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Abstract

The processing of zinc-containing man-made raw materials is an important task from the point of
view of rational use of natural resources and reducing the environmental burden. In recent years,
there has been a growing interest in efficient methods of processing such materials, since zinc is
an important metal for industry. The leaching of zinc from raw materials with a solution of sulfuric
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increase the efficiency of its extraction, reduce costs, and minimize negative environmental
impacts. We have investigated the process of leaching zinc from man-made raw materials with a
solution of sulfuric acid, with pretreatment of raw materials with microwave radiation. Optimal
leaching parameters have been determined. Clinker, a residual product of zinc ore calcination, was
used as the starting material. The zinc content in clinker is 1.25%. It is shown that high zinc recovery
is achieved after preliminary exposure to microwave radiation at a temperature of 600 °C. The
effect of solvent concentration, the ratio of solid and liquid phases, and temperature on the degree
of zinc extraction has been studied.
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Introduction

Zinc, being one of the most common metal
elements in the world, is widely used in industries
such as automotive, construction, shipbuilding, and
aerospace. It is used in the form of electroplating,
zinc alloys, zinc oxide, and other forms to protect
steel surfaces from corrosion [1]. Key mining and
processing facilities for zinc-containing resources are
located in China, Peru, Australia, India, the United
States, Mexico, and Bolivia. These seven countries

together produce more than 76% of zinc in
concentrates [2]. The main components of zinc ores
are zinc sulfide, zinc oxide, or a combination of the
two. Currently, 70% of the world's zinc production
comes from primary zinc ores, while the remaining
30% comes from secondary zinc sources [[3], [4]].
Pyro- and hydrometallurgical methods are used
for processing zinc-containing technogenic materials
[5]. Pyrometallurgical processes are based on the
reduction of zinc with carbon-containing materials
at high temperatures. The most common
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pyrometallurgical method is rolling (reduction and
ignition firing). As a result of rolling, zinc lotions and
clinker are obtained. Zinc sublimations are directed
to sulfuric acid leaching [6]. To date, 4.5 — 5.7 million
tons of zinc industry waste have accumulated in
Kazakhstan [7].

Traditionally, acids such as [[8], [9]], sulfuric acid
and hydrochloric acid are used for zinc leaching,
which can be environmentally hazardous. Modern
research focuses on the use of less toxic and more
stable reagents and methods, which contributes to
improving the environmental safety of the process
[[10], [11], [212]]. In recent years, the use of bacteria
such as *Thiobacillus ferrooxidans* to leach zinc
from man-made waste, such as ash or slag, has been
actively investigated. It is an environmentally
friendly alternative to chemical methods, which
shows high results at low temperatures and
pressures. Despite its advantages over traditional
enrichment methods, bio-leaching technology has a
significant disadvantage, which is the high duration
of the technological process due to the weak kinetics
of redox reactions [13]. Modern methods, such as
the use of ultrasound and microwave radiation, are
becoming increasingly popular to improve material
recycling processes [14]. These methods affect the
structure of the material, which can help improve
leaching performance. In [15], ultrasonic technology
using the ammonia-ammonium-chloride-water
system was used to leach zinc from industrial waste.
Some studies combine microwave treatment and
ultrasound leaching with a microbiological process,
where microwave and ultrasound treatment
activates bacteria that promote additional
dissolution of metals, including zinc [16]. This can
become an important area for processing ores and
waste.

One of the promising methods for increasing
extraction efficiency is the pretreatment of raw
materials by microwave firing, which makes it
possible to intensify subsequent leaching processes.
This review examines the mechanisms of the
influence of microwave processing on the structure
of raw materials, changes in its phase composition,
and an increase in the degree of extraction of
germanium from zinc oxide (ZnO) dust [17]. For the
processing of lead oxides, their preliminary
purification from chlorides and fluorides is
necessary. For this purpose, technologies for
washing welz oxides with aqueous and aqueous-
alkaline solutions were used. Pyrometallurgical
calcination is an alternative method of halogen
removal. Microwave heating is a promising method
of heat treatment of welz oxides, having a number

of advantages, such as the transfer of
electromagnetic energy instead of heat, high
heating rate, selective heating of materials and the
volumetric nature of heating [[18], [19]].

