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ABSTRACT

Coal ash represents a major industrial by-product containing significant amounts of
iron, yet its recovery is hindered by the inert aluminosilicate matrix. In this study,
a two-step approach was developed for selective extraction and electrochemical
recovery of iron. Coal ash was first treated with concentrated sulfuric acid at
elevated temperature, producing a leachate enriched in Fe?* ions. The effects
of Fe? concentration (0.1-0.5 mol/L), current density (1250-5000 A/m?), and
electrolysis time (1-6 h) on recovery efficiency, current efficiency, and energy
consumption were systematically investigated. Under optimal conditions (0.30
mol/L Fe?*, 2500 A/m?, 4 h), iron recovery reached 89% with a current efficiency
of 65%, while energy consumption was as low as 1.8 Wh/L. XRD and SEM analyses
confirmed that optimized parameters favor the formation of metallic Fe with
minor magnetite content. These results demonstrate the feasibility of integrating
acid leaching and electrolysis into a practical route for coal ash valorization and
selective iron recovery.

1. Introduction

Coal combustion by-product, particularly coal
ash, represent one of the largest industrial solid
wastes worldwide. Their continuous accumulation
poses serious environmental and disposal challenges
due to the vast volumes generated and the presence
of hazardous constituents. At the same time, coal
ash is recognized as a valuable secondary resource
because of its substantial content of oxides such
as Si0,, Al,O,;, and Fe,0;, along with minor but
technologically important trace elements [1-4].
Utilizing this waste stream as a resource not only
reduces the burden of disposal but also contributes
to the sustainable supply of raw materials.

Various strategies have been explored for the
utilization of coalash, includingmechanical separation,
pyrometallurgical processing, and hydrometallurgical
treatments. Mechanical beneficiation can partially
concentrate ferromagnetic phasesbuttypically suffers
from low selectivity [5,6]. Pyrometallurgical methods
allow iron recovery in the form of pig iron or alloys
but are energy-intensive and require high operating
temperatures [7]. Hydrometallurgical approaches,
particularly acid leaching, are effective in dissolving
iron together with other matrix components, but the
subsequent separation and purification steps remain
challenging [8-10].

Iron is typically one of the major components
of coal fly ash, present mainly as hematite (Fe,0,),
magnetite (Fe;0,), and aluminosilicate-bound
forms [11-13]. With concentrations often exceeding
15 wt%, iron represents the most abundant
recoverable metal in ash. Its selective extraction is
of interest not only for resource recovery but also
for improving the performance of ash in secondary
applications, such as construction materials.

Acid leaching is widely applied to obtain
leachates from coal ash [14-18]. Among different
mineral acids, sulfuric acid is often preferred due
to its strong solubilization power, availability, and
relatively low cost [19-22]. The acidic environment
minimizes hydrolysis of ferric iron and suppresses
the premature precipitation of hydroxides, thereby
producing stable leachates suitable for further
processing.

Electrolysis offers an attractive route for
recovering iron directly from aqueous leachates
[23-25]. In comparison to chemical precipitation or
solvent extraction, the electrochemical approach
enables controlled deposition of metallic iron with
high selectivity and reduced chemical reagent
consumption. Electrochemical treatment has the
advantage of producing value-added metallic iron
while simultaneously reducing waste generation.
Despite these benefits, the systematic study of
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electrolytic iron recovery from coal ash leachates
remains limited, highlighting the need for further
investigation.

Despite numerous studies on coal ash utilization
[26], systematic investigations of electrochemical
iron recovery from leachates remain scarce.
In particular, the combined influence of Fe?
concentration, current density, and electrolysis
duration on recovery efficiency, energy demand,
and deposit characteristics has not been
comprehensively addressed. To fill this gap, the
present work develops and evaluates a two-step
process consisting of concentrated sulfuric acid
leaching of coal ash to obtain Fe*" -rich solutions and
subsequent electrochemical recovery of iron under
controlled operational conditions. The effects of
key parameters are systematically assessed, and the
resulting deposits are characterized to elucidate their
phase composition and morphology. By establishing
optimal electrolysis conditions and benchmarking
the outcomes against recent literature, this study
provides new insights into the feasibility and
potential scalability of electrochemical iron recovery
from coal ash leachates.

