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Application of bank protection structures for regulation of channel
processes in the lower reaches of the Shu River

* Yerzhanova N.K., 2Mussin Zh.A., *Altynbekova A.D.
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ABSTRACT

The article presents the application of bank protection structures for regulating channel processes
in the lower reaches of the Shu River under conditions of high hydrological variability. The analysis
is based on long-term hydrological observations conducted at the Tashutkul (Tasotkel)
hydrological station over the period 1967-2022. A statistical assessment of annual maximum and

Received: March 27, 2026 mean discharges, including measures of variability, skewness, and exceedance probability,
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revealed the occurrence of rare but extreme flood events that significantly influence channel
deformation and bank erosion in reaches composed of sandy—gravel alluvial deposits. A
probabilistic hydrological analysis was applied to justify the design hydraulic loads acting on river
training structures. Based on the identified hydrological and morphological risks, an improved
prefabricated modular floating bank protection spur was developed for river engineering and
channel regulation. The proposed structure provides adjustable permeability, promotes flow
energy dissipation, and reduces local scour intensity under different flow conditions. The obtained
results may be applied in the design and operation of adaptive bank protection structures for the
lower reaches of the Shu River and other rivers characterized by pronounced channel instability
and hydrological variability.

Keywords: bank protection spur; erosion protection; river channel regulation; polyethylene
beams; hydraulic structure; prefabricated modular structure; flood regulation; hydrological
variability; discharge exceedance probability.
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Introduction

Erosion of riverbanks and changes in river
channels under the influence of natural and
anthropogenic factors represent one of the pressing
issues in hydraulic engineering and environmental
protection [[1], [2]]. Bank washout, soil collapse, and
alterations in river course pose threats to
infrastructure, agricultural lands, settlements, and
aquatic ecosystems [3]. Under conditions of floods,
high water events, and sudden water level
fluctuations, traditional bank protection structures,
such as levees, embankments, and concrete
constructions, often prove insufficiently effective,
and their construction requires significant time,
financial, and material resources [[4], [5]].

The relevance of this research is driven by the
high variability of runoff in Central Asia, frequent
floods, and anthropogenic river regulation, which
create significant risks to the safety of hydraulic
structures and the stability of riverbank zones [[1],
[3], [5], [6]]. Modern approaches to the design and
construction of bank protection structures include
the use of modular and permeable constructions
capable of adapting to changing hydrological
conditions, reducing flow velocity in the near-bank
zone, and decreasing the intensity of erosion [[7],
(8], [9]].

When addressing the durability and reliability of
hydraulic and  land-reclamation  structures,
particular attention is paid to improving design,
implementing new, more environmentally friendly
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and cost-effective bank protection technology
structures, and developing methods for their
hydraulic justification [[10], [11]]. Such structures
are characterized by good construction qualities,
relative simplicity of installation, and cost efficiency;
they integrate harmoniously into the bank zone of
any water body and reliably protect it from negative
natural and anthropogenic impacts. They can be
used both for permanent bank protection and for
emergency interventions in critical situations [[8],
[12]].

The Zhambyl region is classified as a medium-
risk area due to the potential occurrence of floods in
the region. A preliminary assessment of flood-prone
areas in the country is based on data from RSE
«Kazhydromet», including snow reserves,
precipitation, autumn soil moisture, soil freezing
depth, and river ice conditions. In the event of
floods, water may pose a threat to settlements in
the Moyynkum, Sarysu, Zhambyl, Shu, Merken,
Talas, Korday, Ryskulov, Baizak, and Zhualyn
districts. Flooding during the flood-prone period and
in the residential area of Tekturmas in Taraz is
characteristic [2].

Some flood-related emergencies in the Zhambyl
region, reported on regional websites of the
Republic of Kazakhstan, in chronological order,
include:

- March 27, 2017: Due to increased snowmelt in
the mountainous area and higher inflow into the
Ters-Ashybulagq Reservoir, there was a risk of
washout of the roadway of the «Western Europe—
Western China» highway in the Zhambyl district.
Additionally, 15 dacha plots and 1 residential house
in a dacha settlement, as well as areas in the village
of Baiterek, were at risk of flooding. Water levels
rose up to 25 centimeters.

- April 2017: In the Talas district, flooding from
Lake Akkol caused inundation of the local «Akkol—
Usharal» road.

- February 2018: Heavy rainfall, rapid snowmelt,
and half-meter soil freezing led to the formation of
hillside runoff, resulting in the flooding of 30 yards in
three settlements in the Turar Ryskulov district.

- May 20, 2021: Due to heavy rainfall, yard areas
in the villages of Ornek, Mamai-Kayindy, and
Akyrtobe of the Ryskulov district were flooded. In
total, 11 yard areas were flooded, with water levels
ranging from 10 to 30 centimeters. Additionally, a
local automobile bridge at the entrance to the village
of Salimbay in the Ornek rural district was partially
damaged.

- February 2023: Due to a sudden warming in the
region and its foothill areas, intense snowmelt
caused flooding in 11 settlements across four rural
districts and in Taraz. Emergency response efforts to
combat flooding in the villages of Merken, Tyskulov,
Shu, and Zhualyn districts continued for four days.

- July 7, 2024: In the city of Zhanatas, Sarysu
district, heavy rainfall caused the formation and
passage of hillside runoff along Bayseitova, Ayapova,
Yeseeva, Kurmangazy, and Klochkova streets.
According to the akimat, more than 200 yard areas
and 21 houses located in the foothill area were
flooded as a result of the emergency.

The flood period can be complicated by a
sudden rise in air temperature, which, in turn, can
lead to intensive snowmelt in mountainous areas.
The examples considered illustrate the types of
natural disasters and enormous losses caused by
spring floods on rivers. The only solution is timely
preparation to prevent natural catastrophes and
mitigate their consequences.

During potential flood periods, particular
attention should be paid to existing hydraulic
structures in the region (Figure 1). In the Zhambyl
region, there are 142 hydraulic structures in
operation: 84 reservoirs, 2 dams, 11 hydroelectric
complexes, and 44 ponds. These structures are
owned by the state, municipal authorities, and
private entities.

Figure 1 - Tashutkul Dam with the Right-Bank and
Left-Bank Regulators
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Analysis shows that hydraulic structures in the
region require special attention during the flood-
prone period. In the Zhambyl region, there are 142
hydraulic structures in operation: 84 reservoirs, 2
dams, 11 hydraulic complexes, and 44 ponds, which
are owned by the state, municipal authorities, and
private entities [[1], [3]]. Thus, the relevance of this
study lies in the need for a comprehensive
assessment of hydrological conditions affecting river
channels and bank erosion, as well as in the
justification for the use of adaptive bank protection
structures capable of effectively regulating channel
processes and safeguarding coastal areas.

Experimental part

The methodological basis of this study is a
comprehensive statistical analysis of long-term
series of annual maximum discharges of the Shu
River at the «Tashutkul» hydrological station for the
period 1967-2022. The primary aim of the analysis
is to determine the statistical characteristics of
runoff distribution, assess its variability, identify
extreme values, and construct theoretical and
empirical exceedance probability curves, which are
essential for the design of hydraulic structures and
water resources planning.

The calculation of runoff module coefficients,
reflecting the ratio of the actual annual discharge to
the long-term mean discharge, is expressed as:

ki = Qi/Qmean (1)

The empirical exceedance probability for each
discharge value in the ranked series of observations
is determined as:

P= % * 100% (2)

The correctness of the calculations is verified
using the following conditions:

YKi=n; 2 (K;—1)= 0, with a maximum
allowable error of 0.3-0.5%.

Based on the obtained values, the biased
coefficients of variation (Cv) and skewness (Cs) are

calculated:
~ S (Ki=1)
¢, = Etd e)

& _ DX (Ki-1)?
ST (n-1)-(n-2)-C} )

The adequacy of the observation series is
assessed using relative errors:

£g = % 100% (5)

1
ec, = /% 100% (6)

The length of the observation series is
considered sufficient for the determination of the
mean annual discharge Qe.qn and the biased
coefficient of variation (7,,, if €9 < 5—10%, and
&, < 10— 15%. hus, the observation series for the
period 1967-2022 is regarded as sufficient for
estimating the mean annual runoff Q,,.q, and the
coefficient of variation.

To construct theoretical exceedance probability
curves, the calculated coefficients of variation and
skewness for the three-parameter gamma
distribution and the binomial distribution are used,
with coefficients as, ..., as and by, ..., be selected in
accordance with the ratio C/C,=2 and the lag-1
autocorrelation coefficient r(1)=0.4. The
autocorrelation between adjacent terms of the
series is calculated using the following formula:

?=_11(Qi—01)'(Qi+1_Q_2) (7)

r(1) = — =
JZ?:l(Qi—Qﬂ T Q41— 02)?

Results and Discussion

The results of the study are structured to
consistently link the hydrological conditions of the
Shu River with the engineering measures aimed at
regulating channel processes and protecting
riverbanks from erosion. First, the results of the
statistical analysis of maximum river discharges are
presented, which characterize the hydrological loads
governing channel deformation and bank erosion in
the lower reaches of the river. Second, based on the
identified hydrological and channel-forming
conditions, the applicability of a modular floating
permeable groyne is substantiated as an adaptive
bank protection structure.

1. Statistical Processing and Hydrological
Assessment of Maximum Discharges. Analysis of the
chronological series of maximum annual discharges
of the Shu River at the Tashutkul hydrological station
for the period 1967-2022 reveals significant
fluctuations in runoff, indicating a high variability of
the hydrological regime (Figure 2). During the
analyzed period, the minimum maximum discharge
was recorded in 1992 at 102 m3/s, while the
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Figure 2 - Chronological series of annual maximum discharges of the Shu River at Tashutkul (1967-2022)

maximum occurred in 1973, reaching 355 m3/s,
which is almost four times higher than the minimum
value. This extreme reflects the impact of an
exceptionally wet year and highlights the significant
instability of runoff in the lower reaches of the river.
Between 1967 and 1981, maximum discharges
showed a stable increasing trend: starting at 203
m3/s in 1967, the values rose to 355 m3/s in 1973.
From 1974 to 1981, relatively moderate and
fluctuating values were observed (130-282 m3/s),
which may be associated with alternating dry and
wet periods.

Between 1982 and 1994, maximum discharges
decreased, peaking at 240 m3/s in 1988 and reaching
a minimum of 102 m3/s in 1992, indicating a
prolonged dry period at the end of the 20th century.
From 1995 to 2001, maximum discharges increased
again, reaching 132 m3/s in 2005; after 2002,
maximum discharge values remained high but
exhibited pronounced variability (68-287 m3/s),
reflecting changing climatic conditions and the
influence of anthropogenic factors on the river's
flow regime.

The high interannual variability of maximum
discharges of the Shu River has important practical
implications: it must be considered in the design and
operation of hydraulic structures, planning of
irrigation systems, flood preparedness, and water
resource management. Analysis of extreme values
allows for the assessment of the probability of rare
but potentially hazardous hydrological events and
enhances the reliability of engineering solutions.

To assess the homogeneity of the maximum
annual discharges of the Shu River at the Tashutkul
hydrological station for the period 1967-1994, the t
and F statistical tests were applied. The series of
maximum discharges was examined for systematic

differences and stability of variance between data
subseries.

The t-test showed that the calculated value of t
was 1.4109, while the critical tabular value at a
significance level of 0.05 is +2.006. Since the
calculated value falls within the critical interval
(-2.006 < 1.4109 < 2.006), the hypothesis of equality
of means is not rejected. This indicates that there
are no statistically significant differences in the
average maximum discharges between the
subseries of the dataset.

The F-test allows for the assessment of equality
of variances between two subseries. The calculated
F value was 1.523, which is less than the tabular
value F = 1.96 at a 0.05 significance level. This
confirms that the variances of the subseries do not
differ statistically.

The results of both statistical tests indicate the
homogeneity of the series of maximum discharges
of the Shu River at the Tashutkul hydrological station
for the analyzed period. The practical significance of
this homogeneity lies in the possibility of using the
series for further hydrological analysis, construction
of exceedance probability curves, calculation of
extreme discharges, and the design of hydraulic
structures without the need for adjustments.
Stability of the statistical characteristics of the series
ensures the reliability of engineering calculations
and water management planning.

Based on long-term observations of maximum
annual discharges of the Shu River at the Tashutkul
hydrological station for 1967-2022, statistical
processing was performed using the method of
moments. The objective of the analysis is to assess
the distribution of extreme discharges, construct the
exceedance probability curve, and determine design
values for various water management tasks.
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The series of maximum discharges exhibits high
interannual variability. The calculated parameters
are as follows: mean maximum discharge
Qmean =179.5 m3/s, coefficient of variation €, =
0.4, reflecting substantial year-to-year fluctuations
in maximum runoff; skewness coefficient CS = 0.9,
indicating a right-skewed distribution, i.e., the
presence of individual years with extremely high
discharges. The analysis shows that the river is
subject to rare but powerful floods, with several high
extreme years (e.g., 1973 - 355 m3/s, 1971 - 281
m3/s, 1980 - 280 m?3/s) significantly influencing the
mean value and shape of the distribution.

Using the module coefficients k; , an empirical
exceedance probability curve of maximum
discharges was constructed. The curve was
approximated using a three-parameter gamma
distribution, allowing for the assessment of the
hydrological reliability of extreme discharges.
Comparison of the empirical and theoretical curves
showed good agreement, confirming the reliability
of the original observations, the correctness of the
selected distribution model, and the suitability of
the data for engineering design and water
management planning.

Based on the constructed exceedance
probability curve, design values of maximum
discharge were determined for different exceedance
probabilities: rare extreme events P <1 %): Q, ;=415
m3/s; Q1=332.6 m3/s; average conditions (P = 50%):
Q50=146 m3/s; minimum guaranteed extremes (P >
95%): Q95=68.97 m?3/s. These values allow a
guantitative assessment of the range of extreme

maximum discharges and can be used for: the design
of dams, reservoirs, and hydro complexes;
calculation of channel and spillway capacities; and
forecasting flood and high-water risks.

Assessment of interannual dependence of
maximum discharges revealed a positive first-order
autocorrelation r(1)=0.4 in Figure 3. This indicates
the inertia of the hydrological regime, where high or
low maximum discharges tend to recur over several
consecutive years. This feature is particularly
important for long-term water management
planning and forecasting of extreme floods. The
method of moments confirmed the statistical
reliability of the maximum discharge series: the
variation and skewness indicators agree with
empirical data, and the constructed theoretical
exceedance probability curve allows the
determination of design discharges for a wide range
of probabilities.

After constructing the empirical exceedance
probability curve of maximum discharges of the Shu
River at the Tashutkul hydrological station, its
correspondence with the theoretical curve was
verified. The analysis showed that the empirical
points generally agree well with the theoretical
values, confirming the correctness of the calculated
coefficients of variation and skewness of the series,
as well as the reliability of the constructed empirical
curve. This agreement demonstrates a strong
correlation between observed and calculated
discharges, providing a basis for water resources
analysis, irrigation system planning, and assessment
of risks associated with floods or water scarcity.
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Figure 3 - Exceedance probability curve of annual maximum discharges of the Shu River
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Table 1 - Theoretical exceedance probability curve values C, = 0.4 and C:=2C,

Exceedance probability, P 01 1 3 5 10 20 30 40 50
(%)
Modular coefficient, K, 2.700 | 2.160 | 1.870 1.740 1.540 1.310 1.160 1.050 | 0.948
River discharge Q,, m¥/s 4157 | 3326 | 287.9 267.9 237.1 201.7 178.6 161.7 | 146.0
Exceedance(;;"bab"'ty’ P 60 70 75 80 90 95 97 99 99.9
(]
Modular coefficient, K, 0.852 | 0.760 | 0.708 | 0.656 0532 | 0448 | 0392 0304 | 0.192
River discharge Q,, m¥%s | 131.17 | 117.01 | 109.00 | 101.00 | 81.91 68.97 60.35 | 46.80 | 29.56
The calculated ordinates of the exceedance basins in  Kazakhstan, demonstrating their
probability curve and the corresponding maximum  robustness under conditions of increasing
discharges for different exceedance probabilitiesare  hydrological variability [[5], [14]].
presented in Table 1. The obtained design discharges for low

The analysis of the hydrological regime of the
Shu River confirms a pronounced interannual
variability and significant asymmetry of maximum
annual discharges, which indicates the presence of
rare but powerful flood events exerting substantial
influence on the statistical characteristics of runoff.
Similar patterns have been identified for other river
systems of Central Asia, where climate change and
anthropogenic regulation intensify hydrological
extremes and increase uncertainty in the estimation
of design discharges [[1], [2], [3]]. Long-term
observation series therefore remain a key
prerequisite for reliable flood-frequency analysis
and assessment of hydraulic structure reliability.

The obtained results demonstrate that, despite
noticeable interannual fluctuations, the series of
maximum annual discharges remains statistically
homogeneous, which is consistent with conclusions
reported in hydrological studies emphasizing the
importance of multi-decadal datasets for
engineering applications [[6], [7]]. The detected
positive lag-1 autocorrelation indicates inertia in the
hydrological regime, meaning that high-flow and
low-flow conditions tend to persist over several
consecutive years. Such behavior has been widely
discussed in the context of flood risk assessment and
should be explicitly considered when evaluating the
safety margins of hydraulic engineering structures
[[4], [10]]. The application of the method of
moments and probabilistic exceedance curves based
on the three-parameter gamma distribution proved
effective for describing the distribution of extreme
discharges. A good agreement between empirical
and theoretical curves confirms the adequacy of the
selected statistical model and supports its
applicability for determining design discharges of
various exceedance probabilities [13]. Similar
probabilistic approaches have been successfully
applied in climate impact assessments for river

exceedance probabilities (P < 1-5%) indicate that
hydraulic loads during extreme flood years may
significantly exceed the design parameters of
existing hydraulic structures, many of which were
constructed based on outdated hydrological norms.
This conclusion is consistent with recent studies
highlighting increased flood risks and the need to
revise design criteria for hydraulic structures under
changing climatic conditions [[1], [4], [11]].

2. Improved Prefabricated Modular Floating
Bank Protection Spur. An effective method for
diverting floodwaters and providing flood protection
is the rapid construction of prefabricated,
demountable river-regulating structures. Such
structures are widely used not only in emergency
response situations but also as permanent
regulators of local channel deformations. The
application of a system of permeable spurs makes it
possible to modify the river flow regime, reduce unit
discharge, and decrease near-bank flow velocities,
thereby transforming a wandering channel into a
stable meandering one [8].

The permeable bank protection spur proposed
by V.D. Shuminsky [9] is known to reduce erosion of
riverbanks and improve flow energy dissipation
efficiency through regulation of the structure’s
porosity coefficient. In hydraulic engineering
practice, the «Movable Bank Protection Spur» [15] is
also used, maintaining its operational performance
under varying hydrological conditions. Traditionally,
such structures are installed from the riverbank at a
specific angle to the flow and consist of an abutment
(root), a main body, and a head section, which is
subjected to the most intensive erosive forces.
However, rigid fixed structures have several
disadvantages: during ice drift, they reduce the
effective ice passage width and act as partial dams
[[16], [17]]; moreover, under variable water levels
and flow velocities, they require excessive height




Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

and material consumption, being designed based on
extreme maximum hydrological conditions [[8],
[12]].

A more advanced type is the floating bank
protection spur [18], which is capable of operating in
both solid and permeable flow regimes. Its structural
disadvantages include the need for preparatory
works involving the placement of reinforced
concrete blocks in the lower part of the structure,
the complexity of installing stoppers and embedded
components, which reduces the speed of assembly,
as well as the circular surface of the pipes used,
which increases flow slip and reduces transverse
roughness [[9], [16]].

Based on an analysis of existing river-regulating
and bank protection structures, as well as
prefabricated floating bank protection spur systems,
this paper presents the development of an improved
prefabricated floating bank protection spur design
that eliminates the identified shortcomings.

This is achieved through an improved
prefabricated floating bank protection spur design,
in which the upper part consists of hollow
polyethylene beams with a cross-sectional size of 20
x 15 cm, hermetically sealed at the ends. The lower
part of each beam is equipped with mounting holes
through which the elements are installed onto a
cable; one end of the cable is fixed to a driven metal
stake using a fastening clamp or anchored, while the
other end is secured to the bank after installation is
completed. When operating in a permeable spur
mode, polyethylene spacer bushings with the
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required degree of porosity are installed between
the beams along the axis. The upper free part of the
beams remains in a floating condition.

As a result of the improvement of the
prefabricated floating bank protection spur, the
upper part is replaced with polyethylene beams,
while the lower part is freely mounted on a cable
without a foundation base, which allows the
structure’s configuration to be adjusted depending
on hydrological conditions and operating regimes.

An important advantage of the proposed spur is
the ability to regulate its permeability through
replaceable spacing elements. This enables flexible
control of flow velocity, energy dissipation, and
sediment transport downstream of the structure,
ensuring effective performance under extreme flood
events, medium discharges, and low-flow periods.
Such adaptability significantly distinguishes the
proposed design from traditional spurs and
enhances its reliability under conditions of
hydrological uncertainty [[15], [17]].

Overall, the integration of long-term flow
analysis with adaptive engineering solutions
provides a comprehensive approach to improving
the reliability and safety of hydraulic structures. For
transboundary river systems such as the Shu River,
where climatic variability, upstream flow regulation,
and increasing water resource demands jointly
affect the hydrological regime, the combined
application of probabilistic hydrological assessment
and flexible bank protection structures is particularly
well justified [[2], [11], [16], [18], [19], [20]].

a — Prefabricated elements of the improved modular floating bank protection spur: 1 — polyethylene beams,
2 —mounting holes, 3 — cable, 4,5 — metal stake, 6 — fastening clamp, 7 — polyethylene spacer bushings;
b, c —assembled solid and through versions of the improved modular floating bank protection spur.

Figure 4 - Improved modular floating bank protection spur
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For the practical implementation of the
proposed spur and the evaluation of its hydraulic
performance, it is necessary to determine the
principal structural and hydraulic parameters
governing the interaction between the structure and
the flow. The definition of the permeability
coefficient follows the calculation methodology for
combined permeable river training structures [21].
Owing to the different geometry of the proposed
design, the original calculation relationships were
adapted for a system of horizontally oriented
polyethylene beams and adjustable spacer bushings.

The fundamental design parameter is the
permeability (porosity) coefficient of the structure
(P), defined as the ratio of the open (permeable)
area of the structure to the total area of its frontal
projection:

P=%= (8)

where:
w,=0ld{+dy+-+dy) H (9)

wp,=(51+s,++s,) H (10)

Here: wy, w,, w - the areas occupied by the
beams, the inter-beam openings, and the total
frontal area of the structure, respectively, m?
$1,52,°**, Sy - the frontal widths of the beams, m;
dy,dy, ++, dy, - the widths of the openings between
the beams, which are adjustable through the length
of the spacer bushings, m; n - the number of beams;
m is the number of inter-beam openings (m =n —
1); H - the design flow depth, m.

For a structure with uniformly spaced beams of
equal width (s) and openings of equal width (d),
Equation (8) can be simplified as follows:

p=-2 (11)

The permeability coefficient is related to the
channel blockage coefficient by the following
relationship:

P=1-P, (12)

Adaptation of the proposed structure to
different hydrological conditions is achieved by
varying the length of the spacer bushings. For a
polyethylene beam with a frontal width of s = 0.20
m, an opening width of d=0.20 m is adopted under

mean-flow conditions (Qsqe,), corresponding to a
permeability coefficient of P=0.50. Under extreme
flood conditions (Qq¢,), the opening width is
increased to d=0.30 m, resulting in a permeability
coefficient of P=0.60 and a corresponding reduction
in the hydrodynamic load acting on the retaining
cable.

The flow velocity immediately downstream of
the proposed permeable spur (V}) is determined
using the velocity coefficient ¢, based on the
analytical relationships reported in [22] and their
subsequent  nonlinear  approximation  using
experimental datasets presented in [21]:

V=@ Vy=[12-P%*-(1-P)"] -V (13)

where: ¢ - the dimensionless velocity coefficient
of the permeable barrier accounting for turbulent
head losses; P - the dimensionless permeability
(porosity) coefficient of the spur flow section,
determined by the length of the spacer bushings; V;
- the approach flow velocity of the Shu River during
the design flood corresponding to Qq¢,, m/s. The
permeability coefficient P is related to the structural
blockage coefficient P, by the relationship P, = 1 —
P.

The kinematic structure of flow deformation
downstream of permeable elements has been
comprehensively investigated in the monograph
[21]. Based on the experimental jet-contraction
curves and the relationships between the geometric
characteristics of the deformation zones, the
channel blockage ratio (n), and the installation angle
of the structure (a) presented therein, the authors
of the present study performed an analytical
approximation of the experimental datasets using
the least-squares method in Microsoft Excel. The
resulting regression equation (13) represents a local
empirical model and is applicable within the
investigated permeability range of 0.2 < P < 0.6,
which, according to the experimental conditions
reported in [21] and the relationship between the
coefficients, corresponds to blockage coefficients of
04 <P, <0.8.

Statistical  analysis of the long-term
observational series (1967-2022) at the reference
Tashutkul hydrological station showed that, under
extreme conditions corresponding to the centennial
flood discharge Q1¢,, the design mean flow depth is
H= 2.5 m, while the mean approach velocity is V; =
1.8 m/s. Under these conditions, the proposed
floating structure provides controlled flow velocity
reduction downstream of the barrier. In the baseline
operating mode at a permeability coefficient P=0.50
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(blockage coefficient P, = 0.50), the flow velocity
downstream of the structure V, decreases to 1.55
m/s (a reduction of 14%), while the kinetic energy of
the flow is dissipated by up to 26%. In the extreme
flood operating mode (P = 0.60, corresponding to P,
= 0.40), the velocity downstream of the spuris 1.61
m/s (a reduction of 11%), and the kinetic energy of
the surface flow layer is effectively dissipated by
20%, which minimizes the risk of bank deformation
in reaches composed of sandy—gravel deposits with
particle sizes d;= 1.0+2.5 mm.

Based on experimental studies presented in
[21], it has been substantiated that the velocity
distribution in the zone of intense turbulent mixing
follows the universal self-similar Schlichting—
Abramovich law. The classical physical foundations
of this relationship for channel flows are described
in detail in [23]:

U—U,

=(1-n'%)? (14)

Umax~Ux

where: u - the local longitudinal flow velocity at
the considered point in the downstream reach, m/s;
u, - the velocity of the co-flow penetrating through
the permeable gaps of the bushings, m/s; 1,4, - the
maximum velocity at the boundary of the core of the
main (transit) flow; 1 - the dimensionless relative
vertical coordinate of the investigated cross-section.

This theoretical justification enables the
application of the classical velocity distribution law
for numerical assessment of flow kinematics
downstream of the proposed spur, thereby
preventing the formation of hazardous secondary
(reverse and unstable) flow structures.

Based on the maximum hydrodynamic loading
during the extreme flood event @, at the Tashutkul
hydrological station, the peak longitudinal tensile
force (T) acting on the supporting cable system was
determined. In accordance with the requirements of
the regulatory document SP RK 3.04-107-2014 [24],
the longitudinal component of the flow force (N,
kN) was adapted to the geometry of the permeable
barrier of the proposed floating structural model:

T=N, =059-(b-h) V;>-P,  (15)

where: T - the distributed hydrodynamic load on
the supporting steel cable, kN/m; N,, - the
distributed longitudinal component of the flow force
acting on the structure, kN/m; 0.59 - the
hydrodynamic coefficient according to SP RK 3.04-
107-2014 [24]; b - the frontal width of the
polyethylene beam (0.20 m); h; - the design flood

depth at the Tashutkul hydrological station cross-
section (2.5 m); V; - the approach flood-flow velocity
(1.8 m/s), which governs the loading on the cable as
it is induced by the incoming flow; P, - the
dimensionless blockage (channel constriction)
coefficient of the spur formed by the beams
according to [21].

Substitution of field hydrological parameters of
the Shu River under emergency extreme flood
conditions (V; = 1.8 m/s), with a frontal projection
area of the beam (b - hy) = 0.5 m?, and a blockage
coefficient in extreme conditions P, = 0.40
(corresponding to a permeability coefficient P =
0.60), yields a peak distributed load on the
supporting cable of T = 0.382 kN/m (or 382.3 N/m).
The obtained hydrodynamic load characterizes the
force exerted by the flow on the supporting system
of the structure and may be used for subsequent
structural design and selection of the retaining cable
parameters.

The quantitative design assessment of the static
and dynamic stability of the floating element in the
river flow was performed based on the balance of
vertical forces. The distributed buoyant force (Fy),
N/m, was determined using the following
expression:

Fy=py-g-(a-b) (16)

where: p,, - the water density (1000 kg/m3); g -
the gravitational acceleration (9.81 m/s?); a and b -
the geometric dimensions of the cross-section of the
polyethylene beam (0.15 x 0.20 m). Substitution of
the structural parameters yields a buoyant force
under full submergence of F, = 294.3 N/m.
Considering the distributed self-weight load of the
polyethylene beams together with the supporting
cable (F, = 65.0 N/m), the net static buoyancy
reserve of the structure amounts to 229.3 N/m.

To assess the dynamic stability of the proposed
structure under flood conditions, the associated
vertical (downward) hydrodynamic force (Q,),
arising from the pressure difference and tending to
press the floating barrier toward the riverbed, was
calculated. The computation was performed in
accordance with the regulatory provisions of SP RK
3.04-107-2014 [24] using the following expression:

Q, =0.59-4, V%P, (17)

where: A; - the lateral submerged projected
area (sail area) of the submerged element per unit
length of the structure, takenasa-1=0.15m? V; -
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the approach flood-flow velocity of the Shu River at
the design discharge Qi¢,, (1.8 m/s); P, - the
dimensionless blockage coefficient of the spur.

The obtained value of the hydrodynamic
submerging force under the design permeability of
the structure (P = 0.50, corresponding to a blockage
coefficient P, = 0.50) is:

Q, = 0.59-0.15- (1.8)%- (1 — 0.50) = 0.143
kN/m or (143,4) N/m

A comparison between the dynamic submerging
force and the net static buoyancy reserve shows that
the restoring Archimedes forces exceed the
destabilizing hydrodynamic forces by a factor of 1.6
(229.3/143.4 = 1.6). This result indicates sufficient
stability of the floating barrier and the maintenance
of its stable operating position at the water surface
even during the passage of a critical centennial flood
with a 1% exceedance probability at the Tashutkul
hydrometric station cross-section.

For a quantitative assessment of erosional
channel processes beneath the proposed structure,
the relationship of I.I. Levi for permeable systems
was used to estimate the limiting depth of local
scour Hp, [[21], [25]]:

Hy=h - (K—Z)LZ

where: h; - the design flood depth at the
Tashutkul hydrological station cross-section, m; 1}, -
the flow velocity immediately downstream of the
permeable spur, m/s; V;, - the critical non-scouring
velocity of the flow for the riverbed soils of the Shu
River, m/s; P, - the dimensionless blockage
(constriction) coefficient of the structure formed by
the beams.

- p,0° (18)

The physical meaning of equation (18) lies in the
modification of the classical erosional framework
proposed by LI. Levi through the introduction of a
reducing dimensionless factor (P,%°). This
coefficient accounts for the jet-like structure of the
flow in the downstream reach and the reduction in
unit discharge due to partial filtration of water
through the regulated gaps between the spacer
bushings of the proposed structure.

Downstream of the Tashutkul hydrological
station, the riverbed of the Shu River consists of
sandy—gravel alluvial deposits with a mean weighted
sediment diameter of (d; = 1.0-2.5) mm. For this
type of soil and a flood depth of 2.5 m, the mean
cross-sectional non-scouring velocity ranges from
0.85+1.20 m/s. However, in the present study, the
critical near-bed velocity corresponding to the
initiation of sediment motion, equal to 0.55 m/s

according to a verified methodology, was adopted as
the design value of (1,,) in equation (18). Partial
conveyance of flood discharge through the body of
the proposed floating spur leads to a reduction in
the calculated depth of the local scour hole at the
structure head by 15-37% compared with solid
prototype structures.

As shown in numerical hydrodynamic studies
[26], localized flow velocities at the head of
permeable spurs decrease due to nonlinear filtration
processes. The proposed structure allows
maintaining the permeability coefficient within the
optimal range P = 0.50+0.60 (corresponding to a
blockage coefficient P, = 0.50+0.40). This ensures
the «flattening» (spreading) of the near-bed vortex
zone downstream of the barrier and increases the
effective length of the protected riverbank to 4-10
times the length of the structure itself.

The sedimentation regime analysis within the
spur cells was performed according to the regional
methodology of «KRSU» for piedmont—plain
conditions of the Shu River. The critical near-bed
velocity at which transported sediments begin to
deposit in the inter-spur space (V;s, m/s) is
determined using the relationship proposed by V.F.
Talmaza [27], which has been thoroughly validated
in studies of the Shu River [28]:

1
— 4.7 (H\m | (v, o g
Vie = 14-228 ()7 e g g, (1)

where: m = 4 is the exponent describing the
vertical velocity distribution for the considered
reach; H - the design flood depth (2.5 m); d; - the
mean weighted diameter of sandy—gravel sediments
(1.0-2.5 mm); y,, and y,, - the unit weights of bed
sediments (26.5 kN/m3) and river water (10.0
kN/m3), respectively; g - the gravitational
acceleration (9.81 m/s?).

Adjustment of the permeability of the proposed
floating spur to the optimal range of 0.50+0.60
(achieved through the selection of polyethylene
spacer bushings) artificially reduces the local near-
bank flood velocity V, within the inter-spur zone to
a level satisfying the sedimentation condition V, <
Vis. This ensures stable and controlled
accumulation of sandy—gravel material within the
spur cells, prevents the formation of hazardous
impinging flow conditions, and promotes natural
aggradation and widening of the protected
riverbank zone on the Kazakhstan side of the
transboundary Shu River.

For an objective assessment of technical
advancement and to substantiate the novelty of the

— |4 ——
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Table 2 — Comparative Assessment of the Hydraulic Performance of the Proposed and Prototype Bank Protection Spurs

the spur by 11-14%

Hydraulic and  Structural | Floating Prototype (Rigid | Proposed Modular Permeable | Quantitative Assessment of

Parameter Sealed Pipes) Spur Technical Advancement
Based on Verification

Regulation of permeability (P) | Fixed (P <0.15) Adjustable (P = 0.20+0.60) Adaptation to flood variability
ranging from 50% to 1%
exceedance probability in the
Shu River

Flow velocity reduction | Uncontrolled flow | Reduction of flow velocity | Transformation of near-bank

coefficient (13, /V1) impingement and attachment | immediately downstream of | flow into a safe non-erosive

regime (V, < Vi)

Degree of flow kinetic energy
dissipation (Ey)

Intense local vortex formation
at the head

Internal friction of split jets
(energy dissipation of 20—
45%)

Effective dissipation of kinetic
energy within the permeable
body of the spur

Local scour depth beneath the
structure (Hp)

High (1,3 +1,5h)

Minimized  (reduction of
calculated scour depth by 32—
37%)

Reduced risk of structural
undermining; expansion of
the protection zone up to 4-—

10 spur lengths (according to
validated methodology [25])

Installation complexity and
deployment rate

High (on-site welding and
installation of heavy bed
anchors required)

Low (modular assembly on a
bank-mounted cable without
heavy machinery)

High operational efficiency for
emergency flood response
conditions

claimed utility model, a comparative analysis of its
characteristics with a baseline floating prototype
made of rigid sealed pipes was conducted. The
comparative evaluation, verified using external
sources, is summarized in Table 2.

The implementation of the proposed
engineering solution enables a transition from
passive resistance to the dynamic impact of the river
flow to active and controlled regulation of channel
deformation processes. This makes the developed
floating structure particularly suitable for bank
protection in transboundary river basins (notably
the Shu River), which are characterized by high
variability of flood discharge and intensive
anthropogenic flow regulation.

Conclusions

The study of channel processes in the lower
reaches of the Shu River revealed pronounced
interannual variability of river discharge, which
intensifies bank erosion during extreme flood
events. Based on long-term  hydrological
observations, design discharges corresponding to
different exceedance probabilities were determined
and used to justify the hydraulic loads acting on bank
protection structures in accordance with the
fundamental principles of hydrodynamics [23]. As an
adaptive engineering solution, an improved
prefabricated modular floating bank protection spur
with  adjustable permeability is proposed.
Computational and theoretical analyses, together
with a comparison with a conventional rigid

prototype, confirmed its advantages in terms of
structural stability, ease of installation, and overall
hydraulic performance.

Based on the hydraulic justification of the
structural parameters for the proposed spur at the
Tashutkul hydrological station cross-section of the
Shu River, the following conclusions were drawn:

1. It was established that varying the length of
the polyethylene spacer bushings from 0.20 to 0.30
m allows the permeability coefficient of the
structure to be adjusted within the range 0.50 <
P <0.60, which, according to the relationship
(P, =1—P), corresponds to channel blockage
coefficients of 0.40 < P, < 0.50. This enables the
spur to adapt to both mean annual flow conditions
(@500 = 146.0 m3/s) and extreme flood discharges
(Q105 = 332.6 m?/s).

Quantitative evaluation of the hydraulic
performance showed that, at the baseline
permeability coefficient P = 0.50, the proposed
structure reduces the approach flood-flow velocity
by 14% (from 1.80 to 1.55 m/s) and dissipates up to
26% of the flow kinetic energy. Under the extreme
operating condition (P = 0.60), the flow velocity
immediately downstream of the spur is reduced to
1.61 m/s, corresponding to a 20% reduction in the
kinetic energy of the surface flow layer.

Partial conveyance of flood discharge through
the permeable body of the spur reduces the
intensity of local scour at the spur head by 15-37%
compared with impermeable prototype structures.
Redistribution of the flow structure increases the
effective length of the protected riverbank to
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approximately 4-10 times the length of the
structure itself.

Reducing the local near-bank velocity within the
inter-spur zone to the condition (¥}, < V; ;) creates
favorable hydraulic conditions for the stable
deposition of sandy—gravel sediments, prevents the
formation of hazardous bank-attached currents, and
promotes the natural accretion of the protected
riverbank.

The calculated peak distributed hydrodynamic
load acting on the supporting system is T = 382.3
N/m. At the same time, the net static buoyancy
reserve of the polyethylene beams (229.3 N/m)
exceeds the dynamic submerging force of the flow
(143.4 N/m) by a factor of 1.6, thereby ensuring the
stability of the floating structure. The calculated
hydrodynamic load characterizes the force exerted
by the flow on the supporting system and may be

used for the subsequent structural design and
selection of the retaining steel cable.

The obtained results confirm the potential of the
proposed improved prefabricated modular floating
permeable bank protection spur for river
engineering applications, including bank protection
and channel regulation in rivers characterized by
high hydrological variability and intensive
anthropogenic flow regulation.
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LLly @3eHiHiH, TOMeHTri aFbiCbiHAaFbl APHAbIK NpoLecTepai peTrey YiH
YKaFanayapbl KoOpfay KYpblibiIMAApbIH KONAAHY

1Ep>kaHoBa H.K., 2MycuH X.A., 'AnTbiH6ekoBa A. 1.

Y1.H. T'ymunes amoiHdarel Eypaszus yammelK yHusepcumemi, AcmaHa, Kasakcmat
2Ka3akK cy wapyawblabiesl £blabiMu-3epmmey uHcmumymel, Tapas, Kazakcmat

TYWIHAEME

rmapobekeTiHae

Makana kengi: 27 Haypeiz 2026
CapantamagaH eTTi: 16 mameip 2026
KabbingaHapl: 10 winde 2026

apHanbIK

MaKanaga ruaponoruanbiK PeXKMMHIH, KOFapbl e3repriwTiri »afaarbiHaa LWy e3eHiHiH, TemeHri
aFfbICblHAAFbl aPHANbIK MpouecTepai peTTey YLiH Xafanayabl KOpfFay KypblabICTapbliH KOMAAHY
macenenepi KapacTbipblifaH. 3eptrey 1967-2022 xbingap apanbiFbiHaa TawyTtken (Tacetken)
KyprisinreH

KOMKbINABIK  TMAPONOTUAbIK — Bakbliaynap  AepekTepiHe

HerizgenreH. MbIabIK eH, Ofapbl KaHe opTalla Cy WbIfbIHAAPbIHA, ONapAapblH, e3repriwTiriHe,
aCMMMETPUACbIHA KOHE KaMTamacbl3 eTiNlyiHe JKyprisiireH CTaTUCTUMKaNbIK Tangday cupek
KespeceTiH, 6ipak, apHaHblH AedopMauMACbl MEH KYMAbI-KMbIPLWbIKTACTbl  WeriHainepaeH
KypanfaH »KafanaynapblH, LWaWblNyblHa eneyni acep eTeTiH 3KCTpemandbl Cy TacKblHbI
OKMFanapblHblH, 6ap eKeHiH KepceTTi. ApHaHbl PeTTEeWTIH KypblabiCTapfa acep eTeTiH ecenTik
rMAPABAMKANbIK KYKTeMenepai Herisgey ywiH afbiHAbIHbIH, bIKTUMaAAbIK Tanaaybl KOAAaHbIAAbI.
AHBbIKTaNIFaH FTMAPONOTUANDIK }KaHEe MOPPONOrMANbIK KayinTep HeridiHae UHKEHEPAiK KopFay MeH
npouecrepai

KaNKbIManbl Kafanayabl
KOHCTPYKLMA BTKI3rILUTIK A2peXKeciH peTTeyre, afblH 3HepruAcbiH 6aceHaeTyre JKaHe apTypAi aFbiC
peXUMAEpPIHAE KeprinikTi Wwalblay KapKbIHAbIIbIFbIH TOMEHAETYre MyMKiHAIK 6epeai. AnbiHFaH
HaTukenep LUy e3eHiHiH, TOMeHri afbiCbiHAA YKOHE apHa/blK NpoLecTepi MeH FMAPONOTUANbIK
pexumi aiKblH TypaKcbi3 e3re Ae e3eHaepae berimaenriw sKkafanayabl KOpFay KypblabiCTapbiH
»kobanay meH nanganaHyga KonaaHblaybl MyMKiH.

petTeyre apHanfaH KETINAIPINTEH  KypacTblpMaibl-*KUHAAMaNbI
KOpfay LWWNOPacbiHblH, KOHCTPYKUMACbI YCbIHbINAbL.  ¥CbIHbIAFaH

Tyiiin ce30ep: Kafanayabl KOpfay Wnopackl, WakblNyaaH KOpFay, apHaHbl peTTey, NoAn3TUNEH
apKasblKTapbl, MMAPOTEXHUKANbIK KypblAbIC, KYPaCTbiPMasbl-*KMHAAMabl KOHCTPYKUMACHI, Cy
TACKbIHbIH PETTEY, MTMAPONOTUANbIK 63rePMENINIK, CY WbIFbIHbIHBIH, KAMTAMACbI3 eTinyi.
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MpumeHeHne 6epero3alUTHbIX COOPYKEHUI ANA peryIMpoBaHUA pPycaoBbIX
npoueccos peku LLly B HUXKHEM TeueHUu

'Epsanosa H.K., Z2MycuH XK.A., 'AntbiH6ekoBa A.[l.

