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Abstract

Coal ash-slag waste from coal-fired power plants is a high-volume technogenic material
whose resource potential is controlled by particle-size heterogeneity, mineralogical com-
position, and the occurrence modes of valuable elements. This study investigated Au oc-
currence in ash-slag waste derived from Ekibastuz coal and evaluated gravity-magnetic
preconcentration as a diagnostic first stage for separating Au- and Fe-bearing products.
The material was characterized by particle-size analysis, X-ray diffraction, chemical anal-
ysis, optical and electron-probe microscopy, atomic absorption analysis (AAS), kinetic
spectral analysis (KSA), gravity concentration, and magnetic separation. The feed was an
aluminosilicate-ferruginous material dominated by mullite, magnetite, quartz, and hem-
atite. In the coarse material, liberated native Au co-reported with heavy Fe-bearing
phases: the vibratory spiral concentrate contained 0.99 g/t Au and 39.00% Fe, correspond-
ing to 52.58% Au recovery and 66.49% Fe recovery. The combined spiral and centrifugal
concentrates yielded 1.04 g/t Au at 63.22% recovery, representing an approximately eight-
fold upgrade relative to the 0.13 g/t feed. In contrast, gravity recovery from the finest frac-
tion was approximately 1%, indicating ultrafine, poorly liberated, or matrix-associated
Au. KSA gave higher Au values than AAS, reflecting matrix heterogeneity and method-
dependent preparation and detection effects rather than analytical superiority. The results
support a size-selective gravity—magnetic preconcentration route followed by targeted
mineralogical verification and product-specific downstream extraction.

Keywords: coal combustion products; coal ash-slag waste; finely dispersed gold; native
gold; gravity concentration; magnetic separation; ferrospheres; kinetic spectral analysis;
secondary mineral resources
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1. Introduction

The depletion of conventional mineral resources, together with the accelerating ac-
cumulation of industrial residues, has renewed interest in technogenic deposits as second-
ary sources of mineral raw materials. Coal ash and slag are among the largest-volume
residues produced by thermal power generation. Their long-term storage occupies land,
promotes dust emissions, and can modify the geochemical conditions of surrounding soils
and waters; at the same time, these residues may contain recoverable mineral phases and
trace elements [1,2].

This dual environmental-resource character is particularly relevant for Kazakhstan,
where coal-fired power generation and legacy ash-disposal sites are extensive. Such de-
posits should therefore be examined not only as waste-storage liabilities, but also as het-
erogeneous mineral-technogenic systems that may contain Fe-bearing phases, rare and
rare-earth elements, and locally enriched noble metals [1-3].

The enrichment of elements in coal-combustion products is controlled by both pri-
mary coal geochemistry and combustion-related redistribution. During peat accumula-
tion, coalification, and later hydrothermal or epigenetic overprints, coal can concentrate a
broad range of trace elements. Combustion removes most organic matter, while inorganic
constituents are redistributed among glassy aluminosilicate phases, crystalline phases,
ferrospheres, unburned carbon, and fine particulate matter. As a result, some elements
may become enriched in the solid residue relative to the original coal [4,5].

Coal-combustion products typically contain aluminosilicate glass, mullite, quartz,
magnetite, hematite, cristobalite, Fe-rich microspheres, and residual carbon. Their phase
assemblages and chemical compositions depend on coal geology, combustion regime,
cooling rate, collection method, hydraulic transport, and storage history. These factors
also control the accessibility of Fe, rare-earth elements, and noble metals during subse-
quent physical or chemical processing [3,6].

Most international studies on coal-ash valorization have addressed construction ap-
plications, recovery of magnetic Fe-rich fractions, and extraction of Al, Si, and rare-earth
elements [1,2,7,8]. In contrast, Au recovery from coal ash remains much less systematically
investigated. The principal obstacles are the very low bulk grade, strong spatial and gran-
ulometric heterogeneity, the nugget effect, and uncertainty regarding the mineralogical
carriers of Au. These features make representative sampling, reliable assaying, and defen-
sible mass balancing especially challenging.

In this study, the term finely dispersed gold (FDG) is used operationally to describe
Au occurring as small liberated particles, partly liberated particles, or ultrafine/matrix-
associated forms that are not readily recovered by conventional gravity methods. This
definition does not assume a single host phase. Consequently, distinguishing liberated
native Au from poorly liberated or matrix-associated Au requires the combined interpre-
tation of particle-size data, mineralogical observations, analytical results, and beneficia-
tion behavior [9-11].

Magnetic separation is comparatively mature for coal ash because magnetite, hema-
tite-bearing aggregates, and ferrospheres respond directly to magnetic fields. Au behavior
is more complex. It may occur as liberated native grains, attach mechanically to Fe-rich
particles, or report to nonmagnetic aluminosilicate, carbonaceous, and slime products.
Therefore, the partitioning of Au among magnetic and nonmagnetic streams is not only a
separation result but also a diagnostic indicator of occurrence modes [3,6-8].

For ash-slag waste produced from Ekibastuz coal, published information remains
limited and deposit-specific. Existing Kazakhstan studies demonstrate substantial com-
positional variability and confirm that technogenic materials can yield Au-bearing and
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rare-earth-bearing beneficiation products; however, they do not define a universally ap-
plicable processing route [9,12]. A site-specific and size-dependent investigation is there-
fore required before recovery claims or flowsheet generalizations can be made.

The scientific novelty of the present work is the integrated assessment of particle-size
distribution, Fe mineralogy, native-Au morphology, magnetic/nonmagnetic partitioning,
and method-dependent AAS-KSA response in a single Kazakhstan ash-slag material. Ra-
ther than presenting classification, gravity concentration, or magnetic separation as iso-
lated operations, the study connects these operations to the observed modes of Au occur-
rence and uses the combined evidence to formulate a differentiated preconcentration
route.

The aim of the study was to determine the modes of Au occurrence in ash-slag waste
derived from Ekibastuz coal and to evaluate the suitability of a gravity-magnetic flow-
sheet for preliminary separation of Au-bearing and Fe-bearing products.

To achieve this aim, the study (i) characterized the particle-size, mineralogical, and
chemical composition of the waste; (ii) determined Au and Fe distributions among size
fractions; (iii) evaluated gravity recovery of liberated and partly liberated Au; (iv) charac-
terized Fe-bearing microspheres and native Au; (v) examined Au partitioning between
magnetic and nonmagnetic products; (vi) compared AAS and KSA as diagnostic methods;
and (vii) proposed a size-selective preconcentration flowsheet.

2. Materials and Methods
2.1. Study Material

The study material comprised aged and freshly generated ash-slag waste from Step-
nogorsk thermal power plants that burn Ekibastuz coal. The sampled material included
coarse gravelly slag, a medium-grained sandy fraction, fine silt-sized particles, and slimes.

2.2. Collection and Preparation of Representative Samples

Because the ash-slag waste was heterogeneous in particle size, mineralogy, and
chemical composition, the sampling, homogenization, and preparation strategy was de-
signed to represent the principal depositional zones of the disposal site.

Bulk material was collected from several locations within the active and aged ash-
disposal site (Figure 1). Coarse slag was sampled near the discharge pipe, medium- and
fine-grained sandy material was sampled from the central part of the impoundment, and
fine slime material was sampled near the settling pond.

