22].

The proposed method allows the processing of
substandard bauxite-like raw materials according to
the existing Pavlodar aluminum plant scheme
without changing and using additional resources
while maintaining output. Such a scheme has no
analogues in the world practice of producing
alumina.

There are relatively few theoretical and
technological datain the literature on the processing
of bauxite-like raw materials used according to a
similar scheme for the production of alumina
Pavlodar aluminum plant.

However, a similar technology for processing
nephelines with additions of bauxite using the
Sintering method is known at the Achinsk Alumina
Plant. The depletion of the raw material base of the
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Kiya-Shaltyr mine served as a prerequisite for
involving non-conforming and unbalanced ores in
the processing of nephelines. This allows for
reducing capital costs and maintaining quality
indicators for extracting useful components without
changing the technological scheme of the Achinsk
Alumina Plant [23].

Off-balance bauxites (allites) are intended for
use as a correlating additive in the processing of
nepheline concentrates [8].

The extraction of valuable components from
aluminosilicate natural and man-made materials by
sintering on Achinsk Alumina Combine was
described in one of the articles [24].

Experimental part

Chemical and X-ray fluorescence analysis
methods were used in the research.

Chemical analysis of technological samples was
carried out by the complexometric method for
determining the mass concentrations of aluminum
oxide in solutions ranging from 1.0 g/dm? to 300
g/dm3 and sodium oxide in solutions ranging from
1.0 g/dm?3 to 500 g/dm3.

X-ray fluorescence analysis of the samples was
carried out on a wave-dispersive X-ray fluorescence
spectrometer Simultix 14 («Rigaku Corporation,
Japan).

Figure 2 - Simultix X-ray fluorescence spectrometer
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Results and Discussion

As mentioned earlier, the Pavlodar aluminum
plant works according to a parallel-sequential
Bayer—Sintering scheme.

Figure 3 shows the existing block diagram of
Bayer Sintering using depleted bauxite in the charge.

Depleted bauxites from the Krasnogorsky
bauxite mine (A) and the Vostochno — Ayatskoye (B)
deposit were selected for research. In the process of
mining ordinary bauxite ore, point (selective)
excavation of these bauxites with a silicon module of
1.6 — 2.0 was carried out.

The research methods included pilot industrial
tests and standard leaching of industrial sinter in the
laboratory.

Laboratory leaching of the sinter was carried out
under strictly defined conditions regulated by the
standard of the PAP enterprise.

The amount of extraction during laboratory
leaching shows how completely Al,O3; and Na,O are
converted into soluble compounds during sintering
[25].

Preparation for laboratory work.

The leaching of the sinter was carried out in 100
ml of sodium hydroxide solution with a
concentration equivalent to 0.5 mol/dm? at (L:S) =
10:1 for 15 minutes at a temperature of 75 °C under
isothermal conditions. After leaching, the chemical
composition of the solid precipitate was
determined.

The chemical reactions occurring during the
leaching of the sinter are presented below:

Nazo-Fe203+2H20=2NaOH+Fe203' H-.O (1)

2Na,0- nAI203 - (1—n)Fe203+3H20=
=2NaOH+Na,0 - nAl,03+(1-n)Fe,03* H,0+H,0 (2)

2Ca0-Si02+2NaOH+H,0=Na,SiOs+2Ca(OH).  (3)

2Ca0+Si0,+2Na,C0O3+H,0=2CaC0O3+Na,SiOs+2NaOH
(4)

The extraction of aluminum oxide from the
sinter into the solution proceeds by reaction 2 in an
alkaline (caustic) medium with a pH of 10 to 12. The
increase in pH is mainly due to the extraction of
caustic alkali from the sinter into a solution by
reaction 1 and partially by reaction 4.

Pilot tests on the use of depleted bauxite were
carried out in the raw material preparation shop and
the PAP sintering shop.

During the testing period, the sinter was
selected from all operating furnaces, and the sieve
composition and extraction of useful components
were determined based on the results of laboratory
leaching.

Depleted bauxites were delivered to the
Pavlodar aluminum plant with the following
gualitative characteristics, presented in Table 2:

Table 2 — Chemical composition of bauxite

Name Al,O3 | SiO2 | Fe203 M
%

Current sintering | 135 | 109 | 18.8 | 3.98

bauxite

Depleted bauxite A 373 | 189 | 19.3 1.97

Depleted bauxite B 40.3 | 20.6 | 17.2 1.95

As can be seen from Table 2, depleted bauxites
are characterized by a low silicon modulus and a
reduced content of Al,Os.

Depleted bauxite A was tested first. At the initial
stage, this bauxite was supplied with the lowest
proportion of charge, which amounted to 18.4 %.
Further, its share in the mixture with the current
bauxite was gradually increased to 47.1 %. Depleted
bauxite B was supplied immediately with the
maximum fraction in the composition of the charge
-48.2 %.

As a result of the polythermal high-temperature
treatment of the wet initial charge in rotating
furnaces, a poly mineral sinter was obtained from
newly synthesized solid phases.

The finished product was evaluated according to
the quality categories of the sinter: by chemical
composition, by the content of fractions -1.0 mm not
more than 30 % and by the level of extraction of
Al,03 and NaO into solution during hydrochemical
leaching of the sinter according to [9].

The chemical composition of the charge and
sinter is usually determined mainly by the molar
ratios of the main oxides — this is an alkaline
(alumina) module (Ma)=[Na,0]+[K,0-0,66]/[Al,03] u
limestone module (Miimestone)=[Ca0]1/[SiO>] [25]. It is
important to withstand such physico—chemical
conditions so that other compounds are not formed
during sintering, which reduces the extraction of
useful components during the leaching of sinters.

Figure 4 below shows the alumina and lime
sintering modules during the EIT period:

—— 84 ——
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Figure 4 — Alumina and limestone sintering modules

When testing depleted bauxite B, the alumina
sinter modulus decreased to 1.25. This was due to a
technological violation unrelated to the pilot testing,
which led to some deterioration in the quality of the
spec (Fig. 4).

During the period of supply of depleted bauxite
A to the sintering charge, the sintering quality was
maintained in the regulatory values and remained at
the level of the control period.

The process of transferring useful components
from the sinter to the solution during leaching
depends on the size of the sinter crushing and
subsequent grinding of the sinter sludge.

Table 3 shows the main indicators for the
chemical composition of the solid phase of the dump
sludge during the period of the pilot testing.

Table 3 - The main indicators for the chemical
composition of the dump sludge during the EIT period

of charging depleted bauxite A were without
deviations.

Further, Table 4 shows the results of the
extraction of useful components Al,0; and Na,O
during the pilot testing period.

Table 4 - Indicators for the extraction of Na;O and Al>Oz
during the pilot testing period

Na20 Al>O3
Name
%
Current sintering bauxite 95.2 84.6
Depleted bauxite A 95.2 84.9
Depleted bauxite B 95.0 82.2

Na.0 Al2O3
Name
%
Current sintering bauxite 1.11 4.58
Depleted bauxite A 1.14 4.58
Depleted bauxite B 1.19 5.81

Exceeding the regulated value for the content of
Al,O3 in the dumped sludge (< 5.0) during the charge
period of depleted bauxite B is associated, as shown
above, with a decrease in the alumina sintering
modulus during the test period.

As follows from the production practice of
sintering alumina charges, when the stoichiometry
of the preparation of the charge is violated, namely,
with a decrease in the alumina module or a lack of
alkalis, the content of Al,Os3 in the dump sludge
increases [[4], [26]].

The indicators for the content of useful
components in the dumped sludge during the period

As we can see, the fact associated with a
decrease in the alumina sintering modulus (from
1.32 to 1.25) also affected the recovery of useful
components during the charging period of depleted
bauxite B, thereby reducing the extraction of Al,03
to 82.2%.

At the stage of mixing depleted bauxite A, there
were no deviations in the extraction of useful
components.

Also, during the pilot testing period, in
comparison with the current sintering bauxite, data
on laboratory (standard) leaching of sinter during
the charging of depleted bauxite A were analyzed.

Table 5 shows the chemical composition of the
sinter/sludge after laboratory leaching during the
supply of depleted bauxite A.

Laboratory tests showed that the results of the
standard leaching of the sinter of the experimental
period were on the same level as the control one,
both in terms of the chemical composition of the
dumped sludge and in the extraction of useful
components (Al,0; and Na;0).

Based on the results of the pilot testing, the
possibility of processing depleted bauxite according
to the existing technological scheme was
determined. During the mixing of depleted bauxite
A, equivalent technological indicators were noted
for the quality of sintering and the extraction of
useful components (Al,O; and Na,0) in comparison
with the control period — on the current bauxite of
the sintering branch.

During the charge period of depleted bauxite B,
a violation was noted that was not related to the
extraction of bauxite, and with failures within the
technological cycle - a decrease in the alumina
module (Miiicon) in the sinter, as a result of which
there was a slight decrease in the extraction of
alumina from the sinter, amounting to 82.2%.
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Table 5 - chemical composition of the sinter/sludge after laboratory leaching

Chemical Extraction of
composition of the useful
Stage Name sinter/sludge, % Malkaline Misilicon Componentsl %
Na.0 AlbO3 Na-0 Al>O3
Current bauxite of the Speck 15.18 19.74 1.27 2.07 - -
sintering shop (control) Sludge 0.92 358 - - 9583 | 87.67
Speck 14.85 18.77 1.30 2.09 - -
Depleted bauxite A
Sludge 0.86 3.41 - - 96.04 87.48

Conclusions

According to the results of the conducted
research, it was determined that, depleted
bauxite A and B are characterized by a low flint
modulus of 1.97 and 1.95, respectively, in
comparison with the current sintering bauxite, the
flint modulus of which is 3.98. Such bauxites can
only be processed in Sintering branches, chemical
analysis of sinters and slurries after laboratory
leaching showed a complete correlation in the
content of the components. However, there was a
slight decrease in Al,03; and Na,O.