1 Eepasulickuli HayuoHanbHbId yHUsepcumem um. /1.H. lymunesa, AcmaHa, Kazaxcma
2 Kazaxckuli HayuyHo-uccaedosamesnsckuli uHcmumym 800Ho20 xo3Aaticmea, Tapas, KazaxcmaH

AHHOTALUMUA
B cTaTbe paccMOTpeHO npumeHeHue 6eperos3aluTHbIX COOPYKEHWI A8 peryvposaHus

PYCNOBbIX MNPOLECCOB B HUXHEM TeuyeHuu peku Ly B ycnoOBUAX BbLICOKOW W3MEHYMBOCTU
rMOPOJIOTMYECKOrO PeXMma. AHanM3 BbINOJIHEH HAa OCHOBE MHOFONETHWUX TUAPONIOTUYECKUX
HabaoaeHnin Ha rmaponocty TawyTkyab (TacoTkenb) 3a nepuog 1967-2022 rr. CtatucTUyeckas
OUEeHKa MaKCMMasZbHbIX W CpeaHUX T[OAOBbIX pPacxo4oB BOAbl, BK/AKOYAA MNOKasaTenu

MocTynuna: 27 mapma 2026 M3MEHYMBOCTU, aCUMMETPMMN 1 0BECNeHeHHOCTH, BbIABUAA HaIMUME PEAKMX, HO SKCTPEMAbHbIX
PeueHsvposaHue: 16 mas 2026 NaBOAKOBbIX COBbITWI, CYLLECTBEHHO BAMAIOWMX Ha gedopmaumio pycina u pasmbie 6eperos,
MpuHaTa 8 neyats: 10 utons 2026 CNOMKEHHbIX  MECYAHO-TPABEAUCTBIMW  OTNIONKEHUAMW.  [na  0BOCHOBAaHMA  PaCYeTHbIX

TMAPABANYECKUX HArpy3oK, AEWCTBYIOLWMX Ha PYCNOPEry/NIMPYIOLME COOPYXKEHUA, MPUMEHEH
BEPOATHOCTHbIN aHaNM3 CTOKa. Ha OCHOBe BbIABNEHHbIX TMAPONOTUYECKUX U MOPDONOTUYECKUX
PUCKOB MpPEeaNOXKEeHa YCOBEPLIEHCTBOBAHHAA CHOPHO-pa3bopHas KOHCTPYKUMA MaaBatoLen
6epero3awmTHOM WNopbl, NpeAHasHAYeHHaA ANA WHMKEHEPHOMN 3almTbl M PeryavMpoBaHus
PYCNOBbIX MPOLECCOB. KOHCTPYKLUMA MNO3BOAAET PeryaivMpoBaTb NPoHMUAEMOCTb, obecneunsatb
paccenBaHUe IHEPrnMM NMNOTOKA U CHUXKATb UHTEHCUBHOCTb Pa3MbiBa MPU PasIUYHbIX peXnumax
TeyeHunsa. nOﬂyHEHHbIe pe3ynbtatbl MOryT 6bITb MCNO/Ib30BaHbl MNPU NPOEKTUPOBAHUMN U
3KCMAyaTauMM afanTUBHbIX HEPerosaLMTHbIX COOPYKEHUIN B HUMKHEM TeuyeHuu peku LWy u Ha
aHA/IOMMYHBIX PEKaX C BbIPAXKEHHOM PYCNIOBOM M MMAPONOrMYECKON HECTaBUNBbHOCTLIO.

Kntoveebie cnoea: 6eperosalmtHas LWMopa, 3awura OT Pa3MblBa, PEryivpoBaHue pyces,
NOAW3TUNEHOBbIE BpPYCbA, MMAPOTEXHUYECKOE COOPYMKeHWe, cHOPHO-pa3bopHan KOHCTPYKLMS,
perysmpoBaHue NaBoAKOB, rMAPONOTr1YECcKas M3MEHUMBOCTb, 06ECNEYEHHOCTb PAaCcXO0B.
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ABSTRACT

This study aimed to determine the geochemical partitioning of total rare earth elements (2REE),
thorium (Th), and uranium (U) in ion-adsorption clays (IACs) from the Gemang area, West
Kelantan, Malaysia, and to evaluate how this partitioning may influence selective REE recovery
with limited radionuclide mobilisation. An eight-step sequential extraction procedure was applied
to representative saprolitic IAC samples, and the extracted fractions were analysed by ICP-OES.
Pearson correlation analysis and principal component analysis (PCA) were further used to examine
associations among XREE, Th, U, and selected major elements. The sequential extraction results
showed that ZREE were concentrated mainly in the ion-exchangeable fraction (average 22.0%),
with additional contributions from the residual fraction (15.3%) and a notably high proportion in
the primary sulphide step (53.4%). In contrast, Th and U were concentrated mainly in the primary
sulphide fraction (54.4% and 41.3%, respectively) and the residual fraction (26.2% and 45.0%,
respectively). Major elements such as Al, Fe, Mn, Ca, and Na showed distributions consistent with
clay, oxide, and refractory mineral hosts. Statistical analysis indicated a positive association
between ZREE and Ca-Na, whereas Th and U were more closely associated with Fe-Mn-bearing
fractions, indicating different host controls and different mobilisation behaviour. These results
suggest that a recoverable REE pool is present in the exchangeable fraction, while most Th and U
remain in less labile phases under the tested operational scheme. The study therefore provides
geochemical evidence that mild ammonium-salt leaching may favour selective REE recovery from
Gemang IACs while limiting the release of naturally occurring radioactive materials, although
further mineralogical validation and dynamic leaching tests are still required.

Keywords: rare earth elements, thorium, uranium, sequential extraction, lon-adsorption clay,
west Kelantan, correlation analysis.
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Introduction

lon-adsorption clay

management and product quality [[2], [3]]. This
study addresses the partitioning of ZREE, Th and U

(IAC) deposits are an among operationally defined geochemical fractions

important class of secondary REE resources—
particularly in subtropical and tropical weathering
profiles—because they host a significant fraction of
REEs as adsorbed ions on clay mineral surfaces,
making low-impact extraction by ammonium-salt
leaching feasible [1]. However, the co-occurrence of
naturally occurring radioactive materials (NORMs)
such as Th and U can complicate environmental

in 1ACs from the Gemang area (West Kelantan,
Malaysia), and the statistical relationships between
these trace elements and major matrix components
(Al, Fe, Mn, Ca, Na). The goal is to demonstrate
mineralogical and chemical controls on element
mobility and to provide evidence-based
recommendations for selective in-situ leaching
strategies that minimize Th/U mobilisation.
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Recent studies emphasise the importance of
mineralogical controls and quantitative validation
(DXRD/XRD, SEM—EDS, and multivariate statistics)
for interpreting sequential extraction results [[4, [5],
[6]]. Building on this work, a dataset of partitioning
and correlation analyses was presented using
Agilent 51100 SVDV ICP-OES data, and it includes
robust methodological details and QA/QC to
strengthen reproducibility.

Experimental part

Sampling and Study Area

The study samples were collected from drill core
G3 (Gemang area, West Kelantan) at depths of 7.5—
10.0 m, from the B horizons of a weathered granitic
saprolite profile developed under humid tropical
conditions. Representative intervals (7.5, 8.0, 8.5,
9.0, 9.5, 10.0 m) were sampled. Samples were air-
dried, gently crushed, and sieved to <63 um.

Table 1 - Sequential Extraction Steps

St | Target Reagent Ti Temperatur
ep me | e (°C)
(h)

1 | Water Deionized | 1 Room
Soluble, Free Water
lon

2 lon- 0.5M 2 Room
exchangeable | ammoniu

m
sulphate

3 | Weak Acid 0.5 M| 2 Room
Dissociable acetic acid

4 | Associate with | 0.2 M |1 Room (dark,
Fe (I11) oxalic acid no light)
oxyhydroxides
and Mn
oxides

5 | Associate with | 0.2 M |2 80 (water
Fe (Ill) oxides | oxalic acid bath)

6 | Organics and 35% 1 80 (water
supergene hydrogen bath)
sulphides peroxide

7 | Primary KClOos + | 4 150
sulphides HCl + 4 M

HNO;
8 | Residual HF + HNO; | 12 | 185
+ HC|O4

Sequential extraction procedure

An eight-step sequential extraction, as shown in
Table 1, modified from Dold (2003) and Shi et al.

(2014) to suit the mineralogical and analytical
conditions of the present IAC samples [[7], [8]], was
applied to each sample. The solid-to-liquid ratio was
1:50 (w/v). Extraction steps and conditions were: (1)
water-soluble (deionized water, 1 h, RT, 1:50); (2)
ion-exchangeable (0.5 M (NH4),SO4, 2 h, RT); (3)
acetic acid (0.5 M CH3COOH, pH~4.5, 2 h, RT); (4)
oxalic acid dark (0.2 M H,C,04, pH~3.0, 1 h, RT,
protected from light); (5) oxalic acid heated (0.2 M
H,C,04, 80 °C, 2 h); (6) 35% H,0, (80 °C, 1 h) for
organics and supergene sulphides; (7) KCIOs + HCI
oxidation followed by 4 M HNOs boil for primary
sulphides; and (8) residual digestion (HF-HNOs;—
HCIO,) for silicate-bound elements. After each step,
samples were centrifuged (3000 rpm, 10 min), the
supernatants filtered (0.45 um), and the filtrates
stored for analysis. The total digestion values were
used as the reference basis for normalising
sequential extraction recoveries and evaluating
cumulative mass balance.

Analytical methods and QA/QC

Elemental analyses were conducted by ICP-OES
(Agilent 51100 SVDV operating in SVDV mode) [[9],
[10]]. Calibration used multi-element standards (0.1,
0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 100 ppm). Method
detection limits (MDLs) for the REEs and actinides
were determined from replicate blanks (n = 8).
Certified reference material (CRM) digests (SY-5) and
laboratory spikes (n = 3) were included to monitor
recovery [11]; mean recoveries for REEs were 92—
106% and for Th/U 88-102%. Duplicate extractions
(n = 10) returned relative standard deviations (RSD)

<7% for major elements and <12% for
low-abundance REEs. Blanks and procedural
controls  confirmed that no  systematic

contamination occurred.

Data processing and statistical analysis

Element concentrations from sequential steps
were normalised to total digestion (complete HF-
HNO;-HCI-HCIO4 digestion) and expressed as a
percentage of the total [12]. Pearson correlation
coefficients were calculated between phase
percentages of ZREE, Th, U, and selected major
elements (Al, Fe, Mn, Ca, Na). Principal component
analysis (PCA) was performed on the centred and
scaled phase percentage matrix to identify major
modes of covariance. All statistics were conducted in
R (v4.2), using the packages stats and FactoMineR.

The overall analytical workflow comprised
sample collection and preparation, sequential
extraction, ICP-OES determination, normalisation to
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total digestion, and statistical interpretation using
Pearson correlation and PCA.

Results and Discussion

Distribution of Thorium, Uranium, and Total
REE Across Extraction Phases

Sequential extraction results of the B horizon of
Gemang (G3) ion-adsorption clay profile are shown
in Table 2 and Figure 1. Thorium (Th), uranium (U),
and total rare earth elements (2REEs) exhibit distinct
geochemical partitioning, i.e., they are distributed in
different mineral phases in different proportions. In
terms of method validity and analytical precision,
the total sequential recovery of each element across
all samples (7.5-10 m) is at 100 + 10%.

Thorium in the collected soil samples was mainly
of the primary sulphide and residual phases at
80.6%; followed by iron (lll), Fe** bound phase at
16.1%; iron-manganese oxide, Fe-Mn oxides bound
phase at 1.4%; and organic and supergene phases at
1.1%, whereas the ion-exchangeable phases were
0.1%, which is almost negligible. This collectively
suggests that Th is primarily associated with
refractory accessory minerals such as thorite,
monazite, and xenotime. These minerals are most
probably bound within crystalline Fe-oxyhydroxides
or phosphate phases, which can only be dissolved by
strong acid [[13], [14]]. Thorium thus cannot be
desorbed from the surface by ion exchange.

Uranium has a similar phase partitioning pattern
where U is embedded in the primary sulphide and
residual phases at 86.3%; followed by Fe** bound
phase at 7.6%; Fe-Mn oxides bound phase at 2.4%,
and weakly acid-dissociable at 1.7%. No U has been
found in the ion-exchange, organic, and supergene
phases. This together suggests that uranium is also
mainly associated with refractory accessory
minerals such as uraninite, apatite, allanite and
zircon [[15], [16]]. Only a small portion of U is
liberated in the water-soluble phase as uranium (VI),
U®, at 1.9%. Uranium in the form of the tetravalent
ion, U*, as in the Fe-Mn oxides, primary sulphide
and residual phases, is less soluble and thus
immobile in the ion exchange phase. The mobility of
uranium depends strongly on redox conditions and
is thus convertible.

The large sulphide-association of Th (54.4%) and
U (41.3%) suggests that Th and U are mainly hosted
or included in the hypogene sulphide phase.
Essentially, a low exchangeable fraction Th and U
(<0.1%) indicates that they are not easily mobilised
by simple changes in the surrounding water’s ionic

composition. This is a key finding for operational
safety in the conventional use of ammonium
sulphate, as the release of radioactive elements is
thus limited and poses a low risk of immediate
widespread contamination. Despite their stability in
the raw soil exchangeable fraction, Th and U can be
co-precipitated during processing and concentrated
as beneficiation proceeds from intermediate
products to tailings [17].

In contrast, the total rare earth distribution,
JREE, was more mobile and readily leached by
ammonium sulphate. 25.5% of XREE is of ion-
exchangeable and weak-acid leachable phases. It is
somewhat consistent with the ion-adsorption type
lateritic clays of southern China and Malaysia [[18],
[19]]. The ZREE in the ion-exchangeable fraction at
22% affirms that the Gemang IACs are ion-
adsorption systems with a significant recoverable
REE pool by mild salt leaching. The residual ZREE
fraction at 15.3% likely reflects structural
incorporation in aluminosilicate lattices, e.g.,
phyllosilicate interlayers or REE-bearing accessory

minerals such as monazite/ xenotime in fine
fractions [20]. The small contribution of
oxalate-extractable fractions indicates limited

binding to poorly crystalline Fe-oxyhydroxides [21].
The unusually high proportion of ZREE in the
sulphide fraction at 53.4% contrasts with typical IAC
behaviour, where REEs are predominantly
exchangeable. This suggests that REE-bearing
sulphides may be present in specific samples,
potentially as unique or localized mineral phases or
sulphidic micro-inclusions [[22], [23]]; incomplete
selectivity of the sulphide extraction step using
KCIOs + HCl oxidation then HNOs; (operational
overlap) may partially leach non-sulphide REE hosts
e.g., poorly crystalline Fe-oxides, or loosely bound
REE complexes, artificially inflating REE in the
sulphide fraction or co-precipitation of REE with
sulphide/Fe—Mn phases during weathering.

Table 2- Average phase distribution (%) of REE, Th, U and
major elements from sequential extraction (n=6)

Elemen Water- lon- Aceti Oxali Oxali H.0 Primary Residua
t solubl exchang cacid ¢ acid ¢ acid 2 Sulphid I

e e (dark) (80°C) e
able

REE 0.2 22.0 3.5 0.9 43 04 | 534 153

Th 0.1 0.1 0.6 1.4 161 | 11 54.4 26.2
U 1.9 0.0 17 2.4 7.6 0.0 | 413 45.0
Al 0.0 0.3 0.0 0.6 31 0.3 13.3 82.5
Fe 0.0 0.0 0.0 0.1 11.7 | 1.0 53.5 33.7
Mn 0.0 1.9 0.5 2.6 246 | 2.0 | 449 235
Ca 14.4 60.9 6.9 3.0 0.7 0.1 | 47 9.3

Na 1.6 20.2 404 | 2.0 3.0 1.4 12.6 19.9
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Average Phase Distribution of Total REE, Th, and U
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Figure 1 - Phase Distribution of Total REE,
Th and U of average G3 soil profile(n=7)

Correlation Between Th, U, REE and Major
Elements

Pearson correlation coefficients rounded to one
decimal place (Table 3), and PCA results (Figure 2)
reveal two principal geochemical associations
distinct from the earlier hypothesis. Thorium and
uranium are very strongly correlated (r = +0.90),
confirming their common mineralogical host and co-
behaviour during weathering. Both Th and U exhibit
negative correlations with Fe, Mn, Ca, and Na
(r=-0.5 to -0.6), indicating that these actinides are
not controlled by secondary oxide or exchangeable
carbonate phases, but are instead retained in
refractory mineral lattices such as monazite-
xenotime or thorite-type phosphates [24]. Their
weak to moderate positive correlation with Al (r =
+0.5 to +0.6) suggests partial structural substitution
or mechanical entrapment within aluminosilicate
residues [25]. Th and U remain structurally
sequestered within stable mineral phases, reducing
their mobility during in-situ leaching operations.

Table 3- Pearson correlation matrix (phase percentages)

Element | Th U SREE Al Fe Mn Ca Na
Th 1.0

U 0.9 1.0

SREE 0.1 0.3 1.0

Al 0.6 0.5 0.2 1.0

Fe -0.5 -0.6 | -0.4 0.1 1.0

Mn -0.4 -0.3 0.2 0.1 0.7 1.0

Ca -0.6 -0.6 | -0.5 -0.4 0.6 0.3 1.0

Na -0.4 -0.6 | -0.3 -0.5 -0.1 -0.3 -0.2 1.0

In contrast, the XREE group shows a weak
positive correlation with Al (r=+0.2) but a mild
negative relationship with Fe (r=-0.4) and Ca (r=-0.5).
This trend implies that REEs in the Gemang ion-

adsorption clay are not strongly bound to Fe—Mn
oxides or carbonates, but are instead associated
with clay mineral surfaces through outer-sphere
cation exchange. The absence of a positive ZREE-
Ca/Na correlation contradicts the behaviour
observed in some South China IACs [26], highlighting
local mineralogical control in which kaolinite-
dominated matrices limit alkaline exchange
buffering.

However, given the limited sample size (n=6),
the correlation coefficients should be interpreted as
indicative rather than definitive. However, the
magnitude of some correlations (r > 0.7) is high
enough to suggest real covariant behaviour
deserving further mineralogical corroboration.

Principal Component Analysis (PCA)

Principal component analysis (PCA), as shown in
Figure 2 of the phase-percentage matrix (Table 2),
extracted two components that explained 70.0% of
the total variance (PC1: 45.4%; PC2: 24.7%).

PC1 separates phases associated with
exchangeable /leachable pools from lithogenic
/oxidative pools, i.e., strong positive loadings on lon-
exchangeable and Water-soluble contrast with
negative loadings on Primary sulphide, Residual,
H,0,, and Oxalic acid at 80 °C. PC2 contrasts Residual
(positive) with H,0, and Oxalic acid at 80 °C
(negative), distinguishing more refractory host
control from oxide- and organic-bound
contributions.

In score space, Ca and Na plot toward the lon-
exchangeable /Water-soluble quadrant, consistent
with the readily leachable REE association, while Th,
Fe and Mn align with Primary sulphide and oxidative
phases, and Al is aligned toward Residual, reflecting
its clay-framework affinity. REE and U sit
intermediate but trend toward lon-exchangeable vs
Residual, respectively, supporting the selective
exchangeability of REE under mild ammonium
leaching with limited co-mobilisation of Th/U.

PCA Biplot: Phase Partitioning (% basis)

3 i i
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PC2 (24.7%)
=

— . Water-sqluble

—__ lon-exchangeable

—
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PC1 (45.4%)

Figure 2- PCA Biplot of Phase Partitioning
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Samples at 8.0 - 9.0 m depth plot as shown in
Figure 3, toward the REE-enriched quadrant,
reflecting zones of higher weathering and greater
ion-exchange potential, whereas deeper samples
(29.5 m) cluster in Th-U-Fe-rich domains, suggesting
lithogenic enrichment and incomplete alteration.
The PCA plot demonstrates that the 8.0-9.0 m depth
is the most favourable for REE leaching using ion-
exchange ammonium sulphate, as a high proportion
of the ion-exchangeable phase characterises this
zone. In contrast, in the deeper depths, particularly
those 2 9.5 m, REE recovery is less favourable. This is
because the REEs in these depths are more strongly
associated with refractory phases, i.e., residual or
primary sulphide phases. Stronger acids are needed
to break down and release the REEs if these phases
are intended for extraction. This geochemical
differentiation illustrates the natural zonation of the
soil profile, which can be utilised as a selective in-situ
leaching strategy. The processing zone can thus be
divided into two: the shallow zones using milder,
more cost-effective, and environmentally friendlier
leaching agents, while the deeper zones use
stronger, more potent acid—complexant
combinations to mobilise the refractory-bound REEs
[[26], [27]].

PC2 (25.71%)

XDeplh: 9.0m

Ca

-4 -2 o
PC1 (58.27%)

Figure 3- PCA Biplot of Elements Partitioning in Depths

Implications for the process design of selective
in-situ leaching

The clear geochemical separation between
exchangeable YREE and refractory Th/U implies that
mild ammonium-salt leaching can preferentially
mobilise REEs while leaving Th and U immobile,
provided leaching remains non-oxidative and pH is
controlled above 4. To reduce the risk of releasing
Th/U due to sulphide/oxide dissolution, the leaching
solution should not contain strong oxidants and
should be maintained near-neutral to mildly acidic
conditions.

The natural zonation and vertical variation in
exchangeable IREE and major element
concentrations, as indicated by PCA sample spread,
suggest that in-situ leaching designs should also
consider  stratigraphic  variability. Early-stage
exploration should prioritise mapping vertical
heterogeneity within the exchangeable fraction of
the deposit to delineate the high-value zones
accurately. This spatial understanding enables the
application of selective leaching techniques, such as
targeted well placement or confined percolation, to
preferentially recover exchangeable rare earth
elements (REEs). This targeted approach optimises
efficiency by minimising overall reagent
consumption, thereby reducing the operation's
environmental footprint.

A robust monitoring strategy is also important
during leaching operations. Dissolved iron (Fe) and
manganese (Mn) concentrations, and the redox
potential, should be included as key monitoring
parameters. These measures serve as critical
indicators of incipient sulphide oxidation, an event
that could lead to the unintended mobilisation of
thorium (Th) and uranium (U) into the leachate pool.

Limitations and recommendations for future
research

Data derived from sequential extraction
procedures have some inherent limitations. The
methods are operationally defined to ensure
accuracy and repeatability. However, the results are
consequently dependent on the specific extraction
procedure and matrix. Furthermore, in this study,
only a small sample size was used (n=6), which limits
statistical power and thus does not reflect regional
conditions.

To overcome the limitations and enhance
understanding of the deposits, more samples from
the spatial lateral and vertical profiles should be
collected and data included to produce a more
statistically significant data set [28].

Other mineralogical and geochemical methods
should also be included to minimise ambiguities. X-
ray diffraction (XRD) can be used to analyse the
removal or persistence of mineral phases before and
after leaching [29]. Scanning electron microscopy
with energy-dispersive X-ray spectrometry (SEM-
EDS) and Laser Ablation Inductively Coupled Plasma
Mass Spectrometry (LA-ICP—MS) can be employed
to visually identify the elements hosted in the
mineral matrix [30].

To bridge the gap from laboratory data to
operational reality, pilot leach tests, such as small
columns, are needed to simulate in-situ conditions
and thus allow further optimisation.
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Conclusions

The sequential extraction results show that rare
earth elements (ZREE), thorium (Th), and uranium
(U) in the Gemang ion-adsorption clay do not share
the same geochemical behaviour. ZREE display a
meaningful exchangeable component, with an
average of 22.0% occurring in the ion-exchangeable
fraction, confirming that part of the REE inventory
remains potentially recoverable by mild ammonium-
salt leaching. In contrast, Th and U are concentrated
mainly in the primary sulphide and residual
fractions, indicating stronger retention in less labile
phases and lower susceptibility to release under
simple ion-exchange conditions.

The correlation and PCA results support this
distinction. ZREE show closer association with Ca
and Na, consistent with exchangeable or weakly
bound occurrence, whereas Th and U are more
closely associated with Fe- and Mn-bearing phases
and refractory mineral hosts. This separation in
geochemical behaviour suggests that selective
mobilisation of REEs is more feasible than co-
mobilisation of radionuclides under mild leaching
conditions. However, the unusually high 2REE
proportion in the primary sulphide step indicates
that some overlap between operational fractions
remains possible, and that the extraction sequence
should be interpreted as an operational partitioning
tool rather than a direct mineralogical
determination.

From a process perspective, the results support
the view that ammonium-sulphate leaching can
preferentially target the exchangeable REE pool
while limiting Th and U release, provided that the
leaching system remains non-oxidative and
chemically controlled. This is important for the

design of safer and more selective REE recovery
routes from Malaysian ion-adsorption clays, where
minimising radionuclide mobilisation is a key
environmental and operational requirement.

At the same time, the present work should be
treated as a geochemical and operational baseline
rather than a complete process validation. Future
work should include direct mineralogical verification
of host phases by XRD, SEM-EDS, and LA-ICP-MS,
together with dynamic column or pilot leaching tests
to confirm whether the selective behaviour inferred
from sequential extraction is maintained under
realistic in-situ leaching conditions.
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TYWNIHAEME

Byn 3eptTey Manai3uaHbiH batbic KenaHTaH KanacbiHAasbl FemaHr alimasbiHaH anblHFaH MOHABIK-
agcopbumanbik casgapgarbl (MAC) Kannbl CMpeK KesfeceTiH Kep 3nemeHTTepiHiH, (ZREE),
Topuigi, (Th) kaHe ypaHHbiH (U) reoxumuanbik, 6eniHyiH aHbIKTayfa KaHe 6yn 6GeniHyaiH
LeKTeyNi PaAMOHYKAMATI mobununsaumameH MAC-Tbl cenekTUBTI KannblHa KenTipyre Kanai acep
eTyi MYMKiH eKeHiH b6afanayra bafbiTTanfaH. OkineTri canpoaunttik MAC yarinepiHe ceris caTtblnbl
Ti3BeKTi 3KCTpaKuMA npoueaypacbl KOAAaHbINAbl, an anbiHfFaH dpakumanap ICP-OES apKplibl
TangaHapl. MUPCOH Koppenaumanbik Tanaaybl XaHe Herisri KomMnoHeHTTiK Tangay (PCA) ZREE, Th,

Makana kengi: 1 kapawa 2025 U KaHe TaHAanfaH Herisri afnemeHTTep apacbiHAafbl 6aitNaHbICTbl 3epTTey YLWiH KonAaHblnabl.
CapantamagaH eTTi: 30 Kapawa 2025 Ti3beKTi aKcTpakuma Hatuxkenepi ZREE HeridiHeH MOH anmacTbipbliaTtbiH dpakumaga (oprawa
KabbingaHapl: 13 winde 2026 22,0%) wWofblpNaHfaHblH, Kanablk dpakumagaH (15,3%) KocbiMLa ynectep KOCbUIFaHbIH YKaHe

6acTankbl cynbdu caTbicbiHAA alTap/bIKTal Kofapbl yaecke ue GonfaHbiH (53,4%) KepceTri.
KepiciHwe, Th xaHe U HerisiHeH 6acTtankbl cynbdua dpakumacbiHaa (cavikeciHwe 54,4% kaHe
41,3%) »kaHe Kanablk dpakumaga (cavikeciHwe 26,2% xaHe 45,0%) worblipnaHfaH. Al, Fe, Mn, Ca
»aHe Na cMAKTbI Heri3ri aneMeHTTep cas, OKCUA, KaHe OTKa Te3iMAj MUHepanabl uenepmeH calikec
Tapanyabl Kepcetti. CTatucTMKanblK Tangay XIREE aHe Ca-Na apacbiHgafbl OH, HainaHbICTbl
KepceTTi, an Th »kaHe U Fe-Mn 6ap dpakumanapmeH Tbifbi3 6ainaHbicTl 6onapl, byn aptypai ve
6akblnaynapbl MeH apTypAai Mobunmnsauma MiHes-Ky/KblH KepceTegi. byn HaTUKenep anmacatbiH
dpaKumMaga KannbiHa KeNTipineTiH cMpek KesaeceTiH Kepaeri 3 IMeHTTep Ny/blHbIH 6ap ekeHiH, an
Th »kaHe U-HblIH Kenwiniri TekcepinreH nariganaHy cxemacol 60MblHLLIA OHLWA TypaKcbl3 dasanapaa
KanatbiHbIH KepceTeni. COHAbIKTaH 3epTTey aMMOHWMIA-TY3Abl KyMCaK LWalkmanay Tabusu
pPaAVoaKTUBTI MaTepuangapabliH, LWbIFAPbUIYbIH LWeKTeil oTbipbin, FemaHr  WAC-TaH cupek
Ke3AeceTiH Xepaeri 3/IMeHTTepai CeneKkTUBTI TypAe KaanblHa KenTipyre biKknan eTyi MyMKiH
eKeHAiriHiH, reoXMMUANBIK AanenaepiH yCbiHaAbl, AereHMeH MUHePanornanblik BaauaaLma KaHe
AMHAMUKabIK Waiimanay CbIHaKTapbl 91 Ae KaxeT.

TyliiH ce30ep: CMpPeK Ke3[ecCeTiH }Kep 3N1eMEeHTTepi, TOPUI, ypaH, Ti3BeKTel 3KCTpaKumsA, UOH-
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Aemopnap mypasnel aknapam:

PhD OoKmopaHm, folAbIMU Kbi3MemKep, BUOUHMCeHepua XaHe mexHOs02us hakyaememi,
AMbIH, cupeK xep XaHe mamepuandbiK mexHosozuaaap opmaneirel, KenaHmad Manad3us
yHusepcumemi, 17600 [xcenu, KenaHmaH, Manadlsusa. Email: chang.shenchang@yahoo.com

Chang S.C.

FoinbIMU Kbl3MemKep, AIMbIH, CUPEK Hep HIHe Mamepuandap mexHOs02UAAapsl OpmMasbiFl,
Fendy N.A. Manalizua yHugsepcumemi KenaHmaH, 17600 [xcenu, KenaHmaH, Manalizus. Email:
nurafikahfendy@gmail.com

JouyeHm, dupekmop, BuouHx3ceHepua #aHe mexHoao2uAnap akyasmemi, AAmeiH, CUPeK Xep
Shoparwe N.F. HaHe MamepuandbliK MexHo02uAnap opmansirsl, Manatizua yHusepcumemi Keaanmat, 17600
[xcenu, KenavmaH, Manadizua. Email: fazliani.s@umk.edu.my

JloyeHm, mexHUKanblK KeHecwi, bUOUHMeHepuA 3aHe mexHoM02uA hakynbmemi, AImelH, cupex
Yusoff A.H. Hep HaHe mamepuandelk mexHosno2uanap opmansifel, KenaHmaH Manalizua yHusepcumemi,
17600 [ixenu, Kenanmax, Manaiizusa. Email: hafidz.y@umk.edu.my

Feoxmmunueckoe pacnpegeneHne U Koppenauusa peaKkosemesbHbiX 3/1EMEHTOB,
TOPUA U ypaHa B MIOHHO-3aACOPOLMOHHDBIX rNMUHAX paiioHa FemaHr,
3anagHbiii KenaHntaH, Manaiisusa

Chang S.C., Fendy N.A., Shoparwe N.F., Yusoff A.H.

YHusepcumem Manalizuu KenaHmaH, Manatizus

AHHOTAUMA

Llenbto gaHHOroO MccnepoBaHua 6bIN0 onpeseneHne reOXMMUYECKOro pacnpeseneHuns obuiero
KonnyecTBa peaKo3emesbHbiXx 3nemeHToB (XIREE), Topua (Th) u ypaHa (U) B WOHHO-
aacopbuUMOHHBIX ranHax (MAT) u3 paiioHa FemaHr, 3anagHbii KenaHtaH, Manaisua, a Takwke
OLEHKa TOro, KaKk 3TO pacnpefeneHne MOMKET BAUATb HA CENEKTUBHOE u3BnedyeHue P33 npu
orpaHnYeHHOW MOBUAN3aLMM PaaMOHYKAMA0B. K penpeseHTaTBHbIM 06pa3Lam CanpoanToBbIX

Moctynuna: 1 Hoabpsa 2025 MAT 6blna npumeHeHa BOCbMMUCTyMeHYaTas npoueaypa nociaefoBaTelbHOM 3KCTpaKuuu, a
PeueHsnpoBaHue: 30 Hosbpa 2025 n3BneyeHHble $pakumMm 6bian  npoaHanusupoBaHbl Metogom ICP-OES. [Ona  u3yyeHwus
MpuHAaTa B Nneyatb: 13 urona 2026 B3aumocBasei mexay 2ZREE, Th, U K HeKOTOpbIMW OCHOBHbIMW 3nemMeHTamMu 6blan

[OMONHUTENIbHO  UCNONb30BaHbl  KOPPENAUMOHHbIM aHanu3 [MpcoHa M aHanAu3  NaBHbIX
KomnoHeHToB (PCA). Pe3ynbTaTbl NOCNeA0BaTe/IbHOM 3KCTPAKLMKU NOKa3anu, yto SREE B OCHOBHOM
CKOHL,EHTPUPOBaHbI B MIOHOOBMEHHOM dhpakumu (B cpeaHem 22,0%), C LONONHUTENbHBIM BKNAL0M
ocTatouHol ¢pakummn (15,3%) v 3aMeTHO BbICOKOM fonelt B NepBUYHOMN CynbOUAHOW CcTaauu
(53,4%). Hanpotus, Th n U 6biAn CKOHLEHTPUPOBAHbI B OCHOBHOM B NEPBUYHON CybdUAHON
dpakumn  (54,4% wn 41,3% COOTBETCTBEHHO) W oOCTaTouyHOM dpakummn (26,2% u 45,0%
cooTBeTCTBEHHO). OCHOBHbIE 3/1eMeHTbI, Takue Kak Al, Fe, Mn, Ca u Na, nokasanu pacnpegenexue,
COOTBETCTBYIOLEE T[IMHUCTBIM, OKCUAHbIM W  TYronaaBKMM MWHEPaNbHbIM  BMELLAoWUM
nopogam. CTaTUCTUYECKWUIA aHaIM3 MOKasa NoNOKUTENbHYIO Koppensauuio mexay 2REE n Ca-Na,
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Torga Kak Th u U 6b11u 6onee TecHo caasaHbl ¢ Fe-Mn-cogepskalwmmu bpakumamu, 4to ykasbisaet
Ha pasnnyHble GaKTOpPbI, BAUAIOWME Ha BMELLAIOWYIO MOPOAY, U PasinyHOe NoBeAeHue npu
Mobunusauuu. 3T pesynbTaTbl NpeAnonarailoT, YTO B OBMeHHOM ¢paKuuu npucyTcTByeT
BOCCTaHaBAMBaeMbli nyn REE, B To Bpems Kak 60bluas yactb Th u U ocTaetca B meHee 1abubHbIX
basax npu NPOTECTMPOBAHHOW cxeme 3Kcniyatauuu. Takum o6pasom, uccnegoBaHue
npeaocTaBnfeT reoXMMUYecKMe [OKasaTenbCTBa TOrO, YTO  MATKOE  BbllenauynBaHue
AMMOHUIHBIMM CONAMM MOXKET CMOCOBCTBOBATL CENEKTUBHOMY M3BneveHuto REE U3 pyaHbix
MECTOPOXKAEHUI [emaHr, orpaHuuMBas npu 3TOM BbIGPOC MPUPOAHLIX PAANOAKTUBHBIX
MaTepWanoB, XoTA A/ NOATBEPKAEHWA 3TOr0 HEOb6XOAMMbI AanbHEeNWne MUHEpanoruyeckme
UCCNef0BaHUA U AMHAMUYECKME UCMbITAHWA Ha BbILLeaunBaHue.

Kmiouesble cnoea: pearosemesibHble 3/eMeHTbl, TOPUiA, ypaH, nocaefoBaTeNbHas SKCTPaKLUMS,
WOHHO-aACOPBLUMOHHAA IWHa, 3anafHblii KenaHTaH, KoppenaumMoHHbIN aHanus.
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ABSTRACT

This paper presents the results of a comprehensive mineralogical study of oxidized copper-
porphyry ore from the Koktashal deposit. Optical microscopy, silicate analysis, and quantitative
phase analysis were used to characterize the mineral composition and forms of copper occurrence
in the oxidation zone. The ore contains 0.735% total copper, of which 89.8% occurs in oxidized
form, 6.39% in primary sulfides, 2.72% in secondary sulfides, and 1.09% in water-soluble form. The
principal ore minerals are malachite (1.5-2.0%) and azurite (0.3—0.4%), accompanied by hematite
with magnetite (0.5%), goethite (0.2%), and pyrite (0.2%), whereas copper sulfides and native
copper occur only in trace amounts. The integration of classical mineralogical methods with
guantitative phase analysis provides new insights into the distribution of copper occurrence forms
and their relationship to oxidation processes. Malachite and azurite occur as well-crystallized vein
and nest aggregates as well as colloform earthy masses developed along microcracks in association
with iron hydroxides. Their close association with iron hydroxides and the near absence of copper
sulfides represent a diagnostic feature of the oxidation zone in copper-porphyry systems. These
findings improve the assessment of supergene alteration during exploration and support the
classification of oxidation-zone ores as a distinct geological and industrial type for reserve
estimation, ore body delineation, and processing scheme selection.

Keywords: Koktaszhal, copper-porphyry deposits, oxidized ores, phase analysis of copper,
malachite, azurite, forms of gold, material composition.
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Introduction

The importance of copper globally is determined
not only by its wide range of industrial applications,

but also by the steady increase in demand for the
metal over time. According to the International
Copper Association (ICA) [1], approximately 28
million tons of copper are consumed annually
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worldwide, with nearly 70% used in electrical and
communication applications, which directly relates
to the metal's excellent electrical properties. At the
same time, the International Copper Study Group
(ICSG) [2] reports that global consumption of refined
copper has increased more than threefold over the
last 50 years, reflecting a long-term trend in growing
demand from energy, construction, mechanical
engineering, transportation, and electronics
industries.

In these conditions, copper deposits with large
reserves and resources, capable of providing a stable
long-term raw material base, are particularly
important. Among them, porphyry copper deposits
play a leading role, considered the world's largest
source of copper and an important source of
molybdenum, gold, and silver [[3], [4]]. Their
industrial value stems from the combination of
enormous ore masses, significant total reserves, the
possibility of open-pit mining, and integrated
extraction of several valuable components. Even
with relatively low copper grades, these deposits
form the basis of the modern global copper mining
industry [[3], [4]].

A key feature of porphyry copper deposits is the
combination of relatively low average metal grades
with extremely large ore systems. The United States
Geological Survey (USGS) [3] emphasizes that the
average copper content in porphyry deposits was
approximately 0.44% in 2008, but their economic
significance remains exceptionally high due to the
large scale of mineralization, which is often
measured in hundreds of millions and even billions
of tons of ore [1]. It is this combination of low
content and gigantic volumes that makes porphyry
copper a unique type of mineral resource and
determines its special role in global metallurgy [[1],
(311

In modern conditions, interest in porphyry
copper systems is growing due to the energy
transition and the rising demand for copper as a key
metal for electrification. According to the
International Energy Agency (IEA) [[5], [6]], total
copper demand may rise from 25.855 million tons in
2023 to 36.379 million tons by 2040, with the need
for clean energy technologies growing particularly
rapidly [[5], [6]]. In this context, porphyry copper
deposits are considered among the most promising
types of mineralization capable of significantly
increasing copper reserves. This area is particularly
important for the Republic of Kazakhstan, which has
high potential for porphyritic copper mineralization
[[71,181,[9],[10],[11]] within the Central Asian fold

belt. Moreover, a significant portion of known
deposits is in mature stages of exploitation, making
detailed study urgent and the identification of new
deposits, including hidden and deep ore bodies, a
priority [[12],[13],[14]]. State policy in the field of
subsoil use focuses on addressing these problems.
Geologists face a range of interrelated scientific and
applied issues in developing geological and genetic
models for porphyry systems, identifying criteria for
predicting concealed mineralization, and integrating
geophysical and geochemical techniques into
detailed exploration of the geological characteristics
of porphyritic copper mineralization [[2],[5]]. These
trends underscore the importance of both searching
for new porphyritic deposits and conducting in-
depth exploration of known ones, including their
mineral composition, mineralogical properties, and
the forms of occurrence of valuable components.
Accordingly, this work aims to conduct a detailed
mineralogical study of oxidized copper-porphyry
ores from the Koktaszhal deposit, determining their
material composition, the forms of copper
occurrence, and the ratios among oxidized,
secondary, and primary forms.