2. Materials and Methods
2.1. Raw material and characterization

The coal ash (CA) used in this study was obtained
from a coal-fired thermal power station — 2 (Almaty)
and exhibited the following oxide composition
(Wt%): SiO, — 52.67, AlLO, — 21.39, Fe,0, — 17.24,
Ca0 - 6.23, and MgO — 2.05. The CA was dried at
105 °C and ground to pass through a 75 um sieve
prior to use.

2.2. Acid leaching procedure

To extract iron from CA, 100 g of the ash was
mixed with 500 mL of concentrated sulfuric acid (95-
98 wt%). The mixture was baked at 200 °C for 4 h.
Upon cooling to room temperature, the resulting
clinker was leached with 500 mL of distilled water
under constant stirring at 95 °C for 1 h. The leachate
was separated from the residue via vacuum filtration
(Blichner funnel).

2.3. Electrolysis setup and procedure
Electrochemical experiments were carried out in

a 1L cylindrical glass cell at ambient temperature
(25 = 2 °C). A titanium plates (7 cm?) served as both

the anode and as the cathode. The interelectrode
distance was fixed at 2 cm. The electrolyte was the
leachate obtained above, supplemented where
necessary with FeSO,7H,0 to achieve desired Fe?
concentrations (0.1-0.5 M). The electrodes were
connected to a QJ1503C DC power supply (QJE,
China), operated under galvanostatic mode. The
influence of three main parameters was investigated:
Fe?* concentration (0.1-0.5 M), current density
(1250-5000 A/m?), electrolysis time (1-6 h).

After electrolysis, the solid precipitate was
collected, washed thoroughly with distilled water,
and dried at 60 °C for characterization.

2.4. Analytical methods

The elemental composition of solid samples was
determined by X-ray fluorescence spectrometry by
using XRF spectrometer (Malvern Panalytical, UK /
Netherlands).

Elemental concentrations in leachates were
determined using atomic absorption spectroscopy
(GBCSavant, Australia). The concentration of ferrous
iron (Fe*) was measured spectrophotometrically
using 1,10-phenanthroline on a C®-2000 (Russia)
at A = 510 nm. Ferric iron (Fe3*) was estimated
by difference after total iron determination.
The crystalline phases of the precipitates were
identified by DW-27 Mini diffractometer (DFMC,
Dandong, China) with Cu Ka radiation. Bulk pH of
the solution during electrolysis was monitored with
a calibrated pH meter ITAN-G pH-meter/ionometer
(Russia). Scanning electron microscopy (SEM) was
performed by using a Quanta 200i 3D microscope
(FEI Company, USA).

3. Results and Discussion
3.1. Feasibility study

Table 1 presents the oxide composition of the
coal fly ash used in this study, as determined by

X-ray fluorescence (XRF).

Table 1. Composition of initial coal ash (wt%)

Component SiO, AlLO; Fe,0; CaO MgO
wt % 52.67 21.39 17.24 6.23 2.05

The ash was rich in silica and alumina, with iron
oxide content exceeding 17 wt%, that makes it a
suitable source for iron recovery [27,28].
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Following concentrated sulfuric acid leaching
(see Section 2.2 for details), the composition of the
resulting solution is summarized in Table 2.

Table 2. Composition of the leachate obtained after
leaching coal ash with concentrated sulfuric acid (g/L).

F
Component Fe?* Fe* (to:al) AP* Caz Mg*
g/L 184 3.3 21.7 6.8 0.9 1.7

As can be seen, Fe was efficiently leached,
predominantly in the form of Fe?, accompanied by
minor Fe* and trace amounts of matrix elements
such as APF*, Ca*, and Mg?*. The relatively low
dissolution of Al can be attributed to its occurrence
in refractory aluminosilicate phases such as mullite
and glassy matrices, which are poorly reactive under
acidic conditions. In addition, partial reprecipitation
of AI* as amorphous AI(OH); may occur during
cooling or due to local pH gradients., accompanied
by minor Fe®* and trace amounts of matrix elements
such as Al**, Ca%*, and Mg?**.