The content of useful components Al203 and
Na20 during the processing of depleted bauxite
remained at the level of the current basic bauxite.

Based on the conducted pilot testing, the
technological possibility of processing depleted
bauxite A and B with an optimal proportion of

charge to the current bauxite was confirmed - no
more than 40-50 %.

The involvement of depleted bauxite with
such a proportion of charge maintains optimal
technical and economic indicators of Sintering
conversion, as well as such a balance amount is
recommended for continuous use on the Pavlodar
aluminum plant.
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Masnopgap antOMUHUIA 3aybITbiHAA ANIOMUHUM eHAiIpiciHAe XKyTaHaafaH
6oKcuTTEpAi NalaanaHy MYMKIHAIriH 3epTTey

ob6ikeHosa I.K., Aaynetos A.4., Teepaoxnebos C.A., laHueHKo U.C.

MLLUC «ERG fbinbimu-3epmmey UHMceHepik opmarneiFel», llaenodap, KazakcmaH

TYWIHAEME

oFfapbl cananbl BOKCUT KOPbIHbIH, BipTe-6ipTe TaycbinybiHa 6alinaHbICTbl Kasipri Xafaaiaa TomeH

COpTTbl Hemece canacbi3 GOKCUTTI eHaey TaKbipblbbl eTe e3ekTi 60sbin Tabblnagbl. [emek,

Makana kengi: 10 kapawa 2023
CapantamagaH etri: 18 Kapawa 2023
Kabbinganabl: 7 mayceim 2024

AIOMUHUIA 3KaHEe OHbIH, Backa eHiMaepiH eHAipy YWIiH WWKi3aTTbiH 6anamanbl Kes3gepiH isaey
KayKeTTiniri apTbin oTblp. TOMEH COpTTbl HOKCUT KEHAEPIH KalTa eHAeY LWEKTeyAi KoFapbl cananbl
pecypcTapfa TayenainikTi a3anTy KoHe eHAIPICTIH y3aK Mep3imai TYPaKTbINbIFbIH KAMTaMacbI3 eTy

YWiH TMimai wewim 6ona anagbl. MyHaan 3epTTeynep antOMMHUIA OHAIPICIHIH, NpouecTepiH
OHTalNaHAbIpyFa XKaHe OHbIH, a1eMikK HapblKTaFbl Bacekere KabineTTiniriH apTTbipyFa KabinetTi

TEXHONOTMANApAbl 33ip/ey YWiH MaHpI3apl dneyeTke Me. ANIOMUHUIA OKCcUAi TemeH (macca
6ovibiHWwa 37 — 40%) kaHe KpemHuii mogyni 2,0-re pebiHri KpacHOOKTAGPb GOKCUT KeH
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6ackapmacbiHblH, HOKCUTTepi KoFapbl cananbl BOKCUT KOPbIHbIH, TaycbllybiHa 6alinaHbICTbl
AIOMUHUIA  OKCKAi  eHajipiciHae OOKCUTTI  KyMerKeHTeKTey YIWiH a/eyeTTi apanacTblpFbill
maTepuangap peTiHAe KapacTbipblnagpl. byn makanaga MMaBnogap antoMUHMI 3aybITbiHAQA
oNapabl aNtOMUHUI OKCUAiHe eHAey BolbIHLLA XKYPFi3inreH 3epTreynepain HaTvxenepi bepinrex.
TnuHo3em eHAipiciHae canacbl ToMeH BOKCUTTI NaiganaHyAblH OpbIHAbIAbIFLIH Bafanay KaHe
OHAEYAIH TEXHO-3KOHOMMKA/IbIK KePCETKILTEepiH aHbIKTAY YLWiH 3epTXaHasbIK KaHe Taxipnbenik-
3epTTey XKYMbICTapbl XKyprisingi. 3eptrey HatTvxkenepi 1,95 - 2,0 KpemHuii moayni b6ap xyTaHaafaH
6OKCUTTEePAi arNOMepaTTbIH, CanacblH CaKkTal OTbIPbIN XaHe Nainganbl KOMNOHeHTTepAi 6enin any
KesiHae eHAeyAiH TeXHONMOrMANbIK MYMKIHAIrH pactagbl. MyTaHaaraH 6oKkcutTepai Herisri
6oKCUTNEH apanacTblpyablH Makcumanapl yneci 50%-4aH acnaiTbiHbl aHbIKTaNAbl.

TyiiiH ce30ep: xyTaHaaFaH BOKCUT, aIIOMUHUI OKCUAIH OHAIPY, KYWeXKeHTeKTey NpoLieci.
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AHHOTALMUA

Tema nepepaboTKM HU3KOCOPTHBIX MM HU3KOKAYECTBEHHbIX GOKCMTOB BECbMa aKTyasbHa B
COBPEMEHHbIX YC/I0OBUAX B CBA3M C NOCTEMEHHbIM UCTOLLEHMEM 3aMacoB BbICOKOKAYECTBEHHbIX
6okcuTOB. CnepoBaTtesibHO, pacTeT NOTPEOHOCTb B MOUCKE a/ibTePHATUBHBIX UCTOYHWUKOB CbipbA
ONA  NPOM3BOACTBA aJlOMMHUA W €ro Npou3BOAHbIX. [epepaboTka HWM3KOKAYECTBEHHbIX
BOKCUTOBbLIX PyA MOXET CTaTb 3PPEKTUBHbIM PELUEHMEM, CHUMKAIOWMM 33aBUCMMOCTb OT
OrPaHMYEHHbIX  BbICOKOKAYECTBEHHbIX  PecypcoB M obecneynsarowym  CTabunbHOCTb
NPOW3BOACTBA B AONTOCPOYHOW nepcneKkTuse. MNofobHble uccneaoBaHUA UMEKOT 3HAUYUTENbHbIN
noTeHuman gna paspaboTkM TeXHONOMMIM, CNOCOBHbIX ONTUMM3UPOBATL NPOLLECCHl NPOM3BOACTBA
AIOMUHUA W MOBbLICUTb €r0  KOHKYPEHTOCMOCOBHOCTb Ha MMPOBOM  pbiHKE. BOKCUTbI
KpacHOOKTABPbCKOro 6OKCUTOBOMO PyA0yNpaBAEHUA C HU3KUM COAEPKAaHUEM OKCUAA aNtOMUHUSA
(37-40 % no macce) U KpemHuesBbiM moaynem o 2,0 paccmaTpuBaloTcA B KauyecTBe
NOTEHLMANbHBIX LWMXTOBbIX MAaTEPUANIOB AN1A CrieKaHWA BOKCUTOB B IIMHO3EMHOM NPOU3BOACTBE
B CBA3M C UCTOLLLEHMEM 3aMaCOB BbICOKOKAYeCTBEHHbIX BOKCUTOB. B AaHHO cTaTbe NpeacTaBieHbl
pe3ynbTaThl UCCNefoBaHMI No X nepepaboTke B rMHO3eM Ha [1aBnogapcKOM afloMUHUMEBOM
3aBoge. [poseaeHbl NabopaTopHble U ONbITHO-NPOMbILIEHHbIE UCCNEA0BAHUA C LENbI0 OLEHKU
BO3MOKHOCTU MCMO/Ib30BaHMA HU3KOKAYEeCTBEHHbIX HOKCUTOB B FIMHO3EMHOM NMPOU3BOACTBE U
onpeaeneHna TEXHUKO-SKOHOMUYECKMX MoKasaTenen nepepaboTku. PesynbTaTbl MccnesoBaHUM
NoATBEPAUIN TEXHONOMMYECKYlo LenecoobpasHocTb nepepaboTkn obeaHEeHHbIX BOKCUTOB C
KpemHueBbim moaynem 1,95-2,0 B OTAENEHMM arlomepaumyM C COXpPaHeHMeM KauyecTBa
arnomeparta M M3BJeYEHMEM MO/IE3HbIX KOMMNOHEHTOB. YCTAHOB/IEHO, YTO MAaKCMManbHasa 40NA
cmeleHna obegHeHHbIX 6OKCUTOB C OCHOBHbIM HOKCMTOM He npeBsbiwaeT 50%.

Keywords: 06eHEHHbI HOKCUT, NPOU3BOACTBO MMUHO3EMA, MPOLLECC CNEKaHMS.
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ABSTRACT

The extraction of zinc from concentrates is carried out in pyrometallurgical and hydrometallurgical
ways. Obtaining pure zinc of the highest grades is possible using the hydrometallurgical method,
in which the calcined sulfide concentrate is subjected to sulfuric acid leaching, a solution of zinc
sulfate and a recycled product is formed - a solid residue of the cake leaching process. After
purification, the zinc sulfate solution is subjected to electrolytic refining, and the cake is processed
pyroly or hydrometallurgically. At JSC "Almalyk MMC" in the process of hydrometallurgical
processing of zinc concentrates, the resulting zinc cake is processed by the pyrometallurgical
method - rolling. The rolling process takes place in two tubular furnaces (rolling furnaces) 50
meters long and 3.5 meters in diameter at a temperature of 1100-1200°C, in the presence of a
reducing agent, coke breeze and petroleum coke. As a result of the rolling process of zinc cakes,
sublimates and a solid technogenic residue, clinker, containing copper, gold, and silver are formed.
Clinker is processed at the plant in smelting furnaces to extract precious metals, but it is
accumulating more than 450 thousand tons. In connection with this, scientific research is currently
underway on the processing of zinc cakes using a hydrometallurgical method to eliminate the
expensive rolling process of processing zinc cakes; high-temperature (90° C) sulfuric acid leaching
of cakes with a size of 0.074 mm has been developed during leaching for 4-4.5 hours, the extraction
of zinc into the solution is 98.5%; copper 92.8%; iron 75.2; cadmium 79.2.