Geological settings

The Koktaszhal deposit is located in the
Egindybulak district of the Karaganda region (Fig. 1),
30 km northwest of the district center of Eginbulak
[[15],[16]]. In regional-geological terms, it s
confined to the eastern part of the Spassky
anticlinorium. It is associated with an anticlinal fold
composed of andesite-basalt porphyrites and their
tuffs, with interlayers and lenses of rhyolite, dacite,
siliceous tuffite, sandstone, siltstone, and limestone

from the Middle Devonian period. The
aforementioned volcanogenic-sedimentary
formations have been wuniversally cataclased,

sheared, and propylitised, indicating significant
tectonic reworkings and hydrothermal-metasomatic
transformations of rocks [[15], [16]].

Intrusive magmatism is represented by the
granitoids of the Koktaszhal Massif, which belong to
the tonalite-granodiorite-plagiogranite suite and
exhibit a three-phase structure. The first phase
consists of gabbro and diorite; the second includes
quartz diorites, tonalites, and granodiorites, which
make up the main part of the massif; and the third
comprises additional intrusions of plagiogranitic and
granitic porphyries.

Ore-bearing structures are sill-like apophyses of
the Koktaszhal Massif, formed by third-phase
plagiogranitic porphyries and traced over about
1.300 meters (see Fig. 2).




2028; 346(3):28-39

ISSN-L 2616-6445, ISSN 2224-5243

Asgana
Ko?shy Arshaly Bayanaul Beskav%gﬂ'r
o Molodezhny o Kurchatov
Temirtau .Koktaszhul
v Kavaganda
Karkaralinsk
Kng 1]
Zhanaarka Authnly
Figure 1 — Location of the Koktaszhal
Copper-Porphyry Deposit
Mineralization in the volcanic rocks is

predominantly found at contact zones, indicating a
close  spatial relationship between  ore
mineralization and late-stage porphyritic intrusions.

1 —weakly brownish bladed clays; 2 — quartzites over
porphyrites and their tuffs; 3 — plagiogranit porphyry and
granodiorite porphyry; 4 — secondary quartzite over
porphyrite; 5 — albitophyres; 6 — secondary quartzite over
plagiogranit porphyry; 7 — diorite porphyry;

8 —diabase porphyrite; 9 — tectonic faults

Figure 2 — Geological map of Koktaszhal Deposit [7]

The structural control of mineralization is
evident in the development of a quartz-sulfide
stockwork, which is concentrated primarily in the
hanging wall of an apophysis. This stockwork is

accompanied by intense quartzization, resulting in
the formation of monocrystalline quartz rocks.
Quartz veins are located along schistose planes and
sometimes constitute up to 60-80% of rock volume,
with the spaces between them filled with chlorite-
sericite aggregates. The main ore mineralization
associated with this vein system is represented by
quartz-chalcopyrite and quartz-chalcopirite-bornite
veins [15]. Thus, the Koktaszhal ore field is
characterized by distinctly expressed vein-
disseminated and stockwork-type mineralization
that is structurally controlled by schistification zones
and contact zones of intrusive bodies.

An essential feature of the deposit is the
extensive development of the oxidation zone, which
can be clearly traced to a depth of 20-50 meters.
Malachite, azurite, chrysocolla, native copper, and
goethite are found within this zone. At the same
time, the leaching zone and the zone of secondary
sulfide enrichment are virtually absent, with only
occasional grains of covellite and chalcopyrite being
observed up to a depth of about 90-95 meters
[[15],[16],[17],[18],[19]]. This characteristic of the
structure of the upper portion of the ore body
suggests that the predominant processes involved
are  oxidative transformation of  copper
mineralization without formation of a distinct
horizon of secondary sulphide enrichment
[[18],[19]].

According to mineralogical and petrographic
studies, ore-bearing rocks are represented by
silicified acidic intrusive rocks, monocrystalline
quartz formations, and layered schistose quartz-
mica-chloritic rocks, often with interlayers of
injected intrusive rock [[18],[19]].

Rock-forming minerals include quartz (43-45%),
acidic plagioclase (31-33%), chlorite (9-11%),
hydrophlogite (8-10%), and dolomite (2-3%). In
some varieties of rock, intense fracturing is noted,
with the development of microfractures, sericite,
and impregnation with iron hydroxide, with fine
inclusions of ore minerals and free gold grains [18].
This allows us to consider microfracturing and
schistosity as the most significant structural and
textural characteristics that control the distribution
of mineralization within the deposit [[19],[20]].

In general, the geological and structural features
of Koktaszhal are determined by a combination of
the anticlinal position of the ore field, mineralization
associated with silicate apophyses of the Koktaszhal
massif, widespread development of quartz-sulfide
veins and intense processes of calcification,
schistosity and propylitisation of host rocks [15]. This
combination reflects the complex structure of the
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ore-magma system and creates structural and
lithological conditions for the formation of vein-
interspaced and oxidised copper-gold mineralisation
at the Koktaszhal deposit.

Research methodology

For a more detailed study of the mineralogical
features of the oxidized copper-gold ores from the
Koktaszhal deposit, results of laboratory studies on
representative technological samples of ore and
mining material were used.

Samples were taken from central parts of ore
bodies - Center-1 and Center-2 sites from upper
horizons of the oxidation zone within the 2nd layer
at 694m. A total of 8 samples of oxidized ore
weighing up to 100 kg, including 6.4 kg, were sent to
the FLSmidth Dawson Metallurgical Laboratories for
analysis. The research involved sample preparation,
mineralogical description, chemical, phase, and
spectral analyses.

These studies included sample preparation,
mineralogical  descriptions, chemical, phase,
rational, and spectral analyses. Main factual data
were obtained during research carried out by the
State Scientific and Production Association of
Industrial Ecology “Kazmekhanobr” (Subsidiary State
Enterprise SSAPIE “Kazmekhanobr”), Kazzink LLP,
East Research Mining and Metallurgical Institute of
Nonferrous Metals “VNITSVETMET”, and FLSmidt
Dawson Metallurgical Laboratories.

Sample preparation for analysis involved mixing
the source material, reducing it by quartering,
crushing, screening, and separating it into
subsamples for individual analysis methods. Loose
samples and a medium-sized sample were collected
for mineralogical study. Individual subsamples were
sent for chemical, fire assay, phase analysis, and
mineralogy analysis.

The mineralogical study of ores was conducted
using optical-mineralogical methods on transparent
and polished thin sections, immersed in liquids, and
on polished artificial briquettes made from a
medium sample and its heavy fraction. This
approach allowed us to determine the composition
of the ore and rock-forming minerals as well as the
morphological features of malachite and azurite.

The mined material was studied using an
Olympus BX51 Pol microscope, a Simagis 2P-2C
video camera and SIAMS Mineral C7 software for
oxidized primary and secondary copper sulfide
deposits in polished sections. Additional information
about finely dispersed phases and spatial
relationships between copper-bearing minerals and

host rock was provided by FLSmidth mineralogical
data, including optical microscopy, backscatter
electron microscopy, and QEMSCAN analysis.

The chemical and material characteristics of the
ores were refined based on the results of semi-
quantitative atomic emission spectral analysis,
chemical analysis, and phase analysis of copper.
Phase analysis was used to determine the ratio of
water-soluble, oxidized, secondary, and primary
forms of copper, which made it possible to
determine the degree of oxidation of the ore and
characterize it as an oxidized type of ore. Rational
analysis was used to assess the forms of gold and
silver, revealing free forms, aggregates with sulfides,
rock grains coated with iron hydroxide films, as well
as difficult-to-extract forms associated with rock.

Results and Discussion

To characterize the Koktaszhal ore sample, a
chemical analysis was performed to determine the
main useful components. The results are presented
in Table 1. As can be seen from the presented data,
the original ore contains 1.0% Cu, 0.8 g/t Au, and 2.0
g/t Ag, making it a porphyry copper deposit with
significant commercial copper and precious metal
content. Lead and zinc are present in low
concentrations, and iron at 1.51% indicates that
these elements play a subordinate role in the overall
composition of the ore.

Table 1 — Chemical composition of the ore sample from
the Koktaszhal deposit

Content, % g/t
g —
© o) g c | © ]
218 |5 |§|g |49 l=2
o
Ore 0.07 0.02 1.0 1.51 0 0.8 2.0

According to Table 1, copper is the leading
mineral component of the ore, with associated gold
and silver. Combined with subsequent mineralogical
and phase data, this allows us to consider the sample
as oxidized copper porphyry ore.

To characterize the host mineral mass, a silicate
analysis of the sample for rock-forming elements
was performed. The results are presented in Table 2.
The table shows that silicon dioxide (SiO,)
predominates in the ore composition at 69.82%,
with a subordinate aluminum oxide (Al,Os) content
of 12.78%. The contents of the remaining
components are significantly lower: Fe;03 — 2.08%,
BaO —1.63%, MgO —1.35%, and CaO — 0.66%.
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Table 2 shows that the ore is dominated by
siliceous and aluminosilicate components. The
elevated SiO, content indicates a significant
proportion of siliceous material in the ore structure
and may indicate increased strength of the host
rocks, while the Al,03 content reflects the presence
of aluminosilicate [[20],[21]]. This establishes the
significant role of silicate material in the structure of
the ore mass, which is important for characterizing
its composition and interpreting the properties of
the host rocks.

Table 2 — Chemical analysis of the ore sample from the
Koktaszhal deposit for rock-forming elements

Content, %

4]

S g o o

2 R Q < 50 2 é:
o0 2 o > = n

Ore 1.63 2.08 | 0.66 1.35 12.78 69.82

To clarify the elemental composition of the
studied process sample and assess the role of rare
and trace components, a semi-quantitative atomic
emission spectral analysis was performed. The
results are presented in Table 3. These analysis data
allow us to characterize the general geochemical
background of the ore and clarify the composition of
the host mineral mass.

As can be seen from Table 3 and Fig. 3, the
sample is dominated by silicon, aluminum, calcium,
magnesium, iron, and sodium, confirming the
significant role of the quartz-plagioclase and
aluminosilicate host mass. Among the minor
components, titanium, barium, and strontium are
characterized by relatively elevated contents. Most
rare and trace elements are present at low
concentrations or below the detection limit.

To determine the mineral composition of the
sample, a quantitative mineralogical analysis was
performed. Microscopic examination was
conducted on the original sample, its heavy fraction,
and crushed material. The observation results were
compared with data from previous analytical
studies, which allowed us to refine the sample's
mineral composition and the quantitative ratios of
individual minerals.

The results are presented in Table 4 and
additionally presented as a histogram (Fig. 4).
Analysis of the table and histogram data shows that
the main industrially valuable minerals are
malachite and azurite, while associated and minor
minerals include hematite, magnetite, goethite,
pyrite, and limited copper sulfides.

Table 3 — Results of semi-quantitative atomic emission
spectral analysis of the sample

N
] g 2
g % g R
5 G 5 5
o fras}
(@) c
[}
o
c
@]
O
Au <0.00005 Cd <0.0005
Cu <1.0 Ni 0.005
Ag 0.001 Co 0.002
Si >>1.0 Cr 0.007
Fe >1.0 Sr 0.1
Ca >1.0 Sn 0.0003
Al >>1.0 Ti 0.5
Mg >1.0 Bi <0.0002
Pb 0.01 Y 0.003
Zn 0.01 Ge <0.0002
Na 21.0 Tl <0.0005
Mo 0.0007 Te <0.003
Hg <0.003 As <0.01
Ba 0.15 Be 0.0001
Ga 0.004 W <0.003
Ta <0.01 Yb 0.00025
Se <0.1 Nb 0.001
Re <0.0003 Sc 0.002

Figure 3 — Element distribution in the sample based on
semi-quantitative atomic emission spectral analysis
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The rock-forming component is represented
primarily by quartz, plagioclase, chlorite, mica, and
dolomite.

The described features of the distribution and
morphology of copper minerals are clarified by the
results of microscopic studies shown in Figures 5 and
6. Microscopic examination of a sample of copper
oxide ore allowed us to establish the forms of
separation of malachite and azurite, the nature of
their distribution in the ore mass, and the features
of accretion with rock-forming minerals. It was
established that malachites and azurites are
represented by two main morphological differences.

Table 4 — Mineral Composition of the Ore Sample

The first difference is expressed by well-crystallized
translucent and transparent formations observed in
the form of nests, 1-5 mm in size; veins, 1-3 mm
thick; as well as secretions along microcracks and
between grains of rock-forming mineral. The second
difference is represented by earthy, slightly
crystallized collomorphic formations forming
inclusions, 0.07-0.2 um or more, which form cracks
and sometimes form accretions with iron hydroxide.

Malachite is characterized by the development
of radially fibrous aggregates and kidney-shaped
forms.

Product

Mineral Composition, Mass Fraction, %

Or

o

Rock-Forming Materials

Sample

Malachite
Azurite
Gold*
Goethite

Sulfides Cu, Cu itself

Mica

Pyrite
Quartz
Plagioclase
Chlorite
Dolomite

o |Hematite, Magnetite

1.5-2.0 | 0.3-0.4 | SCE .5 0.2

S

CE 0.2 43-45 31-33 9-11 8-10 2-3

and carbonates (malachite, azurite) [[18], [19]].

Note: * — content of gold, copper sulfides, and native copper — SCE (significant concentrations not established). These
minerals are present in the sample in quantities below the detection limit; therefore, their mass fraction cannot be
quantitatively determined. The absence of significant concentrations of copper sulfides confirms that the sample
belongs to the oxidation zone, where primary sulfide minerals are completely replaced by secondary copper oxides

DOLOMITE Dolo+1ite-2 5
MICA Mica -9

CHLORITE Chlorlite -10

PLAGIOCLASE | | Plagioclase -32

QUARTZ | | | | Quartz -44
PYRITE | Pyritg - 0.2

GEOTHITE | Goethite -0.

HEMATITE, MAGNETITE] Hematite, Miagnetite - 0.5
AZURITE | Azurite -0.3
MALACHITE !Iala hite -1}75
0 5 10 15 20 25 30 35 40 45 50

Figure 4 — Distribution of Ore and Rock-Forming Minerals in the Koktaszhal Deposit Ore
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The results of rational analysis presented in
Table 5 were used to characterize copper species in
a sample. Based on phase analysis, copper was
found to be extremely unevenly distributed among
various compound forms in the Koktashal deposit
sample. The total copper content was 0.735%, with
the vast majority concentrated in the oxidized form
— 0.66% or 89.8% of the total content. Primary
copper content was found at 0.047% (6.39%) and
secondary copper at 0.2% (2.72%). Water-soluble
copper was also found at a concentration of 0.8%.

The predominance of the oxidized form of
copper indicates a significant degree of

transformation of the original ore mineralization in
the hypergenesis zone [22]. According to modern
concepts, the formation of powerful oxidation zones

in porphyry copper systems requires long-term
exposure to oxidation processes in a semi-arid
climate and tectonic uplift, resulting in a lowering of
the groundwater level [[22],[23]]. The low content of
primary and secondary sulfides (around 9% in total)
indicates that they are largely destroyed and
replaced by oxidation products. Similar processes
have been described for hypergenesis zones in the
Southern Urals and Lesser Caucasus, where oxidized
ores form full-profile zonal patterns with subzones
of oxidation, leaching, and secondary sulfide
enrichment [[24], [25]]. This allows us to interpret
the studied ore samples as material formed under
conditions of intense hypergenic oxidation and
copper redistribution [[22], [24], [25]].

Figure 5 — Optical microscopy images of Cu oxide ore sample: turquoise — malachite /azurite

Electron g 3

Electron ge 5

Figure 6 — Electron backscatter microscopy images of a Cu oxide ore sample: Cu-ox = malachite/azurite, chc =
chalcocite, ab = albite, kfsp = K-feldspar, qtz = quartz

— 34 ——
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The results of copper phase analysis in the
sample were further visualized as a histogram
(Fig.7). This representation allows for a more visual
assessment of the ratio of primary, secondary,
oxidized, and water-soluble forms of copper, as well
as identification of its dominant type in ore. Analysis
of the data presented in Table 5 and the resulting
histogram (Fig.7) shows that the sample belongs to
the oxidized ore type.

Table 5 — Phase analysis of an ore sample from the
Koktaszhal deposit (copper)

Minerals Compounds Content, %
abs. rel.
Primary 0.047 6.39
Secondary 0.02 2.72
Copper Oxidized 0.66 89.80
Water-soluble 0.008 1.09
Total 0.735 100

This is entirely consistent with its mineralogical
characteristics, according to which the main ore
minerals are malachite and azurite, while primary
sulfide forms of copper are subordinate.
Determining the oxidized type of ore is of significant
scientific and practical importance. On the one hand,
this confirms the significant role of hypergenic
processes in the transformation of primary copper
mineralization [[25], [26]]. On the other hand, it
allows us to predict technological features of ore
processing, since the predominance of oxidized
copper minerals determines specifics of its
enrichment and extraction of valuable components
[[27], [28]].

Total
Water-soluble | 1.09
Oxidized

Secondary | 2.72

Primary 9

0 20 40 60 80 100 120

Figure 7 — Phase analysis of ore from the
Koktaszhal deposit (copper)

The obtained analytical data indicate that the
Koktaszhal ore belongs to the oxidized copper
porphyry type with a well-developed supergene
alteration zone. Copper is predominantly
represented by secondary minerals such as
malachite and azurite, which determines favorable
conditions for hydrometallurgical processing. The
high silica content reflects a strong quartz—

aluminosilicate host matrix, which may increase ore
hardness and influence comminution
characteristics. At the same time, low contents of
carbonate components suggest reduced acid
consumption during leaching. The presence of finely
disseminated copper mineralization and its
association with iron hydroxides may negatively
affect metal recovery and should be taken into
account when selecting processing technology.
Overall, the ore is characterized by a favorable
composition in terms of valuable components and
relatively low concentrations of harmful impurities,
making it a promising object for further
technological evaluation.

Conclusions

The study revealed that the oxidized copper
porphyry ores of the Koktaszhal deposit are
characterized by a complex composition and
pronounced mineralogical heterogeneity. The main
ore minerals in the studied samples were malachite
and azurite, while primary and secondary copper
sulfides were present in subordinate amounts. The
host mineral mass is predominantly siliceous-
aluminosilicate in nature and consists primarily of
quartz, plagioclase, chlorite, and mica, reflecting the
significant role of the silicate matrix in the structure
of the ore strata.

It was found that malachite and azurite exhibit
significant morphological diversity and are
represented by both well-crystallized veinlet-nested
formations and colloform earthy aggregates. Their
development along microcracks, between grains of
rock-forming minerals, and in association with iron
hydroxides indicates a significant role for hypergene
processes in the transformation of the original
copper mineralization. At the same time, the
presence of preserved sulfide forms of copper
indicates signs of an earlier stage of mineral
formation.

The phase composition of copper confirms that
the studied ores belong to the oxidized type, as the
majority of the metal is associated with oxidized
forms.

Therefore, the oxidized ores of the Koktaszhal
deposit represent a mineralogically complex product
of the processing of a copper-porphyry system
under conditions of intense hypergenesis. The
combined data obtained allow Koktaszhal to be
considered a representative object for the study of
the mineral composition, morphology of secondary
copper minerals, and the forms of copper
occurrence in oxidized copper-porphyry ores.
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KeKTac)Kan KeH OpHbIHbIH, TOTbIKKAH MbiCc-nopdupni KeHAepiHiH
MWHEPaNoOruaAnbIK epeKklenikrepi

! Teneybek K.E., ’Kono6aesa A.H., 'AmaHrengikpbisbi A., *Ackaposa H.C.,
2Zengin E., *KyHycbekosa I.E., 'Ma3ax b., 'batranosa A.C.

196inkac CarbiHO8 ambIHOaFbl KaparaHObl mexHUKasnblK yHusepcumemi, KaparaHosl, KazakcmaH
2blcmaHbyn mexHukanel yHusepcumemi (ITU), blcmanbyn, Typkus

TYWIHAEME

Makana kengi: 27 cayip 2026
CapantamagaH eTTi: 21 mamsip 2026
KabbingaHapl: 24 winde 2026

Makanaga KeKtacxan KeH OpHbIHbIH, TOTbIKKAH MbIC NOPGUP KEHAEPIH ernken-Terkenni septrey
HaTMXKenepi YCbiHbINFaH. ONTUKaNbIK MUKPOCKOMUAHBI, CUAMKATTbl KaHe ¢asanblk Tangayabl
KeweHai KONAaHy HerisiHAe TOTbIFYy alMafbliHbIH Heri3ri MWHepPanoruanbiK epekwenikrepi
aHbIkTanapl. KeHgepaiH matepuangbik Kypambl aHbIKTanabl: MbICTbIH, Kannbl menwepi 0,735%
Kypaigpl, oHblH, iwiHae 0,66% (89,8%) ToTbikkaH TypiHae, 0,047% (6,39%) 6actankbl, 0,02%
(2,72%) ekiHwWwi peTTik aHe cyna epwuTiH 0,008% (1,09%) 6onabl. AHbIKTANFaH KeTeKLWi KeH
MUHepangapbl manaxut (1,5-2,0%) xaHe asypurt (0,3-0,4%), coHAaN-aK KOoCbiMLLA MUHepanaap:
MarHeTuT KocbinFaH remaTtut (0,5%), retut (0,2%) »kaHe nupuTt (0,2%) 6ap; mbic cynbduaTepi KaHe
TabWFM MbIC aHbIKTAY LWEriHEH TOMEH Meslepae Ke3daecesi. byn KyMbICTbIH, FbINbIMU KaHablfbl
KNACCMKaNbIK  MWHEPANOTUANBIK 3epTTEYNEepAiH, CcaHablk dasanblk Tangay [AepekTepimeH
yhnecimiHeH TybiHA@NAbl, 6yn 6i3re KeHAEpAiH MuHepangpl Kypambl Typasbl akmnapatTbl
JKyleneyre faHa emec, COHbIMEH KaTap MbICTbIH, naiga 6onybiHbIH apTypai dopmanapsl
apacbiHAafbl 6alNaHbICTbl aHbIKTayFa MyYMKIHAIK 6epai. Manaxut neH asyputTiH MopdOoNoruanbIk,
epeKLenikTepi cMnaTTanagbl: 01ap *aKcbl KPUCTANAAHFAH TaMblp/bl YANbl TY3iNIMAEPMEH KaHe
TeMip ruapokcuaTepimeH 6annaHbICTbl MUKPOXKapPbIKTap 60MbIMEH AamblFaH KOAN0GOPMAbI Kep
arperaTTapbiMeH YCbIHbINFaH. ANblHFaH HaTUXKenepai ykcac obbeKkTinepai bonkay kaHe isgey
KesiHae naadanaHyra 6onagpl, cebebi mbic cynbouatepi 6onmaraH Kesme ManaxuT NeH asypuTTiH,
Temip rugpokcuatepimeH 6alinaHbicbl  Mbic-MOpPUPAIK  KyiMenepaiH, TOTbIFy aliMaFbiHbIH,
[AVArHOCTUKanbIK epeKwweniri 6onbin Tabblnagpl, an MbICTbiH, Naitga 6ony Gpopmanapsl Typanbi
caHApblK AepekTep b6ip KafblHaH GapnayaplH, anfallKkbl Ke3eHAepiHAe KeHAaepai runepreHmeH
eHAey TepeHAiriH 6afanayfa, an eKiHWi >KafblHaH, TOTbIFY alMafblHblH, KeHAEepiH Tayencis
reoIorUANbIK XaHe eHepKacinTik Typre 6enyre MymkiHAiK 6epeai, byn Kopnapapl ecenteyae, KeH
AeHenepiH aHbIKTaya KaHe eHAeYy CXeMacblH TaHAayAa MaHbI3abl 60nbin Tabblnaabl.

TyliiH ce30ep: KeKTacan, mMbiC-nopdUp KeH OpbiHAAPbI, TOTbIKKAH KeHAep, MbICTbiH, Gasanbik,
TanAaybl, ManaxvT, a3ypuT, anTblHHbIH, Naiaa 601y popmanapsbl, 3aTTbIK Kypambl.
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MuHepanornueckne 0co6eHHOCTU OKUCNIEHHbIX MeAHO-NOPPUPOBLIX PYA,
mectopoxaeHua KoKracxkan

Teney6ek K.E., *Konobaesa A.H., 'AmaHrengikpisbl A., *Ackaposa H.C.,
2Zengin E., XyHyc6ekosa I'.E., 'Mas3ax b., 'battranosa A.C.

1KapaeaHOUHCKuﬁ mexHuyveckuli yHusepcumem umeHu Abbinkaca CazuHosa, KapazaHda, KazaxcmaH
2Cmam6yﬂbcxuﬁ mexHu4eckuli yHusepcumem (ITU), Cmambyn, Typyua

AHHOTAUMA
B cTatbe npeacTaBaeHbl pe3ynbTaThl 4ETANbHOMO U3YYEHWUSA OKUCIEHHbIX MeAHO-MOPPGUPOBLIX Py,

mecTopoaeHua Koktackan. Ha ocHoBe KOMMIEKCHOTO MPUMEHEHWA METOAOB OMTUYECKOW
MWKPOCKOMNWUW, CUNNKATHOTO M $a30BOro aHaNM30B BbIAB/AEHbI KNOYEBble MWHepasnornyeckue
0COBEHHOCTU 30Hbl OKUC/EHUA. YCTaHOB/IEH BeLeCTBEHHbIW coCcTaB pyZa: obliee cogepskaHue
meam coctasnneT 0,735%, U3 koTopbix 0,66% (89,8%) npuxoauTtca Ha okncneHHyto dopmy, 0,047%
(6,39%) — Ha nepBuuHyto, 0,02% (2,72%) — Ha BTOpMuHylo M 0,008% (1,09%) — Ha
BOAOpPAcTBOpPUMYI0. MaeHTMGUUMpPOBaHbI Beaylime pyaHble muHepanbl: manaxut (1,5-2,0%) u
asypwr (0,3-0,4%), a TaKKe BTOpoCTeneHHble: remaTut ¢ marHetutom (0,5%), retut (0,2%) v nuput

Moctynuna: 27 anpens 2026 (0,2%); cynbduabl Meay M camopojHas Medb NPUCYTCTBYIOT B KOJIMHYECTBAX HMXKe npesena
PeueHsnpoBaHue: 21 mas 2026

obHapykeHua. HayyHaa HoBM3Ha paboTbl 0OycnoBneHa coyeTaHMEM  KJaCCUYECKOro
MpuHAaTa B Neyatb: 24 urona 2026

MMWHEPANOrMYECKOTO M3YYEHMA C KOIMYECTBEHHbIMM JaHHbIMK (pa30BOro aHaNMn3a, Yto No3BOANIO
He TONbKO CUCTEMATU3MPOBATb CBEAEHWA O MMHEPa/NbHOM COCTaBe PyA, HO W YTOMHUTbL
COOTHOLUEHWE PasNnYHbIX GOPM HaxoxKaeHua meau. OxapakTepusoBaHbl mopdosiornyeckue
0COBEHHOCTM Masiaxuta M asypuTa: OHM MPEACTaB/EHbl KaK XOPOLIO OKPUCTaNIM30BaHHbIMK
NPOXUAKOBO-THE34,0BbIMM 06Pa30BaHMAMM, TaK U KOANOMOPOHBIMM 3EMAUCTBIMK arperatamu,
pasBUTBIMM MO MUKPOTPELLMHAM B acCoOUMaLMM C TMAPOOKCMAAMM Kenesa. [lonyyeHHble
pe3ynbTaTbl MOTryT 6biTb MCMNONb30BaHbl MPU MNPOrHO3MPOBAHMM U MOMCKAX aAHANOTUYHBIX
06bEKTOB, NOCKO/IbKY YCTaHOB/IEHHAsA accouMaLma ManaxmuTa 1 asypura c rmapooKCMAaMM Kenesa
npu OTCYTCTBUM CynbGUA0B MeAU ABAAETCA AMArHOCTUYECKMM MPU3HAKOM 30Hbl OKMCIEHMA
MeAHO-NOPOUPOBLIX CUCTEM, @ KONWYECTBEHHblE [JaHHble O (GOPMax HAXOXKAEHUA meau
NO3BO/IAIOT, C OAHOMN CTOPOHbI, OLEHMBATb MNYyBUHY rMNepreHHoln nepepaboTku pya Ha paHHUX
CTagmAxX pasBeaKu, a ¢ APYroi — BblAeNUTb PyAbl 30HbI OKUCIEHWUA B CAMOCTOATE/NbHBIW reooro-
NPOMbBILWNEHHbIN TUM, YTO BasKHO MPU NOACYETE 3aNacoB, OKOHTYPUBAHUW PYAHbIX Ten v Bbibope
TEXHO/IOTMYECKOM CXeMbl NepepaboTKu.

Kniouyeesbie cnoea: KoKTackan, meaHO-NOPPUPOBbIE MECTOPOXKAEHMUA, OKUCNEHHbIE pPyabl,
ba3oBblil aHaIM3 MeaM, MaNaxuT, asypuT, GOPMbl HaXOKAEHWUA 30/10Ta, BELLECTBEHHbIW COCTaB.
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ABSTRACT

This study evaluates the role of natural radioactivity as an exploration indicator for rare-metal,
gold, and polymetallic mineralization in Eastern Kazakhstan, as well as its significance as a factor
of radioecological hazard. The analysis is based on the results of regional radiohydrolithochemical
surveys conducted at a scale of 1:1,000,000, including bottom sediment sampling within

Received: March 22. 2026 microbasins. The study focuses on key natural radionuclides (U-238, Ra-226, Th-232, Ra-228, K-40)
Peer-reviewed: May 18, 2026 and their spatial distribution. Factor analysis was applied to identify anomalous geochemical
Accepted: July 30, 2026 associations and to assess their relationship with metallogenic structures. As a result, 80

potentially radioecologically hazardous zones were identified across Kazakhstan, including 5 zones
within Eastern Kazakhstan. Within the study area, 12 anomalous sites were distinguished,
characterized by 3-5 factors with cumulative explained variance ranging from 62.8% to 83.6%. The
identified anomalies show spatial correspondence with major metallogenic zones, particularly the
Rudny Altai and Kalba-Narym regions, which are associated with polymetallic and rare-metal
mineralization. The results demonstrate that natural radioactivity can serve both as an effective
exploration indicator and as an important factor of environmental risk. The study highlights the
potential of integrating radioactivity parameters into exploration criteria and emphasizes the need
to consider radiation safety in geological exploration and mining activities.

Keywords: radioactivity, prospecting indicator, gamma spectrometry, uranium, thorium, ore
deposits.
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Introduction

Uranium and thorium are often genetically
unrelated to many ore-forming elements; however,
they serve as parent nuclides of radioactive decay
series that include isotopes with physical and
chemical properties similar to those of other
elements. Many of these isotopes exhibit elevated
gamma activity, making it possible to indirectly
detect the presence of associated chemical
elements [[1], [2]]. During migration through
structurally weakened zones, such as fault systems,
oxidation zones, and weathering crusts, these
isotopes form dispersion haloes that are commonly
associated with ore-related elements. The
identification and interpretation of such haloes can
facilitate the recognition of their source zones and,
ultimately, concealed ore bodies [2]. Combined
with a comprehensive assessment of ore body
characteristics, this approach may provide a basis
for the future application of artificial intelligence
technologies in solid mineral exploration.

Drawing on extensive geological exploration
experience, JSC Volkovgeology maintained a
specialized geological team that collaborated with
various scientific and industrial organizations. The
primary objective of this team was to provide
scientific support for uranium prospecting
throughout its area of operation.

In addition, a regional prospecting team was
responsible for collecting and analyzing current
information on uranium occurrences, supervising
prospecting activities, evaluating the quality of
exploration work, and providing technical support.
Similar prospecting groups operated within
individual expeditions, carrying out equivalent tasks

within  their designated territories. These
exploration teams constituted the primary
operational units of uranium prospecting.

Comparable thematic teams and groups were also
involved in the exploration of other mineral
resources. At the same time, petroleum geologists
and hydrogeologists conducted their activities
independently from other geological services in
Kazakhstan. Collectively, these efforts contributed
to the establishment of a mineral resource base
that has supported the country's needs for decades.

However, further expansion and reassessment of
this resource base have now become increasingly
important.

The activities of thematic exploration teams
were organized according to the standard stages of
geological investigation, including reconnaissance,
prospecting, evaluation, and detailed exploration.
Each stage involved a specific set of tasks, such as
geological surveying, compilation and analysis of
previous exploration results, resource assessment,
and planning of subsequent exploration activities.

Field teams prepared exploration programs and
work plans, carried out field investigations, and
produced technical reports, geological maps, and
resource and reserve estimates. All activities were
conducted in accordance with the requirements of
the corresponding exploration stage. Recent
developments in digital technologies and artificial
intelligence have created a need for the systematic
formalization and digitization of accumulated
geological and related datasets. This includes the
processing of digital information, the development
of analytical algorithms, and the creation of
decision-support systems capable of translating
complex digital data into interpretable geological
knowledge [[3], [4]].

This study aims to evaluate the role of natural
radioactivity as an exploration indicator for rare-
metal, gold, and polymetallic mineralization in
Eastern Kazakhstan and to assess its significance as
a source of potential radioecological hazards.

The objectives of the study include analyzing
the distribution of radionuclides in bottom
sediments, identifying anomalous zones through
factor analysis, and evaluating their relationship
with regional metallogenic structures.

In addition, the study considers the potential
application of modern digital and analytical
methods for processing geological and radiometric
data as a promising direction for future research [5].

Materials and Methods

Data source. The present study is based on
the results of regional radiohydrolithogeo-
chemical surveys conducted across Kazakhstan
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at ascale of 1:1,000,000. In Eastern Kazakhstan,
field sampling and laboratory analyses were
carried out between 1991 and 1994.

Although the surveys were originally designed
to assess the radioecological state of the
environment, the resulting dataset contains
information not only on radionuclides but also on
ore-related chemical elements. Consequently,
these data can be effectively applied to geological
and metallogenic investigations.

To date, a national geochemical database has
been established, comprising approximately 18,000
sampling sites and analytical results for an average
of 25 chemical components per sample. Based on
these data, a series of digital maps depicting the
distribution of radioactive and geochemical
contaminants in bottom sediments and natural
waters has been developed for all regions of
Kazakhstan.

The surveys were conducted within the
framework of the State Program 011, “Ensuring
Radiation Safety,” which was aimed at evaluating
the radiation situation throughout the territory of
the Republic of Kazakhstan [[6], [7]].

Sampling design. The survey was conducted
using a microbasin-based approach, whereby each
sampling site reflects the integrated geochemical
signature of its corresponding drainage basin [8].

Sampling was primarily carried out at the
mouths of small rivers and streams. The average
area of the investigated microbasins was
approximately 120 km?, with individual basin areas
ranging from 80 to 150 km2 In regions
characterized by well-developed endorheic
drainage systems, bottom sediment samples were
collected from lakes. In dry stream channels,
samples were taken from the lowest sections of the
channel beds, where fine-grained material tends to
accumulate.

In low-relief terrain, composite samples were
collected from 10 x 10 m plots. Each composite
sample consisted of five subsamples obtained from
the four corners and the center of the sampling
area. Quality-control samples accounted for
approximately 5% of the total number of collected
samples.

Field observations included the description of
sediment grain size, color, and the presence of
organic matter.

Sample preparation and analytical methods.
Bottom sediment samples were air-dried and
prepared according to standard laboratory
procedures. From each initial sample weighing 5—6

kg, a representative subsample of approximately
0.7-0.8 kg (particle size fraction < 3 mm) was
selected for analytical determination.

Gamma-ray spectrometric measurements were
performed to determine the activities of Ra-226,
Ra-228, Th-232, and K-40 using a Canberra gamma
spectrometer equipped with a high-purity
germanium detector [9]. The relative analytical
uncertainty at background activity levels was
approximately 30%. The corresponding detection
limits were as follows:

* Ra-226: 20 Bg/kg

* Ra-228: 40 Bg/kg

¢ Th-232: 40 Bg/kg

¢ K-40: 100 Bg/kg

The concentrations of uranium, thorium, Pb, As,
and Se were additionally determined by X-ray
fluorescence analysis using an ARF-6 spectrometer.
The detection limits were:

¢ U: 0.4 mg/kg (approximately 4.0 Bq/kg)

¢ Th: 1.0 mg/kg (approximately 4.1 Bg/kg)

* Pb: 0.001%

¢ Se: 0.001%

e As: 0.002%

Although more advanced analytical techniques,
such as inductively coupled plasma mass
spectrometry (ICP—MS), are currently available, the
present study is based on archived datasets
obtained using the analytical methods described
above.

Data selection. For the present study, only
bottom sediment samples were considered. Five
naturally occurring radionuclides were selected as
the primary indicators: U-238, Ra-226, Th-232, Ra-
228, and K-40.

These radionuclides were used as geochemical
indicators of geological processes and ore-forming
environments. Their distribution patterns provide
valuable information on the migration and
accumulation of radioactive elements and may
reflect the influence of lithological, structural, and
metallogenic factors.

Data processing and interpretation. The
analysis was based on factor analysis using the
principal component method applied to
radionuclide and associated geochemical datasets
[[10], [11]]. Factor analysis was employed to:

¢ identify anomalous geochemical associations;

¢ reduce the dimensionality of the dataset;

e reveal spatial patterns in radionuclide
distribution.
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The extracted factors were interpreted in terms
of geological processes and subsequently compared
with the distribution of known metallogenic zones.

Spatial analysis included the comparison of
identified anomalous areas with major ore-bearing
regions of Eastern Kazakhstan, particularly the
Rudny Altai and Kalba—Narym metallogenic zones.

The study focuses on regional-scale
interpretation and the assessment of spatial
relationships between radionuclide anomalies and
mineralization patterns rather than on the re-
evaluation of primary analytical data.

Results

The boundaries of  the identified
radiogeochemical zones and the locations of major
radioactive sites at a scale of 1:1,000,000 are
presented on regional radiation intensity maps. The
radiological characteristics of individual radioactive
sites and radiogeochemical zones are documented
in the radiation-hygienic passports of the
corresponding oblasts. These datasets provide an
important basis for the development of a national
radiation monitoring system in the Republic of
Kazakhstan.

In addition to their application in radiation
safety assessment, radiohydrolithogeochemical
survey data can also be used for the exploration of
non-radioactive solid mineral resources.

Within the study area, several
radiogeochemical anomalies were identified in the
Kalba—Narym and Rudny Altai regions. These
anomalies are associated with elevated
concentrations of Ra-226 in bottom sediments, as
well as with radioactive waste dumps and natural
radon sources [7].

The average annual effective radiation doses for
the population were estimated as follows:

* Kalba—Narym region: 3.6 mSv/year (Ulan site),
4.1 mSv/year (Bukhtarma site), and 4.5 mSv/year
(Kurchum site);

e Rudny Altai region: more than 6.7 mSv/year
(Leninogorsk site) and 3.7 mSv/year
(Rakhmanovskie Klyuchi site).

Studies of indoor radon exposure in residential
areas yielded the following average annual effective
doses:

¢ 2.4 mSv/year in Ust-Kamenogorsk;

¢ 6.3 mSv/year in Ulansky District;

¢ 5.0 mSv/year in Kokpektinsky District;
* 4.1 mSv/year in Kurchumsky District.
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Figure 1 - Scheme of zoning of ore belts and
metallogenic zones of the Greater Altai [12]. Geological
and industrial types of deposits: 1 - hematite-magnetite
volcanogenic-sedimentary (Kholzunsky); 2-copper-coal

(ore-altai); 3-lead-zinc (South- Altai); 4-copper-
pyrrhotite (Karchiginsky); 5-copper-porphyry
(Kyzylkainsky); 6-copper-nickel sulfide (Maksutsky);
7-gold-quartz (Kuludzhunsky); 8-gold-myshyakovite-
carboniferous (Bakyrchiksky); 9-epimagmatic niobium-
zirconium-rare earth (Upper Espinsky); 10-pegmatitic
rare-metal (Kalbinsky); 11-skarnovo-greisen-tungsten;
12-albitite-greisen tin-tantalum (Karasu type);
13-greisen-quartz-quartz vein stockwork tin (Cherdoyak
type); 14-greisen-quartz-quartz vein tin; 15- tungsten
and 16- molybdenum; 17-silicate cobalt-nickel
(Gornostayevsky); 18- zircon-ilmenite weathering crust

(Karaotkel type); 19- alluvial (Satpayevsky);

20-gold-alluvial (Suzdal); 21-boundaries of ore belts:
Rudno-Altaisky (RARP), Kalba-Narymsky (KNRP),
Zapadno-Kalbinsky (ZKRP), Zharma-Saursky (ZhSRP);
22-boundaries of metallogenic zones and their
numbers: | - Beloubinsko-Sarymsaktinskaya, Ill -
Rudnoaltayskaya, Illll - Irtyshskaya, IV - Kalba-
Narymskaya, V - Zapadno-Kalbinskaya, VII - Charskaya,
VII - Zharma-Saurskaya, VIII - Sirektas-Sarzanskaya;
23 - boundaries of metallogenic subzones and their
numbers: lll-1-Leninogorsk-Zyryanovskaya,
I11-2-Priirtyshskaya; 24- known and potential (dotted)
ore districts, their numbers; 25- known and potential
ore nodules, their numbers; 26- deep latitudinal faults
of ancient emplacement; 27-deep north-western faults
limiting metallogenic zones; 28-northeastern block and
cliff faults; 29-granitoids of Kalba-Narym pluton
(Kalbinsky complex, P1); 30-contours of ore subzones
included in the 2025 Scientific Research Program.
(The map is presented at a regional scale corresponding
to 1:1,000,000).
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These results indicate generally higher radiation
exposure levels in rural areas than in urban
environments.