The bulk pH of the solution remained within the
range of 2.1-2.3, which is sufficiently low to suppress
spontaneous precipitation of ferric hydroxides and
enables stable electrochemical reduction of Fe?". The
moderate concentrations of aluminum and alkaline
earth metals reduce the risk of co-deposition or
passivation on the electrode surface, thus allowing
selective iron recovery.

Thus, the physicochemical characteristics
of the leachate (high Fe?* content, low pH, and
minimal interference from competing ions) indicate
its suitability for downstream electrolytic iron
deposition. This justifies further evaluation of key
electrolysis parameters, such as current density,
duration, and initial Fe?* concentration, discussed in
the following sections.

3.2. Electrolysis performance

Electrochemical Fe recovery from leach
solutions is influenced by several key parameters,
including Fe?* concentration, current density,
and electrolysis time. These factors control the
rate of iron deposition, selectivity of the process,
energy efficiency, and stability of the electrolyte.
From a practical standpoint, they represent the
main operational levers that can be adjusted
during industrial implementation. To investigate
their individual effects, a one-variable-at-a-time
(OVAT) approach was used, where only one

parameter was varied while the others remained
fixed [29]. The selected ranges were chosen based
on hydrometallurgical practice, literature data,
and preliminary experimental constraints. Fe?*
concentration was varied from 0.10 to 0.35 mol/L,
covering the range from underleached to enriched
solutions. Concentrations below 0.1 mol/L are
known to result in low current efficiency due to
mass transfer limitations, whereas concentrations
above 0.35 mol/L may lead to increased viscosity,
higher iron redissolution rates, and undesirable pH
shifts. Current density was studied in the range of
1250 to 3750 A/m?, which corresponds to practical
levels used in metal electrowinning. Densities below
1000 A/m? often produce too slow a deposition
rate, while those above 4000 A/m? tend to favor
hydrogen evolution and reduce process selectivity.
Electrolysis time was varied from 1 to 6 h in order
to capture both the linear phase of deposition
and possible saturation or redissolution effects at
longer durations. The baseline Fe* concentration
in the leachate was approximately 0.33 mol/L. To
simulate deviations that may arise in real-world
conditions - due to variations in ash composition,
acid strength, or solid-to-liquid ratio — this value
was either diluted or increased using FeSO,'7H,0 to
achieve the desired concentrations for electrolysis
testing. Although a minor fraction of total Fe (~15%)
was present as Fe®, its influence on cathodic
deposition was assumed to be negligible due to its
relatively low concentration and slower reduction
kinetics. In addition, the acidic environment and
short electrolysis duration minimized the risk of Fe3*
hydrolysis and precipitation.

Table 3 shows the effect of the concentration
of divalent iron on the current efficiency, iron
recovery, and specific energy consumption per
liter of solution; the density was maintained at
2500 A/m?, and the electrolysis time was 4 h.

As shown in Table 3, increasing the initial Fe*
concentration from 0.10 to 0.30 mol/L markedly
improved both current efficiency and iron recovery.
At the lowest concentration (0.10 mol/L), current
efficiency was limited to 28%, and recovery reached
only 45%, likely due to mass transport limitations
and competitive hydrogen evolution. As the Fe*level
rose to 0.25-0.30 mol/L, current efficiency increased
to 62-65%, and recovery improved to 85-89%,
reflecting enhanced iron deposition at the cathode.
A slight drop in efficiency at 0.35 mol/L (61%) may
be associated with elevated ionic strength and
side reactions, including partial redissolution of
depositediron. Notably, specificenergy consumption
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decreased with rising Fe?* concentration, reaching
a minimum of 1.8 Wh/L at 0.30 mol/L, indicating
more efficient use of current for productive metal
deposition. Based on these observations, 0.30 mol/L
was selected as the optimal Fe?* concentration for
subsequent experiments, providing the highest
efficiency and recovery at the lowest energy cost.