Keywords: zinc, cake, process, leaching, concentrate, cinder, extraction, solution, clinker, coke.
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Introduction

Zinc can be extracted from concentrates in two
ways: pyrometallurgical (distillation) and
hydrometallurgical (electrolytic). Historically, the
first method was pyrometallurgical; two thousand
years BC in India they knew a method for obtaining
zinc from ore; in Europe only at the end of the 18th
century.

Zinc sulfide raw materials can be directly
reduced to produce zinc metal:

/nS+H;,=7Zn+H,S

The equilibrium constant of the given reaction at
a temperature of 1000 ° C is insignificant; even at a

the high value of P ny, the yield of reduction products
is low [1].

In this connection, it is more rational to carry out
separately the oxidation of Zn S (roasting) and the
reduction of oxidized zinc to metal. The technology
of the method and the hardware design of the
process are associated with the peculiarities of the
reduction of zinc from oxide, to the metal with
carbon and CO occurs at a temperature of 1,000—
1,100 ° C, and the boiling point of the resulting zinc
is 907 ° C. Advantages The pyrometallurgical scheme
is its few stages, high direct extraction of zinc into
metal, high productivity of continuous equipment
and the ability to process low-quality raw materials.
Flaws This scheme means a high consumption of
coke, a low complexity of the use of raw materials
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and the production of zinc of lower grades, and
currently in world practice no more than 15% of zinc
is obtained using the pyrometallurgical method. This
technology is usually used to process poor zinc
concentrates with high impurity content [[1], [2]].

Much attention is paid to more complete
extraction of the components of zinc-containing raw
materials, obtaining pure zinc of the highest grade,
and therefore in the production of zinc, the
hydrometallurgical method of processing zinc
concentrates is currently used, it is also used at
Almalyk MMC JSC. In this method (zinc cinder
leaching process), maximum extraction of zinc into
the zinc sulfate solution occurs and the solid tail of
the leaching process is the recycled product zinc
cake. The solution after cleaning is transferred to
Electra of zinc precipitation, and zinc cake containing
20-23% Zinc is processed using the pyrometallurgical
method - the Waelz process.

The Waelz process gives high zinc yields of more
than 90-93%, but it is quite expensive due to the high
consumption of coke, about 50% of the weight of the
zinc cake. As a result of the Waelz process, zinc
sublimations are obtained, as well as man-made
waste from zinc production, difficult to recycle
clinker with a high content of non-ferrous and
precious metals, carbon and iron [2].

Clinker from zinc production is mainly processed
by smelting in shaft furnaces, the negative side of
smelting is the expense of an expensive reducing
agent - coke, as well as briquetting or pelletizing of
clinker for processing in shaft furnaces [[3], [4], [5],
(6]].

Clinker is also processed in a reverberatory
furnace, mixing it with concentrate and fluxes, it is
loaded into the furnace to extract only noble (gold,
silver) metals, and during the smelting process, the
elements contained in the clinker carbon are burned
aimlessly, and the iron goes into waste slag [[7], [8],
El]

Scientific research is being conducted around
the world on the processing of zinc cakes using the
hydrometallurgical method, in order to eliminate the
use of expensive coke in the Waelz process. The
hydrometallurgical method mainly uses technology
that includes: two-stage leaching, the first stage is
neutral leaching of Waelz oxides, and the second is
acid leaching of the solid residue after neutral
leaching [[10], [11], [12], [13], [14], [15], [16]].

The authors of used a promising method - cation
exchange leaching of metals from zinc cinder and
zinc cake (obtained at the stage of acid leaching), in
which the KU-2-8 ion exchanger in the H-form can

be used as a reagent, allowing the extraction of 98%
of zinc of the total [17].

The authors of developed a technology for
processing clinker, waste from zinc production, to
produce ferroalloy and sublimates of non-ferrous
metals [18]. Clinker from zinc production was used
as a raw material to obtain commercial products in
the form of ferrosilicon and collective sublimates of
non-ferrous metals. The degree of extraction of
silicon into the ferroalloy was up to 96%, Fe up to
97%, and in sublimation Zn 99.6%, Pb — 99%.

In work, the Institute of JSC "Uralmekhanobr"
developed a technology for enriching clinker of JSC
"Electrozinc" by gravity-magnetic-flotation
processing to produce carbon-containing
concentrate, iron concentrate with a high copper
content [19].

The work presents the results of studies on the
use of flotation for the enrichment of zinc cakes [20].
The concentrate of the second cleaning contained,
%: 44 Zn; 9.3 Fe; 1.5 Cu; 1.1 Pb; 0.88 Ag; 0.009 Au;
2.1Si0and 27.3 S.

The authors of claim that sodium sulfide used in
flotation does not always ensure complete
sulfidization of the surface of minerals [21]. Studies
of the flotation process on the original product and
after preliminary sulfidization by a pyrometallurgical
method have found that in the preliminary
sulfidation of the product, the extraction of zinc will
increase by 17.23%, and lead by 10.07%, compared
to the original product without pretreatment.

Authors a method has been developed for
processing technogenic waste, which reduces
specific fuel consumption by 1.5-1.7 times and
increases specific productivity by 1.4-1.5 times. The
industrial implementation of the “phase inversion
reactor-tubular furnace” unit would make it possible
to cost-effectively process slag dumps from the
Shymkent lead plant, Waelz clinker, “poor” zinc ores
from the Achpolimetal plant, tailings from the Tekeli
Mining and Metallurgical Plant and other non-
ferrous metallurgical facilities [[22], [23], [24], [25],
[26]].

The results of a study of the process of sulfatizing
roasting of zinc cakes of PJSC Chelyabinsk Zinc Plant
using iron sulfates FeSO, and Fe; (SQ4); are
presented. In laboratory experiments, it was found
that from fired samples, no less than 98% of zinc and
no less than 88% of copper goes into solution during
water washing, while the degree of iron transfer into
solution does not exceed 3% [[27], [28], [29]].

An analysis of the processing of zinc production
cakes showed that the technological schemes are
quite complex, expensive and complete extraction of
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Table 1 - Mineralogical composition of zinc cake, %

Connections, %
Product name
Zntot ZnSO4 Zn0O Zn0 SiO2 ZnS ZnFe04
21.42 7.97 3.05 3.44 1.07 6.11
. CuFe204 CuSO 4-5H .0 CuzS CuO Cdo CaS04-2H >0
Zinc cake
5.25 1.45 0.16 0.03 0.02 7.16
PbSO4 FeS Fe203 CaCOs MnS MgO
6.05 1.27 0.56 1.45 1.28 0.45
Table 2 - Chemical composition of zinc cake by fractions
Content, %
Class, mm Class yield, %
Zn Cu Pb Cd Fe Al,03 SiO2 S
+40 1.925 21.89 3.27 6.48 0.22 17.23 411 9.23 7.77
-40+20 11.35 21.60 3.38 6.57 0.22 17.34 4.13 9.18 7.75
-20+10 30.35 21.08 2.35 6.52 0.20 16.48 4.08 9.14 7.66
-10+45 32.25 21.62 2.34 6.49 0.21 16.50 4.15 9.36 7.69
-5+2 20.8 21.66 2.23 6.37 0.20 16.66 4.12 9.29 7.71
-2+1 0.7 21.63 3.33 6.25 0.29 14.60 4.07 9.17 7.74
-1+0.315 0.75 21.95 3.37 6.32 0.29 13.75 4.08 9.19 7.65
-0.315+0.140 0.5 22.45 2.29 6.32 0.28 12.09 4.17 9.14 7.68
-0.140 1.375 21.66 2.08 6.39 0.28 12.07 4.18 9.16 7.73

metals is not achieved. In this connection, there is a
need to develop a more efficient technology for
processing zinc production cakes, one of which is
high-temperature leaching.

Objects and methods of research

Cake was taken from the Zinc Plant of Almalyk
MMC JSC, %: Zn tota1 -21.42, Zn 44-5.59, ZN 4ciq-13.26,
C-0.14, S voi-7, 69, S s04-6.86, Pb-6.48, Fe-15.21, SiO
2-9.39, Al ; O 3-1.42, Cu-2.32, Cd-0.21, Ca0-2.67,
Mn0-0.85, As-0.35. The main chemical compounds
of zinc cake are sphalerite, zinc ferrite, copper
ferrite, metal silicates, copper sulfate, zinc sulfate,
gypsum and sphalerite, and lead sulfate. The
mineralogical and fractional composition of zinc cake
using spectral, chemical and mineralogical methods
of analysis are given in Table. 1-2.

Methodology for high-temperature
leaching of zinc cake

To study the process of agitated high-
temperature leaching of both preparative reagents
and bulk products, a special LR 1000 basic unit was
used.