A comparison of the factor-analysis results with
the geotectonic and metallogenic zoning pattern of
the Greater Altai reveals a spatial relationship
between radiogeochemical anomalies and major
ore-bearing structures [12].

According to the metallogenic zoning scheme of
the Greater Altai (Fig. 1), twenty geological-
industrial deposit types have been identified.
Among them, three principal groups are of
particular economic importance:

e polymetallic (Cu—Pb—Zn), iron-polymetallic,
and copper-gold deposits;

e gold-quartz and
deposits;

¢ rare-metal deposits.

related gold-bearing

Pyrite polymetallic type. The pyrite-
polymetallic type of mineralization, which is
widespread  throughout the Rudny Altai
metallogenic zones (I-lll), is commonly associated
with gold, silver, and various rare metals [13].

Secondary geochemical dispersion haloes of
uranium and thorium have been identified in
association with these ore deposits (Figs. 2 and 3).
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Figure 2 - Secondary geochemical halos of thorium.
Spatial distribution of thorium (ppm) in bottom
sediments. Color gradations represent concentration
ranges, while symbols indicate mineral deposits of
various types. The red boundary outlines the study area,
and mineralogenic subzones are shown. The map
reflects the regional survey scale of 1:1,000,000 used
in the study.

Based on their gold and silver contents, the
deposits can be classified into three groups:

* high-gold (1-5 g/t) and moderate-silver (20—
85 g/t) deposits;

e moderate-gold (0.3-1.3 g/t) and relatively
silver-rich (35-120 g/t) deposits;

¢ deposits characterized by low concentrations
of both gold and silver.

Factor analysis of the bottom sediment dataset
identified twelve anomalous sites characterized by
three to five significant factors, with cumulative
explained variance ranging from 62.8% to 83.6%.
These values indicate that the adopted factor model
adequately represents the structure of the dataset
and provides a reliable basis for interpreting the
spatial distribution of radionuclides and associated
geochemical elements.

The first two anomalous sites (Fig. 4) are located
within the Rudny Altai region and coincide with
known uranium-bearing zones.

Conventional designations

Non-ferrous metal  _y Mineragenic

© deposits subzones
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Figure 3 - Secondary geochemical halos of uranium.
The map shows the spatial distribution of uranium
concentrations (ppm) in bottom sediments, classified by
intensity. Color gradations represent concentration
ranges, while symbols indicate mineral deposits of
various types. The red boundary outlines the study area,
and mineralogenic subzones are shown. The map
reflects the regional survey scale of 1:1,000,000 used
in the study.
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Figure 4 - Anomalous radiogeochemical sites identified
by factor analysis in the microbasins of bottom
sediments of Eastern Kazakhstan. Sites 1-2 are located
within the Rudny Altai zone, while sites 3—5 correspond
to the Kalba-Narym rare-metal zone. The map includes
geological boundaries, mineral occurrences, and
anomalous zones of uranium and thorium distribution.
The inset shows the location of the study area within
Kazakhstan. The map reflects the regional survey scale
of 1:1,000,000 used in the study [6].

Gold type. Gold mineralization is widely
distributed in the western and southeastern parts
of the Kalba—Narym metallogenic zone. The
distribution patterns and geological characteristics
of gold deposits in Eastern Kazakhstan have been
comprehensively described in regional geological
studies and reference publications [20].

Within the gold-bearing zones, reduced
activities of uranium and thorium are generally
observed, whereas the activities of Ra-226 and Ra-
228 remain close to regional background levels. This
observation is consistent with the absence of
significant uranium and thorium anomalies within
these areas.

At the same time, elevated levels of natural
radioactivity may occur due to the contribution of
other radionuclides, particularly K-40.

Although gold and uranium are not generally
considered genetically related, correlation analysis
between gold concentrations and radionuclide

activities may enhance the effectiveness of gamma-
spectrometric methods in mineral exploration.

This relationship is supported by studies
conducted at the Malomyrskoye deposit, where
statistically  significant correlations between
radioactivity parameters and gold concentrations
were identified.

To evaluate these relationships, correlation
analysis [14] was performed between gold content
and the activities of several radionuclides, including
potassium-40 (40K), cesium-137 (137Cs), radium
isotopes (226Ra, 228Ra, and 224Ra), radon (222Rn),
and thorium-232 (232Th).

B Metasomatites m Slates

40K-b  137Cs-b  40K-g  226Ra  222Rm  232Th  228Ra  228Th  224Ra

Figure 5 - Correlation coefficients (R) between gold
content and radioisotope activity (40K, 137Cs, 226Ra,
222Rn, 232Th, 228Ra, 224Ra). Positive and negative
correlations are shown.
Significant values at p < 0.05 are indicated

Rare metal type. The Kalba—Narym rare-metal
metallogenic zone is characterized by granitoid
magmatism and  associated mineralization,
including Sn, W, Ta, and Nb deposits [15].

The results of factor analysis (Table 1) indicate
that anomalous sites 3, 4, and 5 spatially coincide
with this metallogenic zone. This spatial
relationship suggests a possible association
between radionuclide distribution patterns and
rare-metal mineralization.

Table 1 presents the results of factor analysis
for radionuclides and associated chemical elements
in bottom sediments. The obtained factor structure
reflects the relationships between radionuclides
and geochemical elements within the sedimentary
environment.

Positive factor loadings indicate the co-
occurrence  and accumulation of elements
controlled by common geochemical processes. In
contrast, negative loadings may reflect contrasting
behavior, including element separation, migration,
or depletion under conditions of oxidation,
weathering, and transport.

The identified factor associations allow the
recognition of geochemical patterns characteristic
of ore-forming environments and provide a basis for
interpreting anomalous sites in relation to potential
mineralization processes.
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Table 1 - Results of factor analysis of radionuclides and associated chemical elements in bottom sediments of Eastern Kazakhstan
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K40 U238 Ra228 Ra228 As Cs137 Se As K40 Ra226 As Pb Se Cs137 As U238
Th232 Pb Cs137 Th232 Pb K40 Se Cs137 Ra226 | Th232 Cs137 Se Ra228
1RA % of variance 26.1 16.6 14.8 13.5 12.6
cumulative % 26.1 42.7 57.5 71.0 83.7
K40
U238 Se Ra228 Ra226 Pb Th232 Pb Ra228 K40 Th232
Cs137 Ra226 Ra228 Ra226 U238
2 RA U238
% of variance 24.3 20.0 19.6 16.7
cumulative % 24.3 44.3 63.9 80.6
Th232 Pb Ra226
K40 S K40 U238 Ra22
Ra228 Cs137 Cs137 Th232e SeRa228 | .0 As Pb Se R:222
U238 U238
3 KN
% d of variance 27.0 21.4 13.1 12.9
cumulative % 27.0 48.4 61.5 74.4
Ra228
Cs137 Cs137 K40 | Se Th232 As
;hiié Pb As Cs137 As Ra226 Ra228 Ra226 U238
4 KN a
% of variance 26.1 18.8 18.7
cumulative % 26.1 45.0 63.7
Ra226 Th232
Th232 As Se Ra226 U238 Ra226 | Cs137 Pb
U238Pb | Cs137 K40 | (22858 | 11337 As K40 Pb Ra228 Cs137 | As U238K40 | Ra226As | K40 Se
Se Ra228
5 KN
% of variance 20.5 17.8 15.4 15.1 14.5
cumulative % 20.5 38.3 53.6 68.7 83.2
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Rare earth type. Rare earth element exploration
in Kazakhstan is currently receiving increasing
attention due to the implementation of the Concept
for the Development of the Geological Industry of
the Republic of Kazakhstan for 2023-2027 and the
Comprehensive Plan for the Development of the
Rare and Rare-Earth Metals Industry for 2024-2028.

According to recent geological assessments, at
least 15 rare earth element occurrences and
deposits have been identified in different regions of
Kazakhstan [20]. The revealed patterns of
radionuclide distribution and their associations with
ore-related chemical elements may contribute to
the identification of new prospective areas and
improve approaches for rare earth element
exploration.

Discussion

The obtained results demonstrate that natural
radioactivity can be considered not only as an
indicator of environmental conditions but also as a
valuable exploration criterion for various types of
mineralization in Eastern Kazakhstan [16].

The identified anomalous zones, established
through radiohydrolithogeochemical surveys and
factor analysis, show a clear spatial association with
major metallogenic structures of the Greater Altai
region [13]. In particular, polymetallic mineralization
of the Rudny Altai and rare-metal mineralization of
the Kalba—Narym zone are characterized by elevated
concentrations of uranium and thorium and the
presence of their secondary geochemical dispersion
haloes.

In the Rudny Altai region, the association
between polymetallic mineralization and radioactive
elements may be related to ore-forming processes
involving volcanogenic-sedimentary sequences and
granitoid complexes. The occurrence of uranium-
bearing zones and uranium—thorium geochemical
anomalies supports the use of radioactive elements
as indicators of ore-forming environments [17].

In  contrast, gold-bearing zones are
characterized by reduced uranium and thorium
activities, whereas radium isotopes generally remain
at background levels. This suggests that gold
mineralization is not directly genetically associated
with uranium; however, indirect relationships may
occur through common geological and geochemical
processes. The analysis of correlations between
radionuclide activities, including K-40, and gold
concentrations may improve the efficiency of

gamma-spectrometric approaches in mineral
exploration.
This  interpretation is  supported by

investigations of the Malomyr gold deposit, where

statistically significant relationships between
radioactivity parameters and gold content were
identified. Such relationships may contribute to a
more reliable assessment of the mineral potential of
geological sections.

For the Kalba—Narym rare-metal zone, the
spatial coincidence of radiogeochemical anomalies
with  granitoid complexes and rare-metal
mineralization (Sn, W, Ta, Nb, and rare earth
elements) indicates a close relationship between
thorium-enriched geological environments and rare-
metal mineralization. This association can be
explained by the similar geochemical behavior of
thorium and rare earth elements, including
comparable ionic characteristics and their
distribution during magmatic and hydrothermal
processes. This interpretation is consistent with
studies of rare-metal and rare-earth mineralization
related to alkaline granitoid systems [18].

The results highlight the dual significance of
natural radioactivity. On the one hand, radioactive
anomalies provide important information on ore-
forming processes and can be applied in the
exploration of rare-metal, noble-metal, and
polymetallic deposits. On the other hand, elevated
radioactivity levels may represent a potential
environmental and health risk that should be
considered during exploration and mining activities.

It should be noted that this study is based on
archived regional datasets; therefore, further
investigations using modern analytical techniques
and digital approaches are required to refine the
identified relationships. The integration of
radiohydrolithogeochemical data with geographic
information systems (GIS) and advanced data-
processing methods may significantly improve the
efficiency of mineral prospecting and resource
assessment [19].

Conclusions

The major geological-industrial types of mineral
deposits in Eastern Kazakhstan associated with
elevated radioactivity = demonstrate  spatial
relationships with the Rudny Altai and Kalba—Narym
linear structures, as well as with the Irtysh suture
zone.

Granite complexes related to these tectonic
structures, particularly within the Kalba—Narym
rare-metal zone and partly within the Rudny Altai
and Irtysh zones, are characterized by increased
levels of natural radioactivity.

Uranium-thorium mineralization is mainly
associated with acidic intrusive complexes of
subalkaline to alkaline composition of Permian,
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Triassic age, whereas rare-earth mineralization is
commonly related to alkaline granite complexes.

Gold deposits of the Mukur, Bakyrchik, and
Kuludzhun ore districts are characterized by
relatively low uranium and thorium contents and
elevated Ra-226 activities compared with regional
background values.

Deep-seated faults play an important ore-
controlling role, reflecting the influence of
hydrothermal processes and acting as potential
pathways for the migration of ore-forming fluids.
The application of modern analytical methods,
including  spectral, chemical, X-ray, mass
spectrometric, and X-ray fluorescence techniques,
expands the capabilities for mineral deposit
investigation and improves the reliability of
geochemical interpretation.

The incorporation of radioactivity parameters
and natural isotope associations into exploration
criteria can enhance the efficiency of prospecting for
rare-metal, gold, and polymetallic deposits. At the
same time, elevated radioactivity associated with
rare-metal, rare-earth, and uranium mineralization
highlights the importance of radiation safety
considerations during exploration and mining
activities, including the protection of personnel and
the environment.

Conflict of interest: The authors declare that
they have no known competing financial interests or

personal relationships that could have appeared to
influence the work reported in this paper

Author contributions: All authors contributed
equally to this work.

CRediT  Author Statement: P.Kayukov:
Conceptualization, Methodology, Investigation,
Data curation, Writing — original draft, Supervision;
G.Fedorov: Conceptualization, Methodology,
Investigation, Writing — original draft, Supervision;
G.Berkinbayev: Conceptualization, Writing — review
& editing, Visualization; S.Askarov:
Conceptualization, Methodology, Investigation,
Writing — original draft, Supervision; D.Nazyrova:
Conceptualization, Writing — review & editing,
Visualization; O.Gavrilenko: Conceptualization,
Methodology, Investigation, Writing — original draft,
Supervision; N.Temirbekov: Resources, Funding
acquisition; A.Temirbekov: Resources; Z.Mustafina:
Conceptualization, Data curation, Writing — review &
editing, Visualization, Project administration;
N.Zimanovskaya: Conceptualization, Writing -
review & editing, Visualization.

Funding information: This research was funded
by the Committee of Science of the Ministry of
Science and Higher Education of the Republic of
Kazakhstan (No. BR 27100483 “Development of
predictive exploration technologies for identifying
ore-prospective areas based on data analysis from
the unified subsurface user platform Minerals.gov.kz
using artificial intelligence and remote sensing
methods”).

Cite this article as: Berkinbayev GD, Kayukov PG, Fedorov GV, Askarov SA, Nazyrova DR, Gavrilenko OD, Temirbekov NM,
Temirbekov AN, Mustafina ZA, Zimanovskaya NA. Radioactivity as a prospecting indicator of rare earth, gold and polymetal
deposits in eastern Kazakhstan and an indicator of increased radioecological hazard during their development. Kompleksnoe
Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2028; 346(3):40-51.
https://doi.org/10.31643/2028/6445.27

WbiFbic Ka3aKcTaHpafFbl CUPEK Kep 3N1eMEHTTEepi, aNTblH XKaHe NOJIMMeETaNN KeH
OpbIHAAPDbIH i3aeyAiH 6enrici peTiHae pagnOaKTUBTINIK }KaHE OCbl KeH
OpbIHAAPbIH Urepy KesiHge paanauUanbiK-3KONOrMANBIK KaYinTiH XXoFapbl
AEHreriHiH UHANKaTopbI
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TYWIHAEME
5¥I1 3epTrey LUbifbiC KasaKCTaHp,anl CUPEeK MmeTanabl, anTblH }XaHe NOAIMMETaNIN1 MUHEPanaaHybl

YWiH Tabwufu paaMoaKTMBTINIKTIH i3gey 6enrici  peTiHgeri peniH, COHAal-ak  OHbIH

pagmno3KonormanblK Kayin daktopbl peTiHaeri MaHbI3blH 6afanayfa b6afbiTTanfaH. Tangay 1:1 000
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000 MmacwTabblHAa KYpri3inreH alMmaKTblK  PafMOrUAPONUTOXMMUANDBIK  TYCipiniMmaepain,
HaTUXKenepiHe HerisgenreH aHe MUKpobaccelHaep LeriHAe TYNTiK WeriHainepaeH cbiHama
anyabl KAMTUAbI. 3epTTey Herisri Tabusn pagunoHykamatepre (U-238, Ra-226, Th-232, Ra-228, K-
40) kaHe onapAapblH  KEHICTIKTIK TapanyblHa 6afbiTTanfaH. AHOManbAbl FEOXUMUANBIK
accoumaumanapabl aHbIKTay XoHe O0NapAblH, METaNNoreHAiK KypblabiMaapmeH 6HainaHbICbiH
6afanay ywiH GpaKTopAabIK Tangay KongaHbiaabl. HatuxkeciHae KasakctaH aymarbiHaa 80 aneyerri
PAAMO3KONOTUANBIK KayinTi alMak, aHbIKTanAbl, OHbIH iWwiHge 5 arimak LUbiFbic KasakcTtaHaa
OpHanackaH. 3epTrenreH aymakra 12 aHomanbabl yyacke 6enrineHgi, onap 3-5 daktopmeH
cunaTtTanagbl, an KWbIHTbIK TyCiHAipiareH aucnepcua 62,8%-aaH 83,6%-fa aeliH esrepegi.
AHbIKTa/IFaH aHOMaNMANAP Heri3ri MeTan/NoreHAiK almaKTapmeH, acipece MOAUMMETANN XKaHe
CMpeK MeTanabl MMHepanaaHyMeH 6annaHbicTbl PyaHbiM AnTai )kaHe Kanba-Hapbim eHipnepimeH
KEHICTIKTIK CalKecTiK KepceTesi. HaTuxkenep Tabuen paamoakTUBTINIKTIH TMiMA i3aey 6enrici api
3KONOMMANBIK Kayin ¢aKkTopbl 60na anaTtbliHbIH - gdnengensi. 3epTrey  pPaAMOaKTUBTINIK
napameTpaepiH i3gey KputepuinnepiHe eHrisyiH, aneyeTiH KepceTeai KaHe reonoruanbik 6apnay
MEH Tay-KeH XXYMbICTAPbIH YKYPri3y KesiHAe pagMaumAanbiK KayincisgikTi eckepy KarKeTTiriH atan
eTeni.

TyliiH ce30ep: papgMoOaKTUBTINIK, i3aey 6enrici, ramma-cnekTpomeTpusa, ypaH, TOpWW, KeH
OpbIHAAPSI.
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AHHOTAUMA

[laHHOe WccnefoBaHME HaMpaB/ieHO HAa OLIEHKY PO/M eCTeCTBEHHOW PafMOaKTUBHOCTM Kak
NMOWCKOBOIO NPU3HaKa PeLKOMETAIbHOW, 30/10TOPYAHON U MONMMETANINYECKOW MUHEPANN3aLmMn
BoctouHoro KasaxctaHa, a TakxKe e€ 3HauyeHuA Kak daKkTopa pavO3IKONOrMYECKON OMACHOCTU.
AHanu3 OCHOBaH Ha pesynbTaTax PervoHaNbHbIX PaZUOTUAPOAUTOXUMUYECKUX CHEMOK,
BbINOMIHEHHbIX B MacwTabe 1:1 000 000, BKAtoYas oT60p NPob AOHHbLIX OTNOXKEHWUI B Npegenax
MuKpobacceiiHoB. OCHOBHOE BHUMAaHWe yAeneHo KNHYeBbIM NPUPOAHBIM paguoHykangam (U-

Moctynuna: 22 mapma 2026
238, Ra-226, Th-232, Ra-228, K-40) v nx npocTpaHCTBEHHOMY pacrnpesaeneHunto. [ns BbisBaeHUA

PeueHsnpoBaHue: 18 mas 2026
MpuHsaTa B nevats: 30 uloas 2026 QHOMAJIbHBIX TEOXMMUYECKMX accoLMaumMii M OLEHKM WX CBA3M C  METa/NIoreHNYecKUmm

CTPYKTYpamu 6bin NPUMEHEH GaKTOPHbIM aHau3. B pesynbTaTte Ha TeppuTopun KasaxcrtaHa 66110
BblaeneHo 80 NOTeHUMANbHO PAAMOIKONOTMYECKM OMACHbIX 30H, U3 KOTOPbIX 5 pPacnonoXKeHbl B
BocToyHom KasaxctaHe. B npepgenax uccneayemoin TeppuTopuu BbiiBNeHO 12 aHOMaNbHbIX
Y4acTKOB, XapaKTepusylowmxca 3—5 ¢paktopamm C CymmapHoOW OB6BbACHEHHOM Aucrnepcuen ot
62,8% no 83,6%. BbiABNeHHble aHOManUM OEMOHCTPUPYIOT NMPOCTPAHCTBEHHOE COOTBETCTBUE
OCHOBHbIM METa/NNIOreHNYEeCKUM 30HaMm, npexae Bcero PyaHoro Antaa u Kanba-Hapbimckoro
permoHa, accouMMPOBAHHbIX C MNOJIMMETAN/IMYECKOW U pPeaKOMETaNbHOM MUHepanusauuen.
MonyyeHHble pe3ynbTaTbl MOKA3bIBAOT, YTO €CTECTBEHHAA PAfMOAKTUBHOCTb MOXKET CNYKUTb KaK
3 PEKTUBHBIM NMOMCKOBBIM MPU3HAKOM, TaK U BaKHbIM (GAKTOPOM 3IKONOrMYECKOro pucKa. B
paboTe nNokasaH NOTeHLMan BKAYEHUS NapamMeTpoB PaAMOaKTUBHOCTU B CUCTEMY MOMCKOBbIX
KpUTEpUEB, a TaKXKe NoAYEPKMBAETCA HEOBXOAMMOCTb yYéTa pagmaLmoHHoW 6e3onacHoCcT npu
NpoBeAEHUN reo1I0ropasBefoYHbIX U FOpHbIX paborT.

Knroyesble ca106a: PafiMOaKTUBHOCTb, MOMCKOBbIN NPU3HaK, raMMa-CNeKTPOMETPUSA, ypaH, TOPUI,
PYZHbIE MECTOPOXKAEHUA
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ABSTRACT

The results of a comprehensive study of the physicochemical and commercial properties
(hygroscopic point, sorption kinetics, sorption moisture capacity) of trace-containing nitrogen
fertilizers based on ammonium nitrate (AN) melt and cathode powder from used lithium-ion
batteries are presented. The use of cathode powder as a polymicroelement additive (PMA) is
shown, and they were introduced into the saltpeter melt at various mass ratios of NA: PMA from
100 (0.5-3.0). The prepared samples of fertilizers with a granule size of 2-3 mm were tested to
determine the hygroscopic point, sorption kinetics, and sorption moisture capacity at relative air
Received: January 26, 2026 humidity of 60, 70, 85, and 100%. The samples of fertilizers were studied at a relative humidity of
Peer-reviewed: February 5, 2026 60%, and it was proved that at such a relative humidity, the samples do not get moistened, but
Accepted: August 4, 2026 rather dry out. The results of the study of samples with a 4-hour exposure are given and it is found
that fertilizer granules have a low hygroscopic point from 50 to 60% and a high moisture
absorption rate in the order of 1.860; 5.920 and 6.710; 2.052; 6.790 and 9.451, as well as 3.481;
6.954 and 9.906 mg/(g min) at relative air humidity of 70, 85 and 100%, respectively. Due to the
fact that the process of sorption of the investigated granules of products lasts up to 30 days (or
720 hours), they have a hygroscopic point of 60 to 70%, related to hygroscopic substances.
Appropriate conclusions are drawn due to the properties of the studied fertilizers: they have a low
moisture capacity, and their physical properties begin to deteriorate sharply only at a moisture
content of about 2%. The resulting fertilizers are not inferior to known fertilizers in their
characteristics. Recommendations are given for packaging the finished product in plastic bags for
storage and transportation over long distances.

Keywords: ammonium nitrate, melt, microelement, hygroscopicity, absorption rate, sorption
kinetics, moisture capacity.
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Introduction

Ammonium nitrate (AN) is an efficient and
versatile nitrogen fertilizer used for all types of crops
and soils. AN rapidly responds to crop growth and
development, promoting high yields even within a
short vegetation period. The consumption of AN
(100% nutrient component—N) required to obtain
an additional 1 ton of yield is 80 kg for cereals, 141
kg for cotton, 142 kg for flax, 10.3 kg for sugar beet,
157 kg for sunflower, 13.8 kg for potatoes, and 8.1
kg for vegetables [1]. Therefore, global production of
nitrogen fertilizers continues to increase, reaching
up to 127 million tons per year by 2020 in terms of
100% nutrient content [2]. According to information
from the International Fertilizer Association (IFA),
global production of ammonium nitrate increased
from 41.18 to 50.6 million tons (as 100% N) between
2009 and 2020, whereas prior annual production had
been approximately 43 million tons [3]. The largest
ammonium nitrate production capacities are located
in the United States and Russia, whose combined
share of global capacity is estimated at slightly over
13% [4]. In contrast, the share of Uzbekistan’s
chemical industry enterprises—such as JSC
“Maksam-Chirchik,” “Navoiyazot,” and
“Ferganaazot” —accounts for about 2%. Despite the
high level of production and consumption of
ammonium nitrate, it has two major drawbacks,
namely increased explosion hazard and a strong
tendency to cake during storage [5].

Caking is the adhesion of ammonium nitrate
granules to one another under the combined effects
of external load and ambient temperature, resulting
in the formation of a monolithic mass. This, in turn,
causes difficulties during the transportation and
storage of ammonium nitrate over long distances, as
well as during its application on agricultural land.

The main factors affecting caking are associated
with the high solubility, hygroscopicity, and low
mechanical strength of ammonium nitrate granules.
In addition, polymorphic transformations of
ammonium nitrate within the temperature range
from -17 to 169.6 °C, accompanied by various
structural changes, also contribute to caking [[6],
[71]. This phenomenon can be explained by the
transformation mechanism of ammonium nitrate
involving the dissolution of one phase and the
crystallization of another within its structure [[8],

[9]]. Commercial ammonium nitrate containing 26%
and 33% nitrogen is produced through industrial
manufacturing processes [10].

To this end, it is necessary to reduce the
solubility and hygroscopicity while increasing the
mechanical strength of ammonium nitrate granules
through the use of special additives. Such additives
are mainly carbonate-, sulfate-, and phosphate-
based compounds, as well as aluminosilicates
(kaolin, bentonite, vermiculite, etc.).

In parallel, mineral and hybrid additives derived
from natural and technogenic raw materials have
been widely studied in cementitious systems, where
such  additives are known to regulate
physicochemical interactions, moisture-related
properties, and microstructural development of
composite materials. These studies demonstrate
that multicomponent mineral additives can improve
material stability without critically compromising
functional properties, highlighting the potential for
cross-sectoral application of mineral additives in
nitrogen fertilizer systems [[11], [12], [13]].

However, after the addition of these types of
additives, one of the key commercial properties—
the hygroscopic point of the product—decreases
sharply from the initial 63% for ammonium nitrate to
about 30%. Moreover, not all of the above-
mentioned mineral additives provide a useful
functional benefit. In this regard, the use of
microelement additives can be proposed, which are
simultaneously applied to crops at sufficient levels
due to the high rates of nitrogen fertilization. In our
view, cathode materials from lithium-ion batteries
(LIBs) can be considered as promising microelement
additives. This is because the production of lithium
salts is steadily increasing, and various methods for
their recovery are being developed [14]. However,
the issue of recycling spent lithium-ion batteries
remains highly relevant.

In this regard, the scientific and practical
objective of this work is to investigate the
physicochemical and commercial properties
(hygroscopic point, kinetics of water vapor sorption,
sorption moisture capacity, and dissolution
temperature) of ammonium nitrate containing
microelements of 3d metals derived from spent
lithium-ion batteries (LIBs).
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The calcination temperature of 700 °C was
selected on the basis of preliminary experiments to
ensure  decomposition of residual organic
compounds and stabilization of the cathode material
structure.  Experimental measurements were
repeated three times, and the experimental error did
not exceed +3%.

Experimental part

The experimental part of this study describes the
research methodology and analytical methods
applied.

Laboratory experiments were carried out in
accordance with Ref. [12] using cathode powder
extracted from a branded mobile phone battery. The
extraction of the cathode material was performed by
ultrasonic treatment using a GT SONIC ultrasonic
device (China). After ultrasonic separation, the
recovered cathode powder was calcined at 700 °C for
3 h in a SNOL muffle furnace (Russia). The calcined
material was subsequently cooled in a desiccator at
25 °C and ground to a particle size of 0.25 mm.

Additional analytical control confirmed the
absence of significant concentrations of Pb and Cd
impurities within the detection limits of the method.
For chemical composition analysis, the calcined and
ground material was dissolved in aqua
prepared as a mixture of concentrated nitric acid
(HNO3) and hydrochloric acid (HCl) in a volume ratio
of 1:3. The resulting nitric—hydrochloric acid extract
was cooled, filtered, and subjected to elemental
analysis using a Shimadzu ICPE - 9000 instrument

regia,

(Japan). The analysis was conducted by inductively
coupled argon plasma optical emission spectrometry
(ICP-OES) in the wavelength range of A = 179-769
nm.

The elemental composition of the investigated
LIB material is presented in Table 1. It should be
noted that elements with contents not exceeding
0.02% are not included in the table. The tabulated
data show that the LIB material consists mainly of
lithium, cobalt, manganese, and nickel; therefore, it
can be conditionally classified as a polymetallic
microelement additive (PMD).

The process of incorporating PMD
ammonium nitrate is as follows:

into

Ammonium nitrate of grade “Ch” was melted at
170 °C in a metal reactor on an electric hot plate.
Then PMD was introduced into the melt at a mass
ratio of AN: PMD = 100: (0.5-3.0), ensuring that the
nitrogen content did not exceed 34% (to obtain non-
caking AN) and that the content of microelements
was 0.08-0.3% (this refers to the application of
microelements at 0.5-2.0 kg per hectare together
with 200 kg N, 150 kg P,0s, and 80 kg K,O during the
cultivation of raw cotton) [[13], [14]]. The
hygroscopic point of microelement-containing
nitrogen fertilizers with particle sizes of 2—3 mm was
determined by the desiccator method [[15], [16]] at
a temperature of 25 °C over a period of 30 days. The
composition of the studied products is presented in
Table 2 [17].

Table 1 - Chemical composition of calcined spent LIB cathode powder

Chemical composition, % Total Li+Co+Mn+ Other elements with low
Ni % content (less than 0.02%)
Li Co Mn Ni
2.47 13.80 10.31 2.38 28.96 71.04
Table 2 - Chemical composition of microelement-containing ammonium nitrate fertilizer granules
Sample | Mass ratio | pH of a 10% | Component content, wt.% Strength, | Moisture
Ne AN: PMD solution MPa content,
N Li Co Mn Ni %
1 2 3 4 5 6 7 8 9 10
1 . 0.396
100: 0.5 6.02 34.62 0.0094 0.0561 | 00387 | 0.0112 | 4.62
2 . 0.087
100: 1.0 6.04 34.40 0.0193 0.109 0.091 0.0189 | 5-16
3 100:1.5 | 6.08 3428 [ 0.0342 | g5 |0.1355 | 0.0164 |5.49 0214
4 100:20 | 6.15 3409 | 00432 |48 |0.1925 | (opaa | 585 0.208
> 100:3.0 | 6.42 33.87 | 0.0527 |0.2395 |0.2860 | po3g7 | 613 0.283

—— 54 ——
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Granules with a diameter of 2-3 mm were
obtained by laboratory granulation followed by
thermal drying at 80—90 °C.

The experimental data
statistically processed using Microsoft Excel 2019.
Average values obtained from parallel experiments
were used for graphical dependences and regression
analysis.

obtained were

Results and Discussion

According to the results presented in Table 2, the
initial moisture content of the first sample obtained
at a mass ratio of AN: PMD = 100:0.5 is 0.396%. The
moisture contents of the remaining samples are as
follows: the second sample—0.087%, the third—
0.214%, the fourth—0.208%, and the fifth—0.289%,
corresponding to mass ratios of AN: PMD = 100:1.0,
100:1.5, 100:2.0, and 100:3.0, respectively. For the
investigation of physicochemical and commercial
properties, samples Ne 1, No. 3, No. 4, and Ne. 5 were
selected.

First, a study was conducted to determine the
hygroscopic point (h) of the samples. For this
purpose, according to the procedure described in
[[15], [16]], the selected samples were kept in
desiccators at 25 °C for 4 hours. To artificially create
relative air humidities of 50, 60, 70, 85, and 100%,
sulfuric acid solutions of appropriate concentrations
were placed in the desiccators. After a 4-hour
exposure, the samples were weighed on analytical
balances with a division of no more than 0.1 mg (i.e.,
0.0001 g).

During the weighing procedure, it was found that
at a relative air humidity of 50% the samples lost
moisture, while at 60% they practically did not
absorb it. At higher relative air humidities of 70, 85,
and 100%, significant moisture uptake by the
samples was observed. Based on the analytical data,
the moisture absorption rate, Q, was calculated [18].
The resulting data were graphically presented in
Figure 1 as the dependence Q = f(h). The
mathematical relationships of the equations and the
correlation coefficient (R?) were processed using
Excel 2019. The figure shows that all samples have a
hygroscopic point above 50%. For the first sample, at
a relative air humidity of 50%, moisture is initially
released in the amount of —-0.0495 g, i.e., moisture is
absorbed at a rate of —-0.201 mg/(g-min). At a relative
air humidity of 60%, the product practically does not

absorb moisture (Q = 0). At relative air humidities of
70, 85, and 100%, the absorption rates are 1.635,
5.890, and 6.359 mg/(g-min), respectively, indicating
a high Q value for the latter two conditions. The
hygroscopic point of the first
determined to be 59.01%.

A similar pattern was observed for the other
samples of microelement-containing ammonium
nitrate (No. 3, No. 4, and No. 5). It was found that for
samples 3, 4, and 5, the moisture absorption rate Q
at a relative air humidity of 60% varies from -0.204
to 0.62, from -0.410 to 1.246, and from 0.206 to
1.235 mg/(g:min), respectively. These samples are
more hygroscopic, with determined hygroscopic
points of 56.50% (sample 3), 56.08% (sample 4), and
54.02% (sample 5). They also exhibit relatively high
moisture absorption rates Q of 1.860, 5.920, and
6.710; 2.052, 6.790, and 9.451; as well as 3.481,
6.954, and 9.906 mg/(g:min) at relative air
humidities of 70, 85, and 100%, respectively.

According to Pestov’s scale, a substance with a
hygroscopic point below 50% is classified as very
strongly hygroscopic; from 50 to 60% as strongly
hygroscopic; from 60 to 70% as hygroscopic; from 70
to 80% as weakly hygroscopic; from 80 to 85% as
non-hygroscopic; above 85% as
practically non-hygroscopic [[15], [16], [18]]. In this
case, the fertilizer samples belong to the group of
strongly hygroscopic substances.

sample was

almost and

The decrease in the hygroscopic point may
additionally indicate the formation of mixed nitrate
phases containing cobalt, manganese, nickel, and
lithium ions. However, the determined hygroscopic
points of the samples are relatively lower compared
with pure ammonium nitrate (62%), which can be
explained by the action of Raoult’s law. According to
this law, the total concentration of salts in a
saturated mixed solution is higher, and consequently
the vapor pressure of water is lower [18]. In addition,
physicochemical principles indicate that a mixture of
salts is more hygroscopic than its
components [19]. It is also inevitable that the
decrease in the hygroscopic point is closely
associated with the formation of cobalt, manganese,
nickel, and lithium nitrates and their crystalline
hydrates [[20], [21], [22], [23], [24]]. The latter are
more hygroscopic, and their formation intensifies
with an increase in the mass fraction of PMD relative
to ammonium nitrate (Table 2). Since moisture

individual
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absorption continues in the studied samples, it
became necessary to investigate the kinetics of
water vapor sorption in these materials. The
sorption generally
of diffusion-controlled processes
occurring in granular nitrogen fertilizers.

Therefore, it is expedient to study the kinetics of
water sorption by fertilizers over a prolonged period.
This, in turn, will provide a set of statistical and
kinetic data and allow an assessment of the process
rate. Consequently, it will be possible to determine
the hygroscopicity of the samples in more detail
based on the dependence of the sorption moisture
capacity of the samples on relative air humidity.

The latter will be established after completion of
the kinetic studies. Granules with a diameter of 2-3
mm were obtained by laboratory granulation
followed by thermal drying at 80—90 °C.

In this regard, the kinetics of water vapor
sorption by fertilizer granules of samples 1, 3, 4, and
5 with granule diameters of 2-3 mm were studied
under isothermal conditions at 25 °C and relative air
humidities of 60, 70, and 85% over a period of 30

observed behaviour is

characteristic
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days (Figs. 2-5). The numbering of the figures
corresponds to the fertilizer sample numbers listed
in Table 2.

As follows from the results, samples 1, 3, 4, and
5 undergo only minor changes in water vapor
sorption at a relative air humidity of 60%. For
example, sample 1 does not absorb moisture
throughout the entire study period but, on the
contrary, loses it from 0.1482 to 0.099%. Sample 3
absorbs only a small amount of moisture, from
0.0498 to 0.1987%, but by the end of the 30th day it
instead releases moisture down to -0.397%. Sample
4, with an initial moisture content of 0.214%,
absorbs moisture during the first day of testing from
0.2990 to 0.2990%, after which it gradually releases
it down to -0.2505%.

As for sample 5, moisture absorption occurs with
anincrease in moisture content from the initial 0.289
to 0.293%. As can be seen, the granules of all
fertilizer samples maintain equilibrium, remain dry,
retain their initial moisture content, and exhibit
100% free-flowing properties.
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Figure 1 - Dependence of the moisture absorption rate (Q) on relative air humidity (h)
for samples of microelement-containing ammonium nitrate (samples 1, 3, 4, and 5)
obtained at the following AN: PMD mass ratios: (1) 100:0.5; (2) 100:1.5; (3) 100:2.0; and (4) 100:3.0
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Figure 2 - Kinetics of water vapor sorption for sample 1 obtained at an AN: PMD mass ratio of
100:0.5 under relative air humidities of: (1) 60%, (2) 70%, and (3) 85%
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Figure 3 - Kinetics of water vapor sorption for sample 3 obtained at an AN:PMD mass ratio of
100:1.5 under relative air humidities of: (1) 60%, (2) 70%, and (3) 85%

60

30 —o—1) 60 %

- - ——2) 70 %
el® 3)85 %

IOM.
0 *® @ @ ®* o o ®* @

-10

Moisture content, %

Time, days

Figure 4 - Kinetics of water vapor sorption for sample 4 obtained at an AN: PMD mass ratio of
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Figure 6 - Dependence of the sorption moisture capacity of fertilizer samples (a)
Ne. 1, No. 3, Ne. 4, and Ne. 5 on relative air humidity

At the other relative air humidities of 70 and
85%, equilibrium is not established for all the
investigated fertilizer samples throughout the entire
test period. At a relative air humidity of 70%, samples
1, 3, and 4 absorb moisture in amounts of 0.8789,
1.1840, and 1.2708%, respectively, over 16 hours
while retaining their free-flowing properties and
sieve ability. However, sample 5 begins to cake at
this time, absorbing 1.7510% moisture. A similar
phenomenon is observed for samples 1, 3, and 4
already on the second day of testing, with absorbed
moisture contents of 1.7900, 2.1973, and 2.5567%,
respectively, whereas the granules of sample 5, after
absorbing 2.9313% moisture, become immobile and
lose their ability to be sieved. An analogous state for
samples 1, 3, and 4 is observed on the fourth day of
testing, when their moisture contents reach 3.1950,
3.0963, and 4.0836%, respectively.

After 7 days, the granules of sample 5 absorb
moisture up to 6.3080% and begin to wet, forming
water droplets on the walls of the weighing bottle.
With moisture uptake of 5.1402, 5.3850, and
6.2645%, the granules of samples Ne. 1, 3, and 4,

respectively, begin to wet after 9 days of testing. At
this stage, all granules adhere to each other and start
to lose their original shape.

Only after 20 days do the granules of all samples
1, 3, 4, and 5, having sorbed moisture up to 10.1372,
10.8986, 11.7133, and 12.1357%, respectively, begin
to disintegrate and flow.

For the investigated fertilizer samples at a
relative air humidity of 85%, the processes of caking,
wetting, and complete melting occur over a much
shorter test period. When the total moisture uptake
of samples Ne. 1, No. 3, Ne. 4, and Ne. 5 reaches
2.8183, 2.9383, 3.3429, and 3.5012%, respectively,
they begin to cake and adhere to each other after 8
hours. After 4 days, samples Ne. 1, Ne. 3, Ne. 4, and
Noe. 5 absorb 17.0469, 17.0441, 17.7570, and
17.6422% moisture, respectively, at which point they
disintegrate and spread, forming a barely noticeable
layer of solution above the granules.

Subsequently, a study was carried out to
determine the sorption moisture capacity, obtained
from the results of maximum moisture uptake at the
end of the test period (30 days). The data are




Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

presented in Figure 6 (the numbering of the curves
in the figure corresponds to the sample numbering
in Table 2). The mathematical relationships of the
equations and the correlation coefficient (R?) were
processed using Excel 2019.

The research results show that the sorption
moisture capacity curves for fertilizer granule
samples No. 1, Ne. 3, Ne. 4, and Ne. 5 at a relative air
humidity of 60% naturally indicate no moisture
absorption, and the samples fully retain their
appearance and free-flowing properties.

At a relative air humidity of 70%, fertilizer
granule samples No. 1, No. 3, Ne. 4, and Neo. 5 sorb
moisture in amounts of 14.7059, 15.7693, 16.6323,
and 17.0431%, respectively. At a relative air humidity
of 85%, the moisture uptake of all fertilizer granule
samples is almost the same and amounts to 52.8857,
52.6439, 52.9849, and 52.7921% for samples No. 1,
Ne. 3, Neo. 4, and Ne. 5, respectively. This indicates
that, upon absorbing such amounts of moisture, the
fertilizer granules reach dynamic equilibrium.
Naturally, at this moisture content, the granules
spread and transition into a liquid state by the 30th
day of testing.