Figure 1. Sampling of ash-slag waste at the aged disposal site: A: general view of the deposit surface;

B: sampling locations.
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Sampling was conducted on a square grid using shallow pits excavated to 0.5 m be-
low the surface. Individual increments weighed 15-20 kg and were combined and homog-
enized to form three bulk samples representing the principal particle-size varieties:

- Coarse gravelly material, represented predominantly by slag and accounting for ap-
proximately 10% of the disposal volume; sample mass, 152.1 kg;

- Medium- and fine-grained sandy material, accounting for approximately 60% of the
disposal volume; sample mass, 116.5 kg;

- Fine-grained slime material, accounting for approximately 30% of the disposal vol-
ume; sample mass, 120 kg.

The samples were processed at their natural particle size, without crushing or grind-
ing, in order to preserve the morphology of Fe-rich microspheres, aluminosilicate aggre-
gates, and possible free native-Au particles. The entire collected mass was used for tech-
nological testing, with no early-stage sample reduction.

Sample preparation involved wet disintegration, screening, and classification in a

scrubber trommel (Figure 2). Au and Fe distributions were evaluated in the +2, -2 + 0.25,
-0.25+0.10, -0.10 + 0.044, and —0.044 + 0 mm fractions.

Figure 2. Wet disintegration and classification of bulk ash-slag samples (>100 kg) in a scrubber trom-
mel at RITZ NTK LLP.

2.3. Research Methods

A stepwise research program was designed to characterize liberated and poorly lib-
erated Au and to evaluate gravity-magnetic preconcentration (Figure 3). The program in-
tegrated representative sampling, particle-size classification, mineralogical characteriza-
tion, beneficiation testing, and product-specific Au determination.

First, three bulk samples with a combined mass of 388.6 kg were prepared from the
principal depositional zones. The increments were collected on a square grid to a depth
of 0.5 m, combined, and homogenized before analytical and technological testing.

Second, the bulk samples were wet-disintegrated and classified in a scrubber trom-
mel. Subsamples for particle-size analysis were taken from the slurry stream and wet-
screened. Material finer than 2 mm was subjected to gravity concentration, followed by
magnetic separation and cleaning of selected concentrates.

Third, Au occurrence and the composition of Fe-bearing products were investigated
by optical microscopy, electron-probe microanalysis, X-ray diffraction (XRD), AAS, and
KSA. These methods were used to distinguish directly observed native-Au grains from
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Au that remained in fine, magnetic, nonmagnetic, or aluminosilicate-rich products after
physical separation.

Fourth, concentrates, intermediate products, tailings, magnetic and nonmagnetic
fractions, and slimes were analyzed. Product yields, grades, recoveries, and distributions
were used to evaluate the preconcentration response and to identify streams requiring
further treatment.

Finally, the results were synthesized into a conceptual flowsheet comprising classifi-
cation, gravity concentration, magnetic separation, concentrate cleaning, and targeted
analysis of fine products. The flowsheet is intended as a diagnostic preconcentration
scheme rather than a complete Au-extraction technology.

Analysis of published scientific data and previously
completed studies on the investigation
of ash-slag waste n

J
@ : .
@ ll Sampling and sample preparation
[ Classification by particle size } n
f 5 A : .
i} IL Chemical and mineralogical analysis ]
A
[ Study of the modes of occurrence of gold JI n
(
i L ]L Gravity concentration ]
[ 3 p 1
Magnetic separation J| ﬁ
p
i/L Analysis of beneficiation products ]

flowsheet for the processing

Final result: development of a technological
of ash-slag waste

Figure 3. Research sequence used to achieve the study objective. Arrows indicate the sequence and
direction of the research workflow, whereas the box colors are used only to visually distinguish

the individual stages and do not represent quantitative data or specific categories.

Analytical methods. Mineral phases were identified by XRD, optical microscopy, and
electron-probe microanalysis. Major rock-forming and ore-related elements were deter-
mined in the feed, size fractions, microspheres, and beneficiation products. Au was deter-
mined by AAS, whereas KSA was used as an additional diagnostic method for selected
products.

Determining low-grade Au in a heterogeneous aluminosilicate-ferruginous matrix is
methodologically demanding. In the standard preparation route, analytical aliquots were
oxidatively roasted in air at 650-750 °C and dissolved in aqua regia. Because this route
may not completely decompose refractory aluminosilicate or Fe-rich carriers, an addi-
tional preparation procedure was used in which aliquots were pre-ignited in a crucible
covered with an iron plate and then digested in a nitric-hydrochloric-hydrofluoric acid
mixture. AAS results were used for technological balances and recovery calculations.

KSA was applied after part of the liberated native Au had been removed by gravity
concentration. KSA and AAS were not treated as quantitatively equivalent methods and
were not used to validate one another. Instead, their differences were interpreted only as
diagnostic evidence of sample heterogeneity, preparation effects, and method-dependent
response to dispersed Au.
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Replicate determinations with standard deviations, confidence intervals, and repro-
ducibility limits were not available for every product. Formal testing of inter-method
equivalence was therefore not possible. The comparison was restricted to the direction
and magnitude of KSA/AAS differences, while the AAS dataset remained the basis for the
mass balance.

Technological tests. Because the feed Au grade was low, bulk samples of at least 100
kg were wet-disintegrated and screened to produce coarse (+2 mm) and sandy-slime (-2
+ 0 mm) fractions. The -2 + 0 mm material was treated using a vibratory spiral separator,
a vibrocentrifugal bowl concentrator, and an aerohydraulic desliming unit. Selected prod-
ucts were subsequently cleaned and magnetically separated.

3. Results

3.1. Particle-Size Composition and Distribution of Au and Fe in the Coarse-Grained Ash-Slag
Fraction

Most of the coarse-grained sample mass occurred in the -2 + 0.25, -0.25 + 0.10, and
-0.10 + 0.044 mm fractions. The -0.044 + 0 mm slime fraction represented only 2.80% of
this sample, indicating that the coarse material contained a limited fine-slime component.

Au was unevenly distributed among size classes. The -2 + 0.25 and -0.25 + 0.10 mm
fractions contained 36.92% and 30.00% of the total Au, respectively. The -2 + 0.25 mm
fraction also contained 58.93% of the Fe, identifying this size class as a principal feed for
subsequent gravity and magnetic treatment. The particle-size composition and the corre-
sponding distributions of Au and Fe are summarized in Table 1

Table 1. Particle-size composition and distribution of Au and Fe in the coarse-grained ash-slag ma-

terial.
Size Fraction, mm Mass, g Yield, % Ay, g/t Fe, % Au Distribution, % Fe Distribution, %
+2 147 9.16 0.09 9.08 6.15 5.53
-2+0.25 432 26.92 0.18 15.59 36.92 58.93
-0.25+0.10 478 29.78 0.13 - 30.00 -
-0.10 + 0.044 503 31.34 0.10 16.92 23.85 35.33
-0.044 +0 45 2.80 0.13 4.45 3.08 0.21
feed sample 1605 100 0.13-0.15 15.00 100 100

3.2. Mineral and Chemical Composition

XRD identified mullite, magnetite, quartz, and hematite as the principal crystalline
phases. The abundance of Fe-bearing phases supported magnetic separation, whereas the
dominant aluminosilicate matrix was expected to restrict the liberation of ultrafine or ma-
trix-associated Au.

A representative XRD pattern of the feed is shown in Figure 4. Quantitative phase
contents of the feed and the coarse +2 mm fraction are compared in Table 2.
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Figure 4. Representative XRD pattern of the feed ash-slag material. Quantitative phase contents of

the feed and +2 mm fraction are reported in Table 2.

The mineralogical and chemical characteristics of the feed and the coarse fraction are
summarized in Table 2.

Table 2. Summary of the mineralogical and chemical characteristics of the ash-slag waste.