Table 3. Effect of Fe** concentration on current efficiency,
iron recovery, and specific energy consumption (Wh/L) at
a fixed current density of 2500 A/m? and electrolysis time
of4h

[Fe?], Current Fe conizfnrg‘\c/ion
mol/L efficiency, % recovery,% Wh/L !
0.10 28 45 2.8
0.15 36 58 2.5
0.20 48 71 2.1
0.25 62 85 1.9
0.30 65 89 1.8
0.35 61 85 1.9

Figure 1 shows the effect of current density on
the iron current efficiency and iron extraction into
solid precipitate at [Fe?*] = 0.3 mol/L and 4 h of
electrolysis.

As illustrated in Fig. 1, the increase in current
density from 1250 to 2500 A/m? led to a marked
improvement in both current efficiency and iron
recovery. The current efficiency rose from 34% to
a maximum of 63%, while iron recovery increased
from 53% to 87%. This behavior can be attributed
to the enhanced cathodic kinetics and improved
utilization of the applied current for Fe?** reduction
at moderate current densities. However, further
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Fig. 1. Effect of current density on current efficiency and

iron recovery at [Fe?*] = 0.30 mol/L and electrolysis time
of 4 h(T=25+2°C).

increase to 3000 and 3750 A/m? resulted in a decline
in both parameters. At the highest tested density
(3750 A/m?), current efficiency dropped to 42%
and iron recovery to 71%, likely due to intensified
hydrogen evolution and possible redissolution of
loosely bound iron deposits.

Figure 2 demonstrates the effect of current
density on specific energy consumption; the content
of divalent iron and electrolysis time were as in Fig. 1.

Energy consumption, Wh/L
~N

1250 1750 2500 3000 3750

Current density, A/m?

Fig. 2. Effect of current density on energy consumption at
[Fe?*] =0.30 mol/Land electrolysis time of 4 h (T=25+2 °C).

As shown in Fig. 2, specific energy consumption
increased steadily with current density. At the lowest
tested density (1250 A/m?), energy consumption
was minimal at 1.3 Wh/L. With increasing current
density, the energy required per liter of electrolyte
rose to 2.0 Wh/L at 2500 A/m? and reached
2.9 Wh/L at 3750 A/m?. This trend reflects the
greater electrical load applied to the system, as well
as possible inefficiencies due to enhanced hydrogen
evolution and reduced Faradaic efficiency at higher
current inputs. Despite the high iron recovery at
2500 A/m?, further increase in current density did
not translate into proportional gains and led instead
to unnecessary energy loss.

The current density of 2500 A/m? provided
optimal process performance. At lower values (1250—
1750 A/m?), the deposition rate was insufficient, and
current was used inefficiently. Increasing the density
to3000-3750 A/m?led to higher energy consumption
and reduced current efficiency. Thus, 2500 A/m?
was chosen as the working value, ensuring a balance
between metal yield and energy input.

Figure 3 shows the effect of electrolysis duration
on the current efficiency and iron extraction into the
cathode deposit at [Fe?*] = 0.3 mol/L and current
density of 2500 A/m?.

Figure 3 shows that increasing electrolysis time
from 1 to 4 h led to a gradual rise in iron recovery
and current efficiency. Recovery improved from 36%
to 89%, while current efficiency peaked at 65% after
3 h, then slightly declined to 63% at 4 h. Further
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Fig. 3. Effect of electrolysis duration on current efficiency
and iron recovery at [Fe?*] = 0.30 mol/L and current density
of 2500 A/m? (T = 25 + 2 °C).

extension to 5 and 6 h resulted in marginal recovery
gains (up to 90%) but a continuous drop in efficiency
to 60% and 58%, respectively. The decrease is
likely due to Fe* depletion and the onset of side
reactions, including hydrogen evolution and partial
redissolution of iron. A duration of 4 h was therefore
considered sufficient to ensure high recovery with
acceptable efficiency.