According to the definition, the hygroscopic
point corresponds to the relative air humidity at
which a substance neither becomes wetted nor dries
out. In the present case, sample Ne. 1 has a
hygroscopic point of 63.14%, sample Ne. 3—61.49%,
sample No. 4—61.23%, and sample Ne. 5—60.97%.
These values are 1.07, 1.08, 1.09, and 1.13 times
higher, respectively, than the hygroscopic points
determined after 4 hours of exposure (No. 1—
59.01%; Ne. 3—56.50%; Ne. 4—56.08%; and Ne. 5—
54.02%). This circumstance is explained by the fact
that sorption in the fertilizer granule samples did not
reach its maximum level under the shorter exposure
conditions.

No signs of spontaneous decomposition or
thermal instability of the investigated fertilizer
samples were visually observed during laboratory
storage.

Considering climatic characteristics, relative air
humidity in Uzbekistan is characterized by an
average monthly minimum of 46% and an average
monthly maximum of 74%, while the annual average
is about 60%. Therefore, the obtained products are
classified as hygroscopic materials and should be
packaged in polyethylene bags.

Further studies should include ecotoxicological
evaluation, thermal stability analysis, and field
agrochemical testing to assess the industrial
applicability of the developed fertilizers.

Conclusions

Thus, a detailed study was carried out to
determine the physicochemical and commercial
properties (hygroscopic point, sorption kinetics, and
sorption moisture capacity) of microelement-
containing nitrogen fertilizers based on ammonium
nitrate melt and cathode powder. The results show
that the presence of microelement-containing
components in the fertilizer granules leads to a
decrease in the hygroscopic point and to a high rate
of moisture absorption. The obtained data were
experimentally confirmed by establishing the
dependence of changes in sorption kinetics on
exposure time (days) and by determining the
relationship between sorption moisture capacity and
relative air humidity. It was found that all granule
samples studied at a relative air humidity of 60% do
not become wetted but, on the contrary, tend to dry.

It was also revealed that the discrepancy
between the hygroscopic points of the granule
samples studied over 30 days (or 720 hours) is
greater than that observed after a 4-hour exposure.
Fertilizers with a hygroscopicity range of 60—70% are
classified as hygroscopic substances, which
necessitates their packaging in polyethylene bags for
transportation and storage.
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AMMOHUI HUTPATbl MEH NAAaNAHbINFAH INTUI-MOHADBI baTapeanap
Heri3iHAeri MMKpo3anemeHTTepMmeH 6aibITbIIFaH a30TTbl ThIHAWTKbILUTbIH,
dU3UKaA-XMMUANDBIK, }KIHE TayapablK Kacuerrepi
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TYWIHAEME

AMMOHUI HUTpaTbl (AH) 6ankbimacbl MeH naiganaHbliFaH AUTUA-UOHABI BaTapeanapAabiH
KaTOATbIK  YHTafbl  HerisiHge anblHFAaH  MWUKpPO3/NEeMeHTTepMeH  BailbiTbinfFaH  a3oTThl
TbIHANTKBILWTAPAbIH, GU3NKA-XUMUANBIK KSHE Tayap/iblK KAacMeTTepiH (TMrpoCKONUANbIK HYKTe,
copbUMA KMHETUKACbl, COPOUMANBIK blAFan CbIMbIMAbINbIFLI) KeweHai 3epTrey HaTuxkenepi
Makana kenai: 26 Kaymap 2026 KenTipinreH. KaToATbIK YHTaKTbl MNOAMMMKpPO3aNemeHTTi Kocna (MMA) peTiHge naniganany
CapanTamagaH eTTi: 5 akan 2026 MYMKIiHAir  KepceTinin, on cenutpa 6ankbimacbiHa AH:NMMA = 100:(0,5-3,0) maccanbik
Kabbinganabl: 4 mameis 2026 KaTblHACTapblHAA eHrisingi. MpaHyna enwemi 2—-3 mm 60naTbiH AalblH TbIHAWTKbIW YArinepi
TMIPOCKOMNMUANDBIK, HYKTEHI, COPOLMA KMHETUKACBIH KaHe COPOUMANDBIK biNFan CblbIMAbINbIFbIH
aHbIKTAY YLWiH ayaHblH, Ca/biCTbipManbl biaFangpinbiFbl 60; 70; 85 kaHe 100% rKafpalibliHOA
3epTTendi. AyaHblH, CanbiCTbipManbl biAFanabinbifbl 60% 6GonFaHaa TbIHAUTKbIW  yAarinepi
binFangaHbai, KepiciHwe, KebeTiHi ganenaeHai. 4 caFaTTblK 3KCMO3ULMA HaTUKenepi 6oMbiHWa
TbIHAWTKbILW FPaHY1aNaPbIHbIH, TMIPOCKONUANDIK HYKTeci 50—60% apanblfblHAA EKEHI }KOHE ayaHblH,
canbicTbipManbl binFangpinbiebl 70, 85 koHe 100% 6onfaHOa biAFangbl CiHipy KbiNgamablfbl
TuiciHwe 1,860; 5,920 »kaHe 6,710; 2,052; 6,790 kaHe 9,451, coHaal-ak 3,481; 6,954 kaHe 9,906
Mr/(r-MuH) MaHAEpiHe XKeTeTiHi aHbIKTanAbl. 3epTTe/IreH eHiM rpaHynanapbiHaa copbuma npoueci
30 Taynikke (Hemece 720 cafaTKa) AeliH }KanfacaTblHAbIKTAH, ONapAblH, TMIPOCKONUANbIK HYKTECH
60-70% apanbifblHAA 60/bIN, TMIPOCKOMUANBIK 3aTTapfa *KaTaTblHbl KepceTingi. 3epTtrenreH
TbIHAWTKBILUTAPAbIH KacueTTepiHe 6ainaHbICTbl ONapAapliH, blIFa CbIbIMAbIbIFbI TOMEH €KeHi, an
du3MKanbIK KacueTTepiHiH, KypT Hawapnaybl WamameH 2% biAfangbliblK — AeHreriHae
6acTanatbiHbl aHbIKTanApl. AnblHFAH TbIHAWTKBILWLTAP ©3 cunaTTamanapbl 6oibiHWwa 6enrini
TbIHAWTKBILWTApAAH Kem Tycnenai. ¥3aK KalWbIKTbIKKA TacbiMangay aHe CakTay YLWiH AaibiH
OHIMAji NoNN3TUNEH KanTapfa opay 6olbIHWA YCbiHbIMAAp beping,.

TyiiiH ce30ep: aMMOHMWI HWUTPaTbl, 6aNKbIMa, MUKPO3EMEHT, TMIPOCKONUANDIK KAaCKeT, CiHipy
KbIIAAMAbIFbI, COPOLMA KUHETUKACHI, bIIFAA CbIAbIMABINbIFbI.
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MNoctynuna: 26 aHeapsa 2026
PeueHsupoBaHue: 5 gpespans 2026
MpuHAaTa B Nneyatb: 4 as2zycma 2026

AHHOTAUMUA
MpuBeaeHbl pe3y/ibTaTbl KOMMNAEKCHOTO UCCe0BaHNA GUIMKO-XMMUYECKMX U TOBAPHbIX CBOMCTB

(rurpockonuueckas TOuKa, KUHETUKA copbuuu, copbumoHHas B/1ar0eMKOCTb)
MUKPO3/IEMEHTCOAEPKALLMX a30THbIX YyA0BPEHNIn Ha OCHOBe MJsaBa HUTpaTa ammoHusa (HA) u
KaTOZHOro MOPOLUKA OT WMCMO/b30BaHHbIX UTUIA-MOHOBbLIX BaTapeli. loKkasaHO ucnosib3oBaHWe
KaTOAHOrO MOPOLUKA B KAYeCTBE NOJMMUKPO3INEMEHTHOM A06aBku (MMA), v OHM Bbinn BHECEHDI
B N/1aB CENUTPbI MPU Pa3ANYHbIX MAcCOBbIX COOTHoweHuax HA: MM/ ot 100 (0,5-3,0). UcnbiTaHbl
noJslyyeHHble roToBble 06pasubl yaobpeHUit ¢ pasmepom rpaHyn 2-3 mm Ana onpeaeneHvs
TMrPOCKOMNYECKOM TOUKM, KUHETUKM COPOLMMN N COPOLMOHHOMN BAaroeMKOCTU NMPY OTHOCUTENbHbIX
B/IAYKHOCTAX Bo3ayxa 60; 70, 85 n 100%. M3yyeHbl uccneayembie obpasupl yaobpeHuin npu
OTHOCWTE/IbHOI BNAXHOCTUN BO3ayXxa 60%, U flOKa3aHO, YTO MPU TaKOM OTHOCMTENbHOW BAAXKHOCTU
ob6pasubl He yBNAXKHAOTCA, @ HAaobopoT noacbixatoT. MNpuBeaeHbl pesynbTaTbl UCCNEA0BAHUA
06pasLoB Npu 4-x YaCOBOW BbISEPIKKM M YCTAHOB/IEHO, YTO MPaHy bl YA06PEHUA UMEIOT HU3KYLO
rMrPOCKOMMYECKYHO TOUKY OT 50 4,0 60% 1 BbICOKYHO CKOPOCTb NOT/I0WeHus Bnarv B nopagke 1,860;
5,920 1 6,710; 2,052; 6,790 1 9,451, a Takxe 3,481; 6,954 1 9,906 Mr/(r MMH) NPU OTHOCUTENBHOA
B/Ia’KHOCTM Bo3ayxa 70, 85 un 100% cooTBeTcTBEHHO. B cBA3M C Tem, 4TO npouecc copbunm
uccneayemblx rpaHyn npoayktos npogoskaetca Ao 30 cyTok (Mam 720 YacoB), OHM UMeloT
rMrpPOCKONMYECcKyto TOUKyY OT 60 A0 70%, OTHOCALLYHOCA K TMrPOCKONMYeCcKUm BelectBam. CaenaHbl
COOTBETCTBYIOLME BbIBOABI, 6aarogapsa CBOWCTBAM Mccaegyemblx yaobpeHuit oHu obnapatot
HU3KOI BJIaroemKOCTblo, @ UX GU3NYECKMe CBOMCTBA HAUMHAIOT PE3KO YXYALWATbCA TONbKO Mpu
coaepKaHumn Bnarn okono 2%. MonyyeHHble ya06peHna No CBOMM XapaKTepuUCTUKaM He ycTynatoT
M3BECTHbIM yaobpeHuam. MpuseaeHbl pPeKOMeHAAuMM MO yrnaKoBKE rOTOBOrO MNpPOAyKTa B
NOIM3TUNEHOBbIE MELLKM AN XPaHEHWUA U NepeBOo3KM Ha AasibHWUEe PAaCcCTOAHUA.
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ABSTRACT

Gold recovery from aqueous solutions requires environmentally sustainable alternatives to
conventional cyanide-based extraction processes. This study aimed to develop the polymer
inclusion membrane (PIM) by incorporating functionalized chitosan into a poly (vinylidene
fluoride-co-hexafluoropropylene) (PVDF-co-HFP) membrane to enhance the transport and
extraction efficiency of Au(lll). The membrane consisted of PVDF-co-HFP as the base polymer,
Aliquat-336 as the carrier, and dioctyl phthalate (DOP) as the plasticizer, while functionalized
chitosan was incorporated at concentrations ranging from 0.5 to 2.5 wt.%. The fabricated
membranes were prepared using the solvent-casting techniques and characterized using scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), contact angle, and ion exchange capacity (IEC). The membrane containing 2.0 wt.%
functionalized chitosan (M5) exhibited the highest Au(lll) extraction efficiency of 98.19%.The
improved extraction performance was attributed to enhanced membrane hydrophilicity,
increased ion exchange capacity, and more efficient carrier-mediated transport. These findings
demonstrate that the developed PIM system is a promising and sustainable membrane-based
technology for high-efficiency gold recovery.

Keywords: extraction, chitosan, membrane, PVDF-co-HFP, Aliquat-336.
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Introduction

Gold is one of the most valuable metals because
of its wide range of applications in the jewellery,
electronics, aerospace, medical,
industries. The high global demand for gold has
increased the need for efficient methods to extract
gold from low-grade ores and secondary resources.
Cyanide leaching has been the most widely used
hydrometallurgical process for gold extraction
because of its high recovery efficiency. However, the
use of cyanide raises environmental concerns
because of its high toxicity and the risk of
environmental contamination. These concerns have
develop more
environmentally

encouraged researchers
sustainable and

and reduced secondary generation [2]. Among these
technologies, polymer inclusion membranes (PIMs)
have gained attention for metal ion separation and
recovery. A typical PIM consists of a base polymer, a
carrier, and a plasticizer. The carrier selectively binds
with the target metal ion and transports it across the
membrane, while the polymer provides mechanical
support and the plasticizer improves membrane
flexibility and transport performance [3].

Compared with conventional solvent extraction,
PIMs combine extraction and stripping into a single
membrane system. This reduces solvent loss and
simplifies the overall separation process. Previous
studies have successfully applied PIMs for the
recovery of various metal ions, including Pb(ll),
Cd(l1), Zn(I1), Cr(VI), As(V), and Au(lll). The results
showed that PIMs have potential as an

and financial

friendly

alternatives for gold recovery [1].

Membrane-based separation technologies have
emerged as a promising alternative because they
offer high selectivity, lower chemical consumption,

environmentally friendly technology for
hydrometallurgical applications [2].

The selection of membrane materials is
important because it directly affects the membrane
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performance  during metal ion transport.
Poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-co-HFP) is commonly used as the base
polymer due to its good chemical resistance,
thermal stability, and mechanical strength. It is also
compatible with hydrophobic carriers such as
Aliquat-336. Aliquat-336, a quaternary ammonium
salt, has been widely used as a carrier for Au(lll)
extraction because of its strong affinity for anionic
metal complexes and good transport performance
[4]. Dioctyl phthalate (DOP) is added as a plasticizer
to improve membrane flexibility and enhance carrier
mobility within the polymer matrix [5].

Chitosan is a natural biopolymer derived from
chitin and has been widely studied for membrane
application because of its biodegradability,
biocompatibility, and the presence of hydroxyl and
amino groups. These functional groups provide
active sites for metal ion binding and help improve
membrane hydrophilicity. However, the use of
native chitosan is limited because of its poor stability
in acidic media and relatively weak mechanical
properties [4]. To overcome these limitations,
chitosan can be functionalized to improve its
stability and introduce additional active sites.
Compared with native chitosan, functionalized
chitosan has better compatibility with the polymer
matrix and can enhance ion exchange capacity and
metal transport. For these reasons, functionalized
chitosan has become a promising additive for PIMs
used in metal separation.

In this study, functionalized chitosan was
incorporated into a PVDF-co-HFP-based membrane
that consisted of Aliquat-336 as the carrier and DOP
as the plasticizer for Au(lll) extraction. The
membrane was prepared using the solvent-casting
method and characterized using Fourier transform
infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), thermogravimetric analysis
(TGA), contact angle measurement, and ion
exchange capacity (IEC). The effects of
functionalized chitosan concentration on the PIMs'
properties and Au(lll) extraction performance were
then evaluated.

Experimental part

Materials

Poly(vinylidenefluoride-co-
hexafluoropropylene) (PVDF-co-HFP) pellets (Sigma-
Aldrich, USA) were used as the base polymer.
Aliquat-336 (tricaprylmethylammonium chloride,

Sigma-Aldrich, USA) was employed as the ionic
carrier. Dioctyl phthalate (DOP, purity > 99.5%,
Sigma-Aldrich, USA) served as the plasticizer.
Chitosan (Sigma-Aldrich, USA) was used as the
membrane additive and was functionalized via the
ionic gelation method.

Functionalized Chitosan Preparation

0.3 g chitosan was dissolved in 1 wt.% dilute
acetic acid solution under continuous magnetic
stirring until a clear and homogeneous solution was
obtained. Magnesium sulphate was then added
dropwise as an ionic crosslinking agent to induce the
functionalization process through ionic gelation.
Upon completion of the reaction, the resulting
functionalized chitosan was separated by
centrifugation (6000 rpm, 50 mins) and repeatedly
washed with distilled water to remove residual
reactants. The purified product was subsequently
dried in a laboratory oven at 50 °C until a constant
weight was achieved [6].

Membrane Fabrication

50 wt.% of PVDF-co-HFP was dissolved in THF
under continuous magnetic stirring until a clear and
homogeneous polymer solution was obtained.
Subsequently, the specific amount of DOP and
Aliquat-336 was added according to the membrane
compositions listed in Table 1 below. Functionalized
chitosan was then incorporated into the casting
solution at 0.5-2.5 wt.% and stirred continuously to
ensure its uniform dispersion throughout the
polymer matrix.

The prepared casting solution was uniformly
cast onto a clean glass plate using a casting knife
with a controlled thickness of 200 um. Solvent
evaporation was carried out at ambient conditions
for 24 h, resulting in the formation of self-supporting
membranes. The dried membranes were carefully
peeled from the casting plate, cut into circular discs,
and stored in a desiccator before physicochemical
characterization and Au(lll) transport experiments
[4].

Membrane Characterization

The fabricated PIMs were characterized using
various microscopic methods. The surface
morphology of the fabricated PIMs was
characterized using a JEOL JSM-IT100 scanning
electron microscope (SEM, JEOL Ltd., Japan). The
fabricated PIMs were cut into 5 x 5 mm sections and
sputter-coated with Au-Pt under vacuum conditions.
SEM micrographs were obtained at an accelerating
voltage of 20.0 kV [7].
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Table 1 — Membrane formulation with different functionalized chitosan concentrations

Acronyms PVDF-co-HFP Aliquat-336 DOP Functionalized
(wt.%) (wt.%) (wt.%) Chitosan (wt.%)
M1 50 20 10 0.0
M2 50 20 10 0.5
M3 50 20 10 1.0
M4 50 20 10 1.5
M5 50 20 10 2.0
M6 50 20 10 2.5

The functional groups of the fabricated PIMs
were characterized using FTIR-ATR (Thermo
Scientific Nicolet iZ10, Thermo Fisher Scientific, USA)
over the spectral range of 4000-400 cm™? [8].

The thermal stability was examined using a
TGA/DSC 2 HT thermogravimetric analyzer
(METTLER TOLEDO, Switzerland). Approximately 5-
10 mg of each membrane sample was heated from
room temperature to 800 °C under a nitrogen
atmosphre at a heating rate of 10 °C min~! [9].

The membrane hydrophilicity was determined
using a DataPhysics OCA15plus contact angle
goniometer (DataPhysics Instruments GmbH,
Germany). A 5 uL droplet of deionized water was
deposited onto the membrane surface, and the
contact angle was measured in triplicate [10].

2.5 Rate of Performance

The membrane that showed the best overall
properties was selected for Au(lll) extraction
experiments. A standard Au(lll) (Sigma-Aldrich, USA)
feed solution was prepared by diluting a 1000 mg/L
solution with 0.1 M hydrochloric acid (HCI, Mer,
Germany) to obtain the 50 mg L™1. The receiving
solution was prepared by dissolving 1 g of thiourea
(Thermo Fisher Scientific, USA) in 1% HCl to produce
a 1.0 M thiourea solution.

The transport performance of the fabricated
PIMs was evaluated using H-cell compartments. The
fabricated PIMs were positioned between the feed
and receiving compartments, each containing 100
mL of solution. Continuous stirring at 400 rpm was
maintained throughout the experiment. Samples
were collected at4 h,8 h, 12 h, 16 h, 20 h, and 24 h,
and the Au(lll) concentration was analyzed using
inductively coupled plasma optical emission
spectrometry (ICP-OES, Agilent Technologies Inc.,
USA).

Results and Discussion

Figure 1 shows the FTIR spectra of the fabricated
PIMs. The spectra confirmed the successful

incorporation of functionalized chitosan into the
fabricated PIMs. An absorption band at 3200-3500
cm™! was observed. This band corresponds to the
stretching vibration of hydroxyl (-OH) and amino (-
NH,) groups [11]. Also, the additional peaks at 1550-
1650 cm™~! were assigned to the amide and amino
groups of chitosan [12]. The increase in intensity at
1100-1130 cm™! were attribute to the asymmetric
stretching vibration of sulphate groups, indicating
the presence of magnesium sulphate in the
membrane [13].

No additional absorption peaks were observed
in the functionalized chitosan matrix membrane
(M2-M6) compared with the pure PIMs (M1). This
indicates that no new chemical bonds were formed
during the preparation process [14]. Instead, the
small shifts in peak position and changes in intensity.
This is due to the membrane interacting mainly
through hydrogen bonding [11]. These interactions
help improve membrane properties while
maintaining the chemical stability of PVDF-co-HFP
and Aliquat-336 [15].

Figure 2 shows the SEM images of the fabricated
PIMs, illustrating the effect of functionalized
chitosan on the membrane surface morphology. M1
has a smooth and compact surface with a dense
polymer matrix.
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Figure 1 — FTIR spectra of PVDF-co-HFP-based PIMs with
different functionalized chitosan (M1-M6)
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After the addition of functionalized chitosan, the
membrane surface became slightly rougher while
maintaining a uniform structure. No obvious cracks,
pinholes, or large particle agglomeration were
observed, suggesting the functionalized chitosan
was well distributed throughout the PVDF-co-HFP
matrix. During solvent evaporation, the interaction
between PVDF-co-HFP and functionalized chitosan
promoted the formation of microstructural
irregularities that increased the effective surface
area available for ion exchange [16]. A uniform
membrane structure was beneficial because it helps
reduce transport resistance and provides
continuous pathways for ion movement [4].

Among the fabricated membranes, M5 showed
the most suitable surface morphology, which could
facilitate the carrier-mediated transport of Au(lll)
[17].

Figure 2 — SEM images of the surface morphology of
PVDF-co-HFP-based PIMs with different functionalized
chitosan: (a) M1, (b) M2, (c) M3, (d) M4,

(e) M5, and (f) M6

Figure 3 shows the TGA curves of the fabricated
PIMs. All membranes exhibited a similar thermal
degradation pattern. The initial weight loss below
approximately 160-200 °C was relatively small and
can be attributed to the evaporation of residual
moisture and solvent trapped within the membrane
during fabrication [13]. This indicates that most of
the solvent had been successfully removed during
the membrane preparation process.

The second degradation stage was observed at
around 250 °C, which is mainly associated with
functionalized chitosan and DOP. Membranes with
higher functionalized chitosan showed slightly
greater weight loss. This is due to the thermal
decomposition of the hydroxyl and amino groups
[14]. However, all membrane maintained at high
degradation temperatures. This means that the
functionalized chitosan did not significantly affect
the thermal stability of the membrane.

The largest weight loss occurred at
approximately 450 °C. This corresponds to the
degradation of the PVDF-co-HFP polymer backbone
[18]. Similar degradation profiles were observed for
all membrane formulations. This is due to the
membrane structure remaining stable after the
addition of the functionalized chitosan [19].
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0 T T T T T T T
30 130 230 330 430 530 630 730

Temperature (°C)

M1 M2 M3 M4 M5 M6

Figure 3 — Thermogravimetric analysis curves of PVDF-
co-HFP-based PIMs with different functionalized
chitosan (M1-M6), showing the thermal behaviour
of the fabricated PIMs

Figure 4 shows the contact angle of fabricated
PIMs. M1 exhibited the highest contact angle value
of 57.41°. This behaviour was attributed to the
hydrophobicity of the fluorinated polymer
backbone, where the presence of C-F bonds in the
PVDF-co-HFP-based limits surface interaction with
water molecules [4].

The contact angle values decreased with the
increasingly functionalized chitosan concentration.
This enhancement in the membrane surface
hydrophilicity is due to the introduction of the
hydroxyl and amino groups. These polar groups
promote stronger interaction with water through
hydrogen bonding. This can affect the affinity of the
membrane surface [4].
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The reduction in contact angle confirmed that
functionalized chitosan successfully modified the
membrane surface by increasing the surface free
energy and wettability [20]. Enhanced surface
wettability facilitates the adsorption and diffusion of
water molecules at the membrane-solution
interface. This can contribute to improved hydration
of the membrane surface. As a result, the interfacial
mass transfer resistance between the feed phase
and the interfacial membrane surface was reduced.
This can allow a greater accessibility of Au(lll) to
Aliquat-336. Therefore, the modified PIMs were
expected to promote more efficient Au(lll) transport
during the extraction process.

47,52

60 | 5741
44,38
39,45
3581 3346
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10
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Figure 4 — Contact angle of PVDF-co-HFP-based PIMs
with different functionalized chitosan (M1-M6), showing
changes in surface hydrophilicity

Contact Angle (®)

Figure 5 shows the ion exchange capacity of
fabricated PIMs. M1 exhibited the lowest IEC
because PVDF-co-HFP is hydrophobic and contains
limited availability of ionizable functional groups
within the structure.
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Figure 5 - lon exchange capacity of PVDF-co-HFP-based
PIMs with different functionalized chitosan

lon exchange capacity (meq/g)

Following the addition of functionalized
chitosan, the IEC increased because of the amino
and hydroxyl groups that provide additional active
sites for ion interaction and facilitate ion exchange
for Au(lll) transport [4]. The increased IEC is due to
the higher density of available sites, which can
enhance the movement of Au(lll) complexes within
the membrane [4].

Rate of Performance

Figure 6 shows the Au(lll) extraction efficiency of
fabricated PIMs with different concentrations of
functionalized chitosan. The extraction efficiency
increased with the increasing functionalized
chitosan up to 2.0 wt.%, achieving a maximum
extraction of 98.19%. This is due to the enhanced
membrane hydrophilicity and higher ion exchange
capacity by the additional hydroxyl and amino
groups. This can increase the membrane’s affinity
and surface wettability, and provide more active
sites for ion interaction. Therefore, it can promote
the transport of Au(lll).

Au(lll) diffused toward the membrane surface
under the concentration gradient between the feed
and receiving phase. As demonstrated by SEM
images, the addition of functionalized chitosan
produced a more homogeneous membrane with
increased surface roughness. It provides a larger
effective contact area between the membrane and
the solution. At the membrane interface, Au(lll) was
selectively extracted into the membrane via an ion-
exchange reaction with quaternary ammonium
groups of Aliquat-336 [21].

Upon reaching the receiving solution interface,
Au(lll) encounters thiourea in the receiving phase,
where Au(lll) preferentially forms a stable Au-
thiourea complex. The receiving reaction releases
Au(lll) into the receiving phase while simultaneously
regenerating Aliquat-336, allowing the carrier to
diffuse back toward the feed phase and participate

in transport cycles [22].
However, when the functionalized chitosan

concentration was increased to 2.5 wt.%, the
extraction decreased slightly. This is because the
excessive functionalized chitosan affected the
memrbane structure by increasing the density of the
polymer matrix and restricting carrier mobility. It
may reduce the free volume available for carrier
diffusion, increase membrane viscosity during
casting, and promote stronger intermolecular
interactions  that restrict carrier mobility.
Consequently, the diffusion of Au(lll)-complexes
through the membrane becomes slower. Therefore,
M5 was selected for subsequent optimization
experiments.
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Figure 6 — Receiving phase Au(lll) concentration
over time of fabricated PIMs

Conclusions

Functionalized chitosan was successfully
incorporated into PVDF-co-HFP to enhance Au(lll)
extraction. Membrane characterization
demonstrated that the addition of functionalized
chitosan improved membrane morphology,
increased surface hydrophilicity, and enhanced ion
exchange  capacity. These  physicochemical
improvements facilitated carrier-mediated
transport and reduced mass transfer resistance.

Among the fabricated membranes, M5 (2.0 wt.%
functionalized chitosan) achieved 98.19% Au(lll)

extraction. However, further increasing the
functionalized chitosan resulted in a decline in
extraction percentages. It is indicated that the
excessive loading of functionalized chitosan can
increase the membrane hydration and diffusion
resistance, thereby limiting the Au(lll) transport.

Overall, functionalized chitosan is effective for
improving the transport and extraction of Au(lll) in
PVDF-co-HFP. The membrane offers a promising and
environmentally friendly alternative that can
contribute to the advancement of sustainable
separation technologies for metals.

Confilicts of interest. If you agree, you should not
delete this statement: On behalf of all authors, the
corresponding author states that there is no conflict of
interest.

CRediT author statement: N.Z. Nor’Azmi:
Conceptualization, Methodology, Validation, Formal
analysis, Investigation, Writing — original draft, Writing —
review & editing, Visualization, Investigation; N.F.
Shoparwe: Supervision, Writing — Review & Editing.

Acknowledgements. The authors gratefully
acknowledge the financial support from the
Fundamental Research Grant Scheme

(FRGS/1/2023/TK05/UMK/02) under the Ministry of
Higher Education (MoHE) and would like to thank
the Gold, Rare Earth & Materials Technopreneurship
Centre (GREAT), Universiti Malaysia Kelantan (UMK)
for providing lab facilities support for this research
with sufficient technical support.

Cite this article as: Nor’Azmi NZ, Shoparwe NF. Functionalized Chitosan-Modified PVDF-co-HFP Polymer Inclusion Membrane
for Enhanced Au(lll) Extraction. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2028;

346(3):64-71. https://doi.org/10.31643/2028/6445.29

dyYHKUMOHaNAAHAbIPbINFAH XUTO3aH-MmoauduKaumananFad PVDF-co-HFP
nonumepni MHKNO3UBTI membpaHa Au(lll) aKCTpaKUUACDIH KYLLUEeMTY YLliH

Nor’Azmi N.Z., Shoparwe N.F.

Manatizus yHusepcumemi KenaHmaH, Manatizus

TYWIHAEME

Makana kengi: 19 winde 2026
CapantamapgaH eTTi: 25 winde 2026
KabbingaHapl: 5 mameiz 2026

(DOP),

coHAaam-akK,
YHKLMOHANAAHABIPbINFAH XWUTO3aH KOCbIIAbI.

Cynbl epiTiHginepaeH anTblHAbl any ASCTYPAi UMaHWA, Heri3iHgeri aKcTpaKuuAa npouecTtepiHe
3KONOMMANBIK TYPFbIAAH TYpaKTbl banamanapapbl KaxeT eteni. byn septreyain, makcatol Au(lll)
TacbiManAay »KoHe IKCTPaKUMA TUIMAINITIH apTTbipy YWiH noau (BUHWUAMAEHPTOPUA NeH-
rekcaptopnponuieH) (PVDF-neH-HFP) membpaHacbiHa yHKUMOHANAAHFaH XMTO3aHAbl Kocy
apKblbl noanmepnik membpaHaHbl (PIM) asipney 6onabl. MembpaHa Herisri noanmep peTtiHae
PVDF-ko-HFP, Tacbimangaywbl petiHae Aliquat-336 »kaHe nnacTudukaTop peTiHae AMokTuadTanat

0,5-TeH 2,5 canmakTblk % -fa  AeWiHri  KOHUeHTpauuaaa

[aviblHganfaH membpaHanap epiTiHai Kyt

a4icTepiH KoagaHa OTbIpbIN AalbiHAANAbI AHE CKaHep/ieyLwi 3/1eKTPOHAbI MUKpocKkonusa (SEM),
Ddypbe TypneHAipyiHiH, nHbpakbi3bin cnekTpockonua (FTIR), TepmorpaBMMeTpuAnbIK Tanaay
(TGA), *kaHacy bypbllblH ©/Ley KaHe MOH anmacy cbivibimapbinbifbl (IEC) apKbiabl cunaTrangbl.
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KypambiHaa 2,0% canmakTblik% GpyHKLUMOHANAAHAbIPbIIFAH XUTO3aH (M5) 6ap membpaHa Au(lll)
3KCTPAKLMACIHbIH, €H, 0Ffapbl TMIMAiNIriH KepceTTi, 01 98,19% Kypaabl. IKCTPAKLUA OHIMAINITIHIH,
YKaKcapybl MembpaHaHbIH rMApPodUAbAINIFiHIH, XOFapbliayblHa, MOH anmacy KabineTiHiH apTybliHa
JKOHE TacbiMangaylbl apKblbl TacbiMangayablH, TMiMaipek 6onybiHa 6ainaHbicTbl 6ongpl. byn
3epTTeynep a3ipsieHreH PIM KyMeciHiH, *KoFapbl TUIMAI anTblH any YWiH NepcrneKkTUBabl KaHe
TYPaKTbl MeMbpaHaiblK TEXHOI0TUA eKEHIH KepceTesi.

TyliiH ce30ep: 3KCTPaKLMA, XMTO3aH, membpaHa, pvdf-co-hfp, aliquat-336.
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PYHKUMOHANN3NPOBAHHAA XUTO3aH-MOAUPULMPOBAHHAA NOAMMEPHAA membpaHa
Ha ocHoBe PVDF-co-HFP ansa nosblweHusa apPpeKktusHoctn ussneueHusa Au(lll)

Nor’Azmi N.Z., Shoparwe N.F.

YHusepcumem Manalizuu KenaHmaH, Manatizus

AHHOTALUMUA
[lnAa n3BneyeHna 30/10Ta M3 BOJHbIX PacTBOPOB HEOHXOAMMbI 3KOJOTMHECKU YCTOMUMBbIE

anbTepHaTVBbl TPAAULMOHHBIM MPOLLECCaM SKCTPAKLUMM Ha OCHOBe UMaHuga. Llenbto gaHHoro
uccnepoBaHua 6bino paspabotaTb NosvmepHylo membpaHy ¢ BkAtoveHusamu (PIM) nytem
BK/IIOYEHUA GYHKLMOHANM3MPOBAHHOIO XMTO3aHa B MembpaHy u3 noau(suHnangeHbTopmuaa-co-
rekcapTopnponuneHa) (PVDF-co-HFP) ans nosblweHUs 3¢PpeKTUBHOCTM NepeHoca U IKCTPaKLMmK

Noctynuna: 19 utons 2026 Au(lll). MembpaHa cocTtosna u3 PVDF-co-HFP B KauectBe 6a3oBoro nosnumepa, Aliquat-336 8
PeueHsunposaHue: 25 utona 2026 KayecTBe HocuTenss W auoktundTtanata (DOP) B KauectBe nnactudukatopa, npu 3Tom
MpuHaTa B nevatb: 5 aszycma 2026 YHKLMOHANM3MPOBAHHDbIW XUTO3aH Obln BKAOYEH B KOHUEHTpauuax ot 0,5 go 2,5 mac.%.

M3rotoBneHHble MembpaHbl BblNM NOAyYeHbl METOLOM JINTbA U3 PAacTBOPA M OXapaKTEPU30BaHbI
C NMOMOLLbIO CKaHUPYIOLLEN 3N1eKTPOHHOW MUKpocKkonuu (SEM), MHdpaKpacHol cnekTpockonuu ¢
npeobpasosaHnem ®ypbe (FTIR), Tepmorpasumerpuyeckoro aHanmsza (TGA), wusmepeHwus
KpaeBoro yrna cMaunsaHuna n noHoobmeHHon emkoctu (IEC). MembpaHa, cogepskaian 2,0 mac.%
dYHKLMOHANN3MpPOBaHHOrO xuTo3aHa (M5), npoaemMoHCTpupoBana HamebicWwyo 3GpdeKTUBHOCTL
nssneveHna Au(lll) — 98,19%. VYnydyweHne 3ddEKTUBHOCTM WU3BNEYEHUA ObBbBACHAETCA
NOBbIWEHHOM TMAPODUNBHOCTEIO MEMBPaHbI, YBENNYEHHOW MOHOOBMEHHON eMKOCTbO U bonee
3pdEKTUBHBIM TPAHCMOPTOM C MNOMOLLBIO HOCUTENA. ITU pe3ynbTaTbl MOKasbIBalOT, YTO
paspaboTaHHas cuctema PIM aBnaeTca NnepcnekTMBHOM M YCTOMYMBOM MeMBpaHHOM TeEXHOOreNn
ON1A BbICOKO3hPEKTUBHOMO U3BEYEHMS 30/10Ta.

Kniouesble cno6a: sKCTpakuuA, xMTo3aH, membpaHa, PVDF-CO-HFP, anvnkeaTta-336.
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ABSTRACT

Controlled and sustained drug delivery has emerged as a transformative strategy for overcoming
the limitations of conventional pharmaceutical formulations, including poor bioavailability, rapid
drug clearance, systemic toxicity, and non-specific distribution. Among the numerous delivery
platforms investigated, polymeric nanocomposite carriers have attracted considerable attention
because they integrate the excellent biocompatibility, biodegradability, and processability of
polymers with the unique physicochemical, mechanical, optical, magnetic, and therapeutic
properties of inorganic nanomaterials. This review provides a comprehensive and critical
evaluation of recent advances in polymeric nanocomposite-based drug delivery systems,
highlighting the synergistic interactions between natural and synthetic polymers and a broad
spectrum of nanofillers, including metal and metal oxide nanoparticles, carbon-based
nanomaterials, nanoclays, mesoporous materials, and electrospun nanofibers. The influence of
nanocomposite composition, fabrication strategies, and physicochemical characteristics on drug
loading, encapsulation efficiency, release kinetics, targeting capability, and biological
performance is systematically discussed. Furthermore, representative therapeutic applications in
cancer therapy, wound healing, antimicrobial treatment, tissue engineering, neurological
disorders, and regenerative medicine are critically compared to establish structure—property—
performance relationships. This review primarily summarizes individual carrier systems,
preparation methods, release mechanisms, and biomedical applications into a unified framework
while identifying current limitations related to nanoparticle aggregation, long-term
biocompatibility, biodegradation, large-scale manufacturing, regulatory approval, and clinical
translation. This review provides valuable insights for researchers working on the rational design
of advanced polymeric nanocomposites with enhanced therapeutic efficacy, improved safety,
and accelerated clinical applicability.

Keywords: controlled drug delivery, polymeric nanocomposites, precision nanomedicine, smart
nanocarriers, stimuli-responsive drug delivery, sustainable nanomanufacturing, therapeutic
nanoplatforms.
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1. Introduction

Over the past years, scientists have become
increasingly  interested in  organic-inorganic
composite (OIC) materials, which are composed of
two or more different types of components. OIC
materials display a wide range of features because
they might differ from both organic and inorganic
materials in certain ways [1]. Bioactive organic—
inorganic composites can be created by combining
different  organic  polymers with inorganic
components [2]. As technology advances, active
ingredients (drugs) and sustained release remain
significant challenges in the field of drug delivery

and development. This is because conventional drug
therapies have limitations in terms of selectivity,
pharmacodynamics, side effects, short lifetime, and
limited drug solubility [3]. Novel effective
medication delivery techniques are practically
crucial for avoiding unnecessary changes to the
stability and characteristics of drugs. In this
situation, drug delivery is designed to (i) precisely
target the desired organ to reduce drug side effects
and (ii) control drug release to prevent traditional
overdose or underdose. The drug delivery system
(DDS) is a combination of a drug and a carrier in
which the pharmaceuticals are loaded either
chemically or physically onto the carrier's surface
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[4]. One of the most promising uses of human
health care is DDS, which is a constantly developing
area of the medical sciences. The development of
organic—inorganic composites as a suitable carrier
that is effective for drug delivery to the body with a
maximum benefit-to-risk ratio remains a critical
problem for scientists despite the rapid
advancements in DDS [5]. DDS also enhances the
concentration of the medications of interest in the
target tissues and shields them from quick removal
or degradation [6]. The active pharmaceutical
ingredient can be released to produce the desired
therapeutic effect thanks to the drug delivery
mechanism. Tablets, capsules, syrups, ointments,
and other traditional drug delivery methods are
unable to offer sustained release due to their low
bioavailability and fluctuations in plasma drug levels
[7]. Essential benefits of sustained drug delivery are
reduced doses, fewer adverse effects, less blood-
stream concentration changes, decreased risks of
dose-dumping, improved bioavailability, site
specificity, and improved drug stability [8]. Many
formulations for controlled drug release were
created, including tablets, beads, buccal patches,
capsules, implants, microparticles, nanoparticles,
etc. These drug release systems are frequently
made with a variety of ingredients, including
inorganic materials (such as metal powders and
bioceramics) and natural, synthetic, and semi-
synthetic polymers. To maintain the release of
certain medicinal compounds for as long as feasible,
a range of polymeric nanoparticles and inorganic
composites were recently created as fibers or
particles at the nano- or micron-scale. Polymeric
nanoparticles and inorganic materials combined to
generate better loading and encapsulation of
several pharmaceutically active substances, more
sustainable drug release, and superior mechanical
characteristics [9]. Generally speaking, composites
are material mixes composed of two or more
materials that interact chemically or physically. Each
component maintains its unique properties while
the other serves as the matrix phase (ceramics,
polymers, or metals) and the reinforcing phase
(sheets, particles, or fibers). In fact, these materials
give the composites additional physico-mechanical
characteristics [10]. Composites are classified as
either inorganic/inorganic (metal/metal composites,

ceramic/ceramic composites, etc.),
organic/inorganic  (polymer/metal composites,
polymer/ceramic composites, etc.), or

organic/organic based on the composition of the
matrix reinforcement [11]. Numerous composites
have recently been created for a range of

biomedical applications, including drug delivery,
antibacterial agents, cancer treatment, wound
dressing, steam cell therapy, and biosensors [12]. A
review based on OIC materials for controlled release
of active ingredients. A few possibilities for creating
organic—inorganic composites for drug delivery are
shown in Fig. 1. Composite materials made of
organic and inorganic components have long been
the subject of intensive research. A review based on
OIC materials for controlled release of active

ingredients.
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Fig. 1 - Several possibilities for producing organic-
inorganic composites for drug delivery [13]

2. Organic—inorganic composite (OIC)

Materials that combine organic and inorganic
elements into a single structure are known as
organic—inorganic composites. Organic-inorganic
composites are referred to as nanocomposites
when their inorganic portions reach nanoscale size.
Nanotubes, layered silicates (like montmorillonite
(MMT) and saponite), metal nanoparticles (like Ag
and Au), metal oxides (like TiO, and Al;Os),
semiconductors (like PbS and CdS), and so on are
examples of inorganic nanoscale building blocks. Of
these, SiO, is thought to be particularly significant.
As a result, polymer/silica nanocomposites have
garnered a lot of attention from both academia and
industry. By combining the unique properties of
both kinds of materials, these materials aim to
create a synergistic set of features. Blending the
properties of inorganic and organic components is
actually the aim of organic—inorganic composites.
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For example, the flexibility and low weight of
mechanical strength and thermal stability of
inorganic materials. These materials are used in a
wide range of OIC applications, such as electronics,
sensors, tissue engineering materials, catalysis, and
controlled drug release systems [14]. Numerous
procedures, such as the sol-gel method [15],
solution—processing  (SP),  soluation  casting,
electrospinning, chemical vapor deposition (CVD)
method [16], in situ polymerization, polyelectrolyte
complex (PEC) [17], layer—by—layer (LbL) assembly
[18], the Langmuir-Blodgett technique [19], melt
processing, atomic layer deposition (ALD) technique
[20], and the molecular layer deposition (MLD)
techniques that allow for the creation of organic—
inorganic networks [21].