The experiments were carried out as follows: the
zinc product was crushed to a fraction of <0.1 mm. A
crushed sample of zinc cake was placed in a leaching
unit, and a solution of sulfuric acid was added,
heated and held for a certain time. The temperature
was regulated through a microprocessor automatic
controller. Pulp samples for analysis were filtered
through a paper filter with a blue ribbon, and the
filtrate was analyzed for iron, zinc, copper and other
components. After completion of the experiment,
the phases were separated by filtration, the cake was
washed three times by decantation with hot water
(50°C), dried to constant mass and subjected to
atomic absorption and X-ray analysis for the content
and form of metals.

LR 1000 basic laboratory reactor designed to
optimize the reproduction and optimization of
chemical reaction processes, as well as for mixing at
different temperatures, dispersion, homogenization
on a laboratory scale. The temperature of the
processed material can reach 120°C. The
temperature of the heating source located under the
vessel is adjusted by the set temperature inside the
medium. Digital display allows you to clearly monitor
speed and temperature.
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Discussion of the research results beginning of the process 1 - 1.5 hours, zinc extraction

in the solution flows efficiently, and after 4-5 hours

A study of the influence of the dependence of the equilibrium of the leaching process is established
zinc extraction into solution on temperature at (Fig. 1-2).

various concentrations of sulfuric acid, the duration An increase in the duration of the process leads

of the process on the leaching of zinc from cake with ~ to a decrease in the concentration of sulfuric acid,

a sulfuric acid solution with a concentration of 120-  while the iron content in the solution increases (Fig.

210 g/l, at various temperatures shows that at the  3).
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Fig.1 - Extraction of zinc from cake during zinc cake leaching process which depends on temperature.
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Fig. 2 - The degree of zinc and copper’s dissolution during the process of zinc cake's leaching at 90 °C
depending on the concentration of sulfuric acid
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Fig. 3 - Dependence of the change in the concentration of sulfuric acid (1) and iron (2) on
the duration of the process
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Fig. 4 - Improved technological scheme for processing zinc concentrates by hydrometallurgical method.

To clean the high-temperature sulfuric acid
leaching solution from copper, cadmium, cobalt,
antimony, nickel and other impurities, three-stage
neutral leaching with zinc dust is carried out in
mixers with mechanical stirring. The resulting

sediment (copper cake) is transferred to cadmium
production.

In the improved technological scheme for
processing  zinc concentrates using  the
hydrometallurgical method, Figure 4 shows a section
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in the scheme of processing zinc cakes using a high-
temperature sulfuric acid leaching process.

In Figure 4 shows a scheme for processing zinc
cakes using a high-temperature sulfuric acid
leaching process, instead of the Waelz process used
in many zinc plants around the world.

Thus, the following optimal conditions for
leaching zinc cake were established: sulfuric acid
concentration 180-190 g/I, temperature 90 ° C,
duration 4-4.5 hours. Under these conditions, the
degree of extraction of zinc into solution is 97—
98.5%, copper 92-93%, cadmium 78—80% and iron
72.5-75.2%. In the resulting sulfate solution, the
concentration of zinc in the solution is sufficient to
transfer it to the zinc electrolysis workshop; the

impurities contained in the solution are first purified
by the hydrolytic method used at the zinc plant of
Almalyk MMC JSC.
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«AnmanbiK, TMK» AK-Aa Mbipbill KOHUEHTPATTAPbIH MTMAPOMETANNYPIUANDIK,
aAicneH eHAeyAiH TEXHONOIMANDIK CbI3b6acbIH XKeTingipy

Yakubov M.M., 2Kholikulov D.B.,2Maksudhodjaeva M.S., *Yoqubov O.M.

LAnamaneiK KanaceiHOarsl MISIS ¥1mmolK 3epmmey mexHon02usAnslK yHusepcumemi, ©36ekcmaH
2TawkeHm MmemaeKemmiK MexHUKanbIK yHugepcumemiHiy Aamansik gunuansl, ©36ekcmax
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CapanTtamagaH eTTi: 23 cayip 2024
Kabblnganabl: 7 maycoim 2024

TYWIHAEME

KoHueHTpaTTapAaH mMblipbill any MMPOMETANNYPTUANBIK XKHE TMAPOMETANNYPIUANbIK dAIiCTEPMEH
}Ky3ere acbipblnagbl. AN }ofapbl COPTTbI MbIPbILW TMAPOMETANNYPIUANDBIK SAICTI KONAAHY apKblabl
anblHaAbl, OHAA KyhAipinreH cynbdua KOHUEHTPaTbl KYKIiPT KbIWKbINABI MbIPbIW epiTiHAICIMeH
KYKIPT KbIWKbINABI LaliManayfa ylblpakabl, HITUXKeCiHAE KailTa eHAaey eHIMi — KOKbiMAbl
(cy3iHAjHi) waimanay npoLeciHiH, KaTTbl KanablFbl Ty3ineai. TazapTyaaH KeriH Mblpbiw cynbdaThl
epiTiHAiCI 3NEKTPONUTTIK Ta3apTyFa YLIbIpaiabl, an KOKbIM MUPO - HEMECE TMAPOMETANNYPIUANDBIK,
KonmeH eHaenegi. «Anmanbik TMK» AK-Aa mMbipbil KOHLEHTPATTapblH MMAPOMETaNNYPIrUANbIK,
eH/ey NpoLeciHAe anbiHFaH MbIPbILL KOKbIMbIH MMPOMETANNYPIUANbIK SAICNEH — UEKTeY apKbl/bl
eHAaelnai. Mnektey npoueci y3biHAbIFbI 50 MeTp KaHe gnameTpi 3,5 meTp eki Kybbip/ibl newTe
(nnekTey newi) 1100-12000°C TemnepaTypaa, TOTbIKCbI3AaHABIPFbIWTbIH, KOKC YCaFbIHbIH, aHe
MYHaW KOKCbIHbIH, KaTbiCybIMeH eTeAi. Mblpbil KOKbIMbIH UNEKTeY HaTUMKeCiHAe BO3roHAap MeH
KaTTbl TEXHOTEHAIK KanablK, KypaMmblHAA MbIC, anTblH, Kymic 6ap KAnHKep Tysineai. KnnHkepaeH
KbiMBaT meTasngapAbl any ywiH, on 3aybiTTa 6ankbiTy newTtepiHae eHaeneai. Kasip 450 mblH,
TOHHaZAH acTam K/MHKEep KWMHaKTanbin Typ. OcbifaH 6ainaHbICTbl Kasipri yakbITTa Mblpbil
KOKbIMAAPbIH BHAeYAiH, KbiIMbaT uiekTey NpoueciHiH OpHbIHA, TMAPOMETAaNNYPIUANLIK d4icneH
MbIPbILW KOKbIMAAPbIH 8HAey 6oMbIHLWA FblbIMK 3epTTeynep Xyprisinyae. 4-4,5 carat walimanay
KesiHae meswepi 0,074 MM KOKbIMAAPAb! }oFapbl TemnepaTypaaa (9000° C) KyKipT KbILKblIbIMEH
Wwarimanay urepinai, epitiHgire MbipbIlWTbIH, anbiHybl 98,5% Kypaiapl; mbic 92,8%; Temip 75,2%;
Kaamuii 79,2% 6onagpl.

Tyiiin ce3dep: Mbipbil, KOKbIM (Cy3iHAi), Mpouecc, Waimanay, KOHLEHTPAT, KO, 3KCTpaKums,
epiTiHAj, KNNHKep, KOKC.
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CoBepLUeHCTBOBaHME TEXHO/IOTMYECKOI cxembl NnepepaboTkmn LMHKOBbIX
KOHLLeHTPaTOB rmapomeTtannypruieckum cnoco6om Ha AO «Anmanbikckunit TMK»

Yakubov M.M., 2Kholikulov D.B.,2Maksudhodjaeva M.S., *Yoqubov O.M.

HayuoHaneHbIl uccnedosamensckuli mexHonoauveckuli yHusepcumem MUCuUC e Anmansike, Y3bekucmaH
2Anmaneikckuli punuan TawKeHMCKo20 20cydapcmeeHH020 mexHU4ecKo20 yHusepcumema, ¥Y36ekucmax

AHHOTALUMUA

M3BneueHve LMHKa n3 KOHLLEHTPaTOB ocyulecTBnseTcs  ABYMA cnocobamu:
MUPOMETANNYPTUYECKUM U TUAPOMETANNYPIUYECKUM, @ NOYYEHME YACTOTO LIMHKA BbICLIMX MapOK
BO3MOXHO TMAPOMETAYPIUYECKUM METOLOM, MPU KOTOPOM MPOKANEHHbIN CynbGUAHbIN
KOHLLEHTPAT NoABepratoT CEPHOKMUCIOTHOMY BbILLENa4YMBAHUIO PACTBOPOM CEPHOKUC/IONO LIMHKA U
o6pasyeTca peLupKyIALMOHHbIA NPOAYKT — TBEPAbI OCTaTOK MPOLecca BbillenaumBaHma Keka.
Mocne ouncTKM pacTBop cynbdaTta LMHKA NOABEPratoT SNEKTPONUTUHECKOMY PadUHMPOBAHUIO, A
KeK nepepabaTbiBAOT MUPO- UAW FMAPOMETANIYPrUYeckum cnocobom. Ha AO «ANManbIKCKuit