Parameter Feed Ash-Slag Material Coarse +2 mm Fraction

Mullite, % 54.7 64.8
Magnetite, % 21.9 3.5
Quartz, % 16.4 18.6
Hematite, % 7.1 7.3
Cristobalite, % - 5.8

Fe, wt.% 22.80 10.38

Si, wt.% 19.95 24.50

Al, wt.% 10.97 12.81
Ca, wt.% 3.67 2.34

The feed had an aluminosilicate-ferruginous composition. Mullite was the dominant
crystalline phase (54.7%), followed by magnetite (21.9%), quartz (16.4%), and hematite
(7.1%). The high magnetite abundance and total Fe grade (22.80 wt.%) justified evaluating
magnetic separation as part of the preconcentration strategy.

The +2 mm fraction was more strongly aluminosilicate in character: mullite increased
to 64.8%, quartz to 18.6%, and cristobalite was detected at 5.8%. By contrast, magnetite
decreased to 3.5% and total Fe to 10.38 wt.%. These data indicate that most Fe-bearing
phases occurred in finer size classes rather than in the coarse +2 mm fraction.

This mineralogical contrast between the +2 mm fraction and the feed confirms that a
single whole-feed separation route would be inappropriate. Particle-size classification is
therefore required before gravity and magnetic treatment.

3.3. Gravity Concentration of the Coarse-Grained Material

The coarse-grained material was treated using a vibratory spiral separator, a vibro-
centrifugal bowl concentrator, and an aerohydraulic desliming unit. These operations
were selected to recover heavy Fe-bearing particles together with liberated and partly lib-
erated Au. The products are shown in Figure 5.
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a b
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Figure 5. Gravity-concentration products: (a) vibratory spiral concentrate; (b) chamber product No.
1 from the aerohydraulic de-sliming unit, coarse- to medium-grained material; (c) chamber product

No. 1, fine- to very fine-grained material; (d) fine desliming overflow.

Product yields, Au and Fe grades, recoveries, and Au upgrading ratios are reported
in Table 3.

Table 3. Gravity-concentration results for the coarse-grained ash-slag material.

Beneficiation Product Yield, % Fe,%  Au,g/t Feei{yecozv- Au Recovery, % Au Upgra:l ing Ratio
+2 mm 7.50 10.38 0.25 8.08 5.81 1.9
Vibro-spiral separator con- ¢ 39.00 0.9 66.49 52.58 7.6
centrate
Vibrocentrifugal bowl con-— 5 1664 145 4.03 10.64 11.2
centrator concentrate
Chamber product No. 1 of
the aerohydraulic desliming 4412 2.60 0.16 11.79 22.58 1.2
unit
Chamber product No. 2 of
the aerohydraulic desliming 13.93 3.70 0.10 5.27 4.53 0.8
unit
Overflow, slimes 15.62 2.70 0.08 4.34 3.87 0.6
Feed sample 100 9.67 0.13 100 100 1.0

* The Au enrichment factor was calculated relative to the feed grade of 0.13 g/t Au.

The vibratory spiral concentrate provided the largest combined recovery of Fe and
Au. At a yield of 16.50%, it assayed 39.00% Fe and 0.99 g/t Au, corresponding to 66.49%
Fe recovery and 52.58% Au recovery. The product therefore consisted of heavy Fe-bearing
phases accompanied by a substantial proportion of liberated or partly liberated Au.

The vibrocentrifugal concentrate had the highest Au grade among the primary grav-
ity products (1.45 g/t; upgrading ratio, 11.2). However, its yield was only 2.33%, and its
Au recovery was 10.64%, indicating a more selective but lower-mass product.

Chamber product No. 1 had a high yield (44.12%) but a lower Au grade (0.16 g/t) and
contained 22.58% of the Au. This distribution indicates that Au also remained in incom-
pletely liberated aggregates and fine particles. The overflow/slime product assayed 0.08
g/t Au and was not an effective stand-alone gravity concentrate.

Combining the vibratory spiral and vibrocentrifugal concentrates produced a calcu-
lated grade of 1.04 g/t Au at 63.22% total Au recovery (52.58% + 10.64%). This corresponds
to an approximately eightfold upgrade relative to the 0.13 g/t feed.
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Taken together, the gravity results show that a substantial fraction of Au in the coarse
material was liberated or partly liberated. The high Fe grade of the spiral concentrate also
justified subsequent magnetic separation and product cleaning.

Nevertheless, Au remained in intermediate products and slimes. The coarse-material
circuit should therefore be interpreted as a preconcentration stage rather than a complete
recovery process.

3.4. Fe-Bearing Microspheres and Free Native Au

Fe-bearing microspheres, represented predominantly by sphero-magnetite/ferro-
spheres, were identified in the beneficiation products. Their appearance before and after
nitric acid treatment is shown in Figure 6.

30mKkm

Figure 6. Sphero-magnetite particles: (A) before nitric-acid treatment; (B) after nitric-acid treat-

ment.

On the basis of Fe content, the microspheres were provisionally divided into low-Fe
(approximately 19-22% Fe) and high-Fe (approximately 55-58% Fe) groups. The high-Fe
particles represent a potential magnetic product, and their rounded to spherical morphol-
ogies are consistent with high-temperature transformation of mineral matter during com-
bustion.

Electron-probe analysis of the gravity concentrates confirmed the presence of free
native Au. Individual grains contained 94.40-96.85% Au and 3.15-5.60% Ag. After nitric-
acid treatment, one grain contained 98.35% Au, with only minor Fe, Cu, and Zn. These
data confirm the high fineness of the observed native Au and explain its partial gravity
recoverability.

The observed native-Au particles were isometric or spheroidal, idiomorphic, irregu-
lar and lumpy, platy or flaky, and locally spongy (Table 4). This morphological variability
is technologically relevant because particle settling and capture depend not only on den-
sity and size but also on hydraulic shape.

Table 4. Morphometric characteristics of free native Au in the -2 + 0 mm Ekibastuz coal-ash fraction.

Gold Particle Mor- <20 21-70 um 71-98 um 99-140 141-280 281420 Total Proportion of Total, %
phology um um pm pm

Isometric, spherical 2 12 6 6 14 1 41 30.37
Idiomorphic 4 7 - 1 - 12 8.89
Irregular, lumpy 14 11 5 7 3 - 40 29.63
Plate, flaky 4 25 6 6 - - 41 30.37
Spongy, isometric - - - 1 - - 1 0.74
Total 24 55 17 21 17 1 135 100
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Morphometric analysis comprised 253-dimensional measurements on 135 particles
and gave mean dimensions of 71 x 42 x 30 um. The 21-70 um class was the most abundant.
Isometric/spheroidal, irregular/lumpy, and platy/flaky particles dominated the observed
population. Together with the Fe-bearing microspheres, these observations identify both
a gravity-recoverable native-Au component and a magnetically responsive Fe-rich com-
ponent.

3.5. Processing of the Medium- and Fine-Grained Fractions

Medium-grained bulk sample No. 2 and fine-grained bulk sample No. 1 were pro-
cessed using the standardized flowsheet shown in Figure 7. Applying the same sequence
to both samples enabled a direct comparison of size-dependent Au distribution and ben-
eficiation response.