Monitoring pH during electrolysis is important for
understanding reaction progression and ensuring
solution stability. It reflects the balance between
hydrogen ion consumption and generation, and
helps prevent unwanted precipitation. Fig. 4 shows
the change in pH over time under optimal electrolysis
conditions.

As shown in Fig. 4, the pH of the electrolyte
gradually increased from 2.2 to approximately 3.25
during the 6-h electrolysis process. This increase
reflects the net consumption of hydrogen ions at the
cathode, where two main reduction reactions take
place [30]:

Fe* + 2e = Fe° (1)

pH of solution

0 1 2 3 4 5 6
Electrolysis duration, h
Fig. 4. Change in pH during electrolysis at [Fe?*] =0.30 mol/L
and current density of 2500 A/m? (T =25+ 2 °C).

2H* + 2e = H, (2)

These processes lower the proton concentration,
thereby increasing the pH. Although anodic oxidation
of water generates protons [31]:

2H,0 =0, +4H" + 4e (3)

This is typically outweighed by the dominant
cathodic consumption of H*, especially under
galvanostatic conditions and with limited mixing.

A moderate rise in pH is generally beneficial
for maintaining process stability; however, at
elevated pH and prolonged operation, secondary
reactions may occur. One such reaction is the partial
oxidation of Fe®" to Fe*, followed by chemical or
electrochemical formation of magnetite (Fe;0,):

Fe?* + 2 Fe3* + 80H = Fe;0, + H,0 (4)
Alternatively, Fe;0, may form electrochemically via:
3Fe? + 4H,0 = Fe;0, + 8H* + 2e (5)

The formation of Fe;0, is favored under slightly
acidic to near-neutral conditions and may account
for black precipitates occasionally observed at
intermediate stages.

Based on the obtained results, the optimal
conditions for electrochemical iron recovery from
coal ash leachate were established. A ferrous ion
concentration of 0.30 mol/L ensured the highest
current efficiency (65%) and Fe recovery (89%) while
minimizing specific energy consumption (1.8 Wh/L).
The best performance was achieved at a current
density of 2500 A/m?, which provided a favorable
balance between deposition efficiency and energy
input. An electrolysis duration of 4 h was found to
be sufficient for near-complete recovery of Fe with
minimal decline in current efficiency.

The results obtained in this study highlight
the potential scalability of the proposed process.
Electrochemical iron recovery can be adapted to
continuous-flow electrowinning systems, which are
already established in hydrometallurgical industries.
Applying this approach to coal ash leachates
provides a dual advantage: decreasing the volume
of hazardous waste and generating metallic iron as
a value-added product. Furthermore, integration
of acid leaching and electrolysis into existing waste
management or resource recovery schemes could
facilitate its industrial implementation. However,
further pilot-scale experiments are needed to
assess electrode stability, energy efficiency under
continuous operation, and process economics.
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Fig. 5. XRD patterns of electrolysis products obtained under 0.20 mol/L, 1750 A/m?,4 h (a)and 0.30 mol/L, 2500 A/m?,4 h (b).

3.3. Characterization of the electrolysis products

Fig. 5a shows the XRD pattern of the solid product
obtained under mild electrolysis conditions ([Fe?'] =
0.20 mol/L, current density = 1750 A/m?, electrolysis
time =4 h).

The diffractogram exhibits sharp peaks at 26
= 30.1°, 35.4°, 43.1°, 57.0°, 62.6°, and 74.7° which
correspond to the characteristic reflections of
magnetite (Fe;0,). The absence of metalliciron peaks
suggests that under these conditions, the reduction
of Fe? was incomplete, and the prevailing cathodic
reactions, combined with local pH increase and
possible oxidation of Fe?* to Fe®*, led to precipitation
of Fe;0, via a mixed-valence route. This is consistent
with known pathways of magnetite formation
from Fe?* and Fe* species under moderately acidic
conditions.