Clinker, as an intermediate product of ore
processing, can contain various metals, including
zinc, which is an important element for various
industries. For efficient processing and extraction of
zinc, it is necessary to increase the efficiency of
leaching, which is usually carried out using acids.
However, the use of traditional leaching methods
may be limited by low productivity, as well as high
energy consumption of the process.
Hydrometallurgical processes remain the main ones
for processing zinc-containing raw materials, as they
allow obtaining high-purity metals with minimal
energy costs. The leaching of zinc from raw materials
with a solution of sulfuric acid is a key step in the
hydrometallurgical production of zinc. Optimizing
this process is crucial to increase the efficiency of its
extraction, reduce costs, and minimize negative
environmental impacts. In recent years, more and
more attention has been paid to the use of non-
traditional methods of intensifying leaching
processes, such as microwave heating and ultrasonic
treatment.

Optimizing this process is crucial to increase the
efficiency of its extraction, reduce costs, and
minimize negative environmental impacts. In recent
years, more and more attention has been paid to the
use of non-traditional methods of intensifying
leaching processes, such as microwave heating and
ultrasonic treatment.

In recent years, more and more attention has
been paid to the use of non-traditional methods to
intensify leaching processes, such as microwave
heating. Therefore, the purpose of this study is to
optimize the process of zinc leaching from man-
made raw materials (clinker) with pretreatment by
microwave radiation, by determining the effect of
parameters on the efficiency of zinc extraction,
which will increase efficiency and reduce the
environmental burden during the processing of zinc-
containing materials.

Methodology and Materials

Technogenic zinc-containing raw materials,
clinker, were used as the starting material. The
chemical composition of the sample is represented
by the main elements: Fe (25.39%), Zn (1.25%) and
Cu (0.81%), as well as gold (1.53 g/t) and silver (71.81
g/t), calcium (3.81%), silicon (4.58%), copper
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(1.04%), zinc than and other
substances.

The effect of microwave radiation on clinker
occurred in a high-temperature microwave reactor
"Energy K-50" (915 MHz, 25 kW). Figure 1 shows a
single installation of the Energiya K family. The
complex is designed to process the initial product by
dielectric heating it in ultrahigh frequency
electromagnetic fields in the mode of continuous
movement of the material in a rotating dielectric
retort (tube) installed in the waveguides of the

drying chamber of the Complex.

(more 1.2%)

Figure 1 - A single installation of the
«Energy K» family

Test experiments were conducted on leaching of
the initial technogenic zinc-containing raw materials
in order to determine the optimal conditions. An
installation was used for leaching, including a
reactor with a PE 8399 mechanical stirrer from
Ekros.

The kinetics of the leaching process was studied
by placing a solution of 0.1 dm3 sulfuric acid or alkali
in conical flasks with a volume of 0.25 dm3 (acid
concentration ranged from 60-140 g/dm3, sodium
hydroxide from 25-150 g/dm3) and ore in the ratio
S:L=1:5. The leaching was carried out with intensive
stirring; the duration of the process was 6 hours, the
mixing speed was 300 rpm, and the temperature
ranged from 22-80 °C.

The leaching conditions are chosen to ensure an
optimal balance between extraction efficiency,
reaction rate, mass transfer, and process economy.

Methods of analysis

Modern analytical methods were used in the
work. The phase composition of the samples was

determined using a D8 Advance X-ray
diffractometer (BRUKER), Cu-Ka radiation. The
elemental analysis was performed using an X-ray
fluorescence  spectrometer with an  Axios
wavelength of 1 kW  (PANalytical). The
microstructure of the surface was monitored using a
JXA-8230 electron probe microanalyzer from JEOL
(Jeol, Tokyo, Japan). The quantitative zinc content in
the solutions after leaching was determined using an
Optima 8000DV inductively coupled plasma atomic
emission spectrometer.

Results and discussion

In the course of the research, the following
experimental scheme was used: crushing clinker to
90 % of the class size -0.071+0 mm, microwave
processing and leaching (Fig.2) [20].

clinker
crushing, grinding
microwave roasting

_phase transformation

aftered clinker

H2S04 agitation
leaching process

filtration process

leaching residue leaching solution

Figure 2 — Block diagram of the experiment

According to the above scheme, the crushed and
crushed clinker has passed the stage of microwave
firing. The parameters of the effect of microwave
radiation on clinker are shown in Table 1.