Feed sample

'

| Classification |
|

v v v

-2+0 mm -5+2 mm +5-10 mm

.

| Beneficiation |

v
l Vibratory spiral separator l
Concentrate Tailings
: | Control beneficiation
Cleaning
| v
Vibratory centrifugal
l l concentrators
|
Cleaning Cleaning v \4
concentrate tailings Concentrate Final tailings

v ' , '

Mineralogical Dry magnetic Gravity-aero-hydro
metallurgical control

analysis separation Ko
l Cleaning Cleaning
* ¢ ‘ concentrate tailings
Magnetic Magnetic Non-magnetic L
product product product 3 5
(1000 Oe) | | (4000 Oe) Minerlogical
analysis for Au

l

v

Magnetic separation

Figure 7. Standardized beneficiation flowsheet applied to medium-grained bulk sample No. 2 and
fine-grained bulk sample No. 1. Arrows indicate the direction and sequence of material flow
through classification, gravity concentration, cleaning, magnetic separation, and subsequent prod-

uct analysis.

In the medium-grained material, Au was concentrated mainly in fine size classes. The
-0.10 + 0.044 and -0.044 + 0 mm fractions contained 58.65% and 38.12% of the Au, respec-
tively; together, they accounted for 96.77% of the total Au in this sample.

The fine-grained sample showed an even stronger association with slimes. The -0.044
+ 0 mm fraction contained 76.18% of the Au and 96.40% of the Fe. This concentration of

https://doi.org/10.3390/mining6030053


https://doi.org/10.3390/mining6030053

Mining 2026, 6, 53 11 of 21

both elements in the finest class is technologically important because gravity separation
becomes less efficient as particle size decreases (Table 5).

Table 5. Au distribution in the medium- and fine-grained ash-slag materials.

Size Frac- Medium-Grained Medium-Grained Au Distribu- Fine-Grained Ma- Fine-Grained Au Distribu-

tion, mm Material: Yield, % Material: Au, g/t tion, % terial: Yield, % Material: Au, g/t tion, %
-10+5 0.27 0.15 0.28 0.15 0.37 0.18
5+2 0.54 - - 0.81 0.05 0.11
-2+0.25 1.76 0.14 0.60 1.99 0.10 0.52
-0.25+0.10 4.63 0.17 2.35 6.86 0.23 5.11
-0.10+0.044 53.91 0.37 58.65 15.08 0.43 17.90
-0.044 +0 38.89 0.33 38.12 75.12 0.37 76.18
Feed sample 100 0.34 100 100 0.36 100

Figure 8 compares Au distributions by particle size. The diagram highlights the con-
trasting controlling fractions: =0.10 + 0.044 mm in the medium-grained sample and —0.044
+ 0 mm in the fine-grained sample.

90

- Medium-grained material
80 - Fine-grained material 76.18

60 4 58.65

38.12

S
o
1

Au distribution, %

w
o
L

17.90

N
o
'

ey
o
L

5.11

028 0.18 0.00 0.11 0.60 052 2.35

-10+5 -542 -2+0.25 -0.25+0.10 -0.10+0.044 -0.044+0
Size class, mm

Figure 8. Distribution of Au among size fractions in medium- and fine-grained ash-slag waste.

The particle-size distributions indicate that most Au in the medium- and fine-grained
materials reported to fine and slime fractions. This pattern does not identify a specific
mineral host, but it explains why direct gravity recovery was poor.

Gravity test results for the fine fractions are presented in Table 6.

Table 6. Gravity-test results for fine ash-slag fractions.

Material/Size Fraction Product Yield, % Au, g/t AuRecovery, %  Technological Interpretation
dium-grained, —0.25 +

Medium-grained, ~0.25 Concentrate 6.39 1.04 30.43 Partially liberated gold
0.10 mm

Medium-grained, 025+ .p o8 0368 0.7 69.57 Residual bound gold
0.10 mm

ium-grai -0.1
Medlun(llgzlrrfi 0.10+ Concentrate 1.35 0.55 1.60 Low gravity recoverability
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Medium-grained, -0.10 +
0.044 mm
Fine-grained, -0.044 + 0 mm
Fine-grained, —0.044 + 0 mm

Predominantly poorly liberated or

Tailings 98.65 0.43 98.40 . .
matrix-associated Au
Concentrate 0.10 0.08 1.00 Direct gravity recovery is ineffective
Tailings 99.90 0.36 99.00 Au remains in the fine tailings

For the -0.25 + 0.10 mm fraction of the medium-grained sample, the concentrate as-
sayed 1.04 g/t Au at 30.43% recovery. This result indicates that part of the Au in this frac-
tion was liberated or partly liberated, although most Au remained in the tailings.

Recovery decreased sharply with decreasing particle size. Au recovery was 1.60% for
the —0.10 + 0.044 mm fraction and approximately 1.00% for the fine-grained —0.044 + 0 mm
fraction; 98.40% and 99.00% of the Au, respectively, remained in the tailings.

These results demonstrate the poor gravity response of the finest fractions. The re-
sidual Au is therefore described conservatively as ultrafine, poorly liberated, or matrix-
associated; the available data do not identify a single carrier phase.

3.6. Magnetic Separation and Cleaning of Beneficiation Products

Dry magnetic separation and cleaning were used to examine Au partitioning be-
tween magnetic and nonmagnetic phases. The results of the sequential operations are
summarized in Table 7.

Table 7. Magnetic separation and cleaning of gravity-concentration products.

Operation/Product Yield, % Au, g/t Au Distribution/Recovery, %
Magnetic pr.oduct recoyered at 1000 Oe from 69.40 018 7812
the vibratory spiral concentrate
Magnetic pr-oduct reco.vered at 4000 Oe from 13.50 017 1438
the vibratory spiral concentrate
Nonmagnetic product from the vibratory spi- 1710 0.07 750
ral concentrate
Centnfuga? concentraire after cleaning on the 130 477 28.18
vibratory spiral separator
Tailings from spiral cleaning 98.70 0.16 71.82
Magnetic product'recovered at 4000 Oe from 7 41 0.98 25.97
the centrifugal concentrate
Non-magnetic product from the centrifugal 27,59 207 74,03
concentrate
Non-magnetic product from the final tailings 13.79 0.99 25.64

Most Au in the vibratory spiral concentrate was reported to the magnetic products.
The 1000 Oe magnetic product had a yield of 69.40%, assayed 0.18 g/t Au, and contained
78.12% of the Au. The 4000 Oe magnetic product contained a further 14.38%. Only 7.50%
reported to the nonmagnetic product. These balances indicate co-partitioning of Au with
Fe-bearing material in this concentrate, but they do not prove mineral-scale encapsulation
in magnetite.

Cleaning of the vibratory spiral concentrate produced a low-yield (1.30%) product
assaying 4.77 g/t Au at 28.18% recovery, demonstrating that additional upgrading of a
small Au-rich fraction was possible.

In contrast, the nonmagnetic product from the centrifugal concentrate had a yield of
27.59%, assayed 2.07 g/t Au, and contained 74.03% of the Au in that separation. Thus, Au
was not restricted to magnetic phases. Potential carriers include liberated native grains,
nonmagnetic heavy minerals, aluminosilicate aggregates, and carbonaceous particles;
these alternatives require direct microanalytical verification.
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The nonmagnetic product from the final tailings also remained significant: at a yield
of 13.79%, it assayed 0.99 g/t Au and contained 25.64% of the Au. This result confirms
incomplete recovery by the preceding gravity stages.

Magnetic separation therefore served two complementary functions. It recovered Fe-
rich products and partitioned the material into diagnostically contrasting fractions. Be-
cause Au occurred in both magnetic and nonmagnetic products, magnetic separation can-
not be considered a stand-alone Au-recovery method.