MNoctynuna: 29 mapma 2024 TMK» B npouecce ruapomeTannypruyeckoi nepepaboTku LMHKOBbIX KOHLLEHTPATOB NOMYYEHHbI
PeueH3nposaHue: 23 anpens 2024 LUMHKOBbIA Kek nepepabaTtbiBaeTca MMPOMETANNYPrUYECKMM METOAOM — NpOKaTkoW. lMpouecc
MpuHATa B Nneyvatb: 7 utoHa 2024 NPOKaTKM MPOUCXOAWUT B ABYX TpybuaTbix meyax (NMpoKaTHbIX neuyax) AAMHON 50 meTpoB M

avameTpom 3,5 meTpa npu Temnepatype 1100-12000C, B npUCYTCTBMM BOCCTAHOBUTENSA, KOKCOBOM
Menoum n HedTAHOro KoKca. B pesynbTaTe NPOKATKM LIMHKOBbIX KEKOB 06Pa3yroTcs BO3rOHbI U
TBEPAbI TEXHOTEHHbIM OCTaTOK — KAWHKep, CoAeprKallimii meap, 30/10T0 U cepebpo. KnuHkep
nepepabaTbiBaeTcA Ha 3aBOAE B M/IABW/bHbIX NeYax C LEnblo WM3BAEYEHUSA [ParoLeHHbIX
METa//IoB, HO Ha AAaHHbIN MOMEHT ero HakanausaeTcs 6osee 450 TbiCAY TOHH. B CBA3K C 3TUM B
HacToswee BpemMs MPOBOAATCA Hay4yHble WCCNefoBaHMA MO nepepaboTKe LMHKOBbIX KeKOoB
rTMOPOMETANIIYPIMYECKMM METOAOM C LeNblo  MCK/IOYEHUA [0POrocToAlero MpoKaTHOro
npouecca nepepaboTKM LMHKOBbIX KEKOB; OCBOEHO BblCcOKOTEMNepaTypHoe (900 C)
CEPHOKMCNIOTHOE BbilenaymBaHue Kekos paamepom 0,074 mm npu BblLLeNaunBaAHNUM B TeUEHUe 4-
4,5 yacoB, U3BNeYeHMe LMHKa B pacTBop coctaBnneT 98,5%; meab 92,8%; xeneso 75,2%; kaamui
79,2%.

Kniouesbie cnoea: UMHK, Kek, NMpoOLECC, BbllleNauyMBaHMe, KOHLLEHTPAT, Orapok, 3KCTPaKuus,
pacTBOp, KIMHKEP, KOKC.

WHpopmayus o6 asmopax:
Yakubov Mahmud Mahamadjanovich Jlokmop mexHu4ecKux HayK, npogeccop, HayuoHabHsIl uccnedosamensbckuli mexHono2u4ecKuli
yHusepcumem MUCuC e Anmansike, Y36ekucmaH. E-mail: yakubovmahmud51@gmail.com

Jlokmop  mexHuU4YecKux  HayKk, npogeccop, Anmanvikckul  ¢uauan  TawKeHMCcKo2o

Kholikulov Doniyor Bahtierovich . . .
20cy0apcmeeHH020 mexHuU4ecKko2o yHusepcumema, Y3bekucmad. E-mail: doniyor_xb@mail.ru

KaHoudam mexHuyeckux HayK, Aamasnsikckuli ¢punuan TawKeHMCKo2o 20Cy0apcmeeHHo020

Maksudhodjaeva Mukhtabar Saidovna
mexHuU4YecKo20 yHusepcumema, ¥Y36ekucmaH

Yoqubov Oybek Mahmudjanovich PhD, HauyuoHanbHbil uccnedosamensckuli mexHonoaudyeckul yHusepcumem MMUCUC e
Anmaneike, Y3bekucmat. E-mail: oybek.yoqubov6600@gmail.com

References

[1] Zaitsev Vya, Margulis EV. Metallurgy of lead and zinc. M.: Metallurgy. 1985, 263.

[2] Marchenko NV, Oleynikova NV. Metallurgy of lead, zinc and cadmium: textbook. Part 1. Krasnoyarsk: Siberian Federal
University. 2018, 276.

[3] Feldman RI. Autogenous shaft smelting of clinker. Non-ferrous metals. 1991; 4:10-13.

[4] Krivonosov YusS, Viduetsky MG, Gabdulkhaev RL, Klyagin VV. Technology of clinker enrichment at JSC Electrozinc. Mining
Journal. 2007; 12:84-85.

[5] Kazhakhmetov SN, Omarova AS, Chokaev MT. Autogenous processing of copper clinker using borate ore. Non-ferrous
metals. 1999; 4:8-11.

[6] Krysenko NS. On hot rolling of clinker in Waelz kilns. Non-ferrous metals. 2000; 5:16-19.

[7]1 Yakubov MM, Abdukadyrov AA, Mukhametdzhanova ShA, Yokubov OM. Involvement in production man-made formations
on enterprise JSC Almalyk MMC. Non-ferrous metals. 2022; 5:36-41.

[8] Yakubov MM, Dzhumaeva KhYu, Umaraliev IS, Mukhametdzhanova ShA. Study of the possibility of using technogenic raw
materials when smelting sulfide copper concentrates in the Vanyukov furnace at JSC Almalyk MMC. Non-ferrous metals. 2023; 5:14-
19.

[9] Yakubov M, Yoqubov M, Kholikulov D, Maksudhodjaeva M. Depletion of converter slags to waste in the Vanyukov furnace
during pyrometallurgical copper production at JSC Almalyk MMC. Kompleksnoe Use Mineralnogo Syra = Complex Use of Mineral
Resources. 2024; 331(4):60-68. https://doi.org/10.31643/2024/6445.39

[10] Andak B, Ozdugan E, Tiirdii S, Bulutcu AN. Recovery of zinc and manganese from spent zinc-carbon and alkaline battery
mixtures via selective leaching and crystallization processes. J. Environ. Chem. Eng. 2019; 7(5):103372.
https://doi.org/10.1016/j.jece.2019.103372

[11] Zheng YX, Lu JF, Liu W. An innovative technology for recovery of zinc, lead and silver from zinc leaching residue.
Physicochemical Problems of Mineral Processing. 2016; 52(2):943-954. https://doi.org/10.5277/ppmp160233



mailto:yakubovmahmud51@gmail.com
https://doi.org/10.31643/2024/6445.39
https://doi.org/10.1016/j.jece.2019.103372
https://doi.org/10.5277/ppmp160233

Complex Use of Mineral Resources. 2025; 333(2):89-96 ISSN-L 2616-6445, ISSN 2224-5243

[12] Demirkiran N, Senel M. Dissolution kinetics of metallic zinc obtained from spent zinc-carbon batteries in nitric acid solutions.
Environ. Prog. Sustain. Energy. 2021; 40(3):10. https://doi.org/10.1002/ep.13553

[13] Mamyachenkov SV. et. al. Issledovaniye tekhnologicheskikh parametrov effektivnosti elektroliza tsinka iz shchelochnykh
rastvorov. [Study of the influence of technological parameters on the efficiency of zinc electrolysis from alkaline solutions]. Novosti
universitetov. Tsvetnaya metallurgiya [News of universities. Colored metallurgy]. 2018; 6:12-19. (in Russ.).
https://doi.org/10.17073/0021-3438-2018-6-12-19

[14] Mamyachenkov SV, Yakornov SA, Anisimova OS, Kozlov PA, Ivakin DA. Research into the influence of process parameters
on the efficiency of zinc electrolysis from alkaline solutions. Russ. J. Non-Ferr. Met. 2019; 60(1):1-7.
https://doi.org/10.3103/51067821219010097

[15] Youcai Z, Chenglong Z. Electrowinning of zinc and lead from alkaline solutions. In: Pollution control and resource reuse for
alkaline hydrometallurgy of amphoteric metal hazardous wastes: Handbook of environmental engineering. Cham: Springer. 2017,
171-262.

[16] Strizhko LS, Normurotov RI, Kholikulov DB. Study of the process for gold hydrochlorination in gold-containing magnetic
fraction processing . Russian Journal of Non-Ferrous Metals. 2009; 50(5):449-451.

[17] Rodriguez Rodriguez N, Machiels L, Onghena B, Spooren J, Binnemans K. Selective recovery of zinc from goethite residue in
the zinc industry using deep-eutectic solvents. RSC Adv. 2020; 10(12):7328-7335. PMID: 35493887; PMCID: PM(C9049832.
https://doi.org/10.1039/d0ra00277a

[18] Kolesnikov AS, Kopsalyamov A, Kolesnikova O. et. al. Technology of processing waste from the zinc industry to produce
ferroalloy and sublimates of non-ferrous metals. Bulletin of SUSU. 2013; 13(1):34-39.

[19] Krivonosov YusS, Viduetsky MG, Gabdulkhaev RL, Klyagin VV. Technology of clinker enrichment at JSC Electrozinc. Mining
Journal. 2007; 12:84-85.

[20] Geykhman VV, Kazanbaev LA, Kozlov PA, Kolesnikov AV, Desyatov OM, Chinkin VB. Efficiency of flotation in the processing
of zinc cakes. Non-ferrous metals. 2000; 5:32-34. IPC 7.

[21] Chepushtanova TA, Motovilov IYu, Merkibayev YS, Polyakov KV, Gostu S. Flotation studies of the middling product of lead-
zinc ores with preliminary sulfidizing roasting of oxidized lead and zinc compounds. Kompleksnoe Ispol'zovanie Mineral'nogo Syr'a =
Complex Use of Mineral Resources. 2022; 323(4):77-84. https://doi.org/10.31643/2022/6445.43

[22] Kenzhaliyev BK, Gladyshev SV, Abdulvaliyev RA, Kuldeev El, Beisembekova KO, Omarova SA, Manapova Al. Development
of technology for chromite concentrate from the slurry tailings of enrichment. News of the national academy of sciences of the Rep.
of Kaz. Series of geology and technical sciences. 2018; 3(429):182-188.