Table 1 — Parameters of experiments on a microwave
installation

Naming of  |Experience|Experience|Experience|Experience
indicators No. 1 No. 2 No. 3 No. 4
Microwave 25 25 25 25
power, kW
Frequency of 915 915 915 915
waves, MHz
Duration of 5-7 5-7 5-7 5-7
experience, min
Temperature, °C 250 460 600 700
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When studying the microwave effect on clinker,
the following parameters were taken: radiation
power — 25 kW, frequency — 915 MHz, treatment
duration — 5-7 minutes. These parameters
remained unchanged in all experiments, while the
heating temperature varied (from 250 to 700 °C),
which made it possible to evaluate the influence of
the temperature factor, all other things being equal.
The frequency of 915 MHz is the industry standard
for microwave processing, providing deep
penetration of microwave energy into the processed
material. The duration of 5-7 minutes was chosen
experimentally as sufficient to achieve a stable
thermal effect at a given power. Increasing the time
does not give a significant increase in temperature
or effect, but increases energy consumption.
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Figure 3 - Microstructure and energy dispersion
analysis of clinker after exposure to
microwave radiation at 700 °C

The temperature range covers both the initial
stages of dehydration and structural
transformations (250-460 °C) and high-temperature

effects, including phase transformations and
activation of chemically inert compounds (600-700
°C).

As can be seen from the table, the microwave
heating temperature range ranges from 250 — 700
°C. According to the results of energy dispersion
analysis of clinker after exposure to microwave
radiation, it was found that when the microwave
heating temperature reaches 460 °C, cracks form in
the sphalerite grain as a result of thermally induced
mechanical stresses. When the temperature rises to
600 °C, the zinc-containing phase is mainly ZnO [20].
At the same time, zinc oxide is well soluble in dilute
acids by the reaction:

Zn0 + H3S04 = ZnSO4 + H,0 (1)
Zn0O + 2NaOH + H;0 = Na;[Zn(OH),] (2)

With a further increase in temperature (up to
700 °C), a complex ferritic compound (ZnO - Fe203)
is synthesized, demonstrating a high degree of
chemical resistance in weakly concentrated acidic
media (Fig. 3). Thus, the temperature of the clinker
phase transformation by microwave heating was
chosen to be 600 °C.

In the course of the research, the process of
leaching clinker pretreated with microwave
radiation in different temperature conditions with a
solution of sulfuric acid concentration of 100 g/dm?
at a temperature of 22 +2 ° C was studied (Fig. 4).
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Figure 4 - Comparison of zinc extraction efficiency
during clinker leaching with sulfuric acid
before and after exposure to microwave radiation

The figure 4 shows that the degree of zinc
recovery from clinker was: - from the feedstock —
21.12%; after preliminary exposure to microwave
radiation at 460 ° C—23.45%, at 600 ° C— 46.47%, at
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700 ° C—5.12%. Thus, the highest zinc recovery was
achieved after preliminary exposure Microwave
radiation at a temperature of 600 °C. Increasing the
temperature to 700 ° C reduces the leaching process.
This fact is probably related to the formation of a
complex ferritic compound (ZnO*Fe,0s), which
demonstrates a high degree of chemical resistance
in weakly concentrated acids. In subsequent
experiments, clinker was pretreated with
microwave radiation at a temperature of 600 ° C.

Then, training using sulfuric acid of various
concentrations from 25 to 125 was studied (Fig. 5).
The kinetic curves shown in the figure show that
with an increase in the concentration of sulfuric acid,
zinc extraction increases from 15.0 to 46.47 %. At a
higher concentration of H,SO,, the formation of
insoluble iron sulfate (Fe,(SO4)s is possible, which
can reduce the extraction of impurity elements.
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Figure 5 - Effect of sulfuric acid (H2S04) concentration on
zinc extraction from clinker after exposure
to microwave radiation

When studying the effect of the concentration
of the leaching reagent on the zinc dissolution
process, sodium hydroxide (NaOH) was also used,
the concentration of which varied between 25-150
g/dm3 (Fig. 6).