3.7. Diagnostic Comparison of KSA and AAS

KSA was applied to selected beneficiation products after partial removal of liberated
native Au. The method was used to screen for Au that might remain in ultrafine, dis-
persed, or matrix-associated forms; it was not used as independent quantitative validation
of AAS.

Figure 9 presents the KSA responses for centrifugal tailings, the vibratory spiral con-
centrate, and the vibrocentrifugal concentrate.

a Particle mass distribution of gold Particle mass distribution of gold Gold line registration
in sample 1 in sample 1, Nos. 1 to 3 spectra during the input of sample 146ex
90 80.0 ©Of 20 mg, 6 were identified as: m=05mg, 7.0% Relative intensity, %
80 22 particles weighing 0.3 mg each N T 60| Range, Au 20-2505 nm
bk 3 Parices waighing 0.5 m soch S el
% 66 s.f:(ci?) :%.gzz :pn:\ (bygAA) B m=04mg, 13.0% 55
5 5 Mean (Crean) = 0.315 ppm B m=05mg, 7.0% as
2 4 Median (Crogian) = 0.34 mg
: 30 Mode (Cmode) = 0.35 mg 40
2o 13.0 - 35
2l 40 .
9 g - i
Avemgnpa:;:,emss' - 05 23 & 5 6 7 8 9 10 4% 42 43
18 1.9 2.0 Registration time, s
| sdwsecweasmewnote 1 = e ——
b Particle mass distribution of gold Particle mass distribution of gold Gold line registration
% in sample 2 in sample 2, Nos. 2 to 3 spectra (plot 4pad) during the input of sample 146ex
% :: . %’lﬁ%ﬁ?ﬁiﬁg?ﬂ onch m=10mg /-"‘ =13 ':a 5 10001 Range, Au 20-2505 nm
= particles weighing 0.6 mg eacl 3.6% —m = 1.1 .
£ 1 2 I et e T e
L e 3 particles weighing 1.3 mg each B m=0.6mg, 53.4% 600 |
3 Sum(CAu) = 0.49 ppm (by AA)
6 20 - 140 Mean (Cpnaan) = 0.39 ppm M m=0.8mg, 14.8% o
sl Median (Cmedian) = 0.36 mg B m=10mg, 3.6%
& 10 | 36 Mode (Cmode) = 0.39 mg |
il = 2 02 ¥ m=13mg, 0.3% 200 i
04 06 08 10 13 18 m=18mg, 0.2% | P abiaahh Lttt
= :t‘:‘"g':‘.‘"ic"";?;“ 1ng) = =5 m ¢ 2 3 4 5 6 7 8 9 10 M 12 13
i Av.‘rlgn porticle dismeter; 108 m ) Registration time, s
c Particle mass distribution of gold Particle mass distribution of gold Gold line registration
in sample 3 in sample 3 during the input of sample 146ex
@ 50.5 Of 25 mg, 6 were identified as: Relative intensity, %
® 50 20 particles weighing 0.3 mg each Range, Au 20-2505 nm
@ 10 particles weighing 0.4 mg each M m=03mg, 9.0% 20
o 40 15 particles weighing 0.5 mg each 70 +
é: o 25.7 |Opar‘t=icl:sas s weighing Oﬁﬂmmg:;\’:‘h B m=04mg, 129% ; 1
;‘ 20 12.9 ;Ilpr:?CAu) - (;g.|4ngppr;'\ (byg AA) B m=0.5mg, 25.7% 5 1
23 N | 20 e o sl -
& ol . M= Mode (Cooa) = 0.30 mg B m=10mg. 20% 20
03 0.4 05 o8 1.0 10 -
Average particle mass, mg 0 -
1.8 19 20 24 25 1 2 3 4 5 6 7 8 9 10 11 122 13 14
Average particle diameter, 107 m Registration time, s
Figure 9. KSA results for Au in beneficiation products: (a) centrifugal-concentration tailings; (b)
vibratory spiral concentrate; and (c) vibrocentrifugal concentrate. Different colors in the bar and pie
charts distinguish the particle-mass classes indicated in the corresponding legends, whereas the
black spectral traces show the relative intensity of the Au analytical signal as a function of registra-
tion time. The percentages in each pie chart total 100%.
KSA and AAS results were compared diagnostically because the methods differ in
measurement principle, sample preparation, aliquot mass, and matrix response. The com-
parison is summarized in Table 8
Table 8. Diagnostic comparison of Au values obtained by KSA and AAS.
Au by Kinetic Spectral Au by Atomic Absorption
Product y omenesp y OSoTP KSA/AAS Ratio
Analysis, g/t Analysis, g/t
Beneficiation tailings 0.32 0.16 2.0
Vibratory spiral separator concentrate 7.3 0.7 10.4
Vibrocentrifugal concentrator concentrate 8.9 1.1 8.1
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KSA returned higher Au values for all three products. The tailings contained 0.32 g/t
Au by KSA and 0.16 g/t by AAS (ratio, 2.0). The vibratory spiral concentrate gave 7.3 ver-
sus 0.7 g/t (ratio, 10.4), and the vibrocentrifugal concentrate gave 8.9 versus 1.1 g/t (ratio,
8.1).

These differences do not demonstrate that either analytical result is correct. Plausible
causes include heterogeneous Au distribution, differences in aliquot mass and sample re-
duction, incomplete digestion of some carriers before AAS, matrix effects, and method-
specific sensitivity.

Because replicate determinations were unavailable for every product, statistical
equivalence between the methods could not be tested. KSA values were therefore ex-
cluded from the technological mass balance and used only to identify products requiring
independent verification. The comparative Au values obtained by KSA and AAS for the
selected beneficiation products are presented in Figure 10.

10
- KSA/AAS ratio: 8.1
= KSA/AAS 10.4 -
tio: 10.
- AAS ratio
8
73
= 61
fa |
o)}
=}
<
4
9 KSA/AAS ratio: 2.0
032 016
0
Beneficiation tailings Vibro-spiral separator Vibrocentrifugal
concentrate concentrator concentrate

Beneficiation product

Figure 10. Au values obtained by kinetic spectral analysis (KSA) and atomic absorption analysis
(AAS).

Accordingly, the Au potential of this ash-slag waste should be assessed from conver-
gent technological, mineralogical, and analytical evidence rather than from agreement or
disagreement between two methods alone.

3.8. Proposed Processing Flowsheet

The particle-size, mineralogical, chemical, and technological results were integrated
into the gravity-magnetic preconcentration flowsheet shown in Figure 11. The scheme
separates material sequentially according to particle size, density, and magnetic response.

The flowsheet comprises feed classification, disintegration and washing, treatment
of the -2 + 0 mm material on a vibratory spiral separator, cleaning in a vibrocentrifugal
unit, hydraulic classification and desliming, magnetic separation, cleaning of selected
nonmagnetic Au-bearing products, and analytical control of concentrates, intermediate
products, and tailings.

The scheme produces an Fe-rich magnetic fraction, an Au-bearing gravity concen-
trate, a nonmagnetic product with elevated Au grade, and fine products requiring further
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characterization. These streams differ in grade, composition, magnetic response, and
likely downstream treatment requirements.

A defining feature of the flowsheet is its size-selective logic. Liberated and partly lib-
erated Au is targeted by gravity methods, whereas fine and nonmagnetic products are
retained for further characterization rather than being assumed to be barren.

The flowsheet is therefore a preconcentration and diagnostic algorithm. It reduces
the mass of selected products and separates contrasting potential carriers, but it does not
by itself constitute a complete Au-extraction process.