[23] Zhunusova GZh, Kalyanova OA, Altaibaev BT, and others. Ochistka ot primesey medi i kadmiya sul'fatnykh rastvorov tsinka
ot avtoklavnogo vyshchelachivaniya tsinksoderzhashchikh otkhodov [Purification of zinc sulfate solutions from copper and cadmium
impurities from autoclave leaching of zinc-containing waste]. Sbornik dokladov VIII Mezhdunarodnoy nauchno-prakticheskoy
konferentsii «Prioritetnyye nauchnyye napravleniya: ot teorii k praktike» [Collection of reports of the VIII International Scientific and
Practical Conference Priority Scientific Directions: from Theory to Practice]. Novosibirsk. December 20, 2013, 129-136. (in Russ.).

[24] Zhunusova GZh, Kalyanova OA, Altaibaev BT, and others. Cementation of copper, cadmium, cobalt and nickel from zinc-
containing sulfate solutions from autoclave leaching of zinc-containing waste. Collection of reports of the 5th International Scientific
and Practical Conference Science and Society. London. November 25-26, 2013.

[25] Grudinsky PI, Zinoveev DV, Dyubanov VG, Kozlov PA. State of the art and prospect for recycling of waelz slag from electric
arc furnace dust processing. Inorg. Mater.:Appl. Res. 2019; 10(5):1220-1226. https://doi.org/10.1134/52075113319050071

[26] Sadykov SB. Avtoklavnaya pererabotka nizkosortnykh tsinkovykh kontsentratov [Autoclave processing of low-grade zinc
concentrates: dissertation]. Doctor of Technical Sciences in the form of scientific. report: 05.16.02. Ekaterinburg. 2006, 584. (in Russ.).

[27] Grudinsky PI, Smirnova VB, Dyubanov VG, Kozlov P.A. lIssledovaniye protsessa sul'fatiziruyushchego obzhiga s
ispol'zovaniyem sul'fatov zheleza pri pererabotke tsinkovykh plit [Study of the process of sulfatizing roasting using iron sulfates in the
processing  of  zinc  cakes]. International scientific research  journal. 2018; 12(78). (in Russ.).
https://doi.org/10.23670/IRJ.2018.78.12.013

[28] Alkatseva VM. Printsipial'naya skhema pererabotki tsinkovykh kekov [The principal diagram of zinc cakes processing].
Izvestiya vuzov. Tsvetnaya metallurgiya [lzvestiya vuzov. Tsvetnaya metallurgy]. 2014; 3:28-32. (in Russ.).

[29] Zheng YX, Lu JF, Liu W. An innovative technology for recovery of zinc, lead and silver from zinc leaching residue.
Physicochemical Problems of Mineral Processing. 2016; 52(2):943-954. https://doi.org/10.5277/ppmp160233



https://doi.org/10.1002/ep.13553
https://doi.org/10.17073/0021-3438-2018-6-12-19
https://doi.org/10.3103/S1067821219010097
https://www.webofscience.com/wos/woscc/full-record/WOS:000271550400004
https://www.webofscience.com/wos/woscc/full-record/WOS:000271550400004
javascript:void(0)
https://doi.org/10.1039/d0ra00277a
https://doi.org/10.31643/2022/6445.43
https://doi.org/10.1134/S2075113319050071
https://doi.org/10.1134/S2075113319050071
https://doi.org/10.1134/S2075113319050071
https://doi.org/10.1134/S2075113319050071
https://doi.org/10.1134/S2075113319050071
https://doi.org/10.1134/S2075113319050071
https://doi.org/10.1134/S2075113319050071
https://doi.org/10.1134/S2075113319050071
https://doi.org/10.23670/IRJ.2018.78.12.013
https://doi.org/10.5277/ppmp160233

KomnnekcHoe Mcnonb3oBaHne MuHepanbHoro Coipbsa. Ne2(333), 2025

ISSN-L 2616-6445, ISSN 2224-5243

M= Crossref
DOI: 10.31643/2025/6445.22
Earth sciences

@creative
commons

Methodological principles of searching for disposal sites of radioactively

contaminated materials by geophysical methods

! Vyzhva S.A., ! Onishchuk V.1., ! Onishchuk 1., 2*Madisheva R.K., 2 Mukhazhanova zh. T.

1Taras Shevchenko National University of Kyiv, Ukraine

2Abylkas Saginov Karaganda Technical University, Karaganda, Kazakhstan

“Corresponding author email: rimma_kz@mail.ru

Received: February 5, 2024
Peer-reviewed: June 17, 2024
Accepted: June 20, 2024

ABSTRACT

This article is devoted to radiometric studies at one of the sites of the Chornobyl nuclear power
plant (the “Sandy Plateau” site), which is located on the south-eastern outskirts of the city of
Pripyat. Radioactive substances, both artificial and natural, resulting from incidents and disasters
at nuclear facilities pose the greatest danger. The disposal sites for radioactively contaminated
materials considered in this work are sources of groundwater pollution. Currently, there is a
problem of searching for their location for reburial in specialized stationary burial grounds, to solve
which detailed complex geophysical studies are used. Various geophysical methods are
considered, including micro-sensing and radiometric studies, to determine the location of burials.
Particular attention is paid to the analysis and interpretation of geophysical data, as well as the
economic and practical aspects of the application of these methods. As a result of the study, it was
established: that when searching and studying burial sites of radioactively contaminated materials,
the use of surface gamma photography makes it possible to assess the level of radioactive
contamination of the upper layers of the soil (to a depth of 0.8-1 m). However, if the thickness of
buried radioactively contaminated materials exceeds a certain level, which leads to weak
contamination of rocks at a depth of more than 1-1.5 m, then burial objects may go undetected
when using only gamma-ray imaging. In such cases, microgamma probing becomes an effective
method. Increased values of exposure dose rate and the nature of microgamma sounding curves
serve as indicators of the presence (increase in exposure dose rate with depth) or absence (sharp
decrease in exposure dose rate with depth) of radioactively contaminated materials in the studied
area.

Keywords: radioactive contamination, geophysics, research, complexing, micro gamma sounding,
decontamination.
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Introduction

One of the greatest dangers is the radioactive
pollution of the environment by man-made and
natural radionuclides after accidents and
catastrophes at nuclear cycle facilities. By-products
of nuclear energy production pose long-term risks to

human health and the environment [1]. The accident
on April 26, 1986, at the Chornobyl nuclear power
plant, which led to the release of large amounts of
radionuclides into the environment, led to serious
contamination of the surrounding area [[2], [3]].

As a result of the clean-up efforts of the accident
in 1986-87, waste dumps containing approximately
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106 m3 of low-level waste were created [4]. These
waste dumps largely do not comply with regulatory
requirements for low-level waste disposal sites and
pose a radiation hazard to the environment.

According to an assessment by the Nuclear
Energy Agency Committee on Radiation Protection
and Public Health, “...all of these wastes are a
potential source of groundwater contamination that
will require careful monitoring until safe disposal in
an appropriate repository can be achieved.” and
that "...large uncertainties remain which require
correspondingly greater characterization efforts"
[5].

In 1999-2003, an international team of French
and Ukrainian institutes studied the behavior of
radionuclides from the Chornobyl fallout at an
experimental site in the area of the “Red Forest”
landfill near the Chornobyl nuclear power plant. The
Chornobyl Pilot Site (CPS), established as part of the
project, became a field installation for in-situ
confirmation and development of models of
radionuclide migration in soils and the geosphere
(61, [711.

In 1986-1988, temporary disposal sites of
radioactively contaminated materials,
decontamination waste, radioactively contaminated
structures and equipment were carried out in the
Chornobyl  exclusion zone without proper
engineering training for special burial grounds. Due
to the emergency, the work was carried out
urgently, while in almost most cases, proper
topographic mapping of the disposal sites of
radioactively contaminated materials was not
ensured. In this regard, at this time, the location of
many of them is unknown. Meanwhile, these
disposal sites are sources of groundwater pollution
that feed the Pripyat River and its tributaries.
Nowadays, there is a problem of searching for them
to reburial them in specialized stationary burial
grounds.

The task of finding disposal sites for
radioactively contaminated materials can be solved
only through the use of detailed integrated
geophysical studies. From the point of view of
geophysics, the main types of pollution of the
geological environment are radioactive and
geochemical. As a result of studying the geological
environment by geophysical methods, static and
dynamic (time-varying) geophysical anomalies over
pollution sources are detected [[8], [9]].

Tasks and complex of geophysical research
Geophysical methods are widely wused in

engineering-geological, geoecological and
archaeological research. Analyzing the experience of
using geophysical methods in solving engineering
problems, it was determined that the tasks of
searching for disposal sites of radioactively
contaminated materials are practically similar to the
tasks that are set before geophysical methods in the
process of archaeological research.

The possibility of using geophysical research is
based on a noticeable difference in the
electromagnetic and radiometric parameters of
both archaeological and man-made objects,
compared with the surrounding host rocks. At the
same time, the following basic tasks are solved using
geophysical methods:

- mapping of trenches, mine workings, dams,
ditches;

- search and exploration of disposal grounds,
necropolises, underground structures, armament
depots, and disposal sites of radioactively
contaminated materials [[10], [11]].