Figure 5 shows the kinetic curves of the
interaction of clinker pretreated with alkali
depending on its concentration, which shows that
with an increase in the concentration of sodium
hydroxide from 25 to 50 g/dm?3, the degree of zinc
leaching increases from 4.8 to 6.9 %. An increase in
the alkali concentration leads to a sharp decrease in
zinc extraction to 5.9 %. The reason for the decrease
in zinc extraction at high NaOH concentrations may
be the formation of insoluble compounds or the
passivation of the clinker surface.
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Figure 6 - Effect of sodium hydroxide (NaOH)
concentration on zinc extraction from clinker after
exposure to microwave radiation

The results shown in Figures 7 and 8
demonstrate the effect of the liquid—solid ratio, as
well as the temperature of the leaching of clinker
with sulfuric acid.

50
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Figure 7 - The effect of the S:L ratio on zinc extraction
from clinker after exposure to microwave radiation

It is shown that with an increase in the S:L ratio
from 1:3 to 1:5, an increase in the degree of zinc
extraction is observed from 32.0 to 46.0 %, and a
further increase contributes to a decrease in
extraction from 46.0 to 25.07 % (Fig. 7). The optimal
solid-liquid ratio is 1:5.

As for the effect of temperature, the
relationship is simpler: An increase in the clinker
leaching temperature from 22 to 80 °C contributes
to an increase in the degree of zinc extraction from
46.47 to 68.18 % (Fig. 8).
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Figure 8 - Effect of temperature on zinc leaching
from clinker after exposure to microwave radiation

Thus, the studies carried out and the results
obtained have shown that the optimal conditions for
exposure to microwave radiation are: a temperature
of 600 ° C, and a leaching concentration of sulfuric
acid of 100 g/l, a liquid—solid ratio of 5:1, and a
leaching temperature of 80 °C.

Conclusion

Pretreatment of clinker using microwave and
ultrasonic exposure is a promising method for
increasing the efficiency of zinc leaching. The use of
these methods can reduce energy consumption and
increase the productivity of processing processes,
which is important for the modern metallurgical and
chemical industries.

Studies have shown that the highest zinc
recovery is achieved after preliminary exposure to
microwave radiation at a temperature of 600 °C.
Increasing the temperature to 700 ° C reduces the
leaching process. This fact is probably related to the
formation of a complex ferritic compound
(ZnO*Fe;03), which demonstrates a high degree of
chemical resistance in weakly concentrated acids.

A study of the effect of acid and alkali
concentrations on the degree of zinc leaching from
clinker pretreated with microwave radiation showed
that the optimal concentration of sulfuric acid is 100
g/dm3, and alkali is 50 g/dm?3.

Studies have shown that the optimal parameters
for the leaching process are the temperature of 80
°C and the ratio of solid and liquid phases (S:L) 1:5.
Under these conditions, a balanced ratio is achieved
between the efficiency of chemical interaction and
the processability, which allows for sufficient
contact between the reagent (sulfuric acid) and the
processed material. Under these conditions, the
degree of extraction by sulfuric acid was 46.47%.
Sulfuric acid leaching is the most common method,
providing a high degree of recovery. In this study,
sulfuric acid leaching showed a higher level of zinc
recovery than alkaline leaching, which makes it the
preferred method under the conditions studied.
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TYAIHAEME