—
ﬁ]

Q ‘ : —

Figure 11. Laboratory flowsheet for gravity-magnetic preconcentration of ash-slag waste. 1—feed
hopper with a grizzly screen; 2—scrubber; 3 —disintegrator; 4 —trommel; 5 and 6—sluices with
coarse and fine riffle systems, respectively, including a nugget trap; 7 —receiving sump for classified
-2 mm material; 8—sand pump; 9—vibratory spiral separator feed hopper; 10 —vibratory spiral
separator; 11 —vibratory centrifugal bowl concentrator. Solid arrows and dashed lines indicate the

direction and sequence of material transfer between the successive processing units.

4. Discussion
4.1. Mineralogical Context and Modes of Au Occurrence

The results of the integrated mineralogical, analytical, and technological investiga-
tion show that gold occurs in the material in two principal forms: free native gold and
bound fine-dispersed gold (FDG). This distinction is fundamental because these forms
differ substantially in technological behavior, analytical detectability, and potential recov-
erability.

Free native gold was identified mainly in gravity concentrates obtained from the
coarse-grained ash-slag material. Electron-probe analysis showed that individual grains
contained 94.40-96.85% Au, with Ag as the principal impurity at 3.15-5.60%. After nitric
acid treatment, Au in individual grains reached 98.35%, indicating the high fineness of the
native gold. Morphometric analysis gave an average particle size of 71 x 42 x 30 um, and
particles in the 21-70 pum size class were the most abundant. Isometric, spheroidal, idio-
morphic, irregular lump-shaped, platy, and flaky forms were identified. The presence of
such particles explains their partial recovery by gravity methods.

Bound fine-dispersed gold behaved differently. It was concentrated mainly in fine
and slime fractions, was poorly recovered by direct gravity methods, and required highly
sensitive analytical approaches. The -0.044 + 0 mm fraction is particularly illustrative: it
contained a substantial proportion of the gold, whereas recovery to the gravity concen-
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trate was approximately 1%. This mismatch between high Au distribution in the fine frac-
tion and extremely low gravity recovery indicates that a substantial proportion of the gold
occurred not as free dense grains but in bound, ultrafine, or mineral-associated form.

The mullite-quartz-magnetite-hematite assemblage and the presence of rounded Fe-
rich microspheres are consistent with widely reported coal-combustion products, in
which rapid high-temperature melting and quenching generate aluminosilicate glass, re-
fractory crystalline phases, and ferrospheres [1-3,6]. The Kazakhstan material is neverthe-
less distinctive in its high measured Fe content (22.80 wt.%) and magnetite abundance
(21.9%) in the feed, which make magnetic partitioning more relevant than it would be for
many low-Fe fly ashes.

The direct observation of high-fineness native Au in the gravity concentrates is the
strongest evidence for a liberated Au population. Individual grains contained 94.40-
96.85% Au and were commonly 21-70 um in size. By contrast, Au retained in the finest
products could not be assigned to a single host phase on the basis of the available data.
The low gravity response and KSA-AAS discrepancies support the presence of ultrafine,
poorly liberated, or matrix-associated Au, but they do not prove encapsulation in a par-
ticular mineral.

This distinction is critical because much of the international coal-ash literature fo-
cuses on bulk utilization and recovery of Fe, Al, and rare-earth elements [1,2,7,8,13-15],
whereas direct evidence for native Au in ash-slag products remains comparatively lim-
ited. The present results therefore extend the Kazakhstan technogenic-resource literature
[8,10] by demonstrating that a liberated native-Au population and a much less accessible
fine-Au population can coexist within the same ash-slag deposit.

4.2. Particle Size, Particle Shape, and Gravity Response

The 63.22% combined Au recovery from the vibratory spiral and vibrocentrifugal
concentrates shows that the coarse material contained a substantial gravity-recoverable
component. This behavior is consistent with established gravity-separation principles, ac-
cording to which recovery improves when dense particles are sufficiently liberated and
have effective settling velocities that differ from those of the gangue [10]. The approxi-
mately eightfold grade increase is technically meaningful as preconcentration, although
the resulting 1.04 g/t product does not, by itself, establish economic feasibility.

Particle morphology explains why recovery was substantial but incomplete. Isomet-
ric grains are more likely to settle and be retained, whereas platy and flaky Au particles
have higher drag relative to mass and may be displaced into intermediate or fine products
[11]. The observed morphological diversity therefore links the electron-probe observa-
tions directly to product distribution rather than serving only as descriptive mineralogy.

The decline in recovery from 30.43% in the —0.25 + 0.10 mm fraction to 1.60% in the
—0.10 + 0.044 mm fraction and approximately 1.00% below 0.044 mm is consistent with the
known deterioration of gravity separation in very fine feeds [10]. In these classes, hindered
settling, entrainment, aggregation, and incomplete liberation become increasingly im-
portant. Thus, the high Au distribution in the slime fraction should not be interpreted as
a high-grade gravity target; it identifies a stream that requires mineralogical verification
and a different downstream treatment pathway.

4.3. Fe-Rich Phases and the Role of Magnetic Separation

Magnetic recovery is a common first-stage valorization option for Fe-rich coal ash
because magnetite and ferrospheres can be separated without chemical dissolution [1-
3,6]. The present feed is especially suitable for this diagnostic step because it contained
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21.9% magnetite and 22.80 wt.% Fe, while the high-Fe microspheres contained approxi-
mately 55-58% Fe. These values explain the 39.00% Fe grade and 66.49% Fe recovery
achieved in the vibratory spiral concentrate before magnetic cleaning.

However, Au did not follow a single magnetic pathway. In the vibratory spiral con-
centrate, 92.50% of the Au reported to the two magnetic products, whereas 74.03% of the
Au in the centrifugal-concentrate separation reported to the nonmagnetic product. This
contrast suggests that different preconcentration stages collected different particle popu-
lations. Magnetic separation therefore partitions potential carriers, but it does not deter-
mine whether Au is structurally hosted by magnetite, mechanically attached to Fe-rich
particles, or entrained with them.

The practical implication is that the Fe-rich magnetic fraction and the Au-enriched
nonmagnetic fraction should be evaluated separately. This product-specific strategy dif-
fers from whole-ash leaching and is consistent with the broader multicomponent-valori-
zation principle that heterogeneous ash should first be divided into mineralogically co-
herent streams before more intensive extraction is considered [1,2,13-15].

4.4. Analytical Interpretation of the KSA-AAS Differences

KSA produced Au values two to more than ten times higher than those obtained by
AAS. The available dataset, however, does not support a metrological conclusion regard-
ing the absolute accuracy of either method. Low-grade Au in heterogeneous technogenic
materials is highly sensitive to sampling variance and the nugget effect, particularly when
analytical aliquots are small relative to the rarity and size variability of Au-bearing parti-
cles [11]. Differences in digestion completeness, matrix decomposition, and method-spe-
cific response can further amplify the observed discrepancy.

Accordingly, AAS was retained as the quantitative basis for yield and recovery cal-
culations, whereas KSA was used only as a diagnostic screening tool for identifying prod-
ucts that require additional verification. This conservative interpretation avoids convert-
ing inter-method disagreement into an unsupported claim of concealed or refractory Au.
A defensible comparison would require matched homogenized splits, replicate determi-
nations, procedural blanks, certified reference or matrix-matched control materials where
available, an independent fire-assay route, and product-specific uncertainty estimates.