2.1. Method of preparation of organic-
inorganic composite materials

In order to create several types of OIC
materials, including films and fibers, different
processing techniques have been used. These
composite materials are frequently prepared using
important techniques including electrospinning, sol-
gel, solution casting, and in situ polymerization.

2.1.1. Sol-gel method (SG)

One way of bottom-up synthesis is the sol-gel
procedure. During this process, several irreversible
chemical reactions are carried out to create the final
compounds. The sol-gel method is one of the
essential techniques. The two chemical processes,
sol and gel, are referred to as sol-gel. Gel is the
interconnected network created between phases,
whereas sol is a colloidal suspension of solid
particles in a liquid phase [22]. The two primary
processes in the sol-gel process are condensation
and hydrolysis. Both are sequential processes with
multiple steps. Hydrolysis is the cleavage of an
organic chain bond to metal followed by a
nucleophilic addition that replaces it with -OH
groups. The hydrolyzed metal is left as an alcohol
(alcoxolation) by the protonated species. The
primary reaction parameters include temperature,
water, solvent concentrations, metal reactivity, and
the employment of complicated agents or catalysts.
The compatibility of the sol-gel method with
polymers and polymerization processes, which
permits the production of nanoparticles in the
presence of organic molecules, is one of its most
interesting benefits [23]. Fig. 2 shows the sol-gel
process technique.

organic polymers can be combined with the
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Fig. 2 - Sol-gel polymerization process [24]

2.1.2. Solution casting method

Solution casting is when thick mixtures with
polymers, additives, and medicines are dried in a
flat layer to create polymer films (Fig. 3). Although
this process is simple, it can take a lot of time, and
the materials used have a major impact on the final
films' stability and qualities [25]. Usually, an organic
solvent is used to dissolve or disperse polymers
before they are placed onto a supporting surface. A
solid layer develops on the substrate when the
solvent evaporates during drying. Sometimes the
solution contains particles of particular sizes,
usually salts. After drying, the mixture is formed
into its final shape. To dissolve the particles and
leave a porous structure, the composite material
can also be immersed in a bath. These solution-cast
polymer films are ideal for serving as the base layer
in multi-layered compositions because they have
improved integrity in structure [26].
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—— 7 ——


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/polyelectrolyte
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/polyelectrolyte

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

2.1.3. Electrospinning

A flexible technique, electrospinning is used to
produce polymeric fibers with a high surface area to
volume ratio and superior diffusion characteristics.
Because of these qualities, it is useful for wound
care applications, helping to reduce bleeding,
absorb extra wound fluid, and promote tissue
regeneration [28]. Typically, the electrospinning
process uses an elevated direct current, or DC,
voltage between a few kilovolts (10-20 kV). The
application of this voltage creates electrical charges
in a stream of polymer solution, which subsequently
dries and forms polymer nanofibers. (Fig. 4). The
compatibility of the selected polymer or polymers,
the solvent or solvents, and any extra additives or
active ingredients determines the stability,
uniformity, and production efficiency of the
electrospinning process. Indeed, in order to
produce polymer nanofibers for wound care
applications, electrospinning entails a number of
crucial steps: Successful electrospinning is largely
dependent on the compatibility and characteristics
of the solvent and polymer. The syringe tube that is
a component of the electrospinning apparatus is
then carefully filled with the polymer solution. The
solution inside the syringe is subjected to a
powerful electric field produced by the electrical
voltage differential between the tip of the needle
and the collector that holds the solution. At the
needle's tip, charges build up on the surface of the
polymer solution droplet due to the electric field.
The metal collector, which could be a stationary
plate or a revolving drum, is where the nanofibers
are gathered. On the collector's surface, the fibers
create a nonwoven mat. The quality and
homogeneity of the nanofibers depend on stable
environmental factors, such as temperature and
humidity. The ideal fiber qualities are obtained by
optimizing variables including chamber
temperature, solution vapor pressure, and the
distance between the needle and collector. In
general, the manufacturing of thin polymer
nanofibers with specific qualities for a range of
uses, including wound care, is made possible by the
intricate yet tightly regulated process of
electrospinning.  Better absorption, moisture
control, and cell contact are just a few of the
increased wound healing properties that the
resultant nanofibrous mats can offer [29].
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Fig. 4 - System of electrospinning [27]

2.1.4. In situ polymerization

The conducting filler is uniformly dispersed
using in situ polymerization, which also preserves
the aspect ratio and strengthens the link between
the polymer and the filler. It is especially helpful for
creating polymers that cannot be made using melt
mixing (thermally unstable polymer) and solution
(insoluble polymer) procedures. The monomer
serves as the starting ingredient in this process. It
entails dispersing carbons and polymers in a
solvent. This enables the carbons to serve as a
template for the growth of the polymer. After that,
the mixture is agitated and sonicated to promote
growth. Filtration or evaporation to dryness is then
used to separate these composite structures from
the fluid [30]. Fig. 5 shows a general schematic
illustration of the in situ polymerization method.
This process creates composite materials that are
more conductive. The enhanced interaction
between the polymer and the carbons could be the
source of this. The product's more advantageous
morphology could potentially be the cause.
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Fig. 5 - Schematic illustration of the in
situ polymerization method [27]
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3. Drug delivery system (DDS) nanocarriers

The process of delivering drugs to specific body
locations and releasing them at the right rate is
known as drug delivery. Locally released
medications can help reduce the side effects of
systemic drugs while maintaining a greater optimal
drug concentration. DDS may also increase a drug's
bioavailability [31]. Drug carriers, such as hydrogels,
implants, films, spheroids, gels, dendrimers, beads,
biocomposites, scaffolds, and microparticles, are
used in DDS to load and encapsulate medications
[32]. Thus, protecting the drug from degradation or
destruction and facilitating precise delivery of the
drug to the site of action are the main objectives of
using polymeric nanoparticle carriers [33]. Drug
delivery can therefore be controlled, targeted, or

consistent. Common DDS that work with drugs
come in bulk, micro, or nanoforms. Drug delivery
techniques at the nanoscale offer significant
benefits. Richard Feynman, a scientist, is credited
with creating the idea of nanotechnology. The use
of nanotechnology for medical purposes is known
as nanomedicine, and it is a relatively recent
scientific discipline. Drug delivery systems such as
liposomes, niosomes, micelles, nanospheres,
nanocapsules, nanoparticles, microparticles,
microspheres, microbubbles, polymeric systems,
dendrimers, colloidal gold, gold nanoshells,
guantum dots, superparamagnetic particles, carbon
nanotubes, cyclodextrins, and sphingosomes are
frequently used for the diagnosis and/or treatment
of a variety of diseases (Fig. 6 and Table 1) [34].

Table 1 - DDS nanocarriers for the diagnosis or therapy of a variety of diseases

Disadvantages

The necessity of a long, time-
consuming radiolabeling process and
carefull controlling for reproducible
efficiency

The design of amphiphilic chelators
should be given attention.

Limited control of the size distribution
and polydispersity.

Toxicity may be formed depending on
the positive charge of dendrimers.

It is important to discern the toxicity of
the nanoparticle core and that of its
capping ligands.

Have low circulation time due to rapid
RES uptake. Heat increase can be
formed due to increase in frequency,
which should be carefully monitored.

Metallic magnetic materials such as
iron, cobalt and nickel are toxic and
generally susceptible to oxidation.
Uncoated magnetic nanoparticles
should be chemically stabilized against
degradation.

Nanocarriers Particles Advantages
Size (nm)
Liposomes, May be labeled with various
Niosomes, 20-3500 radionuclides. Contrast enhancement for
phingosomes imaging in target and therapy
enhancement.
Micelles -10 Easily prepared and radiolabeled, and
(Very small) removal by RES decreases depending on
hydrophilic polymer shells.
Nanoparticles, These systems can be actively or passively
Solid Lipid targeted to the desired cell or tissue. They
nanoparticles 10-1000 can escape from RES uptake. May be
labeled with a variety of radionuclides.
Dendrimers Multivalent conjugation of radionuclides;
-10 biodistribution is enhanced depending on
(Very small) low polydispersity and spherical shape.
Gold 1-100 They have unique optical properties which
Nanoparticles are affected by shape and size. They can
be used for cancer diagnosis and
photothermal therapy.
Microbubbles <10000 Act like red blood cells within the
capillaries. Safer than molecular imaging
modalities such as radiolabeled imaging.
Magnetic 10-50 They can be functionalized and
Nanoparticles manipulated with a selective molecule,
and magnetic properties can be controlled
with a magnetic field produced by an
electromagnet or permanent magnet.
Quantum dots Process long-term, multiplexed, and
(Typically quantitative imaging and detection. They
<10) can be used for ultrasensitive and
multicolor imaging of molecular targets.

Their delivery process across cells may
be dangerous for the cell and may
destroy it. In other cases, a QD may be
toxic for cells.
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Fig. 6 - DDS nanocarriers for the therapy of
various diseases [35]

3.1. Advantages of nanocarriers as delivery
systems

Nanotechnology, a multidisciplinary scientific
field that is expanding quickly, is the creation of
systems and technologies at the molecular level
[36]. Nanocarriers can be used to improve the
poor solubility, penetration, low bioavailability, poor
stability, or wuncontrolled release of active
substances [37]. As Davies et al. [38] reported, the
chemical stability, photostability, antioxidant
activity, and skin penetration of resveratrol and
lipoic acid were all enhanced by their co-

nanoencapsulation.  Through  the lipid-core
nanocapsules, the  nanoencapsulation also
produced a more regulated release [39]. To

summarize, the effectiveness of cosmetic goods has
been increased through the use of nanocarriers as
delivery vehicles (Fig. 7).
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Fig. 7 - Advantages of employing nanocarriers as
delivery systems [39]. Copyright 2022.
Adapted from MDPI

3.2. Controlled drug delivery systems (CDDS)
Over the past few decades, CDDS have become
a very effective technique for addressing issues with

traditional dose forms, including frequent dosing,
systemic adverse effects, low bioavailability,
inefficient drug targeting, and stability, among
others [40]. The polymer has become a crucial
component of the contemporary pharmaceutical
industry to overcome these disadvantages, but
there is still a great need for the development of
newer polymers that could better control drug
release and be used to target bioactives; in other
words, they should behave more intelligently [41].
In therapy, the DDS has several benefits (Fig. 8),
such as lowering toxicity, raising the drug's
therapeutic index, and avoiding frequent, costly,
and uncomfortable dosing [5]. There are two ways
to accomplish drug loading: integration and
impregnation. During preparation, the medication is
encapsulated by nanocomposites in the inclusion
process. By incubating the nanocomposites in a
solution, the impregnation process entraps the
medication. Instead of using the impregnation
approach, the inclusion method can produce
nanocomposites with higher entrapment efficiency
[42]. Because active materials may lose their
activity during the incorporation process, the
impregnation method is marginally better than the
incorporation method. It has been suggested that
sorption and release kinetic data be examined using
a variety of isotherms in order to determine the
mechanism of drug binding associated with the
impregnation process (such as linear, Freundlich,
Langmuir isotherms, and the BET model) [43].
Consequently, the following approaches should be
used in drug release investigations depending on
the identification of the release mechanism: reverse
dialysis sac [42]. Determining the most effective
formulations also requires consideration of the drug
release  from nanobiocomposites and the
subsequent biodegradation [44].
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Fig. 8 - Benefits of controlled release of
drug delivery system (DDS) [45]



https://www.mdpi.com/1420-3049/27/5/1669#fig_body_display_molecules-27-01669-f001
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/controlled-substance

2028; 346(3): 72-98

ISSN-L 2616-6445, ISSN 2224-5243

4. Organic polymers as carrier for
pharmaceutical applications

Polymers have been used in tissue engineering,
DDS, gene therapy, and bioimaging, indicating their
interest in pharmaceutical and medical difficulties.
In general, polymers can be divided into two
categories: synthetic and natural. Before being
utilized for controlled drug administration, all
natural or synthetic polymers must go through a
number of purification, modification, and
derivatization steps to guarantee their compatibility
and safety for human health [42]. Based on their
origin and chemical makeup, Raizada et al. [46] have
divided commonly used polymers in pharmaceutical
applications into six classes. It has been shown that
(a) water-soluble artificial polymers, (b) insoluble
water polymers that degrade, (c) cellulose-based
polymers, (d) starch-based polymers, (e)
rubber/plastics-based polymers, and (f)
hydrocolloids make excellent scaffold materials for
cell culture, especially in bone tissue regeneration
strategies [47]. Compared to natural polymers,
synthetic polymers that are produced through
controlled and reproducible techniques and that are
highly pure to prevent harmful effects appear to be
more desirable. Among other characteristics, both
groups of polymers can be hydrophilic or
hydrophobic, hard or soft, thermoplastic or
thermosetting, swellable, or degradable. This allows
for a wide range of materials to match the
anticipated use. Biodegradable polymers are
needed for tissue engineering applications [48].
Biodegradable polymers of natural origin, such as
polysaccharides (e.g., chitosan (CS), alginate, starch,
gelatin, guar gum, carrageenan, albumin, and
cellulose), as well as synthetic polymers such as
polyorthoesters, polyanhydrides (PA),
polyphosphoesters, polyesters (e.g., poly(lactic acid)
(PLA) [49], polycaprolactone  (PCL) [50],
polyethylene glycol (PEG) (Fig. 9) [27], poly(lactic-
co-glycoilc  acid) (PLGA) [51], polyamides,
polyurethane (PU), which are the most commonly
used artificial polymers for regulated medication
administration [42].
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Fig. 9 - Biodegradable polymers classification for
pharmaceutical applications [52]. Copyright 2019.
Reproduced with permission from Elsevier

5. Inorganic materials in polymer composites

High electrical and thermal conductivity, high

antibacterial activity, superior magnetic properties,
chemical inertness, ease of surface
functionalization, and biocompatibility are just a
few of the exceptional qualities of many inorganic
materials. Inorganic magnetic nanoparticles give
polymeric matrices remarkable characteristics that
can be used in a variety of biomedical applications,
including medicine administration, therapy, and
diagnostics. Numerous inorganic components are
used in polymeric nanoparticle composites for drug
delivery applications; a few of these are
enumerated in the sections that follow (Fig. 10).
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6. Nanocomposite

"Nanocomposite" is a word used when one of
the structural units, in two ways inorganic or
organic, falls within a certain size range of 1-100
nm. Generally, inorganic units produced in situ by
molecular precursors like sol-gel reactions are
referred to as hybrid materials, while separate
components of structure in the correct dimension
range are known as nanocomposites. Nanoparticles
are examples of distinct inorganic units used in
nanocomposites, such as nanorods, carbon
nanotubes, and galleries of clay minerals [54]. These
components are often incorporated into organic
polymers to create a nanocomposite.

6.1. Type of nanocomposite

Nanocomposites have been divided into three
classes based on the literature: intercalated,
flocculated, and exfoliated, as shown in Fig. 11.
Intercalated or layered nanocomposites are
composites in which the extended polymer is
inserted within the host polymers in organized
multilayered  structures. In flocculated and
exfoliated composites, the host polymer may be
nanoscale and should be distributed throughout the
continuous polymer matrix [42]. The interfacial
interactions between extended and host polymers
serve as the basis for the classification [55]. We see
the following concerning these three groups:

a. Intercalated nanocomposites are
composites in which organic components or
polymers (referred to as expanded polymers or
inorganic materials) are frequently inserted into

another polymer (the host polymer), irrespective of

the ratio of polymer to inorganic material or
polymer to polymer.The composites have
characteristics of ceramic materials and are

frequently interlayered.

b. Flocculated and intercalated
nanocomposites differ only in the way the extended
polymer is arranged within the host polymer.

c. Exfoliated nanocomposites: these depend
on the loading of the filler to determine the mean
space between the extended polymer layer and the
continuous polymer matrix. Comparing the various
forms of nano-biocomposites, it has been found
that the filler amount is generally lower.
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Fig. 11 - Schematic illustration of three main types
of nanocomposite [42]

6.2. Properties of polymer nanocomposites

The properties of nanocomposites are
influenced by a wide range of factors, such as the
method of fabrication, the kinds of filler materials
and their orientations, the degree of two-phase
mixing, the type of adhesion at the matrix interface,
the wvolume fraction of nanoparticles, the
characteristics of the nanoparticles, the type of
interphase formed at the matrix interface, the size
and shape of the nanofiller materials, and the
morphology of the system [56]. The novel family of
composite materials known as nanocomposites
regularly demonstrates exceptional mechanical,
chemical, optical, electrical, and rheological
qualities [57]. The nanoparticles must be evenly
distributed throughout the matrix material in order
to produce improved nanocomposites; if this is not
done, the particles will aggregate, and the
materials' qualities will decline. Since these
aggregates will function as flaws and restrict the
nanocomposite's ability to improve its properties,
the nanoparticles should be evenly distributed
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throughout the matrix to maximize this
improvement [58].

6.3. Nanoparticles (NPs)

Materials with at least one dimension smaller

than 100 nm are referred to as nanoparticles (NPs)
[59].
These materials can have a 0D, 1D, 2D, or 3D overall
shape [60]. When researchers found that a
substance's size can influence its physicochemical
properties, including its optical properties, the
importance of these materials became clear. Since
NPs are not simple molecules in and of themselves,
they are composed of three layers. The surface
layer is the first layer and can be functionalized with
a variety of metal ions, polymers, surfactants, and
small molecules. (b) The shell layer, which is
completely chemically distinct from the core, and (c)
the core, which is essentially the NPs' center and is
usually used to refer to the NPs themselves [61].

6.3.1. Classification of nanoparticles

Nanoparticles can be classified as either
inorganic (like metal and metal oxide nanoparticles
like iron, zinc oxide, silica, and silver), carbon-based
(like fullerenes, graphene, and carbon nanotubes),
or organic (like ferritin, denderimers, micelles,
liposomes, lipid-based NPs, polymeric
nanoparticles, and micelles) [62] (Fig. 12). Because
of their nanoscale size and high surface-area-to-
volume ratio, nanoparticles can quickly move
through the bloodstream and absorb large amounts
of medication. Their larger surface area gives them
special qualities that improve their mechanical,
magnetic, optical, and catalytic properties, which
enables a greater variety of medical applications.
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Fig. 12 - Schematic representation of the main
classifications of nanoparticles [63]. Copyright 2021.
Adapted from MPDI

6.3.1.1. Inorganic metal nanoparticles

In medicinal applications, gold nanoparticles
(AuNPs) and silver nanoparticles (AgNPs) have
garnered a lot of interest [63], as well as more
generally in the development of technology,
particularly because of their exceptional optical
properties. Interestingly, these NPs exhibit surface
plasmon resonance (SPR) behavior, which happens
when light stimulates electrons at the material's

interface between the conductor and insulator
components [64]. These NPs' spectral
characteristics are mostly form- and size-

dependent; hence, the SPR is likewise influenced by
the NPs' size, shape, and composition [65]. Metal
nanoparticles' surfaces absorb light, causing
electrons to collectively oscillate. This produces
local heat that can be used in biomedical
applications.

6.3.1.2. Inorganic metal oxide nanoparticles

Researchers are interested in inorganic metal
oxide nanoparticles because of their appealing
characteristics, which include easy surface
functionalization, porosity, high stability,
customizable form, and simple manufacturing
procedures. Numerous biological applications,
including medical imaging, medication transport,
gene therapy, treatments linked to hyperthermia,
antioxidant treatment, photodynamic therapy,
dentistry, and wound healing techniques, have

been studied for inorganic metal oxide
nanoparticles. Inorganic substances, including gold
nanoparticles, Zn0 nanoparticles, TiO,
nanoparticles, and silica-based nanoplatforms.

Platforms known as metallic nanocarriers are
helpful for the controlled and targeted delivery of
macro- and micromolecules in the treatment of
disease. These benefits resulted from ligands'
variety in dimensions and forms, their high carrier
capacity, their ability to form long-lasting
interactions [66].

6.3.1.3. Carbon -based materials

Carbon-based nanomaterials include graphene
(2D), carbon nanotubes (1D), nanodiamonds (1D),
and carbon dots (CDTs) as well as fullerenes (0D), as
illustrated in Fig. 13. The incorporation of polymeric
nanoparticles into carbon nanomaterials gives them
additional desirable characteristics like improved
drug encapsulation ability, active functional groups,
and superior mechanical stability. Impart qualuities
such stability, active fuctional groups, improved
drug encapsulation capacity, cellular
responsiveness, increased solubility, antibacterial
activity, and biocompatibility




Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

that are appropriate for biomedical applications
[67].
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Fig. 13 - Carbon-based nanomaterials are classified
according to their dimensionalities and carbon atom
orbital hybridization [67].

Copyright 2020. Adapted from Wiley

6.3.2. Polymeric nanoparticles (PNPs)

The majority of PNPs have nanosphere or
nanocapsular shapes [68]. The matrix particles have
an overall mass that is frequently solid, while the
other molecules are adsorbed at the outer edge of
the spherical surface. The solid mass in the latter
case is completely contained within the particle
[69]. We now have access to a large variety of
polymers that can be turned into nanoparticulate
carriers for different active ingredients thanks to
recent developments in nanotechnology. The
creation of nanoparticles has already made use of a
wide range of natural and synthetic polymeric
materials, including biodegradable, biocompatible,
and nonbiodegradable compounds. The most
prevalent ones are Polycaprolactone (PCL) [70],
poly(lactide-co-glycolide) (PLGA), and poly(lactide)
(PLA). Polymeric materials with satisfactory
biocompatibility include poly(ethylene-co-vinyl
acetate) (PEVA) and poly(methylmethacrylate)
(PMMA). However, Eudragits® and poly(ethylene
glycol) (PEG) are examples of synthetic polymeric
materials that are not biodegradable.

6.3.2.1. Classification of
nanoparticles

Polymeric nanoparticles can be classified as
either nanospheres or nanocapsules based on their
composition [71]. Fig. 14 shows schematic
representations of both configurations. Numerous
factors, including the drug's physicochemical
properties, the medium's pH, the nature of the

polymeric

polymer or NPs' surface characteristics, the quantity
of drug added to the formulation, and whether the
drug was added before or after the formation of
nanostructures [59].
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Fig. 14 - Polymeric nanoparticle types based on
composition [72]

Drug molecules are adsorbed on a polymeric
shell or enclosed in the core of the nanoparticle in
nanocapsule systems. The drug is either embedded
in the polymeric framework of the nanoparticle or
adsorbed on the nanosphere's surface [72]. Both
synthetic and natural polymers can serve as the
basis for polymer matrices utilized as drug
transporters. One can distinguish between natural
polymers that come from bacteria, fungi, algae,
plants, and animals. Excellent biocompatibility and
biodegradability are characteristics shared by all of
these matrices. Conversely, polyglycolic acid (PGA),
PLA, PLGA [73], PCL [74], and polyvinyl alcohol
(PVA) are the most often employed biodegradable
synthetic polymers in the creation of nanoparticles.

7. Method of preparation of polymeric
nanoparticles (PNPs)

Various techniques have been wused to
synthesize PNPs, contingent on the physicochemical
characteristics of the medication and the
application needs. Depending on the specific
application, PNPs qualities must be optimized [75].
The kind of polymeric matrix, nanofiller, and
desirable qualities for the finished goods are taken
into consideration while choosing a process [76].
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The process to produce polymeric nanoparticles
was illustrated in Fig. 15.
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Fig. 15 - Polymeric nanoparticle preparation
methods [77]

7.1. Solvent evaporation

Solvent evaporation was the method developed
to produce polymeric NPs from a premade polymer
[75]. This process first requires the creation of an
oil-in-water (O/W) emulsion, which results in the
synthesis of nanospheres [78]. The active ingredient
(like a medication) is added by dissolution or
dispersion after the polymer has been dissolved in a
polar organic solvent. Although they were used
more often in the past, dichloromethane (DCM) and
chloroform (CHCLs) have been used extensively. The
entire procedure is depicted in Fig. 16 [79]. Because
of their toxicity, ethyl acetate has taken their place.
Because of its better toxicological profile, it is more
suitable for wuse in biomedical applications.
Additionally, it has long been standard procedure to
create an aqueous phase with a surfactant, like
polyvinyl acetate (PVA) [80]. Following its
emulsification in the aqueous phase with a
surfactant, the organic solution is processed using
high-speed homogenization or ultrasonication to
create a dispersion of nanodroplets [75] To create a
suspension of NPs, the polymer solvent diffuses and
evaporates throughout the emulsion's continuous
phase. After the solvent has evaporated, the
solidified nanoparticles can be collected, cleaned by
centrifugation, and then freeze-dried for long-term

storage. This method enables the production of
nanospheres [81].
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Fig. 16 - Schematic demonstration of the solvent
evaporation technique [82].
Copyright 2020. Adapted from MDPI

7.2. Emulsification/solvent diffusion

This procedure creates an O/W emulsion by
mixing an aqueous solution with a surfactant and a
solvent that is somewhat water-soluble and
contains a polymer and medication [83]. This
emulsion's internal part is composed of a somewhat
hydrophilic organic solvent, such as benzyl alcohol
or ethyl acetate, which has been saturated with
water beforehand to guarantee that the two phases
initially thermodynamically balance at room
temperature [84]. When the dispersed droplets are
subsequently diluted with a sizable amount of
water, the resulting solvent diffuses from the
droplets into the outside phase, producing colloidal
particles. This process is often used to create
nanospheres; however, adding a tiny quantity of oil
(such as triglycerides C6, C8, C10, and C12) to the
organic phase can also result in nanocapsules.
Lastly, this step can be removed by evaporation or
filtration, depending on the organic solvent's boiling
point [75]. Fig. 17 provides a schematic illustration
of this technique. In the end, NPs with sizes ranging
from 80 to 900 nm can be produced. This method is
frequently used to create PNPs, even though it
requires a significant amount of the aqueous phase,
which must be extracted from the suspended
distribution, and there is a chance that the
hydrophilic drug will diffuse into the aqueous phase
[85].
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Fig. 17 - Schematic illustration of the
emulsification/solvent diffusion technique [82].
Copyright 2020. Adapted from MDPI
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7.3. Emulsification/reverse salting-out

This technique can be changed to incorporate
the previously described emulsification/solvent
diffusion method. The salting-out method, which
divides a hydromiscible solvent from an aqueous
solution, is based on the salting-out effect, which
can result in the formation of nanospheres [86]. The
main difference is that the aqueous phase consists
of a gel, a colloidal stabilizer, and a salting-out
agent, whereas the o/w emulsion is composed of a
water-dispersed polymer solvent such as acetone or
ethanol [87]. Appropriate salting-out agents include
electrolytes such as magnesium chloride (MgCl,),
calcium chloride (CaCly), or magnesium acetate
[Mg(CH3COO0),], as well as non-electrolytes like
sucrose. Acetone and water become less miscible
when the aqueous phase reaches saturation,
enabling the other miscible phases to form an o/w
emulsion [75]. The O/W emulsion is created while
being vigorously stirred at room temperature. The
emulsion is then diluted with an appropriate
volume of deionized water or an aqueous solution
to aid in the diffusion of the organic solvent to the
exterior phase, the precipitation of the polymer, and
eventually the formation of nanospheres. The
salting-out agent and remaining solvent are
eliminated by cross-flow filtering. Complete
miscibility between the organic solvent and water
facilitates the execution process, though it is not
required [[86], [88]]. Fig. 18 shows a schematic
representation of this approach. The size of the
nanospheres created using this method ranges from
170 to 900 nm. The average size can be adjusted to
values between 200 and 500 nm by varying the

volume of the external phase and the concentration
of polymers in the internal phase [89].
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Fig. 18 - Schematic illustration of the
emulsification/reverse salting-out technique [82].
Copyright 2020. Adapted from MDPI

7.4. Nanoprecipitation

This method, also called the solvent
displacement method, requires two miscible
solvents (Fig. 19). The internal phase consists of a
polymer dissolved in a miscible organic solvent,
such as acetone or acetonitrile [90]. Because they
are immiscible in water, they are readily removed
by evaporation. Essentially, this process involves the
displacement of an organic solvent from a
hydrophilic solution to the aqueous phase, followed
by the interfacial deposition of a polymer. Following
the polymer's dissolution in a water-miscible,
intermediately polar solvent, the solution is
progressively added to an aqueous solution while
being stirred (dropwise) or at a controlled rate. The
rapid spontaneous migration of the polymer
solution into the aqueous phase causes the
nanoparticles to form instantly in an attempt to
avoid the water molecules [91]. As the solvent
diffuses out of the nanodroplets, the polymer
precipitates as nanospheres or nanocapsules. The
process can be reversed without influencing the
formation of nanoparticles, even though the
organic phase is frequently added to the aqueous
phase [92]. Surfactants can usually be added to the
process to maintain the stability of the colloidal
suspension, but their presence is not required to
guarantee the formation of nanoparticles. The
resultant nanoparticles have a well-defined size and
a limited size dispersion, making them frequently
superior to those produced by the emulsification
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solvent evaporation process. The process of
nanoprecipitation is widely employed to create
polymeric nanoparticles (PNPs) with a diameter of
around 170 nm [93]. However, it also enables the
production of nanospheres or nanocapsules [75].
Nanospheres are created when the active
ingredient dissolves or spreads throughout the
polymeric solution. The drug is first dissolved in an
oil and then emulsified in an organic polymeric
solution to form nanocapsules, which are then
dispersed in the external phase of the emulsion
[94].
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Fig. 19 - Schematic representation of the
nanoprecipitation technique [82]. Copyright 2020.
Adapted from MDPI

8. Polymer nanocomposite as carriers for
active ingredients

The use of polymer-based nanocomposites as
drug carriers has been extensively investigated
because of their special mechanical and electrical
features. Due to their ability to deliver therapeutic
agents at the site of action in large and controlled
doses, polymer nanocomposites are also being
considered as possible drug delivery applicants.
There are numerous bioapplications for the
polymer-based polymer composites (Fig. 20). These
polymer-based nanocomposites are designed with
features that create new opportunities for creating
advanced biomaterials for a range of biomedical
applications, including cancer treatment, wound
dressing, drug delivery, and tissue engineering, to
meet various functional requirements.
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Fig. 20 - Application of polymer nanocomposites as
carriers for active ingredients [95]. Copyright 2024.
Reproduced with permission from Elsevier

8.1. Polymer nanocomposite-based metal
nanoparticles
Pure metal precursors make up metal

nanoparticles. Metal nanoparticles (MNPs) are
gaining popularity because of their renowned LSPR
(localized surface plasmon resonance) properties as
well as other intriguing features related to their
nanosizes, including optoelectrical, conducting,
catalytic, mechanical, sensing, and
superparamagnetic properties. Despite these
advantageous characteristics, NPs' high toxicity
rate, strong reactivity from surface charges, and
innate propensity for aggregation are restricting
their use in the biomedical industry. In the field of
nanomedicine, inorganic nanoparticles such as gold
(Au NPs), copper (Cu NPs), silver (Ag NPs), magnetic,
silica, and quantum dots are frequently used.

As an antimetabolite, 5-fluorouracil (5-FU, 5-
fluoro-2,4-pyrimidinedione) is a pyrimidine A
pyrimidine equivalent. When used alone or in
combination with other anticancer medications, It
has a broad range of effects on solid tumors of the
head, neck, brain, breast, ovary, pancreas, and
gastrointestinal tract [96]. The main drawbacks of 5-
FU use include its extremely low bioavailability,
short plasma half-life, and non-specificity, which can
result in systemic toxicity. As a result, large dosages
are used, which causes adverse effects.
Furthermore, the clinical uses of 5-FU have been
significantly restricted due to tumor cell resistance
development [97]. For instance, silver nanoparticles
(AgNPs) are frequently used in biomedical

—— Q4 ——
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composites to improve anticancer activity,
antibacterial efficacy, and drug encapsulation
surface area [98]. N, N, N-trimethyl chitosan
chloride (TMC) and carboxymethyl kappa-
carrageenan (CMKC)/AgNPs were synthesized for
use  with different nanocomposites  via
polyelectrolyte complex PEC, according to Hanna et
al. [99]. The results indicated that the produced
nanocomposite, which was used as a natural carrier
for 5-FU anticancer medicines, showed a prolonged
and delayed release, hitting 96.3 + 0.81% for 24
hours at pH 7.4 medium (TMC/CMKC/Ag 3%). The
results demonstrated strong antibacterial and
biodegradable qualities against several bacterial
strains. AgNPs based on green biosynthesis also
lessen harmful substances. All things considered,
SNC, 3%, can be recommended as a successful
solution  for  both regulated medication
administration and antibacterial activity.

) (o)

—
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Fig. 21 - (a) Interaction between drug and CS-AuNPs, (b)
EDX spectrum of CS-AuNPs nanoparticles, (c) SEM image,
and (d) Release profiles of the drug from drug loaded-CS-
AuNPs at pH 7.4 [100]. Copyright 2024. Adapted from

Materials Research

Since AChE degrades ACh in the nucleus basalis
and related regions, donepezil (Donz), a centrally

acting, reversible, and noncompetitive
acetylcholinesterase (AChE) inhibitor, raises the
amount of ACh in the brain and improves

cholinergic neurotransmission. Donz is used to treat

mild to moderate Alzheimer's disease symptoms in
patients [100].

Donz-loaded chitosan/gold nanocomposite
(Donz-CS/AuNPs) was made by Saleh Al-Sarayra et
al. [100] using a co-precipitation method.The
produced nanocomposite is used for Alzheimer's
disease. Donz and CS/AuNPs' anticipated
interaction (Fig. 21a). Strong Au signals (1.5-2, 2—
2.5, and 9.5-10 keV) were detected in the EDX data,
confirming the particular gold peaks from the Donz-
CS/AuNPs that were displayed in Fig. 21b. The
AuNPs' spherical forms were visible in the SEM
images (Fig. 21c). The results revealed Donz's
regulated release profile (Fig. 21d).

8.2. Polymer nanocomposite-based metal
oxide

Titanium dioxide (TiO,) nanoparticles are
especially beneficial due to their great chemical
stability, low toxicity, high biocompatibility, and
anticancer photocatalytic effectiveness [101]. The
model drug norfloxacin (NFX) is a member of the
fluoroquinolone class of antibiotics. In direct
sunshine, it breaks down to produce ethylene and
formyl piperazine, and it remains thermally stable
up to 200 °C. An NFX overdose can also cause
seizures, fever, nausea, breathing difficulties,
tendon swelling, etc. [102]. Therefore, to keep the
concentration of these medications within the
therapeutic window for an extended amount of
time, a sustained-release formulation is required.
By lowering the frequency of dosages, the
sustained-release approach also increases the
drug's and the receiver's bioavailability.

For instance, a PLA/TiO, (spheres (S), rods (R))
nanocomposite loaded with NFX was made by
solution casting and ultrasonication, Salahuddin et
al. [103]. The produced nanocomposites showed
antibacterial and anticancer characteristics. With a
modest cellular damage efficiency on regular cell
lines, the results validate the formation of the
generated nanocomposites, which exhibit the
intended antibacterial activity for the treatment of
bacterial infections and are a suitable carrier and a
good replacement for tumor cell lines. With minor
cytotoxicity on normal cell lines, the results validate
the production of the nanocomposites, which
exhibit the required antibacterial activity for the
treatment of bacterial infections and are a suitable
carrier and good alternative for tumor cell lines.

8.3. Polymer nanocomposite/carbon-based
materials

One famous anticancer drug is gefitinib, which
is used to treat non-small cell lung cancer. Its low
bioavailability results from its poor solubility in
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aqueous solutions with a pH greater than 7.
Gefitinib's limited water solubility necessitates a
large dose during therapeutic use, which could
result in more harmful reactions and side effects
[104].
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Fig. 22 - (a) Schematic view of the illustration of the
creation of anticancer drug-loaded microspheres,

(b) spectra of PEG-GQDs at the various excitation
wavelengths, (c) X-ray diffraction patterns of drug,
PLA/PVA microspheres, and drug-loaded GQD-embedded
microspheres, and (d) HRTEM images of GQDs,
and (e) Release profile for Gefitinib-loaded
microspheres at different pH [105]. Copyright 2022.
Adapted from Heliyon

Gautam and Pal [105] mentioned the
preparation of  gefitinib-loaded PEG-GQDs
nanocomposites via the solvent evaporation

technique and single emulsification technique using
poly(vinyl acetate) (PVA) as a surfactant (Fig. 22a).
The prepared nanocomposite was investigated by
XRD and FE-FTIR. According to XRD, the obtained
nanocomposite does not display any detectable
peaks regarding gefitinib (Fig. 22b). The generated
nanocomposite exhibits outstanding dispersibility in
solvent and fluorescence that falls within the range
of blue spectra in the VIBGYOR spectra (Fig. 22c).
HRTEM shows that the graphene quantum dots

have a constant diameter of 4-26 nm and are nearly
evenly distributed. (Fig. 22d). The result showed
that controlled release occurred at pH 7.4. (Fig.
22e). Additionally, this drug delivery method can be
more effective than oral drug delivery and is
appropriate for direct drug delivery to the lung
cancer active site.

A nanomaterial made of sp2-bonded carbon
atoms arranged in a flat honeycomb structure
lattice is called two-dimensional (2D) graphene
[106]. Graphene's exceptional biofunctionality and
biocompatibility, together with its electrical
conductivity, mechanical strength, thermal stability,
and structural qualities, have garnered a lot of
attention [107]. The most commonly used
medication for treating breast cancer is doxorubicin
(DOX). It belongs to the anthracycline group of
organic compounds. Interaction with the DNA chain
and replication inhibition is the foundations of the
anti-cancer effect [108]. Ghamkhari et al. [109]
mentioned the preparation of doxorubicin-loaded
graphene oxide/poly(2-hydroxyethylmethacrylate)-
g-poly(lacticde)-b-polyethyleneglycol-b-poly(2-
hydroxyethyl methacrylate)-g-poly(lactide)
nanocomposite was manufactured via reversible
addition fragmentation chain (RAFT) and ring open
polymerization (ROP). The outcomes demonstrated
that the nanocomposite's anticancer medication
efficacy was noticeably higher than that of free
DOX. This nanoformulation may be studied as a
potential delivery system to enable the oral
administration of DOX to cancer patients due to its
effective solubilization and controlled release
properties.

8.4. Polymers nanocomposite-based clay

Clay is a layer of silicates made up of negatively
charged silicate layered in layers. Polymer-nanoclay
composites exhibit notable enhancements in
mechanical and barrier properties when compared
to polymers that use silica nanoparticles. Although
nanoclay doesn't have antibacterial properties, it
can become antimicrobial through chemical
modification. Alkylphosphonium ions (Cloisite 30B)
have been added to naturally existing
montmorillonite clay (Cloisite Na*) to provide it with
antibacterial qualities [67]. The creation of
antibacterial materials also makes use of these
nanocomposites. Recently, certain morphologies,
characteristics, and structures of polymer/clay
nanocomposites have drawn attention. The
interaction between the polymer and the clay is
crucial in regulating mechanical behavior.
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Fig. 23 - (a) Preparation of curloading with/without clay-
enhanced flat membrane, (b) SEM image of
PCIl/CS/Cur/Clay-1, (c) The resulting membranes' in vitro
release profiles within 12 and 168 hours of Cur,

(d) tensile stress-strain curves of the Cur-loading
membranes, and (e) Images of S. aureus infection for pig
skin with an open wound and pig skin with a PCI/CS/Clay-
3 film covering the wound [111].

Curcumin, often known as Cur, is a polyphenolic
active substance obtained from plants that has
broad-spectrum antibacterial qualities. It is used for
antimicrobial treatment. Its structural
characteristics and generation of antioxidant
compounds prevent bacteria from growing. By
means of the bacterial quorum regulator, it inhibits
the adherence of bacteria to host receptors. When
exposed to blue light, curcumin functions as a light
sensitizer, causing phototoxicity and preventing
bacterial growth [110]. For example, Huang et al.
[111] mentioned the preparation of clay-reinforced
polycaprolactone/chitosan/Cur  (PCI/CS/Clay/Cur)
nanocomposite film via the method of spin coating
as shown in Fig. 23a. According to the SEM image
(Fig. 23b), porous sponge-like morphology with
disconnected structures was obtained. Good clay
dispersion in the composite films was demonstrated

by the physical and chemical characteristics.
Compared to membranes without clay, the resulting
nanocomposite film showed superior controlled-
release profiles of Cur (Fig. 23c). It was discovered
that adding nanoclay greatly increased the tensile
strength (Fig. 23d). Additionally, the obtained film
effectively prevented bacterial infection of the
wound (Fig. 23e). The composite films' good
biocompatibility was validated by cytotoxicity
analysis. The obtained nanocomposite film would
be promising candidates for wound dressing.
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Fig. 24 - (a) Preparation of HAp and DOX-HAp-CS
nanocomposite, (b) TEM images of DOX-HAp-CS
nanocomposite, (c) In vitro DOX release patterns from
the obtained nanocomposite under different pH, and (d)
Cytotoxicity activity of drug loaded-HAp and drug loaded-
HAp-CS [113]. Copyright 2019. Reproduced with
permission from Springer.