A specific feature of the search for disposal sites
of radioactively contaminated materials is the
determination of radiometric parameters of
radioactively contaminated materials and host soils.
The experience of using geophysical methods for
this purpose and the analysis of literary data
indicates that the solution to the above tasks is a
rather complex problem and requires the use of
detailed integrated geophysical studies, as well as
experimental and methodological work to improve
the selected complex [[1], [2], [3], [4], [5], [12]].

From our point of view, a set of geophysical
methods for searching and exploration of natural
reserves should include:

* micro-electrical profiling using the electrical
resistance method in various modifications, based
on measuring the resistance of soils and rocks using
electric currents;

e electrical profiling using the natural electric
field method, which allows identifying zones with
anomalous conductivity, which may indicate the
presence of radioactive waste or changes in the
composition of soils;

¢ microelectric sounding for detailing detected
anomalous areas, allowing to localize of the sources
of anomalies and determining their nature using
point measurements of electrical resistance at
shallow depths;

e the induced polarization method using the
median gradient method is used to assess the
polarizability of rocks and identify zones with
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increased content of metals or organic substances,
which may be associated with the disposal of
radioactive waste;

e GPR sensing is effective for searching for
containers with radioactive waste and mapping the
structures of underground voids. The method uses
radio waves to obtain images of underground
structures, making it possible to detect various
objects and anomalies at depths of up to several
tens of meters with high resolution;

e micromagnetic studies involve measuring the
Earth's magnetic field to identify local anomalies
caused by the presence of magnetic materials or
changes in the magnetic properties of rocks;

e surface and borehole gamma survey -
measures the level of natural radioactivity of rocks
and soils;

¢ as well as laboratory radiometric studies.

At the same time, the rational complex of
specialised geophysical research in each specific
case is determined by the tasks and economic
factors.

Geophysical surveys are carried out in a profile-
area version and should be sufficiently detailed, the
observation step is several meters, and when
anomalies are detailed — tens of centimeters.
Parametric observations are performed on known
objects and serve as exemplary models for
interpreting the results of observations on ordinary
profiles [[13], [14]].

Some positive experiences of such work have
been accumulated. An example is the search for
military equipment that sank in the swamps in 1941-
1944 and the disposal sites of German soldiers on
the fields of the Korsun-Shevchenko Battle. At the
same time, detailed magnetometric surveys, as well
as studies using natural electric field and
microelectroprofiling methods (searching for craters
from explosions of aerial bombs, artillery shells,
remnants of iron structures, and weapons) turned
out to be quite effective [[15], [16], [17]].

The processing of the received materials
consists in their complex interpretation and analysis
of the entire data set. As a result, anomalous zones
are highlighted, which may be related:

- with a violation of the integrity of rocks (based
on the materials of micro electroprofiling,
microelectrosonding and GPR studies);

- with the presence of steel fragments (based on
the materials of micromagnetic survey);

- with electrochemical processes (oxidation of
metal fragments) occurring in the body of the

disposal (based on the methods of natural electric
field and induced polarization);

- with the presence of soils and materials
intensively  contaminated  with  radioactive
substances — products of nuclear accidents and
waste from radiochemical production (based on
materials from surface and spur gamma-ray
surveys).

Based on the results of the performed
geophysical studies, a set of geophysical maps and
sections is being built, which allow us to conclude
that there is a disposal of radioactively
contaminated materials in the studied area, as well
as to determine the points of opening the body of
disposal by wells and pits.

Experimental part

As an example of such work, we will present
some materials of radiometric studies at one of the
sites of the Chornobyl nuclear power plant (the
Sandy Plateau site). The site is located on the
southeastern outskirts of the city of Pripyat. Before
the accident at the Chornobyl nuclear power plant,
this area was washed with river sand 2 m thick and
was planned for the construction of a new massif in
Pripyat. Uncontaminated river sand is characterized
by an exposure dose rate of 4-8 uR/h. Figure 1 shows
a fragment of the 137Cs surface pollution map of the
Chornobyl exclusion zone with the research area
marked on it.

In 1988, experimental decontamination works
were carried out at the research site by removing
the top layer of soil with a thickness of 10 cm. In
accordance with technical specifications, highly
active soil should be buried on the same site, but
information about the location of the disposal
turned out to be lost. Many years later, the urgent
task of searching for temporary disposal of
radioactively contaminated soil removed during
decontamination works arises. To solve this
problem, areal studies were performed at the work
site using the biolocation method over a network of
20x10 m. Based on the materials of these works,
elongated anomalies were identified, the nature of
which at the first stage was associated with the
presence of trenches with radioactively
contaminated soil. However, selective drilling of
individual biolocation anomalies did not vyield
positive results [[18], [19], [20]].
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Figure 1 - Fragment of 137Cs surface contamination
map: The scale 1:200 000

To check the detected anomalies, a surface
gamma survey was performed over a 20x5 m
network using a SRP-68-01 radiometer, the results of
which are shown in Figure 2. At points where the
exposure dose rate of y-radiation (P) exceeded 3000
UR/h, measurements were repeated using the SRP-
68-03 spur radiometer.
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Figure 2 - Map of the exposure dose rate of y-radiation
(P). The «Sandy Plateau» site: The scale is 1:2 000.
The isolines are drawn through 500 pR/h.

The exposure dose rate of y-radiation at the
research site varies from 350 uR/h to 4250 uR/h. The
areas with increased exposure dose rates (2000 —
4000 pR/h) are localized in the central and
southeastern parts of the research area, and the
areas with reduced P values (350 — 1500 pR/h) are
located in the northern, northeastern, southern and
western parts of the site. The average values of the
exposure dose rate of y-radiation at the research site

are 1800 uR/h. According to the materials of the
«Kirovgeologiya» production association, the
background values of the exposure dose rate of y-
radiation of territories composed of river sands in
the research area ranged from 4 uR/h to 8 uR/h.
The gamma field has a mosaic, sometimes backstage
nature, which may be the result of uneven removal
of the upper highly active layer by earthmoving
machines during decontamination. At the same
time, the negative forms of the microrelief were
partially «sprinkled» with highly active soil, and the
positive ones, on the contrary, were cut to a great
depth.

To assess the degree of radioactive
contamination, the specific activity of ¥’Cs was
calculated using the well-known formula:

P-u,,
2-m-Kop’

where P — exposure dose rate, uR/h; L,y — effective
attenuation coefficient of y-radiation; K,c —gamma
equivalent of ¥’Cs; p — density of rocks, g/cm?. A
fragment of the pollution assessment map of the
137Cs site is shown in Figure 3.
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Figure 3 - Map of the specific activity of 137Cs (ACs) of
the topsoil. The «Sandy Plateau» site: The scale is
1:2000. The isolines are drawn through 500 kBg/kg.

For the study area, the specific soil activity
caused by ¥’Cs in the depth range of 0-50 cm varies
from 24 kBq/kg to 291 kBg/kg with an average value
of 121 kBg/kg.
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For operational analysis of gamma survey
materials, graphs of exposure dose rate and specific
activity of 137Cs were constructed along profiles
that stretched from south to north. The exposure
dose rate is related to the level of radiation exposure
and is taken into account when planning radiation
protection measures and environmental
monitoring. The specific activity of cesium shows
how much a specific mass of material is
contaminated with the radionuclide. High specific
activity may indicate significant radioactive
contamination requiring decontamination measures
or access restrictions. These indicators are used to
assess current conditions, plan protection measures
and respond to radiation accidents.

Figure 4 shows the materials of the surface
gamma-ray survey according to profile 8 (graph of
exposure dose rate and specific activity of %Cs),
typical for the research area.
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Figure 4 - Graphs of the exposure dose rate (P) and
specific activity of 137Cs of the topsoil (A)
according to profile 8

Figure 5 - Graphs of the dependence of the change in the
exposure dose rate (I) on the depth (h), characteristic
of microgammasondings performed at the
«Sandy Plateau» site.

A comprehensive analysis of the y-radiation
exposure dose rate map and the biolocation
research scheme revealed that the correlation of
biolocation and surface y-anomalies is often absent
[20].

To check the anomalous zones identified by
biolocation and surface y-survey,
microgammasonding  was performed, the
characteristic types of which are shown in Figure 5.

Results and Discussion

The materials of the microgammasonding
curves show that the value of the exposure dose rate
at depths of 2-10 cm ranges from 1300 puR/h to 7000
UR/h and tends to increase with depth. With a
further increase in the measurement depth (up to 50
— 70 cm), different behaviors of the exposure dose
rate graph are observed, depending on the depth of
penetration of technogenic radionuclides into the
soil: the values remain at the same level, increase or
in some cases decrease. The final branch of all
microgammasondings has a descending nature, and
the exposure dose rate decreases to tens of puR/h,
i.e. almost to the background. Analysis of
microgammasonding data shows that the
penetration depth of technogenic radionuclides is
up to 50-60 cm. The nature of the behavior of
microgammasonding curves (a sharp decrease in the
exposure dose rate after 30-60 cm with a depth)
allows us to conclude that there is no disposal of
radioactively contaminated soil in the surveyed
area.

Conclusions

The complex of geophysical methods in the

search and exploration of disposal sites of
radioactively contaminated materials includes
surface and spur  gamma-ray  surveys,

microelectroprofiling by the process of electrical
resistance in various modifications, electroprofiling

by the method of natural electric field,
microelectrosonding when detailing detected
anomalous areas, the method of induced

polarization by the method of median gradient,
micromagnetic and geolocation studies, as well as
laboratory radiometric studies. The tasks and
economic factors determine a rational complex of
specialised geophysical research in each specific
case, while geophysical surveys should be
sufficiently detailed.