Fig. 5b, in contrast, shows the XRD pattern of the
product obtained under optimized conditions ([Fe?*]
= 0.30 mol/L, current density = 2500 A/m?, time =
4 h). In this case, intense peaks appear at 26 = 44.7°
and 65.0°, corresponding to the metalliciron. Weaker
reflections from Fe;0,are still present, indicating that
a small portion of the iron remained in oxide form,
possibly due to partial air oxidation during handling

or concurrent electrochemical side reactions. The
predominance of Fe in this sample confirms that
higher Fe* concentration and adequate current
density favor direct electrodeposition of metallic
iron, as also supported by higher current efficiency
and recovery metrics under these conditions.

Fig. 6a and 6b show SEM images of the solid
products obtained under the same electrolysis
conditions as in Fig. 5a and 5b, respectively.

The sample obtained under milder conditions
(Fig. 6a) exhibits a porous structure composed
of loosely aggregated spherical and submicron
particles. This morphology is characteristic of Fe;0,
formed via indirect precipitation pathways involving
Fe?* and Fe¥, consistent with the pure spinel phase
observed in XRD.

By contrast, the product from the optimized
electrolysis regime (Fig. 6b) reveals compact, flaky
structures with irregular surfaces and embedded
fine particles. This morphology reflects the presence
of metallic Fe, formed via direct cathodic reduction,
as confirmed by the additional Fe peaks in Fig. 5b.
The mixed morphology suggests simultaneous
deposition of Fe and Fe;0,, likely influenced by local
concentration gradients and pH evolution during
prolonged electrolysis.
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4. Conclusions

This study demonstrated the feasibility of
electrochemical iron recovery from coal ash
leachates obtained by concentrated sulfuric acid
treatment. The leachate exhibited favorable
characteristics, including high Fe?* concentration
(~0.30 mol/L) and low content of interfering ions,
enabling selective electrodeposition. The effects
of key parameters (Fe** concentration, current
density, and electrolysis time) were investigated.
Optimal performance was achieved at 0.30
mol/L Fe?*, 2500 A/m?, and 4 h, yielding 89% iron
recovery and 65% current efficiency with minimal
energy consumption (1.8 Wh/L). XRD and SEM
characterization confirmed that mild conditions
favored Fe;0, formation via indirect pathways,
whereas optimized parameters enabled direct Fe
deposition with minor magnetite content.

The developed two-step process demonstrates
practical potential for large-scale utilization of coal
combustion residues by simultaneously reducing
hazardous waste and generating metallic iron as
a secondary resource. At the same time, certain
limitations must be acknowledged, including
the need for preliminary acid leaching, possible
oxide by-product formation, and the requirement
for pilot-scale validation. Our findings are also
consistent with recent studies on leaching—
electrowinning strategies for coal ash and
related residues [7,17,18,22,23,26,31]. However,
while those works mainly focused on leaching
optimization or general electrowinning approaches,
the present study provides a systematic evaluation
of Fe?* concentration, current density, and
electrolysis duration for direct iron recovery from
coal ash leachates. This distinction highlights both
the novelty and the practical significance of our
contribution within the most recent research
landscape.
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AneKTpoXMmu4ecKoe U3BJsie4eHue }enesa u3 pacTBOpoOB CEPHOKUC/IONO BbiLLLe/1a4NBaAHUA 30/10LW/1aKa
A. Batkan’, K. KamyHyp, M.T. blckak, /1.K. Beiicembaesa

KasaxcKkuit HauMOHaIbHbIN YHMBEPCUTET UM. anb-Papabu, np. anb-Papabu, 71, Anmatbl, KaszaxctaH
AHHOTAUMUA