Bone is a hard, mineralized tissue made up of
strong, intricate hierarchical structures. The
inorganic mineral nanohydroxyapatite (HAp)
crystals, which are occasionally found in the osteoid
matrix, make up human bone tissue. The hardness
and stiffness of bone tissue are attributed to HAp.
The calcium and phosphate combination HAp
[Ca10(PO4)s(OH)2] has a molar ratio of Ca/P of
approximately 1.67 [112]. According to Ghosh et al.
[113], the preparation of DOX-loaded
hydroxyapatite (HAp)-chitosan (CS) nanocomposite
via the in situ precipitation method (Fig. 24a) was
mentioned. It is used as an anticancer agent for
osteosarcoma inhibition. Reducing the outermost
energy of HAp particles and then regulating their
size resulted in less agglomeration between the
particles in the resulting nanocomposite, according
TEM (Fig. 24b). The resultant nanocomposite offers
outstanding mechanical properties with controlled
drug release (Fig. 24c). The produced
nanocomposite produces no significant cytotoxicity
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towards cultured osteosarcoma cells (Fig. 24d). The
obtained nanocomposite could be a promising drug
carrier for cancer therapy.

8.5. Polymer nanocomposite-based nanofibers

For a variety of wound healing applications,
tetracycline hydrochloride (TCH), a hydrophilic
antibiotic, is used to prevent and treat bacterial
infections that occur in burns, cuts, and surgeries
[114].

For intense drug release, tetracycline
hydrochloride (TC)-loaded polycaprolactone (PCL)
nanofibers were prepared by electrospinning for
regulated drug administration, according to
Karuppuswamy et al. [115]. According to the
observed results, TC loading for the controlled
release caused the PCL to gradually change from a
hydrophobic to a hydrophilic condition (TC, 5%).
Drug-loaded membranes demonstrated the
maximum tensile strength (3.9 MPa) at 2% drug
membrane and the highest resistance to
deformation. As the drug concentration rose, so did
the fibrous scaffolds' porosity. According to in vitro
release trials, the drug's burst release occurred
within the first hour at the lowest and was followed
by 8-day continuous controlled release. The
resulting nanofibers may hold promise for use in
biomedicine and healthcare applications, including
medication delivery.

In another study, the creation of DOX-loaded
PLGA/Atapulgite (ATT) nanocomposite using
electrospinning was described by Wang et al. [116].
The obtained nanocomposite nanofibers exhibit
better mechanical durability and a homogeneous,
smooth morphology. The payload was continuously
released from the generated nanofibers under both
neutral and acidic pH settings. Furthermore, the
released DOX from the nanofibers may considerably
slow the proliferation of malignant cells. Because
ATT/DOX-doped PLGA nanofibers can greatly
enhance the mechanical properties of electrospun
PLGA nanofibers and have a much lower burst
release profile, they may be employed as a
functional material for tissue engineering scaffolds
for more effective local tumor treatment
applications. To demonstrate the anticancer
efficacy of these composite nanofibers, more in vivo
studies had to be conducted.

PCL/gelatin nanofibers embedded with Dox-
loaded mesoporous silica nanoparticles/silver
nanoparticles were prepared by blow spinning,
according to Tavira et al. [117]. The obtained
nanocomposite exhibited a slow-release profile of

AgNPs and DOX together with high encapsulation
effectiveness. Furthermore, in addition

n to blocking AgNP infection, the obtained
nanocomposite has the potential to -efficiently
eliminate melanoma cancer cells. The ability of
normal cells to adhere to the scaffold made of
fiborous mats loaded  with nanoparticles
demonstrated the potential for repairing melanoma
cancer wounds.

For instance, TCH-loaded
PLA/polyvinylpyrrolidone (PVP)/TCH-MWCNTs
composite fibrous mats were prepared by

electrospinning (Fig. 25a) according to Emre Bulbul
et al. [118] SEM shows a smooth morphology free
of bead defects (Fig. 25b). AFM reported that the
surfaces of all the electrospun fibrous mats were
smooth (Fig. 25c). Additionally, MWCNT-loaded
electrospun mats showed a much more controlled
drug release manner, reduced the burst release of
TCH, and significantly increased the drug
encapsulation efficiency (EE%) (Fig. 25d). According
to in vitro cytotoxicity tests, the generated
nanocomposite mats did not cause any harm to
human umbilical vein endothelial cells (HUVECs).
The resulting composite nanofiber mats may find
use in biomedical applications as therapeutic
materials or drug delivery systems.
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Fig. 25 - (a) Electrospinning method, (b) SEM image of
the prepared nanofiber at 0.3 MWCNT, (C) 3D AFM
images of the electrospun nanofiber at 0.3 MWCNT, and
(d) Cumulative release profile of Drug the electrospun
fibrous mats PLA/PVP/TCH, PLA/PVP/TCH-MWCNT at
different concentration of MWCNT [118]. Copvright
2019. Reproduced with permission from Elsevier.
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Table 2 - Method of preparation of various polymeric nanocomposites as carrier of various active ingredients for

controlled drug release

(PCl/CS/Clay)
nanocomposite
film

- Demonstrated superior Cur
controlled-release profiles compared
to membranes devoid of clay

- Protected the wound from bacterial
infection.

-The tensile strength was found to be
considerably increased by the
addition of nanoclay.

- Proved good biocompatibility.

-1t would be promising candidate
films might be promising candidate
for wound dressing.

Polymeric Active Method of Resultes References
nanocomposite ingredients preparation
TMC/carboxymethyl kappa- 5-Flourouracil | Polyelectrolyte - Controlled drug delivery. [99]
carrageenan (CMKC)/ (5-FU) complex (PEC) - Exhibited good biodegradability and
AgNPs nanocomposite antimicrobial properties against
different bacterial strains.
-Acts as an effective carrier for
anticancer drug at 3% Ag.
Chitosan/gold Donepezil Co-precipitation - Exhibited controlled release profile [100]
(CS/AuUNPs) (Donz) technique of Donz.
nanocomposite -The produced nanocomposite was
used for Alzheimer’s Disease
Therapy.
PLA/ Titanium Norfloxacin Ultrasonic/ - Exhibited antibacterial and [103]
dioxide nanocomposite (NFX) solution casting antitumor Activities.
method - Showed moderate cytotoxicity
efficacy on normal cell lines and the
formulation, making it a good
substitute and appropriate carrier for
tumor cell lines.
PEG-GQDs Gefitinib Solvent - Act as an effective carrier for [105]
nanocomposite evaporation anticancer drug.
/single - Exhibited controlled release at PH
emulsification 7.4.
method — Exhibited a suitable approach for
direct drug delivery to the lung
cancer's active site, which may be
more effective than oral drug
delivery.
GO/poly(2-hydroxyethyl Doxorubicin Reversible -Exhibited superior anticancer [109]
methacrylate)-g- (DOX) addition efficacy when compared to free DOX.
poly(lacticde)-b- fragmentation - Demonstrated the capacity to
polyethyleneglycol-b- chain (RAFT)/ effectively solubilize DOX and offer
poly(2-hydroxyethyl ring-opening controlled release.
methacrylate)-g- polymerization -Serves as a potential delivery vehicle
poly(lactide) (ROP) so that DOX can be given orally to
cancer patients.
Clay-reinforced Curcumin Spin coating - Showed porous sponge-like [110]
polycaprolactone/chitosan (Cur) method morphology.



https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/polyelectrolyte
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/polyelectrolyte
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/controlled-substance

2028; 346(3): 72-98

ISSN-L 2616-6445, ISSN 2224-5243

Hydroxyapatite (HAp)-
chitosan (CS)
nanocomposite

Doxorubicin
(DOX)

In situ
precipitation
method

-It is used as an anticancer agent for
osteosarcoma inhibition.

- Provides outstanding mechanical
properties with controlled drug
release.

-The produced nanocomposite
produces no significant cytotoxicity
towards cultured osteosarcoma cells.
-The obtained nanocomposite could
be a promising drug carrier for cancer
therapy.

[112]

Polycaprolactone
(PCL) nanofibers

Tetracycline
hydrochloride
(TC)

Electrospinning

- Sustained controlled release of TC.
- Exhibited the highest tensile
strength of 3.9 MPa at 2% drug
membrane.

- The obtained nanofibers could be
promising for drug delivery
applications in biomedicine and
healthcare.

[115]

Poly(lactic-co-glycolic acid)/
Attapulgite (ATT)
nanocomposite nanofibers

Doxorubicin
(DOX)

Electrospinning

-Exhibited a smooth and uniform
morphology.

-Exhibited sustained controlled
release of ATT/DOX-doped PLGA
nanofibers.

- The released DOX from the
nanofibers may considerably slow
the growth of tumor cells.
-Reduced burst release profile of
ATT/DOX-doped PLGA nanofibers.
-Improved the mechanical
properties.

- It serves as a useful component for
tissue engineering scaffolds, which
improves the application of local
tumor therapy.

-Exhibited antitumor efficacy of
produced nanofibers.

[116]

PCL/gelatin nanofibers
embedded

Doxorubicin
(DOX)

Blow spinning

-Exhibited good encapsulation
efficiency with a slow-release profile
of DOX and AgNPs.

-Preventing infection by AgNPs.

-The obtained nanocomposite could
effectively destroy melanoma cancer
cells.

- Itis used to heal wounds caused by
melanoma cancer.

[117]

Poly (lactic acid) (PLA)
/polyvinylpyrrolidone
(PVP)/ MWCNTs composite
fibrous mats

Hydrochloride
(TCH)

Electrospinning

-Smooth morphology and smooth
surfaces.

-Displayed a significantly more
regulated drug release mechanism.
-Demonstrated a significant
improvement in drug encapsulation
efficiency. Decreased TCH burst
release.

-Showed no harmful effects on the
endothelial cells of the human
umbilical vein (HUVECs).

-It serves as a therapeutic material
for drug delivery systems in
biomedical applications.

[118]
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According to Mosallanezhad et al. [119],
PCL/chitosan-loaded zinc oxide nanoparticles and
curcumin (Cur) were prepared by electrospinning.
SEM examination revealed bead-free, silky
nanofibers. The elemental analysis also
demonstrated that ZnO was distributed well among
the scaffolds. The addition of ZnO greatly enhanced
the mechanical properties, and the sample with 3
weight percent Cur had the maximum water uptake
value. After a quick release, the Cur medication
stabilized in around twenty-four hours. When
applied to experimental data, the Peppas model
yielded the best results. Effective inhibition of
bacterial growth was demonstrated by the resulting
nanocomposite. Additionally, research conducted in
vitro showed that a high Cur content reduces cell
attachment and survival. Table 2 provides an
overview of the many alterations that can be used
to challenge the characteristics of various drug-
loaded polymeric nanocomposites as carriers for
controlled drug release.

9. Conclusion

Polymeric nanocomposites have emerged as a
transformative class of multifunctional drug delivery
platforms by integrating  the  favorable
biocompatibility, biodegradability, and structural
versatility of polymeric matrices with the unique
physicochemical properties of nanoscale fillers.
Recent advances in nanomaterial engineering,
surface functionalization, and fabrication
technologies have enabled the development of
carriers with enhanced drug-loading capacity,
programmable release kinetics, improved targeting
efficiency, and superior therapeutic performance.
The convergence of natural and synthetic polymers
with metallic nanoparticles, metal oxides, carbon-
based nanomaterials, nanoclays, mesoporous
nanostructures, and electrospun nanofibers has
expanded the scope of applications in cancer
therapy, antimicrobial treatment, wound healing,
regenerative medicine, neurological disorders, and
other precision therapeutic strategies. Collectively,
these developments demonstrate the significant
potential of polymeric nanocomposites to
overcome many limitations associated with
conventional drug delivery systems.

Despite these remarkable advances, several
scientific and translational challenges continue to
hinder  widespread clinical implementation.
Achieving reproducible large-scale manufacturing
while  maintaining  consistent  nanoparticle
dispersion, structural homogeneity, and batch-to-

batch reproducibility remains a major obstacle.
Long-term biosafety, biodegradation behavior,
immunogenicity, nanoparticle accumulation, and
chronic toxicity require comprehensive in vivo
evaluation using standardized experimental
protocols. In addition, the complexity of nano—bio
interactions, limited understanding of
pharmacokinetic and pharmacodynamic behavior,
insufficient long-term clinical evidence, and the
absence of internationally harmonized regulatory
guidelines continue to delay regulatory approval
and commercialization. Economic considerations,
manufacturing costs, process scalability,
sterilization compatibility, storage stability, and
quality assurance further complicate industrial
translation. Addressing these multidisciplinary
challenges will require close collaboration among
materials scientists, pharmaceutical researchers,
biomedical engineers, clinicians, toxicologists,
regulatory agencies, and industrial partners.

Future research should focus on the rational
design of intelligent, multifunctional polymeric
nanocomposites capable of simultaneously
integrating targeted delivery, controlled drug
release, real-time therapeutic monitoring, and
diagnostic imaging within a single platform. Greater
emphasis should be placed on stimuli-responsive
systems that respond to physiological and
pathological triggers, including pH, temperature,
enzymatic activity, redox potential, magnetic fields,
ultrasound, and light, thereby enabling highly
localized and personalized therapy. Furthermore,
environmentally sustainable manufacturing based
on green chemistry principles, renewable
biopolymers, solvent-free processing, and energy-
efficient production should become a central
objective for future research to minimize
environmental impact while improving industrial
feasibility.

Looking ahead, the convergence of advanced
polymer science, nanotechnology, computational
intelligence, additive manufacturing, and precision
medicine is expected to redefine the next
generation of drug delivery systems. Continued

interdisciplinary  innovation, combined  with
rigorous  biological validation, standardized
characterization methods, and well-designed

clinical studies, will be essential for translating
laboratory-scale discoveries into clinically approved
therapeutic  products.  Ultimately, polymeric
nanocomposites are poised to play a pivotal role in
the development of safer, smarter, and more
effective therapeutic platforms that support
personalized healthcare and improve patient
outcomes across a broad spectrum of diseases.
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BaKblNaHATbIH }K3He Y3aK mMep3imai AdpiniK 3aTTapAblH WbIFapblyblHa apHanfaH
9pTYpPAi benceHpi HrpeaneHTTEPAiH NoAMMeEpPIi HAHOKOMMO3UTTIK
TacbiMmangaywbinapbiHAaFbl COHFbI XKeTICTIKTep: wony
Moshera Samy

Xumusnsik eHepKkacinmepdi 3epmmey uHcmumymel, ¥ammelK 3epmmey opmaneifel, E2unem

TYWIHAEME

[api-aapmekTtepai 6akblIayMmeH aHe y3aK yaKbIT 60Mbl XKeTKizy AacTypni dapmaueBTUKanbIK
npenapaTTapablH, LWeKTeyNepiH, COHbIH, iWiHae BUOoXKeTIMAINITIHIH ToMmeHairi, Aspi-aAspmeKTepai
TE3  KOK, KYMenik  ybITTbIbIK  KaHe  cneuuouKanblk emec  Tapanyabl  KeHy4iH,
TpaHchopMaUUANbIK, CTpaTeruacbiHa ariHangpl. 3epTTenreH KenTereH KeTKi3y
nnatdopmanapbiHblH, iWiHAE NOAMMEpP HAHOKOMMO3WTTIK TacbiMangaywsbinap —awuTapabiKTan
Hasap ayaapabl, cebebi onap nonumepnepaiH Tamawa buoyinecimainirii, 6MoblAblPaFbIWTbIFbIH
JKoHe eHaeyre KabinetTiniriH  6elopraHMKanblk HaHoOMmaTepuangapablH, bipereii ¢usmKa-
XMMMANBIK, MEXAaHUKANbIK, ONTUKA/bIK, MarHUTTIK KaHe Tepanuablk KacueTTepimeH bipikTipeai.
By/1 Wony noAanmep HaHOKOMMNO3UTTEPIHE Heri3aenreH Aapinik 3aTTapapl KeTKi3y KyhenepiHgeri
COHFbl JKETICTIKTEPA] KeleHAi KaHe CbiHW 6afanayabl yCbiHagbl, TabUFU XKoHEe CUHTETUKANbIK,
Makana kenaj: 8 winde 2026 nonumepsep MeH MeTaNN  KaHe MeTann  oKcuai  HaHobenwekTepi, KemipTeri 6ap
CapanTamagat etTi: 17 winde 2026 HaHOMaTepuangap, HaHOKNeWnep, Me3OKeyeKTi MaTepuangap KoaHe 3NeKTPOCMUHAENTeH
Kabbinganap!: 14 mamei3 2026 HaHobenWeKTep CUAKTbI KEH ayKbiMAbl HaHObeseKTep apacbiHAafFbl CUHEpPreTUKanbiK e3apa
apekeTTecyre baca Haszap aygapagpl. HaHOKOMMNO3UTTIK KypamHbIH, 6HAIPIC CTpaTernanapbiHbIH,
KoHE OU3MKa-XMMUANBIK CUMNaTTamanapbiHbiH, A2PiNIK 3aTTapApblH, XKYKTenyiHe, Kancynanay
TMimainirine, 60caTy KWHETWMKacblHA, HbiCaHafa any MYMKIHAiriHe »aHe 6MonornaAnbIK
OHIMZiNIKKe acepi }Kyheni Typae TankbinaHaapl. COHbIMEH KaTap, KaTepAi iCik TepanuacbiHAaFbl,
apanapabl emaeygeri, MWKPoObKa Kapcbl emaeyaeri, YAnanblK WHXeHepUACbIHAAFbI,
HEBPONOTUANDBIK,  6y3blNynapfa ’KaHe pereHepaTuMBTI MegMuMHagaFbl TUNTIK  Tepanuanbik
KONAAHbICTap KypblibiM, KaCMETTEP MeH cunaTTamanap apacbiHAafbl 6aliiNaHbICTbl aHbIKTAY YLWiH
CbIHAAPAbl TypAe canbicTbipblnazbl. byn wony HerisiHeH »KeKe TacbiManzaylbl Kyihenepaj,
halblHpay aaicTepiH, 6ocaTy mMexaHM3MAepiH KaHe buomeauuMHanbIK KongaHbicTapabl 6ip
Kyeae KopbITblHAbINAKAbI, COHbIMEH KaTap HaHOBeWeKTepAiH, arperauMacbiHa, y3ak mep3imai
buoyinecimainikke, buoblgbipayra, ipi Kenemai eHaipicke, , peTTeywi opraHaapAablH, 6ekiTyiHe
YKOHE KAMHUKANbIK eHrisyre KaTbiCTbl KOAAAHbICTafbl LIEeKTeynepai aHblKTahabl. byn wony
TepanuAnbIK TUIMAINIrI, Kayincisairi oHe KeaenaeTinreH KAMHWUKaNbIK KONLaHblybl 6ap 03bIK
nonumepai HAHOKOMNO3UTTepAi pauMoHanabl KobanaymeH aHanbIcaTbiH 3epTTeywinep yLiH
KyHAbl aknapat 6epea;.

TyiiiH ce30ep: 6aKbINaHaTbIH APINIK 3aTTapAbl KETKI3Y, NONMMEPNI HAHOKOMNO3UTTEP, NOANMEP
HaHOKOMMO3UTTEPi,  Ad/Me-a4an HaHOMeAMWLMHa, aKbIngpl HaHoTacbiManaaylwbinap,
TiTipKeHAipriwTepre »ayan 6epeTiH A2pinik 3aTTapAbl  KeTKidy, TypaKTbl HaHOBHAipic,
TepanuanbikK HaHonnatdopmanap.
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AHHOTALUMUA

KoHTponvpyemaa #  NpPONOHIMPOBaHHaA  [OCTaBKA  JIeKApCTBEHHbIX  CPeacTB  CTana
npeobpasytowei cTpaterven ana npeoaoneHus orpaHuyeHmni TPaAMUMOHHbIX
bapmaLeBTUYECKMX NpenapaToBs, BKAOYAA HM3KYIO 6MOAOCTYNHOCTb, 6bICTpOE BblBEAeHUE
NEKAPCTBEHHbIX CPeACTB, CUCTEMHYIO TOKCMUYHOCTb U Hecneumduueckoe pacnpegeneruve. Cpeam
MHOTOUYMUC/IEHHBIX WUCCNEAOBAHHbIX NAAaTGOPM  AOCTaBKM MOAMMEPHbIE HAHOKOMMO3UTHbIE
HOCWUTENN NPUBEKNN 3HAUUTENIbHOE BHUMAHMWE, MOCKO/IbKY OHUM COYETatoT B cebe NPeBOCXOAHYIO
61M0COBMECTMMOCTb, BMOpas3NaraeMoctb M TEXHONOMMYHOCTb MONMMEPOB C  YHUKa/NbHbIMM
OUBUKO-XUMUYECKMMM, MEXaHUYECKMMM, OMTUYECKUMM, MArHUTHbIMW U TepanesTUHECKUMM
CBOMCTBaMM HEOPraHWYECKMX HAaHOMaTepranos. B gaHHOM 0630pe NpeacTaBneHa BCECTOPOHHAA
N KPUTMYECKas OLEHKa NOCNEeAHUX OOCTUMEHWN B 061aCTU CUCTEM [LOCTaBKWM /IEKAPCTBEHHbIX
Nocrynuna: 8 uions 2026 CPeacTB Ha OCHOBE MONMMEPHbIX HAHOKOMMO3WUTOB, C aKUEHTOM Ha CUHepretuyeckoe
PeueH3npoBarme: 17 uions 2026 B3aMMOAENCTBME MeXKAY NPUPOAHBIMM U CUHTETUYECKMMM NOAUMEPAMU U LIMPOKUM CNEKTPOM
MpuHATa B nevatb: 14 agaycma 2026 HaHOHaMOMHWUTENEN,  BKAOYAA  HaHOYaCTMUbl  METa/izioB WM OKCMAOB  METannos,
YyrNepoAcofepiKaliMe  HaHOMaTepuasabl,  HaAHOMMHbLI,  ME30MOpPUCTble  MaTepuanbl U
31eKTpodOPMOBaHHbIE HAHOBOMIOKHA. CucTemaTuuecku obcyxaaetca BAMAHME  COCTaBa
HaHOKOMMO3MTa, CTPATerMit M3roToBAEHMA U GUIUKO-XMMMUUYECKUX XapaKTePUCTMK Ha 3arpysky
NeKapCcTBEHHOro  cpeactsa, 3PGPEKTUBHOCTb MHKANCyAAUMM, KMHETUKY BbICBOBOXKAEHMSA,
CNocobHOCTb K TapreTHOM A0CTaBKe U BUOIOrMYECKME XapaKTEPUCTUKN. Kpome TOro, KpUTUYecKn
CPaBHMBAKOTCA TUMMUYHbIE TepaneBTUYECKME MPUMEHEHUA B JIEYEHUU PaKa, 3aXKMBNEHWUU PaH,
AHTUMUKPOBHOW Tepanuu, TKAaHEBOM WHMKEHEPUM, HEBPONOTUYECKMX PACCTPOMCTBAX W
pereHepaTMBHON MeAMLMHE ANA YCTAaHOB/IEHMA B3aMMOCBA3M MEXAY CTPYKTYPOW, CBOWCTBAMM U
XapaKTepUCTUKamu. 3ToT 0630p B OCHOBHOM 0606LLLaeT OTAE/IbHbIE CUCTEMbI-HOCUTENIU, METOAbI
NOJlyYeHUsA, MeXaHU3Mbl BbICBOBOXAEHMA U BUMOMEANLMHCKME NPUMEHEHMUA B €4MHOIN cucTeme,
BbIABAAA MPW 3TOM CYLLECTBYIOLIME OFpaHUYEHUs, CBA3AHHble C arperauueit HaHOYacTuUL,
[ONTOCPOYHON BMOCOBMECTUMOCTBIO, BUOPA3NOKEHNEM, KPYNMHOMACIUTABHbIM NPOM3BOLCTBOM,
noJslyYeHMem paspelleHuin Peryampytownx OpraHoB M KAMHUMYECKUM BHeapeHuem. [aHHblit
0630p npefocTaBAseT LUEHHY MHGOpMauuio AN uccneposatesei, paboTalowmx Hag,
PaLMOHANbHLIM NPOEKTUPOBAHMEM MEPESOBbLIX NOMMEPHBLIX HAHOKOMMNO3WUTOB C MOBbIWEHHOW
TepaneBTUYeCcKoi 3GPEKTUBHOCTBIO, YYYLLEHHON 6e30NaCHOCTbIO U YCKOPEHHbIM KAMHUYECKUM
NPUMEHEHNEM.

Knioyesbie cnoea: KOHTPO/AMpyeMasa [OCTaBKa JIeKapcTB, MOAMMEPHbIE HAHOKOMMO3WUTbI,
npeunsnMoHHas HaHOMeAUUMHA, UHTENIeKTYalbHble HAHOHOCUTEe/IM, J0CTaBKa 1IEKApCTB B OTBET
Ha BHeLUHWe BO34eNCTBUA, YCTOMYMBOE HAaHONPOM3BOACTBO, TepanesTUYecKMe HaHoNAaTGopMbl
MHpopmayusa o6 asmope:

JAokmop ¢unocogpuu, JdouyeHm, Kagedpa nonumepos u nuemeHmos, HayuoHanbHbIU
uccnedosamensckul yeHmp, ya. 3ne-byxym, 33, [okku, [luza 12622, Ezunem. Email:
moshera_samy1984@yahoo.com; ORCID ID: https://orcid.org0000-0002-7272-4134
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Synthesis Process of Silica—Activated Carbon Composite Ceramic Membranes for
Integrated Filtration and Adsorption in Acid Mine Drainage
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ABSTRACT

Acid Mine Drainage (AMD) is a liquid waste from coal mining by-products. AMD is a highly corrosive
liquid (pH 1.5 — 4.0) and contains heavy metals, which is one of the problems in coal mining.
Filtration technology using ceramic membranes can offer greater corrosion resistance than other
membranes. Therefore, the study aims to fabricate and characterize composite ceramic
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performance activated carbon (Maxsorb Ill) to boost heavy metal adsorption capacity. The
membranes are produced through extrusion molding and stepwise sintering processes. The results
were analyzed using SEM-EDS, XRF, XRD, and BET. XRF analysis showed that the silica purity
increased from 88.42 to 98.62 wt%, while XRD confirmed a predominantly amorphous structure
with a broad peak centered at approximately 22° (26). SEM-EDS revealed the formation and
distribution of pores, with Si, O, and C as the main elements. Increasing the activated carbon
content from 10 to 20 wt% increased the BET specific surface area from 238 to 412 m?/g and the
average pore diameter from 16 to 25 nm, indicating increased pore development and surface area.
These results indicate that activated carbon effectively modifies the porous structure and textural
properties of the ceramic membrane.

Keywords: filtration, ceramic membrane, wastewater, heavy metal adsorption.
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Introduction

Globally, the coal mining industry continues to
play a crucial role in meeting energy needs,
particularly in countries that rely on coal as a
primary source of electricity generation and
industrial energy. In this global context, Indonesia is
a significant case in point due to its extensive coal
mining activities and significant contribution to its
energy sector and economy. The growth of the coal
mining industry in Indonesia has supported the
national energy supply, industrial development,

employment, and export revenues. However, this
activity also produces liquid waste in the form of
Acid Mine Drainage (AMD), which remains a
problem in mining environmental management [1].
AMD is formed due to the oxidation of sulfide
minerals, especially pyrite (FeS;), when in contact
with water and oxygen, resulting in water with a very
low pH (1.5-4.0). AMD also contains dissolved heavy
metals such as Fe, Mn, Cu, Zn, Al, and sulfate in high
concentrations. If not adequately treated, AMD can
cause water pollution, soil degradation, damage to
aquatic ecosystems, and increased health risks for
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communities around mining areas [2]. Therefore,
the development of effective, economical, and
sustainable AMD processing technology is a priority
in environmental engineering and mining
technology.

The Indonesian government, through the
Decree of the Minister of Environment Number 113
of 2003, has established wastewater quality
standards for coal mining activities that must be met
before the wastewater is discharged into the
environment. However, the characteristics of highly
acidic AMD and containing heavy metals in high
concentrations make the treatment process
complex [3]. Conventional technologies such as
neutralization using lime, chemical precipitation,
coagulation-flocculation,  bioremediation, and
adsorption have been widely applied on an
industrial scale. However, these methods still face
various limitations, including high chemical
consumption, the formation of large amounts of
secondary sludge, the need for relatively long
processing times, and high operating and
maintenance costs [4]. These conditions indicate
that alternative technologies are still needed that
have high efficiency and are able to reduce the
environmental impact of the waste processing
process itself.

In recent years, membrane technology has
emerged as a promising separation method due to
its ability to produce high-quality effluent, small land
footprint, and easy integration with other treatment
processes. However.

However, most membranes used in wastewater
treatment are still polymer-based and lack chemical
and thermal stability. Their performance and
structural stability can be negatively affected by
extreme pH and high-temperature conditions,
making them susceptible to degradation, fouling,
permeability changes, and reduced service life when
applied to acid mine wastewater (AMD) treatment
[5].

As an alternative, ceramic membranes offer
significantly better mechanical, thermal, and
chemical stability, enabling them to operate in
highly corrosive environments. In addition to their
longer lifespan, ceramic membranes can also be
regenerated through chemical or thermal cleaning
processes without significant structural damage [6].
Therefore, the development of ceramic membranes
based on local materials is an important research
direction in producing more efficient and
sustainable AMD processing technology.

In line with the increasing attention to the
concept of circular economy and waste valorization,

the utilization of agricultural waste as raw material
for advanced materials has become a rapidly
growing research topic. Indonesia is one of the
largest rice producers in the world, producing
millions of tons of rice husks annually. Burning rice
husks produces rice husk ash (RHA), which contains
around 80-95% amorphous silica, depending on the
combustion conditions and extraction process [7].
To date, most of the rice husk ash is still used as
backfill or even disposed of as solid waste, thus not
providing optimal added value. In fact, the high silica
content makes RHA a potential source of raw
materials for the synthesis of ceramic materials,
adsorbents, catalysts, and membranes. The
utilization of silica from rice husk ash not only
reduces agricultural waste but also supports the
development of environmentally friendly materials
based on renewable resources.

Silica extracted from rice husk ash has high
chemical stability in acidic environments, purity that
can be improved through a purification process, and
an amorphous structure that supports the formation
of ceramic membranes. However, silica has a
relatively limited specific surface area, so the
number of active sites for heavy metal adsorption is
still not optimal [8]. One approach to improving
these characteristics is to combine silica with highly
porous activated carbon. Maxsorb Il is a commercial
activated carbon with a specific surface area of
approximately 3,000 m?2/g, thus potentially
increasing the membrane's adsorption capacity for
heavy metal ions. In addition to functioning as an
adsorbent, activated carbon can also act as a pore-
forming agent during the sintering process. During
the combustion process, activated carbon will
decompose and leave micropore cavities, thereby
increasing the porosity, effective surface area, and
permeability of the membrane [[9], [10]].
Controlling the pore structure is one of the main
factors that determine the performance of ceramic
membranes in the filtration process. In this study,
Maxsorb Il was selected because of its highly porous
structure and exceptionally high specific surface
area, which can provide additional active sites for
adsorption and facilitate the development of
membrane porosity. However, the low bulk density
and relatively low thermal conductivity of Maxsorb
Il should also be considered in the design of the
composite membrane. The low density may affect
particle packing and interparticle contact within the
silica matrix, while the low thermal conductivity can
influence heat transfer during thermal treatment.
Excessive incorporation of activated carbon may
therefore result in increased porosity at the expense
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of structural integrity and mechanical strength if the
pore-forming phase is not adequately controlled.
Consequently, optimizing the activated carbon
content is essential to achieve a balance between
porosity, permeability, adsorption capacity, and
mechanical stability. Controlling the pore structure
is therefore one of the key factors determining the
filtration performance and durability of ceramic
membranes.

Although research on the utilization of rice husk
ash as a source of silica and the development of
ceramic membranes has been widely reported, most
of the research is still focused on its application as
an adsorbent, geopolymer, catalyst, or membrane
for domestic water treatment and general industrial
wastewater. Research that integrates silica
extracted from rice husk ash with Maxsorb |l
activated carbon as a ceramic membrane
component for Acid Mine Drainage treatment
applications is still very limited [11]. In addition, the
effect of variations in activated carbon content on
the development of pore structure, specific surface
area, and morphology of RHA silica-based
membranes has not been studied systematically.
This research gap indicates the need for the
development of new membrane materials that not
only have high resistance to acidic environments,
but are also able to utilize biomass waste as a source
of value-added raw materials.

Based on the description, the novelty of this
research lies in the development of a silica-based
composite ceramic membrane extracted from rice
husk ash with the addition of Maxsorb Il activated
carbon, which functions as an adsorbent and pore-
forming agent. This approach integrates the concept
of biomass waste utilization (waste-to-value) with
ceramic membrane technology to produce a
material that has higher porosity, larger specific
surface area, and good chemical resistance to acidic
environments. Thus, this research not only offers a
solution to the problem of Acid Mine Drainage
treatment, but also contributes to the development
of sustainable material technology that supports a
circular economy and the achievement of the
Sustainable Development Goals (SDGs), especially
SDG 6 (Clean Water and Sanitation), SDG 9 (Industry,
Innovation and Infrastructure), and SDG 12
(Responsible Consumption and Production).

This article aims to fabricate and charatarization
of new type of membrane for integrated filtration
and adsorption in acid mine drainage. It also aims to
characterize the morphology, porosity, and specific
surface area of the resulting membranes, and
analyze the effect of the addition of activated carbon

on the physical characteristics of the membrane as a
basis for evaluating its potential for Acid Mine
Drainage treatment applications.

Experimental part

Materials and tools

The main raw material used in this study was rice
husk obtained from a local rice mill in Padang City,
Indonesia. It was rice husk freshly collected in April,
2026. The rice husk was collected immediately after
the rice milling process and was used as the starting
material for subsequent washing, drying, and
preparation.

The chemicals used included a 10% hydrochloric
acid (HCl) solution as an acid leaching agent,
Maxsorb Il activated carbon as a pore-forming
agent, polyvinyl alcohol (PVA) as a binder, sodium
hydroxide (NaOH) for the silica extraction process,
and deionized water as a solvent and washing
medium.

The main equipment used includes an electric
furnace for calcination and sintering processes, a
ball mill for powder refinement, a 200-mesh sieve, a
hydraulic extruder for tubular membrane molding, a
drying oven, and an analytical balance. The
characterizations were conducted using X-Ray
Fluorescence (XRF) to determine chemical
composition, X-Ray Diffraction (XRD) to identify
crystal phases, Scanning Electron Microscopy (SEM)
to observe surface morphology, and a Brunauer—
Emmett-Teller (BET) Surface Area Analyzer to
determine specific surface area and pore
characteristics.

Silica Extraction from Rice Husk Ash

Silica is extracted from rice husk ash using a
combination of acid dissolution and calcination. The
extraction process includes preparing the rice husk,
dissolving it with acid, calcination, and extracting the
silica.

Rice Husk Preparation

The rice husks were gently rinsed with running
water to remove surface dirt. The husks were then
dried in an oven at 105°C for 24 hours until a
constant weight was achieved. The rice husks are
gently rinsed with running water to remove surface
dirt and other adhering impurities. The washed
husks are then dried in an oven at 105°C for 24
hours, or until a constant weight is reached. The
drying temperature of 105°C was chosen to
effectively remove free and physically bound
moisture from the rice husks while minimizing
thermal changes or decomposition of their organic
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constituents. Achieving a constant weight ensures
that the moisture content is sufficiently stable
before further processing. After drying, the samples
were weighed as a reference for the next extraction
process [12].

Acid Leaching

Dry rice husks were soaked in a 10% HCl solution
for 24 hours at room temperature to remove metal
oxides and mineral impurities. Then, they were
washed with deionized water until a neutral pH was
reached. Once the filtrate reached neutral pH, the
solution was dried for 24 hours at 105°C.

Calcination

Rice husk ash (RHA) is obtained by calcining rice
husks from an acid leaching process for 4 hours at
650°C with a heating rate of 5°C per minute. This is
done to keep the silica in an amorphous phase,
making it suitable as a raw material for ceramic
membranes. After naturally cooling in the furnace,
the rice husk ash is ground using a ball mill and then
sieved through a 200-mesh screen to ensure
uniform size [7].

Silica Extraction

Silica is extracted from rice husk ash using the
alkali—sol—gel method [[13], [14]]. 50 g of rice husk
ash is heated in a 1 M NaOH solution at 100°C for 1
hour. The solution is filtered to separate the solid
residue. The filtered solution is then titrated with 1
M HCI until reaching pH 7 to form a silica gel
precipitate and aged overnight. Next, it is rinsed with
deionized water until free of chloride ions. The
resulting silica gel is dried at 105°C for 24 hours and
then calcined again for 2 hours at 600°C. This is done
to obtain amorphous silica powder. The resulting
amorphous silica powder is analyzed for its
composition using X-Ray Fluorescence (XRF) to
determine the SiO, content, oxide impurities, and
the effectiveness of the purification process. The
crystal structure was characterized using XRD, while
the specific surface area and pore distribution were
analyzed using a BET Surface Area Analyzer.

Composite Ceramic Membrane Fabrication

Composite ceramic membranes were fabricated
using an extrusion method followed by drying and
sintering [[13], [15]]. The extracted silica was mixed
with Maxsorb Il activated carbon at varying
compositions of 10% (membrane i) and 20 wt%
(membrane ii) by weight of silica. Before mixing, the
activated carbon was dried at 100°C for 12 hours to
remove moisture that could affect the homogeneity
of the mixture.

A mixture of silica and activated carbon was
added with a 5 wt% PVA solution as a binder, then

mixed with deionized water to obtain a plastic
mixture with a water content of around 20-25 wt%.
The mixture was homogenized using a mechanical
mixer at 300 rpm for 30 min to ensure uniform
dispersion of the silica, activated carbon, PVA
binder, and water throughout the mixture. The
mixing speed and duration were kept constant for all
samples to maintain consistent processing
conditions and minimize variations in the
homogeneity and subsequent structural properties
of the ceramic membrane.

The plastic mixture was molded into a tubular
membrane using a hydraulic extruder. The ceramic
membrane in this study is 3 cm long with an inner
diameter of 0.6 cm and an outer diameter of 0.8 cm
[16]. To get a uniform membrane thickness and
diameter, the pressure was kept constant during the
extrusion process. The process continued with slow
drying. The dry membrane then underwent sintering
with a heating rate up to 1000°C at a rate of 3°C/min.
The heating was held for 2 hours before allowing it
to cool naturally in the furnace. This process
decomposes the PVA and burns the activated
carbon, creating pores in the silica matrix and acting
as a pore-forming agent [[17], [18]].

Membrane Characterization

After the sintering process, the resulting
membrane is characterized, including its
morphological structure and elemental

composition, crystal structure, surface area, and
porosity.

Morphological Characterization and Elemental
Composition (SEM)

The surface morphology of the membrane was
analyzed using a Scanning Electron Microscope
(SEM) at magnifications of 750x and 2000x with an
accelerating voltage of 5-15 kV. This analysis was
done to determine the membrane's microstructure
in terms of shape and pore distribution of the
ceramic membrane made from rice husk ash silica
and activated carbon.

Crystal Structure Characterization (XRD)

The crystal structure was analyzed using X-Ray
Diffraction (XRD). The wavelength of Cu-Ka radiation
is 1.5406 A with a scan speed of 2°/minute in a
diffraction angle range of 26 = 10-80°. The presence
of amorphous silica was identified by the
appearance of a broad halo at an angle of around 20
= 22°, while the formation of crystalline silica, such
as quartz or cristobalite, was indicated by the
appearance of sharp diffraction peaks at their
characteristic positions. Phase identification was
carried out by matching the diffraction pattern to
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the International Centre for Diffraction Data (ICDD
PDF-4) database [19].

Surface Area and (BET)
Characterization

The membrane texture characteristics were
analyzed using a Brunauer—Emmett-Teller (BET)
Surface Area Analyzer through the nitrogen
adsorption—desorption method at a temperature of
-196°C (77 K). Before testing, the samples were
degassed at 180°C for 4 hours under vacuum
conditions to remove water and gas molecules
adsorbed on the surface.

The specific surface area was calculated using
the BET equation, while the pore size distribution
and pore volume were analyzed using the Barrett—
Joyner—Halenda (BJH) method. The parameters
obtained included the specific surface area (m?/g),
total pore volume (cm3/g), and average pore
diameter (nm). These parameters were used to
evaluate the effect of variations in activated carbon
content on the development of the membrane pore
structure.

Porosity

Chemical Composition Characterization (XRF)

The chemical composition of rice husk ash,
extracted silica, and composite ceramic membranes
was analyzed using X-Ray Fluorescence (XRF) with
the Fundamental Parameters (FP) method. Prior to
testing, the samples were dried to constant weight,
ground until homogeneous, and then pressed into
pellets according to the instrument's standard
preparation procedure.