— 10l—/——
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During the search and exploration of disposal
sites for radioactively contaminated materials,
surface gamma-ray surveys allow us to assess the
radioactive contamination of the topsoil (up to a
depth of 0,8-1 m), but with the capacity of
overlapping disposal sites for radioactively
contaminated materials of slightly contaminated
rocks of more than 1-1,5 m, the search object may
not be fixed.

Microgammasonding is an effective method for
determining the disposal of radioactively
contaminated materials. High values of exposure
dose rate and the behavior of microgammasonding
curves are criteria for the presence (increase in

exposure dose rate with depth) or absence (sharp
decrease in exposure dose rate with depth) of
disposal of radioactively contaminated materials at
the surveyed site.
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PapnoakTuBTI acTaHFaH maTepuangap KeminreH xxepaepai reopmsmnkanbik,
dAicTepmeH i3aeyaiH daictemenik npuHumnrepi
! Bbikea C.A., 1 OHuMwyK B.U., 1 Onnwyk U.U., 2 Maguwesa P.K., 2MyxaxkaHosa XK.T.

! Tapac LLles4eHko ameiHOaFbl Kuee yammeolk yHusepcumemi, YkpauHa
2 36inKac CarblHo8 ambiHOaFr6l KaparaHAbl mexHUKanbIK yHusepcumemi, KaparaHdel, KazakcmaH

TYWIHAEME

Byn makana MpunaTb KanacblHbIH, OHTYCTiK-LIbIFbIC WETIHAE OPHaNackaH YepHobblNb aTOM 3N1eKTp
CTaHUMACHI y4ackenepiHiH BipiHaeri («Kymapl ycTipT» yyackeci) paaMomeTpuaAnbIK 3epTTeynepre
apHanfaH. AaponbiK KOHAbIPFbINAPAAFbl anaTrapAblH, cepiHeH naaa 6onfaH KacaHabl KaHe
Tabufn paaMoaKTMBTI 3aTTap Y/KeH Kayin TeHaipesi. PafvOaKTUBTI nacTaHfaH matepuangap
KOMIZIreH OpblHAAP *Kep acTbl CynapblH nactanapl Kasipri yakbiTTa MamaHAaHAbIpbIAFAH
CTaLMOHAPAbIK KOPbIMAAPAA KalTa Kemy MaKkcaTblHAA OnapAplH, OpHaNacKaH XepiH isgey
maceneci Typ, OHbl leWy VYWiH enken-Tenkenni KeweHai reodpusmnkanbik 3eprtreynep
Makana kengi: 5 aknan 2024
CapanTtamagaH eTTi: 17 mayceim 2024
Kabbinganapl: 20 mayceim 2024

KONAaHbl1aabl. Hepney opbiHAAPbIHbIH, OPHbIH aHbIKTay YLWiH apTypAai reodusmKanbiK aaictep
KapacTblpblnagpbl, COHbIH, iWiHAE MUKPO-CEHCOPAbIK KaHEe pPaAuOMETPUANDLIK 3epTTeynep.
FeodursunKanbik, ManimeTTepai Tangay MeH TycCiHAipyre, coHAal-aK ocCbl d4icTepAi KONAaHYAbIH,
9KOHOMMKA/IbIK KOHEe MNPaKTUKaNbIK acnekTiiepiHe epeKkwe Hasap ayaapbliagbl. 3eptrey
HITUMKECIHAE aHbIKTaNFaHbl: PAANOAKTMBTI 1aCTaHFaH MaTepuangap KemMinreH xepnepaiisgectipy
JKoHe 3epTTey KesiHge Kep YCTi ramma-poTocypeTiH naikganaHy TOMbIPAKTbIH, YKOFApFbl
KabaTTapbiHbIH, (TepeHAiKKe AeiiH) paanoaKTUBTI nacTaHy geHreiiH 6aranayfa MymKiHAiK 6epeai.
0,8-1 m). Anaitga, erep KeminreH pagnMoakTUBTI 1acTaHFaH MaTepuanaapablH KanblHablFbl 6enrini
6ip aeHreiaeH acbin Ketce, 6yn 1-1,5 m-geH acTam TepeHAIKTEri Tay KbIHbICTapPbIHbIH, 9/1Ci3
NacTaHyblHA SKenin COKTbipca, OHAA Kemy obbekTinepi Tek ramma-caynenik 6eiHeneyai
KONAaHFaHAA aHbIKTaMal Kanybl MymKiH. MyHAal afgainapaa MUKporamma 30HATay TUimai
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MaTtepuangsapabit, 60aybl (TEPEHAIKNEH SKCNO3ULMAMBIK 4032 HbINAAMAbIFbIHbIH, }KOFapblaaybl)
Hemece JKOKTbIfbl (TEpeHAIKNeH 3KCNO3UUMANLIK [03a KbINGAMAbIFbIHBIH, KYPT TemeHaeyi)
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MeToauuyeckme NPpUHLUUNbI NTOUCKOB NYHKTOB 3aXOPOHEHUA PaANOAKTUBHO
3arpA3HeHHbIX maTepuanos I'GO(I)M3M‘-IECKMMM metogamum
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AHHOTALUMUA

[aHHasa cTaTbA MOCBAWEHA PagUOMETPUYECKMM WUCCAeAOBaHMAM Ha OAHOM W3 Y4acTKOB
YepHobblbcKkoi ASC (yyacTok «lecyaHoe NAaTo»), KOTOPbIA PACNONOXKEH HA HOXKHO-BOCTOYHOM
oKpauHe r. MpunAaTtb. PaAnoaKTUBHbIe BeWecTBa, Kak MCKYCCTBEHHOrO, TaK U ecTecTBEeHHOro
NPOUCXOMKAEHMSA, BO3HMKWME M3-33 WMHUMOEHTOB M KatacTpod Ha AAepHbIX O0b6bekTax,
NpeacTaBnatoT Haubonbliyld OMacHOCTb. PaccmaTpuBaemble B AaHHOM paboTe  NyHKTbI
33aXOPOHEHUA PAfMOAKTUBHO 3arpA3HEHHbIX MAaTEPUANOB ABAAIOTCA UCTOYHUKAMU 3arpA3HeHUs
nofsemHbIx Bod. B HacToswwee Bpema cyuiectsyeT npobiema NMouCKOB UX MECTOMO/IONKEHUA C
Lenblo Nepe3axopoHEHUn B CNeunanu3npoBaHHblie CTalMOHapHble MOTUIbHUKKU, ONS pelleHus
KOTOPOM  UCMONb3YIOTCA  AeTasibHble  KOMMJEKCHble  reodusnyeckme  UcCaefoBaHMA.
PaccmatpuBatoTcs pasnnyHblie reopusnyeckne meToapl, BKAOYAA MUKPOraMMasoHAUPOBaHME U
paguomeTpuyeckne nccneaoBaHus, AN onpeaeneHnUs MecTonooKeHna 3aXxopoHeHuin. Ocoboe
BHUMAHWE yAenseTca aHaausy W UHTepnpeTauum reodusmyecknx [AaHHbIX, a TaKke
SKOHOMUYECKUM U MPAKTUYECKMM acCneKTam npumMeHeHUa 3TUX MeToa0B. B pe3ynbraTte
nccnefoBaHUA YCTaHOB/IEHO: MPU OCYLLECTBAEHUM MOUCKA U UCCNEf0BAaHUM MECT 3aXOPOHEHUA
PagMOaKTUBHO 3arpsA3HEeHHbIX MaTepuanoB WCNONb30BaHME MNOBEPXHOCTHOM FamMMa-CbeMKM
No3BO/IAET OLLeHWUTb YPOBEHb PAAMOAKTUBHOIO 3arpA3HEHUA BEPXHUX COEB rPyHTa (4,0 rnybuHbI
0,8-1 m). OAHaKO, eCU MOLLHOCTb 3aXOPOHEHHbIX PAAMOAKTUBHO 3arpA3HEHHbIX MaTepuasnos
NPEBbILAET ONPEAE/IEHHbIN YPOBEHb, YTO NPUBOAMUT K C1IaBOMy 3arpA3HeHUI0 NoOPoa, Ha rybuHe
6onee 1-1,5 m, To 06BEKTHI 3aXOPOHEHMA MOFYT OCTaTbCA HE3aMeYeHHbIMU NPU UCMOb30BAHUK
TONbKO  raMMa-CbeMKWU. B Takmx  cnyyasx  3GPeKTUBHbIM ~ METO4OM  CTaHOBUTCA
MUKpPOrammasoHgupoBaHue. MoBbIWEHHblE 3HAYeHUA MOLWHOCTU 3KCI‘IO3VILI,VI0HHOI7I A03bl U
XapaKTep KPWBbIX MUKPOraMMasOHAMPOBAHWUA CAYXKaT WHAMKATOPaMM Hanuuusa (yBenuuyeHue
MOLLLHOCTW 3KCMO3ULMOHHOM [03bl C rNYOUHOM) UK OTCYTCTBUA (Pe3Koe CHUMKEHME MOLLHOCTU
3KCNO3ULMOHHOW A03bl C rNYyBUHOW) PagMOaKTUBHO 3arpA3HEHHbIX MaTepuanoB B U3y4EeHHOM
yyacTke.

Knrouesbie cnoea: pPaanoaKTUBHOE 3arpasHeHue, FEO¢M3VIK8, ncenenoBaHus,
KOMN/IEKCUPOBaHUE, MUKPOraMmasoHAMpPoOBaHMe, Ae3aKTuBaumAa.
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