KypambiHAa Mbipbiw H6ap TeXHOreHAiK WWKi3aTTbl KalWTa eHaey Tabusn pecypcrapabl YTbiMAabl
nanganaHy >KoHe 3KONOTMANBIK JKYKTEMEHI asaWTy TypFbiCbIHAH MaHpI3abl MiHAEeT 6onbin
Tabbinagbl. COHFbl KblNgapbl MyHAAW maTepuangapibl  eHAeyaiH  TMimai  agictepiHe
KbI3bIFYLIbINbIK apTbin Kenedi, eMTKeHi MbIpbil ©HEepKacin yWwiH MaHpi3abl metann 6onbin
Tabblnagbl. LUMKI3aTTaH MbIPbIWTbI KYKIPT KbIWKbIAbIHBIH, €PITIHAICIMEH WaliManay MblpbILTbIH,
rMAPOMETANNYPIUANBIK  OHAipiciHAeri Heri3ri Kagam 6osbin  Tabbuiagpl. byn npouecri
OHTalNaHABIPY eHAIpY TMIMAINIMIH apTTbipy, WbIFbIHAAPAG! A3aNTY KAHE KopLluafaH opTafa Tepic
acepAi a3anTy yLWiH eTe MaHbI34bl. bi3 MbIpbIWTbI TEXHOrEHAIK WWKI3aTTaH KYKIPT KbIWKbINAbIHbIH,
epiTiHAICIMEH MUKPOTONKbIHAbLI CayNeNeHAipyMeH anaplH ana eHAey apKblabl LWaimanay
npoueciH 3epTreaik. OHTalAbI WaliManay napameTpaepi aHbiKTanabl. bactankpl WuKisaT peTiHae
MbIPbIW KEHiHIH, BenbuTey OHAIPICIHIH Kanablk eHiMi KAnHKep naiganaHbingpl. KnuHkepaeri
MbIpbiw Menwepi - 1,25 %. MbIpblWTbIH, XOfapbl 3KCTpaKuusacbiHa 600 °C TemnepaTtypasa
MWKPOTO/IKbIHABI CAYNEeNeHAipyAiH andblH ana acepiHeH KeWiH KON XKeTKisinreHi kepceTingi.
LLlaimanayabliH, OHTalAbl NapameTpiepi aHbIKTanabl.

Tyiiin ce30ep: Wwalimanay, MbIpbILll, KIMHKEP, YNbTPA KOFapbl XKUINIKTI cayneneHaipy.
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AHHOTAUMA
MepepaboTKa LMHKOCOAEPIKALLErO TEXHOTEHHOTO CblpbsA NPeACTaBAseT cob0M BaKHy0 3a4auy ¢

TOYKM 3pEHNA PaLMOHaNIbHOTO MCNO/Ib30BAHNA MPUPOAHbBIX PECYPCOB U CHUMKEHWUA IKONOTUYECKOM
Harpysku. B nocnegHue roapl HabnopaetcA pocT WHTepeca K 3PPEKTUBHbBIM  MeToaam
nepepaboTKM TaKMX MaTepuanos, MOCKONbKY UWHK ABAAETCA BaXHbIM METa//IoM Ana
NPOMbBILWNEHHOCTU. BbllenaunsaHme LMHKA U3 CbipbA PAacTBOPOM CEPHOM KUCAOTbl ABAAETCA
KAlOYeBbIM 3Tanom B MAPOMETaNyPruyeckom Npou3BOACTBE UMHKA. OnNTMmmusauma 3Toro
npouecca UmeeT pellatollee 3HayeHue AnA NoBblleHUA 3GPEKTUBHOCTU €ro U3BAEYEHWs,
CHUMKEHMA 3aTpaT U MMHUMM3ALMM HEraTMBHOTO BO3AEWCTBUA Ha OKpyKaloulyo cpeay. Hamu
uccnepoBaH NPOLECC BbILWENaYMBaHMA LIMHKA M3 TEXHOTEHHOTO CblpbA PacTBOPOM CepHOW
KMCNOTbI C NpeaBapuUTeNnbHoin 06paboTkoit coipba CBY-u3nyyeHnem. OnpepeneHbl ONTUMAasbHbIE
napameTpbl BbllWeNnaynmsBaHmMA. B KauyecTBe MCXOAHOrO CbipbA WCNOMb30BANAWN  KAUHKEP —
OCTATOYHbIM MPOAYKT BE/bLLEBAHUA LMHKOBbLIX pya. CopepraHue LMHKA B KNuHKepe - 1,25 %.
MoKasaHo, YTO BbICOKOE WM3B/IEYEHME LUMHKA AOCTUTHYTO NOC/E NPeABapUTENbHOMO BO3AENCTBUA
CBY u3nyyeHua npu temnepatype 600 °C. M3y4eHO BAMAHME KOHLIEHTPALMM pacTBOpUTENeN,
COOTHOLUEHWA TBEPAON U KMAKOM da3, TemnepaTypbl Ha CTENEHb U3BEYEHUA LIMHKA.

Knrouessble cnosa: BbilwenavymBaHune, UMHK, KNMHKepP, CBEPXBbICOKOYACTOTHOE U3/yYeHue.
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