The analytical discrepancy also has a direct process-design implication. The higher
KSA values should not be used to size or justify an extraction circuit until the Au inven-
tory has been independently confirmed. Instead, the KSA response is best used to priori-
tize fine, magnetic, and nonmagnetic products for SEM-EDS or electron-probe mapping,
liberation analysis, and subsequent leach-response testing.

Thus, the KSA-AAS comparison is treated as a screening-level observation that
strengthens the case for additional mineralogical and analytical work, not as quantitative
validation of either analytical method.

4.5. Comparison with International Valorization and Au-Recovery Strategies

Globally, coal-ash utilization remains dominated by cementitious materials, aggre-
gates, ceramics, and geopolymers, whereas selective metal recovery is generally pursued
for compositionally atypical ashes [1,2]. Recent reviews of coal-fly-ash valorization em-
phasize that recovery strategies should be selected according to element speciation, host
phases, energy demand, reagent consumption, and environmental performance, rather
than on the mere presence of valuable elements [13,14]. The material investigated here
belongs to this atypical category because it combines high Fe content with measurable Au-
bearing products. Its distinctive feature is not an exceptionally high bulk Au grade, but
the coexistence of an Fe-rich magnetic resource, a coarse gravity-recoverable native-Au
component, and a fine, poorly recoverable Au component.
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The proposed flowsheet follows a staged logic: low-intensity physical separation
first, detailed characterization second, and chemical extraction only was justified for re-
duced-mass products. This approach is preferable to immediate whole-feed leaching be-
cause Au extraction routes are controlled by carrier mineralogy, liberation, preg-robbing
components, impurity behavior, reagent consumption, and residue management [16-23].
Recent coal-ash studies using combined pretreatment and leaching for rare-earth recovery
further show that downstream recovery is strongly product- and matrix-specific, even
when the target elements differ from Au [15]. Oxidative pretreatment, thiosulfate, thiou-
rea, or other hydrometallurgical options therefore cannot be selected responsibly until
fine-product carriers and leach responses are established.

Compared with the Kazakhstan technogenic waste studied by Bekenova et al. [9], the
present material also shows strong product-to-product variability; however, the feed type,
mineral assemblage, and beneficiation history differ substantially, so direct numerical
comparison of Au grades would be misleading. The main contribution of this study is an
integrated, size-dependent interpretation that links native-Au morphology to coarse-frac-
tion gravity recovery, Fe mineralogy to magnetic partitioning, and unresolved Au to fine
and nonmagnetic streams. This evidence supports a differentiated flowsheet rather than
a universal treatment route.

4.6. Resource and Environmental Implications

The results demonstrate resource potential, but they do not constitute a reserve esti-
mate or a proven commercial process. The feed grade was low, and the study did not
include operating-cost, capital-cost, marketability, or scale-up analyses. Consequently, the
most defensible near-term value of the flowsheet is selective mass reduction and genera-
tion of better-characterized products for further testing.

Environmental benefits also remain conditional. Reprocessing may reduce stored
mass and dust-generating surfaces, but beneficiation produces water streams, fine tail-
ings, and potentially reactive concentrates. Any scale-up should therefore include water
recycling, leachability testing, tailings stability assessment, and life-cycle or environmental-
impact evaluation rather than assuming that metal recovery is intrinsically beneficial [1,2,12].

4.7. Study Limitations and Future Research

The study was conducted at laboratory and enlarged-laboratory scale on material
from one ash-disposal system. Although the bulk samples were large, the spatial variabil-
ity of the deposit was not quantified statistically. Product-level replicate assays, uncer-
tainty intervals, and independent KSA validation were also unavailable.

The mineral carriers of Au in the finest fractions remain unresolved. Magnetic/non-
magnetic partitioning and poor gravity recovery provide indirect evidence only. Future
work should combine replicate AAS and fire assay with procedural blanks, certified con-
trols, SEM-EDS and electron-probe mapping, automated mineralogy or liberation analy-
sis, and size-resolved carbon and glass characterization. These measurements should be
conducted on matched splits prepared under a documented sampling and preparation
protocol [11].

After analytical confirmation, downstream tests should be restricted to the most
promising preconcentrates and should include reagent consumption, Au recovery kinet-
ics, impurity behavior, water quality, and residue leachability. Repeated sampling from
other Kazakhstan power plants is also required to determine whether the proposed dif-
ferentiated flowsheet is transferable or specific to this Ekibastuz-derived ash-slag material.
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5. Conclusions

Ash-slag waste derived from Ekibastuz coal was an aluminosilicate-ferruginous ma-
terial dominated by mullite, magnetite, quartz, and hematite. The feed contained 21.9%
magnetite and 22.80 wt.% Fe, supporting magnetic partitioning as part of a multistage
preconcentration scheme.

Two technologically contrasting Au populations were identified. Free native Au was
observed directly in coarse gravity concentrates, whereas Au in the finest products was
interpreted as ultrafine, poorly liberated, or matrix-associated. This latter interpretation is
based on product behavior and therefore requires direct carrier identification in future
work.

The -2 + 0.25 and -0.25 + 0.10 mm fractions contained 36.92% and 30.00% of the Au
in the coarse-grained sample, respectively. The vibratory spiral concentrate assayed 0.99
g/t Au and 39.00% Fe, with 52.58% Au recovery and 66.49% Fe recovery. Combining the
spiral and centrifugal concentrates produced 1.04 g/t Au at 63.22% recovery.

In the fine-grained sample, 76.18% of the Au occurred below 0.044 mm, but gravity
recovery from this fraction was approximately 1.00%. This result defines the principal
limitation of direct gravity treatment and identifies the slime fraction as a target for further
mineralogical and hydrometallurgical evaluation rather than immediate process scale-up.

Native-Au grains contained 94.40-96.85% Au and were most abundant in the 21-70
pum class. Their isometric, irregular, platy, and flaky morphologies explain why gravity
recovery was significant but incomplete.

Magnetic separation redistributed Au into both magnetic and nonmagnetic products.
The nonmagnetic product from the centrifugal concentrate assayed 2.07 g/t Au and con-
tained 74.03% of the Au in that separation, confirming that no single magnetic association
controlled the entire Au inventory.

KSA values exceeded AAS values by factors of 2.0-10.4. Because replicate validation
was unavailable, this disagreement was treated as a diagnostic indicator of heterogeneity
and method-dependent preparation effects. AAS remained the basis for technological bal-
ances.

The proposed gravity-magnetic flowsheet is therefore supported as a size-selective
preconcentration and diagnostic route rather than a complete extraction technology. Fur-
ther work must verify the fine-fraction Au inventory, identify Au carriers, test product-
specific extraction, and assess economic and environmental performance.

Author Contributions: Conceptualization, V.P., M.S. and T.A.; methodology, V.P. and T.A.; soft-
ware, T.A. and D.-M.S,; validation, V.P., T.A., M.S. and B.B.; formal analysis, V.P., T.A. and D.-M.S.;
investigation, V.P., M.S. and T.A.; resources, V.P. and T.A.; data curation, V.P., M.S. and T.A.; writ-
ing —original draft preparation, V.P., M.S. and T.A.; writing —review and editing, V.P., D.-M.S. and
B.B.; visualization, V.P., T.A. and D.-M.S,; supervision, V.P., M.S. and T.A.; project administration,
M.S,; funding acquisition, M.S. and D.-M.S. All authors have read and agreed to the published ver-

sion of the manuscript.

Funding: This research was funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan, grant number AP23488914.

Data Availability Statement: The data supporting the findings of this study are included in the

article. Additional information is available from the corresponding authors upon reasonable request.