3o0n0WNakK ABNAETCA OAHMM M3 OCHOBHbIX MPOMbILUJIEHHbIX OTXO40B U COAEPXUT 3HAUMUTE/IbHbIE KOIMYecTBa
»Kenesa, o4HaKO ero u3BjeyeHue 3aTpygHEHO U3-32 MHEPTHOW aNlOMOCUIMKATHOW MaTpuubl. B gaHHOW paboTe
npegnoXKeH ABYXCTaAMMHBIA NoAxon ANA CENEeKTUBHOIO M3BAEYEHUMA U INEKTPOXMMMUYECKOTr0 BOCCTAaHOBAEHUA
)enesa. 3onownak noaseprannM obpaboTke KOHUEHTPUPOBAHHOM CEPHOM KUCAOTOW MNpW  MOBbIWEHHON
TeMnepaType, B pe3y/abTaTe Yero Nosyyann pactBop, oboralleHHbI MoHamu Fe?. DN1eKTpoau3 nNpoBoaAuaU Npu
Pa3/IMYHbIX YCNOBUAX A/1A OLLEHKM BAUAHUA KOHLEHTpauun Fe*, nNoTHOCTM TOKa M BpEMEHW Ha CTENEHb U3BeYeHUs
)enesa, BbIXOA, M0 TOKY U yAe/bHbIA pacxos sHeprun. OnTumanbHble napameTpbl (0,30 monb/n Fe?*, 2500 A/m?, 4 u)
obecneunnn 89% msBneyeHuUs Kenesa npu BbIxoge No Toky 65% 1 HU3KOM aHepronotpebneHunn (1.8 Br-u/n).

Kniouesble cnoBa: 30/10LWW/1aK, CEPHOKUCNIOTHOE BbilLeNna4ynBaHue, SNEKTPOOCAXKAEHNE, SNTEKTPOXMMUNYECKOE N3BNe-
YeHue }enesa, ytmansauyma otxog0B.

Kemip KyniHiH KyKipT KbIWKbINAbl epiTiHAiNepiHEH Temipai IN1eKTPOXMMUANDIK XKOIMEH KalnbiHA KenTipy

A. Batkan’, K. KamyHyp, M.T. blckak, /1.K. BeiicembaeBa
on-®apabu atbiHAafbl KasYy, an-Papabu 4., 71, AamaTsl, KasakcTtaH
AHOATNA

Kemip Kyni — KypamblHAa eneyni menwepae temip 6ap Herisri eHepKacinTiK Kangblk, ananga UHepTTi aatomo-
CUIMKATTbl MaTpuuafa 6ainaHbICTbl OHbI KaanbiHa KeATipy Kypaeni macene 6onbin Kana bepeai. Ocbl 3epTTeyae
TeMipAi CeNeKTUBTI TYPAE ANy KIHE INEKTPOXUMMUANBIK KOAMEH KaNMnblHA KENTIPY YLWIiH eKi caTbl/bl 94iC 93ipneHa,.
Kemip Kyni »ofapbl TemnepaTypaga KOHUEHTP/I KYKIPT KbllWKblIbIMEH eHAEeNIN, KypambiHaa Fe* noHaapbl mon
epUTIH epiTiHAI anblHAbl. KeliH 31eKTpoauns apTypAi XKafaannapaa xKyprisinin, Fe?* KOHLEeHTPALMACbIHbIH, TOK Tbifbl-
34bIfbIHbIH, }X9HE 3/1IEKTPOIN3 YaKbITbIHbIH, TEMIPAI KaAMNbIHA KEeNTipy TUiMAiniriHe, TOK TMiMAINIriHe aHe 3Heprua
WbIfbIHbIHA acepi 3epTTenai. OnTumanapl Karaannapga (0,30 monb/n Fe?*, 2500 A/m?, 4 caf) 89% Temip KannbiHa
Kenyi }aHe 65% TOK TMIMAiNIri KamTamacbl3 eTifiin, sHeprua WoiFbiHbl 1,8 BT-caf/n aeHreiive aeniH TemeHaea,.

TyiiiH ce3pep: Kemip KyAi, KYKIpPT KblLLKbIIbIMEH WaliManay, 31eKTPOTYHAbIPY, TEMIPA SNEKTPOXMMMUANbIK KamMbiHa
KenTipy, KangblKTapabl KanTa nanganaHy.