Conlflicts of Interest: Valeriy Peregudov is affiliated with Limited Liability Partnership “KRITS-
NTK”. The company did not provide financial support for this study and had no role in the study
design; the collection, analysis, or interpretation of data; the preparation of the manuscript; or the

decision to publish the results. The remaining authors declare no conflicts of interest of interest.

https://doi.org/10.3390/mining6030053


https://doi.org/10.3390/mining6030053

Mining 2026, 6, 53 20 of 21

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Yao, Z.T.; Ji, X.S,; Sarker, P.K,; Tang, ].H.; Ge, L.Q.; Xia, M.S,; Xi, Y.Q. A comprehensive review on the applications of coal fly
ash. Earth-Sci. Rev. 2015, 141, 105-121. https://doi.org/10.1016/j.earscirev.2014.11.016.

Blissett, R.S.; Rowson, N.A. A review of the multi-component utilisation of coal fly ash. Fuel 2012, 97, 1-23.
https://doi.org/10.1016/j.fuel.2012.03.024.

Vassilev, S.V.; Vassileva, C.G. A new approach for the classification of coal fly ashes based on their origin, composition, prop-
erties, and behaviour. Fuel 2007, 86, 1490-1512. https://doi.org/10.1016/j.fuel.2006.11.020.

Seredin, V.V.; Finkelman, R.B. Metalliferous coals: A review of the main genetic and geochemical types. Int. |. Coal Geol. 2008,
76, 253-289. https://doi.org/10.1016/j.coal.2008.07.016.

Dai, S.; Ren, D.; Chou, C.-L.; Finkelman, R.B.; Seredin, V.V.; Zhou, Y. Geochemistry of trace elements in Chinese coals: A review
of abundances, genetic types, impacts on human health, and industrial utilization. Int. ]. Coal Geol. 2012, 94, 3-21.
https://doi.org/10.1016/j.coal.2011.02.003.

Sokol, E.V.; Maksimova, N.V.; Volkova, N.I.; Nigmatulina, E.N.; Frenkel, A.E. Ferrospheres from fly ashes of Chelyabinsk coals:
Chemical composition, morphology and formation conditions. Fuel 2002, 81, 867-876. https://doi.org/10.1016/S0016-
2361(02)00005-4.

Taggart, R.K.; Hower, J.C.; Dwyer, G.S.; Hsu-Kim, H. Trends in the rare earth element content of U.S.-based coal combustion
fly ashes. Environ. Sci. Technol. 2016, 50, 5919-5926. https://doi.org/10.1021/acs.est.6b00085.

Liu, P.; Huang, R.; Tang, Y. Comprehensive understandings of rare earth element speciation in coal fly ashes and implications
for rare earth element extractability. Environ. Sci. Technol. 2019, 53, 5369-5377. https://doi.org/10.1021/acs.est.9b00005.
Bekenova, G.K,; Peregudov, V.V,; Levin, V.L.; Kanatbaev, Y.T.; Muratkhanov, D.B. Gold and rare earth elements in enrichment
products from the technogenic wastes of the Caspian Mining-Metallurgical Plant (Aktau, Kazakhstan). Complex Use Miner. Re-
sour. 2024, 328, 76-87. https://doi.org/10.31643/2024/6445.09.

Wills, B.A.; Finch, J.A. Wills” Mineral Processing Technology: An Introduction to the Practical Aspects of Ore Treatment and Mineral
Recovery, 8th ed.; Butterworth-Heinemann: Oxford, UK, 2016. Available online: https://www.geokniga.org/bookfiles/geokniga-
mineralprocessingtechnology.pdf (accessed on 1 September 2015).

Pitard, F.F. Theory of Sampling and Sampling Practice, 3rd ed.;, Chapman and Hall:/! CRC: Boca Raton, FL, USA, 2019.
https://doi.org/10.1201/9781351105934.

Junussov, M.; Mustapayeva, S. Preliminary XRF analysis of coal ash from Jurassic and Carboniferous coals at five Kazakh mines:
Industrial and environmental comparisons. Appl. Sci. 2024, 14, 10586. https://doi.org/10.3390/app142210586.

Thomas, B.S.; Dimitriadis, P.; Kundu, C.; Vuppaladadiyam, 5.5.V.; Raman, R.K.S.; Bhattacharya, S. Extraction and separation of
rare earth elements from coal and coal fly ash: A review on fundamental understanding and on-going engineering advance-
ments. . Environ. Chem. Eng. 2024, 12, 112769. https://doi.org/10.1016/j.jece.2024.112769.

Zhanakova, R.; Almenov, T.; Shautenov, M.; Akkazina, N.; Kadukhin, N.; Shabaz, D.-M. Geomechanical Justification of Open-
Pit Slope Stability and Beneficiation Process Solutions for Rare Earth and Noble Elements. Minerals 2026, 16, 401.
https://doi.org/10.3390/min16040401.

Stojkovi¢, M.; Risti¢, M.; Doli¢, M.; Peri¢ Gruji¢, A.; Onjia, A. Recovery of rare earth elements from coal fly and bottom ashes by
ultrasonic roasting followed by microwave leaching. Metals 2024, 14, 371. https://doi.org/10.3390/met14040371

Rintala, L.; Leikola, M.; Sauer, C.; Aromaa, ].; Roth-Berghofer, T.; Forsén, O.; Lundstrom, M. Designing gold extraction pro-
cesses:  Performance study of a case-based reasoning system. Miner. Eng. 2017, 109, 42-53.
https://doi.org/10.1016/j.mineng.2017.02.013.

Qin, H.; Guo, X,; Tian, Q.; Yu, D.; Zhang, L. Recovery of gold from sulfide refractory gold ore: Oxidation roasting pretreatment
and gold extraction. Miner. Eng. 2021, 164, 106822. https://doi.org/10.1016/j.mineng.2021.106822.

Zhang, X.; Senanayake, G. A review of ammoniacal thiosulfate leaching of gold: An update useful for further research in non-
cyanide gold lixiviants. Miner. Process. Extr. Metall. Rev. 2016, 37, 385—411. https://doi.org/10.1080/08827508.2016.1218872.
Abikak, Y.; Kenzhaliev, B.; Akcil, A.; Dembele, S.; Koizhanova, A.; Bakhytuly, N.; Kassymova, G. Optimization of thiourea-
promoted gold and silver leaching from pyrite cinders using response surface methodology. Processes 2025, 13, 1277.
https://doi.org/10.3390/pr13051277.

Ippolito, N.M.; Birloaga, I.; Ferella, F.; Centofanti, M.; Veglio, F. Preliminary study on gold recovery from high-grade e-waste
by thiourea leaching and electrowinning. Minerals 2021, 11, 235. https://doi.org/10.3390/min11030235.

Begalinov, A.; Shautenov, M.; Almenov, T.; Bektur, B. Leaching process intensification of gold-bearing raw materials. Min.
Miner. Depos. 2022, 16, 42-48. https://doi.org/10.33271/mining16.02.042.

https://doi.org/10.3390/mining6030053


https://doi.org/10.3390/mining6030053

Mining 2026, 6, 53 21 of 21

22.  Celik, H. Extraction of gold and silver from a Turkish gold ore through thiourea leaching. Min. Metall. Explor. 2004, 21, 144-148.
https://doi.org/10.1007/BF03403316.

23. Li, J.; Miller, ].D. A review of gold leaching in acid thiourea solutions. Miner. Process. Extr. Metall. Rev. 2006, 27, 177-214.
https://doi.org/10.1080/08827500500339315.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/mining6030053


https://doi.org/10.3390/mining6030053