XRF analysis was conducted to determine the
content of major oxides and impurities, so that the
effectiveness of the silica purification process could
be evaluated quantitatively. The parameters
analyzed included the content of SiO,, Al,O3, Fe,0s,
Ca0, MgO, K,0, Na,0, TiO,, P,0s, and other minor
oxides expressed in weight percent (wt%). The
analysis results were used to ensure that the rice
husk extraction process did indeed contain silica.

Results and Discussions

Characteristics of Silica Raw Materials

XRF results show that quartz sand contains
97.3% SiO,, with major impurities Al,O3 (1.4%) and
Fezog (05%)
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Figure 1 - XRF Spectrum of Silica Extracted
from Rice Husk

The overall XRF results can be seen in Table 1.

Table 1 - Rice husk components and extraction results

Component
Parameter RHA Silica from
(wt%) extraction
SiO2 88.42 98.62
Al>O3 1.86 0.18
Fe203 0.92 0.07
Cao 1.48 0.05
MgO 0.71 0.04
K20 2.73 0.12
Na20 0.32 0.03

The XRF analysis results showed that the
extraction process successfully increased the purity
of silica from 88.42 wt% to 98.62 wt% (10.20 wt%).
The content of the main impurities (Al,Os3, Fe;0s,
Ca0, MgO, K,O, Na;O) decreased significantly
(>90%). The LOI value also decreased from 3% to
0.84%, indicating a reduction in organic/volatile
compounds after purification. Silica produced from
rice husks is generally amorphous (not crystalline),
which is very good for adsorption and membrane
applications because it has high surface reactivity
[[3], [20]].

Characteristics of Silica Crystal Structure from
RHA Extraction

XRD results show that silica from rice husk has
an amorphous structure, which is characterized by a
broad diffraction peak at an angle of 26 of around
20-30° (the main peak is around 22°) and no sharp
peaks indicating a crystalline structure (such as
quartz). Pretreatment with acid (HCI) can maintain
the amorphous structure of silica up to a firing
temperature of 750°C-800°C [21].
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Figure 2 - XRD result of Silica from Rice Husk Ash

Characteristics of Ceramic Membranes from
Rice Husk Silica

The morphology of ceramic membranes with a
composition of 10% activated carbon (membrane i)
and a composition of 20% (membrane ii) at various
magnifications can be seen in Figure 3.

Figure 3 - Morphology of membrane i at zoom
a. 750x; b. 2000x; and Morphology of membrane
ii at zoom c. 750x; d. 2000x

Activated carbon clumps form interparticle
bonds that overlap, leading to a visible reduction in
pore size from the surface to the interior. This
indicates the formation of a microporous
membrane. Activated carbon forms interparticle
bonds that overlap, leading to a visible reduction in
pore size from the surface to the interior. The
morphology of extracted silica particles is generally
irregular with a porous structure [21].

SEM  morphological structures of each
membrane at various magnifications show that the
membrane pore structure is random. From the SEM

observations, the pores and uneven membrane
surface texture are visible due to the influence of
temperature. The pores in the membrane with the
addition of activated carbon. The more activated
carbon added, the more pores formed and still
appear less uniform (asymmetric). It can be seen
that the pores formed are already small enough to
be used in the ultrafiltration process with a pore size
of 0.001 — 0.1 um. The pore surface appears to be
evenly distributed on each membrane. For
membranes with different concentrations, it can be
seen that the pores become denser with increasing
amounts of activated carbon additives, and the
pores are evenly distributed on the membrane
surface due to the addition of these additives [13].
This behavior can be attributed to the porous nature
of activated carbon and its role as a pore-forming
agent; a higher amount of activated carbon provides
more sites for void formation within the silica matrix
during subsequent thermal treatment, thereby
resulting in a denser pore structure.

Surface Area Characterization (BET)

Analysis using N, physisorption at -196 °C (77 K)
showed very significant differences in textural
characteristics.

Table 2 - Membrane Surface Area Characteristics

Parameter Membrane | Membrane Il
(10%) (20%)
Surface area 23
412 £ 18
(m?/g) 8+12
Total
i 0.38 +0.02 0.72 +0.04
volume (cm?/g)
A'VGI‘age pore 16.20 24.80
diameter (nm)

Increasing the activated carbon content from
10% to 20% resulted in a nearly twofold increase in
surface area (from 238 to 412 m?/g). This was due
not only to the remaining unburned carbon, but
primarily to the micro-etching of the silica surface by
the CO; gas released during combustion [22].

The shift in pore diameter from 16 nm to 25 nm
indicates that in M-Il, the pore structure shifts from
mesopore dominance towards macropores, which is
very beneficial for increasing permeability, but
slightly reduces the adsorption capacity per unit
volume [23].
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Conclusion

This study has developed a potential ceramic
membrane based on agricultural waste and carbon
activation. The utilization of rice husk as an
agricultural waste contributes significant impact on
solid waste solutions and increases the added value
of rice husk. Furthermore, the manufacturing
process is relatively simple, using extrusion and
sintering techniques, which makes this technology
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TYRIHAEME

KbIWKbINAbI WaxTa afbiHAbinapsl (KLLUA) — 6yn Kemipai eHaey HaTUKeciHAe naitga 6onfaH CymblK
Kangpiktap. KLUA — ofapbl KOppO3uAAbIK CyMbIKTbIK (pH 1,5 — 4,0) aHe KypambiHAA ayblp
meTangap 6ap, byn kemip eHepKacibiHiH, macenenepiHiH, 6ipi 6onbin Tabbinagbl. Kepamunkanbik,
membpaHanapabl NaWdanaHaTtblH Cy3y TexHonoruacbl 6acka membpaHanapfa KapafaHaa
Koppo3susAfFa Te3iMAiNIKTI apTTbipa anagpl. byn 3epTreyaiH, makcaTbl- Kypil KabbIfbIHbIH, KyJiHEH
(RHA) anblHFaH XaHe ayblp MeTangapablH, aacopbumanbik KabineTiH apTTbipy YLiH }KOFapbl HIMAI
6encengipinreH kemipmeH (Maxsorb 11l) moguduKaumanaHFaH KPEMHUIN AUOKCUAIHEH JKacanFaH
KOMMNO3UTTIK ~ KepaMuKanblK membpaHanapgpl Kacay aHe cunatray. MembpaHanap
3KCTPY3MANBIK KaNbIMTay KaHe caTbl/bl KYHAiIpY NpouecTepi apKblibl eHAipinesi. Hatuxkenep SEM-
EDS, XRF, XRD »kaHe BET kemerimeH TangaHabl. XRF Tangaybl KpeMHWUIA SUOKCUAIHIH, Ta3anblfbl
88,42-neH 98,62 canmakTbik%-fa AeWiH ecKkeHiH, an XRD wamameH 22° (26) opTtanbifbiHaa
OpHaNacKaH KeH, WblHpl 6ap HerisiHeH amopdTbl KypblLIbIMAb! pacTafaHbiH kepceTTi. SEM-EDS agici
Herisri anemeHTTep peTiHae Si, O xkaHe C 6ap KeyekTepaiH naraa 601ybl MeH TapanyblH aHbIKTaZbl.
BenceHaipinreH kemipteri menwepid 10-HaH 20 caNMaKTbIK Naibl3fa AeiiH apTTbipy BET MeHWiKTi
6eTiHiH, ayaaHbiH 238-aeH 412 m2/r-fa AeiliH aHe opTalla Keyek AnameTpiH 16-gaH 25 HM-re
OeliH apTTbipabl, Byn KeyekTepaiH ecyi meH 6eTiK ayAaHbiHbIH, apTKaHblH Kepcetedi. byn
HaTWXKenep 6enceHaipinreH KemipaiH Kepamukanblk membpaHaHblH, KeyeKTi KypblibiMbl MeH
TEKCTypasblK KacMeTTepiH TMiMAj Typae e3repTeTiHiH KepceTeai.

TyliiH ce30ep: cy3y, KepammnKanbik MembpaHa, aFbiHAbI Cyaap, ayblp MeTanAapAbiH aacopbumacs!.
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AHHOTAUMA

KucnoTtHble waxTtHble cToku (KLWIC) — 370 uakuve otxoabl, obpasylowmecs B pesynbrate
nepepaboTku yraa. KWC npeactasnsioT coboit BbICOKOKOPPO3NOHHYHO KuakocTb (pH 1,5-4,0)
coAepKaT TAXKesIble MeTasibl, YTO ABNAETCA OAHOM M3 Npobiem yronbHOM NPOMBbILIEHHOCTH.
TexHonorna GuabTPaLLMM C UCNONAb30BAHMEM KEPAMUYECKMX MeMbpaH MoXKeT obecneuntb 6onee
BbICOKYIO KOPPO3MOHHYIO CTOMKOCTb, 4Yem papyrne membpanbl. [03TOMy LeNblo [aHHOro
nccnepoBaHUA ABAAETCA U3rOTOBIEHWE M XapaKTePUCTMKA KOMMNO3UTHbIX KepamUUYecknux membpaH
U3 AMOKCUAA KPEMHWSA, N3BJIeYEHHOTO U3 30/1bl pucoBoit wenyxu (3PLU), u mogndurumpoBaHHbIX
BbICOKO3(PEKTUBHBIM aKTMBUPOBaHHbIM yraem (Maxsorb Ill) gns nosbiweHWs agcopbLUUOHHOM
CNOCOBHOCTU MO OTHOWEHWUIO K TAXenblM meTannam. MembpaHbl U3roTaBAMBAOTCA METOLO0M
3KCTPY3MOHHOTO GOPMOBAHMA W CTYNEHYATOro crnekaHusa. Pe3ynbTaTbl aHa/nM3MPOBAAUCL C
nomouibto SEM-EDS, XRF, XRD n BET. AHanu3 XRF mnokasan, 4To YMCTOTa AMOKCMAQ KPeMHUA
ysenanumnaco ¢ 88,42 no 98,62 mac.%, B 10 Bpema Kak XRD nogTsepgmn npenmmyLLecTtBeHHO
amMopPHYI0 CTPYKTYPY C LWMPOKUM MUKOM, LEHTPUPOBAHHbLIM NPUMeEpPHO Ha 22° (268). MeTtoa SEM-
EDS BbiaBun obpa3oBaHve W pacnpegeneHuve nop € OCHOBHbIMM 3nemeHTamu Si, O u C.
YBenuueHne coaeprkaHuUA akTMBMPOBaHHOro yraa ¢ 10 go 20 mac.% npuBeno K yBenyeHuto
yaenbHoM nosepxHocTn no metoay BET ¢ 238 no 412 m?/r u cpegHero anameTpa nop ¢ 16 ao 25
HM, YTO YKa3blBaeT Ha yBe/JMYeHMe Pa3BUTUA MOP U NAOWAAM NOBEPXHOCTU. ITU pe3ynibTaTbl
NOKa3bIBaloOT, YTO aKTUBUPOBAHHDBIW yrob 3GdEKTUBHO MOANPULIMPYET MOPUCTYIO CTPYKTYPY U
TEKCTYpHble CBOMCTBA KepamMuyeckon membpaHbl.
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MeTaN/os.
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Blast Furnace Slag as an Alternative to Natural Mineral Materials in
Pavement Engineering: A Review

!Kunaev V.A., ‘Akhmetova G.E., *"Ospanova A.Z., *Kenzhaliyev O.B., ‘Tavshanov I.S.,
2Fathi M.S., 'Ulyeva G.A., 'Batyrbek A.E., 'Charnyi D.Yu.

! Karaganda Industrial University, Karaganda region, Temirtau, Kazakhstan
2Universiti Teknologi Malaysia, Kuala Lumpur, Malaysia

* Corresponding author email: a.ospanova@tttu.edu.kz

ABSTRACT

The presented literature review contains the results of the analysis of scientific articles for 2000-
2026 years, considering the use of blast furnace slag in various areas of road construction. It has
been established that there are clear differences between the application options for different
types of blast furnace slag. Air-cooled blast furnace slag (ACBFS) is more often used as a coarse or
fine aggregate for cement concrete and asphalt concrete, and ground granulated blast furnace
slag (GGBFS) is used as an additional binder or as a mineral/reactive filler. When using blast

Received: July 30, 2026 furnace slag in the production of concrete, the highest results in a number of studies were
Peer-reviewed: August 28, 2026 achieved when replacing 20-40% of the aggregate with slag, although this indicator was not a
Accepted: September 8, 2026 universal optimal value. In some articles, it was pointed out that the use of blast furnace slag as

part of the base of a highway or for soil stabilization was associated with an increase in CBR. Some
authors point to a reduction in the consumption of Portland cement when using complex binders
containing granular blast furnace slag. Data on the improvement of water resistance, fatigue
resistance, Marshall stability, and rutting resistance of asphalt concrete with the introduction of
ACBFS and GGBFS in various proportions are also presented. Pretreatment of porous ACBFS was
also important: selective crushing and related separation methods reduced water absorption,
crushing value, and the proportion of weak porous particles. The main practical conclusion is that
BFS should not be treated as a single interchangeable material. Its use should be selected
according to slag type, particle quality, the component being replaced, and the required pavement
property. Further studies should examine whether improvements achieved by slag pretreatment
at the aggregate level are retained in concrete, asphalt mixtures, and pavement-base materials
under long-term service conditions.

Keywords: air-cooled blast furnace slag, ground granulated blast furnace slag, natural mineral
resource substitution, aggregate enrichment, cement concrete, asphalt concrete, pavement base
materials.
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Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

Introduction

Road construction requires large volumes of
natural aggregates and cementitious materials. At
the same time, metallurgical production generates
mineral by-products that can partly replace these
conventional resources. Blast furnace slag (BFS) is
one of the most widely studied materials of this type
and is used in concrete, pavement layers, soil
stabilization, and asphalt mixtures [[1], [2], [3], [4],
(5], [6]].

The physical and mechanical properties of blast
furnace slag largely depend on the cooling method.
Slow air cooling produces air-cooled blast furnace
slag (ACBFS), which is mostly crystalline, angular,
and often porous and is used primarily as a coarse or
fine aggregate. During rapid cooling, granulated
blast furnace slag (GBFS) is formed, which has a
higher content of the glassy phase. After grinding,
GBFS is converted into ground granulated blast
furnace slag (GGBFS), which exhibits latent hydraulic
activity and is used mainly as a supplementary
cementitious material or as a mineral or reactive
filler [[7], [8], [9], [10], [11]]. The differences in the

appearance and microstructure of ACBFS and GBFS
are shown in Figure 1. The porous structure of some
ACBFS fractions may increase water absorption and
reduce resistance to cyclic environmental effects,
whereas denser or processed slag fractions can
show substantially better engineering properties
([6],[12], [13], [14], [15]].

Published studies address several distinct
applications of BFS, including aggregate
replacement in cement concrete, partial

replacement of cement by GGBFS, use in pavement
bases and subbases, soil stabilization, and
incorporation into asphalt mixtures. Direct
comparison of these studies is difficult because the
term “BFS replacement” may refer to replacement
of coarse aggregate, fine aggregate, cement, total
binder, or mineral filler. In addition, the studies
differ in slag type, dosage basis, treatment method,
mixture composition, curing conditions, and
performance criteria. As a result, replacement
percentages reported in different studies cannot be
interpreted independently of the function of the slag
in the material.

EHT= 5.00kV
WD = 19.10 mm

Signal A= SE1 Date :1 Dec 2025

Photo No. = 2776  Time :15:19:56

Figure 1 — General view and SEM images of blast-furnace slag: a) air-cooled blast-furnace slag (ACBFS); (b) SEM
micrograph of ACBFS; (c) granulated blast-furnace slag (GBFS); and (d) SEM micrograph of GBFS
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The aim of this review is to compare the
reported use of ACBFS, GBFS, and GGBFS in road
construction materials and to identify the main
relationships between slag type, processing method,
replacement level, and engineering performance.
Particular attention is given to cement concrete,
cementitious systems, pavement bases and
subbases, soil stabilization, and asphalt mixtures.
The review also examines the limitations associated
with untreated slag and the effect of processing and
modification on its potential use in pavement
materials

Materials and methods

The literature search covered publications
issued between 2000 and 2026 and was completed
on 25 July 2026. The main search was conducted in
Scopus, Web of Science, ScienceDirect, and
eLIBRARY.RU. ResearchGate and Academia.edu
were used as additional sources for locating full-text
publications. The search was based on a
combination of terms describing blast furnace slag
and its application in road and construction
materials. The following search expression was
used: (“blast furnace slag” OR “GGBFS” OR “ACBFS”)
AND (“pavement” OR “asphalt concrete” OR “road
construction” OR “cementitious composites”).

The search expression was adapted to the
syntax of the individual databases while retaining
the same set of keywords and the same publication
period. The reference lists of relevant publications
were also examined to identify additional studies
that could be useful for the analysis.

The database search identified a total of 1120
records published between 2000 and 2026. At the
title and abstract screening stage, 370 records were
excluded because their subject matter was outside
the scope of the review. Of the remaining 750
records, full-text versions were available for 342
publications. The full texts were subsequently
assessed with regard to the subject of the study, the
type of slag investigated, the presence of an
experimental component, and the availability of

quantitative results suitable for comparative
analysis.
After the full texts were checked, 262

publications were removed from the final sample.
The main reasons were the absence of experimental
work, the lack of separately reported data for blast
furnace slag, insufficient experimental detail, or a
topic outside the scope of this review. Publications

that could not be obtained in full text were not
included in the detailed assessment.

The final set included 80 publications: 77
primary research papers and three review articles.
The quantitative comparisons in this review are
based mainly on the primary studies. The three
review papers were used only for background
information, terminology, general research trends,
and for identifying additional primary studies from
their reference lists.

Records identified through database search
5 (Scopus, Web of Science, ScienceDirect,
i cLIBRARY.RU)
% (n=1,120)
g Publication period: 2000-2026)
=
Title aid abistract acieaning Records excluded as outside
(n=1.120) ) the scope of the review
(n=370)
. I
g Potentially relevant records after title Records for which full-text
‘E‘ and abstract screening —®| versions could not be obtained
‘ 3 (n=750) (n = 408)
“ l Full-text publications excluded
Full-text publications assessed (n=262)
( for eligibility | Reasons:
sy (n=342) * 1o experimental component
= o BFS data not separately identifiable
ﬁ I o insufficient experimental information
:h-.l * outside the defined scope
Publications retained in the final
reference base
(n=80)
I
i v v
‘ T Primary rescarch publications used Review articles retained as
'g for the comparative and quantitative secondary sources
Té synthesis (n=3)
- (n=177) Used for background information,
terminology, research trends, and
identification of additional primary studies

Figure 2 — Flow diagram of the literature search
and selection procedure

Primary studies were considered suitable for
comparative analysis when they met the following
conditions:

- they investigated blast furnace slag or one of
its principal forms;

- contained an experimental component;

- examined its use as an aggregate, cementitious
component, mineral or reactive filler, pavement-
base or subbase material, or soil-stabilization
component;

- reported quantitative results allowing the
influence of slag incorporation or treatment to be
evaluated;

- provided sufficient information on the
experimental conditions and composition of the
investigated material.
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Studies were excluded from comparative
analysis when they dealt exclusively with
metallurgical slags other than blast furnace slag, did
not report the BFS-related results separately, did not
contain original experimental data, lacked sufficient
information for interpretation of the experimental
results, or addressed applications outside the scope
of road construction and related construction
materials. Duplicate records and repeated
publications reporting the same experimental
dataset were considered only once.

The methodological suitability of the primary
studies was assessed during full-text analysis.
Particular attention was given to clear identification
of the blast furnace slag type, description of the
investigated materials and mixture composition,
specification of the slag content or replacement
level, description of the experimental procedure,
and availability of quantitative performance data.
Studies for which these parameters could not be
established with sufficient confidence were not used
for quantitative comparison.

To ensure a uniform interpretation of the
studies reviewed, the following terms and
definitions were used. Blast furnace slag (BFS) was
used as a general term encompassing various forms
of blast furnace slag. Air-cooled blast furnace slag
(ACBFS) was defined as a slowly cooled,
predominantly crystalline slag mainly used as coarse
or fine aggregate. Granulated blast furnace slag
(GBFS) was defined as a rapidly cooled, unground
slag used as a granular material or fine aggregate.
Ground granulated blast furnace slag (GGBFS) was
defined as ground GBFS, primarily used as a
supplementary cementitious material or as a
mineral or reactive filler. The abbreviation GGBFS is
used consistently throughout the main text, tables,
and figures, whereas the alternative abbreviation
GGBS is retained only when reproducing the
terminology of the source, including article titles and
the corresponding entries in the comparative tables.

Coarse aggregate refers to the larger particle-
size fraction, whereas fine aggregate refers to the
smaller particle-size fraction. The nominal boundary
between these fractions varies among standards; a
value of 4 mm is commonly used in European
practice, while other national systems use different
limits.

The primary studies were compared by slag
type, application, mixture composition, replacement
approach, test conditions, and reported
performance. They were grouped into four
application areas:

1) BFS as aggregate in cement concrete;

2) BFS as a supplementary cementitious
component;

3) BFS in pavement bases, subbases, and soil
stabilization;

4) BFS in asphalt mixtures.

The main experimental conditions and
quantitative results for each group were compiled in
tables 2-5. Particular attention was given to the slag
type, the component being replaced, the
replacement or dosage level, the modification or
activation method, and the resulting changes in
mechanical properties, durability, and other
performance characteristics.

Direct comparison of replacement percentages
reported in different studies was carried out with
caution because the same numerical value may refer
to different material functions. ACBFS is generally
used as a replacement for natural coarse or fine
aggregate, whereas GBFS and GGBFS may be used as
granular material, supplementary cementitious
components, or mineral and reactive fillers.
Accordingly, the interpretation of the reported
replacement levels was based on the type of slag,
the component being replaced, and the basis on
which the dosage was calculated.

Results and Discussion

Table 1 shows the chemical compositions of
blast furnace slag given in various scientific studies.
As can be seen from Table 1, the chemical
composition differs significantly depending on the
source of the slag. Nevertheless, CaO, SiO,, Al,O3,
and MgO are the principal oxide components in
most of the investigated slags. The reported
contents are approximately 29-50% CaO, 27-42%
Si0,, 5-22% Al,03, and up to 21% MgO. Together,
these oxides generally account for more than 90% of
the slag composition [[12], [13], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29],
[30], [31], [32], [33], [34], [35], [36], [37], [38], [39],
[40], [41], [42], [43]].
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Table 1 - Chemical composition of blast furnace slags reported in the reviewed studies, wt.%

Slag Cao SiO; Al,O; | FexO3 | MgO MnO S SO3 NaxO K20 Source
WBFS | 32.54 | 3253 | 12.14 | 159 | 17.60 | 1.03 | 1.05 0.12 | 0.60 Kambole C, et al. [12]
FBFS | 35.09 | 3551 | 13.72 | 1.75 | 9.16 | 137 | 0.59 030 | 1.26
BFS 34-43 | 27-38 | 7-12 7-15 | 0.15- | 1.0- Ren Q, et al. [13]
076 | 1.9
GGBFS | 449 | 354 | 13.0 | 047 | 5.01 1.31 0.37 Lee G, et al. [16]
GBFS 39.1 | 351 | 12.8 0.7 10.1 - Bonavetti VL, et al. [17]
BFS 4269 | 40 735 | 228 | 5.19 1.24 0.74 Deboucha W, et al. [18]
ACBFS | 30-40 | 2842 | 522 | 03- | 515 | 0.2-1 | 12 Kanniyappa N, et al. [19]
1.7
GBFS 357 | 369 | 9.41 | 228 | 9.03 1.6 | 0.06 1.1 1.2 Fuentes-Romero M, et al.
[20]
GBFS 37.8 | 35.11 | 17.54 - 5.54 0.7 0.38 | 0.98 Ozkan 0. [21]
BFS 38.96 35.5 12.52 0.54 9.88 0.54 0.07 0.43 Carrasco MF, et al. [22]
GBFS | 38.05 | 34.87 | 14.38 | 0.89 | 8.03 1.96 | <0.01 | 0.72 Kovtun M, et al. [23]
BFS 408 | 35.4 13 0.5 8.0 0.1 0.2 0.5 Zhou J, et al. [24]
GBFS 37.8 334 11.3 0.5 8.9 0.5 3.4 0.5 0.9 Burciaga-Diaz O, et al. [25]
ACBFS | 41.37 | 39.01 | 9.14 757 | 051 001 | 0.64 Nicula LM, et al. [26]
GGBFS | 40.80 | 38.10 | 9.50 | 0.56 | 8.10 | 0.23 0.30 | 0.68
BFS 40.47 | 3528 | 9.71 | 056 | 876 379 | 041 | 045 Bleszynski R, et al. [27]
BFS 21.98 | 33.69 8.69 23.73 0.88 2.47 0.949 0.89 Vadhera K, et al. [28]
GGBFS | 32.61 | 36.70 | 14.21 | 0.98 | 10.12 099 | 042 | 0.76 Yahyaee T, Elize HS [29]
ACBFS | 311 | 313 | 119 | 167 | 13.7 | 0.291 0.515 | 0.639 Tole |, et al. [30]
GGBFS | 30.3 34 11.6 | 0.291 | 12.1 | 0.516 0.531 | 0.811
BFS 39.63 38.3 8.81 0.98 5.54 1.35 0.13 0.59 Benmammar M, et al. [31]
GBFS | 37.79 | 35.09 | 17.54 550 | 0.83 | 0.66 0.30 Yuksel I, et al. [32]
BFS 3245 | 3247 | 994 | 1.25 | 931 | 351 | 033 | 0.82 | 031 | 085 Gegkil T, et al. [33]
BFS 44,50 | 33.84 | 10.35 0.67 7.99 - 0.20 0.40 Lubeck A, et al. [34]
GGBFS 41.81 | 36.44 | 11.60 0.78 5.8 0.55 0.345 | 0.428 Nicula L. M, et al. [35]
BFS 30.4 35 14.3 0.3 16.1 0.5 0.7 0.6 0.7 Humad AM, et al. [36]
GBFS 37.09 | 35.91 | 12.56 0.34 11.23 1.19 0.25 0.49 Tan K, et al. [37]
ACBFS 443 40.7 8.0 5.2 0.2 0.65 Kunaev V, et al. [38]
GBFS | 33.9- | 34.3- | 9.0- | 0.00- | 87- | 0.10- 0.19- | 0.19- | Adigamov RR, et al. [39]
409 | 420 | 129 | 174 | 140 | 1.11 072 | 1.52
GGBFS | 37.34 | 37.73 | 1442 | 1.11 | 871 | 0.02 | 0.39 Karikatti V, et al. [40]
GBFS 344 | 420 | 122 1 6.8 1.1 0.6 0.9 Soganci AS, et al. [41]
GGBS | 32,61 | 367 | 1421 | 098 | 10.12 099 | 0.42 | 0.76 Yahyaee T, et al. [42]
BFS 38.10 | 36.00 | 13.00 0.60 6.60 0.60 0.50 1.10 Bagheri AR, et al. [43]
The differences between individual samples are  affect water absorption, particle strength,

most noticeable for MgO and Al,0s. CaO and SiO,
contents are comparatively less variable, although
their ratio also changes between slag sources. These
variations reflect differences in raw materials, blast-
furnace operation, cooling conditions, and
subsequent processing. Therefore, slags classified
under the same general term may differ
substantially in mineral structure and engineering
behaviour.

The cooling method is particularly important
when the slag is considered for construction
applications. Slowly cooled ACBFS is mainly
crystalline and commonly has a rough and porous
particle surface. These characteristics are relevant
when the material is used as aggregate because they

compaction, and the quality of the aggregate—paste
or aggregate—bitumen interface. Rapidly cooled
GBFS contains a larger glassy fraction, while grinding
increases its specific surface and produces GGBFS
suitable for use as a cementitious component.

The Ca0-Si0,—Al,03—MgO composition of GBFS
and GGBFS provides the chemical basis for their
latent hydraulic behaviour. During hydration or
activation, these materials can contribute to the
formation of calcium silicate hydrate and calcium
aluminosilicate hydrate phases. However, chemical
composition alone is insufficient to predict
performance. Fineness, glass content, activation
conditions, replacement level, and the composition
of the surrounding binder also influence the
resulting properties.
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Blast furnace slag as aggregate in cement
concrete.

Blast furnace slag is used as both coarse and fine
aggregate in cement concrete. The studies
summarized in Table 2 show that the resulting
properties depend not only on the replacement level
but also on slag type, particle porosity, grading,
mixture composition, and compaction conditions.

Several studies reported favourable results at
moderate replacement levels. About 30% ACBFS
replacement of natural coarse aggregate gave the
best overall result in M25 concrete [19]. For
unground GBFS used as fine aggregate, favourable

results were reported at about 20-30% replacement
[[32], [44]], while 30% replacement of natural river
sand with GBFS produced the highest compressive,
splitting tensile, and flexural strengths in [45]. In
road concrete containing a constant GGBFS dosage
and 20-60% ACBFS sand, the mixture with 20%
ACBFS showed the lowest pore density after 300
freeze—thaw cycles [35], the highest wear resistance
among the slag mixtures [46], and lower shrinkage
[47]. These results explain why replacement levels of
approximately 20-40% occur repeatedly in the
reviewed studies. This range, however, should be
regarded only as a recurring tendency and not as a
universal optimum.

Table 2 — Blast furnace slag as coarse or fine aggregate in cement concrete for road and civil construction

Authors Year Substitution approach Key quantitative results

Kanniyappan 2018 Replacement of natural coarse | At 28 days, compressive strength peaked at 35.64 MPa

SP, et al. [19] aggregate with ACBFS at 0%, 10%, | with 30% ACBFS, 19.4% above the control (29.86 MPa).
20%, 30%, 40%, and 50% in M25 | Split tensile strength reached a maximum of 4.99 MPa
concrete. at 40% ACBFS, 28.6% above the control (3.88 MPa). The

authors recommended ACBFS contents up to 30% for
overall use.

Ozkan O [21] 2007 Fly ash replaced part of the cement, | Compressive strength, bulk density and water
while unground CBA and GBFS | absorption all decreased as the combined waste content
replaced fine aggregate (FA). Two | increased. The authors considered the modest strength
series were studied: M1 with | reduction acceptable only for low-strength concrete
CBA+GBFS and M2 with | when CBA and GBFS contents were kept within
FA+CBA+GBFS; properties were | reasonable limits.
measured at 7, 28 and 90 days.

Nicula LM, et 2023 Road-concrete mixes contained | Flexural strength increased from 28 to 90 days by

al. [26] 15% GGBS replacing cement and | 20.72% and 20.26% for the two slag concretes, versus
either 25% or 50% ACBFS replacing | 18.58% for the reference. The 15% GGBS + 25% ACBFS
natural sand; reference mix | concrete reached performance similar to the control at
contained conventional cement and | 90 days. GGBS was strength class 80 at 28 days and class
natural aggregate. Mortars with | 100 at 90 days by HAI.

50% GGBS were also studied for
HAI.

Vadhera K, et 2017 BFS incorporated into rigid- | Concrete with 100% slag aggregate showed 10% higher

al. [28] pavement concrete replacing stone | compressive strength than conventional. Split tensile
coarse aggregate (0%, 20%, 40%, | strength dropped 48% at 40% slag but rose ~10% at
60% and 100%) higher replacements.

Yahyaee T, et 2024 GGBFS replaced 30%, 40%, and 50% | At 28 days, G50S1.5 reached 30.1 MPa, only 5.5% below

al. [29] of Portland cement by mass; steel or | the control. At 90 days, G5051.5 showed >38% higher
carbon fibers were added at 0.5%, | compressive strength than the control. G30S1.5
1.0%, and 1.5% by concrete volume; | increased flexural strength by 33.3% at 28 days and
w/c =0.40. 32.22% at 90 days. G50S1.5 improved abrasion

resistance by 25%, while G50S0.5 reduced CO,
emissions by 40.34%.

Yuksel |, et al. 2007 Non-ground GBFS, bottom ash (BA), | Freeze—thaw resistance improved at low-to-moderate

[32] or an equal GBFS+BA blend replaced | replacement levels, with the best performance around
10%, 20%, 30%, 40%, and 50% of the | 20% and an acceptable range of 20-30%. The 10%
natural 0-3 mm fine aggregate. | replacement level gave the lowest capillarity, while all
Durability was assessed by high- | mixtures remained within abrasion limits. Overall, the
temperature, freeze—thaw, drying— | authors identified 20% fine-aggregate replacement as
wetting, capillarity, and abrasion | the optimum level for normal concrete.
tests.
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Nicula LM, et 2021 | Three slag road-concrete mixes | After 300 freeze—thaw cycles, $54/20 (containing 360
al. [35] used a constant 54 kg/m3 GGBS and | kg/m?3(cement) + 54 kg/m3 (GGBS) and 20% (ACBFS)_0/4
20%, 40% or 60% crushed ACBFS | mm + 80% (natural sand)_0/4); showed the lowest pore
aggregate; two conventional | density and the highest compressive strength. Mixtures
concretes used 360 and 414 kg/m3 | with 40-60% ACBFS exhibited increased gel and capillary
Portland cement. Samples were | pore sizes.
subjected to 300 freeze-thaw
cycles.
Adigamov RR, 2020 Milled granulated BFS replaced 40% | 40% GGBFS replacement yielded 6.80 MPa flexural and
et al. [39] of Portland cement in road- | 53.5 MPa compressive strength, reduced water
pavement concrete. absorption by 45% (to 2.6%), doubled frost resistance,
and improved abrasion resistance by 40%.
Nicula LM, et 2020 Three road-concrete  mixtures | After 300 freeze-thaw cycles, S54/20 showed no
al. [48] contained a constant 54 kg/m3 | measurable reduction in freeze-thaw resistance (UPV =
GGBFS (13% cement replacement | 4.642 km/s; dynamic modulus = 41.26 GPa), while the
relative to the 414 kg/m?® cement | reduction was only 0.12% for S54/40 and 2.74% for
control) and 20%, 40% or 60% | S54/60. Water penetration remained below 8 mm for
crushed ungranulated blast-furnace | S54/20 and S54/40 but increased to 16 mm for S54/60.
slag (0/4 mm) replacing natural
sand.
CaoQ, etal. 2022 ACBFS coarse aggregate replaced | A 30% ACBFS replacement produced mechanical
[49] limestone coarse aggregate by | properties close to, and in some cases slightly higher
volume at 30%, 50% and 100%; both | than, those of natural-aggregate UHPFRC. At 100%
straight and hooked steel fibres | replacement, compressive strength decreased by about
were incorporated in ultra-high- | 4.5% in UR100 and 14.4% in UB100; elastic modulus
performance fiber-reinforced | decreased by about 2%, while flexural strength
concrete (UHPFRC) mixtures. decreased by 9.44% and 30.25%, respectively.
Workability and density decreased as ACBFS content
increased.
Nicula LM, et 2023 Five road-concrete mixtures: | At 150 days, flexural tensile strength reached 6.57 MPa
al. [47] controls S360 and S414; slag | for S54/20 (mix with 20 % BFS) and 6.31 MPa for S54/60.
mixtures contained 360 kg/m3? | Shrinkage versus S414 decreased by 32.02% for S54/20
cement + 54 kg/m® GGBS and | and 27.53% for S54/60 (mix with 60 % BFS). At 480 days,
replaced natural 0/4 mm sand with | all slag concretes exceeded controls in compressive
ACBFS at 20%, 40% and 60%. strength; S54/60 was highest. S54/20 showed the
lowest portlandite content and Ca/Si = 1.96.
Verian KP, et 2015 Natural dolomite coarse aggregate | ACBFS concrete developed up to ~6% higher
al. [50] was replaced with ACBFS. Four | compressive strength but up to ~15% lower flexural
pavement concretes were studied: | strength than dolomite concrete. Under CaCl, freeze—
ACBFS - and dolomite-based | thaw exposure, plain ACBFS concrete failed after 111
mixtures with either 100 % ordinary | cycles versus 151 cycles for plain dolomite concrete,
Portland cement (OPC) or 20% Class | whereas the corresponding fly-ash concretes remained
C fly ash replacing OPC by mass; | intact after 321 and 350 cycles, respectively.
w/cm =0.42.
Sawant AB, et 2019 Natural coarse aggregate was | Among the BFS mixtures, 50% coarse-aggregate
al. [51] replaced by BFS at 50%, 75% and | replacement gave the highest compressive strength. At
100%. Two M40 concrete mixtures | 28 days, 50% BFS reached 48.15 MPa versus 48.74 MPa
with w/c = 0.50 (Mix A) and 0.45 | for the Mix A control and 48.74 MPa versus 50.52 MPa
(Mix B) were investigated. for the Mix B control. At 56 days, the corresponding BFS
concretes exceeded the controls, reaching 50.07 vs.
49.04 MPa and 55.70 vs. 53.93 MPa, respectively.
Tay, etal. [52] | 2023 Granulated blast-furnace slag fine | Freeze—thaw resistance improved as the BFS fine-

aggregate replaced silica sand at
25%, 50%, 75% and 100% by
volume. Freeze—thaw resistance
under 3% NaCl exposure, electrical

resistivity, chloride-ion diffusion,
and ITZ microstructure were
evaluated.

aggregate fraction increased. At w/c = 40%, mortar with
BFS-H retained >80% of its mass after 28 cycles, whereas
the crushed-sand mortar was nearly destroyed by 24
cycles. Mixtures containing 275% BFS-I retained >90% of
their mass after 10 cycles, while the silica-sand
reference was almost completely deteriorated. BFS also
increased electrical resistivity and reduced chloride-ion
diffusion. A 0.45-1.4 um reaction layer containing
hydrotalcite-like phases was identified at the BFS—
cement-paste ITZ.
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Dhanasri K, et 2013 Natural coarse aggregate was | At 30% replacement, 28-day compressive strength
al. [53] replaced with BFS and natural fine | remained approximately equal to the control, while
aggregate with crusher dust | splitting tensile and flexural strength showed only a
simultaneously at 0-100% in 10% | marginal increase. Above 30%, the mechanical
increments; concrete proportion | properties declined.
1:1.86:3.77, w/c = 0.45.
Rios JD, et al. 2019 ACBFS wused as industrial-waste | 50% ACBFS in self-compacting concrete lowered density
[54] aggregate in  self-compacting | (3-5%) and strength (23.7-26.5 MPa vs. 41.2 MPa), but
concrete; the study compares | vibrated mixes reached 56.7 MPa - 37% higher than
concrete containing slag aggregate | reference overcoming porosity via compaction. Fracture
with conventional SCC. energy rose 10.5-30% (51.3-60.6 N/m), with minor
tensile loss. Leaching confirmed ACBFS as inert (EU
2003/33/EC).
Vamsi Mohan 2017 Natural fine aggregate and sand | Concrete with 20% GBFS reached 48.04 MPa at 28 days
U, et al. [44] were replaced with 10%, 20%, and | (w/c=0.3), 14% higher than the reference (42.14 MPa);
30% GBFS. at 30%, strength fell to 27.81 MPa (34% lower),
indicating ~20% as optimal. Gains were strongest at low
w/c (0.3-0.4), where GBFS densified the microstructure
and enhanced long-term strength.
DZananovi¢ A, 2018 | The authors used BFS (fraction | 100% BFS aggregate concrete reached 39.5 MPa at 28
et al. [55] 0/4mm, 4/8mm, 8/16mm, | days, 32% above the C25/30 benchmark.
16/31,5mm, 8- 11,2 mm, 11,2- 16
mm, 16-22,4mm) in concrete.
Nicula LM, et 2020 | Three slag concretes contained 54 | Wear resistance was highest for the mix with 20 % BFS
al. [46] kg/m3® GGBS and replaced natural | and lowest for the mix with 60 % BFS. Abrasion
0/4 mm sand with ACBFS at 20%, | resistance followed compressive strength inversely
40% and 60%; compared with | through volume loss: stronger mixtures had lower
conventional S360 and S414 | abrasion loss. 20 % BFS and 40 % BFS exceeded S414, but
mixtures. Abrasion was tested at | slag mixtures were below the richer S360 control.
100 and 150 days by the Béhme
method.
Sawant AB, et 2019 Natural coarse aggregate was | Among the BFS mixtures, 50% coarse-aggregate
al. [56] replaced by BFS at 50%, 75% and | replacement gave the highest compressive strength. At
100%. Two M40 concrete mixtures | 28 days, 50% BFS reached 48.15 MPa versus 48.74 MPa
with w/c = 0.50 (Mix A) and 0.45 | for the Mix A control and 48.74 MPa versus 50.52 MPa
(Mix B) were investigated. for the Mix B control. At 56 days, the corresponding
values were 50.07 vs. 49.04 MPa and 55.70 vs. 53.93
MPa, respectively.
Singh G, et al. 2015 GBFS used as replacement for | Under normal curing, maximum compressive strength
[57] natural sand in concrete; several | occurred at 50% GBFS (35.62 MPa at 28 d and 40.63 MPa
contents were investigated | at 90 d), compared with 20.79 and 22.56 MPa for the
together with compressive-strength | control. Under artificial marine conditions, maximum
and cost analysis. strength occurred at 60% GBFS (32.63 and 36.58 MPa at
28 and 90 d). Considering both strength and economy,
the authors identified 40-50% GBFS as optimum under
normal conditions and 50-60% under marine
conditions.
Mujedu KA, et 2018 100% replacement of crushed | Slump decreased from 47-48 to 41-43 mm for the
al. [58] granite coarse aggregate by BFS in | 1:1.5:3 mix and from 45-46 to 39—40 mm for the 1:2:4
two nominal mixes, 1:1.5:3 and | mix. At 28 days, compressive strength decreased from
1:2:4, both with w/c = 0.55. 20.00 to 18.96 MPa and from 17.93 to 17.33 MPa,
respectively. BFS concrete also had lower density,
although all measured densities remained within the
normal-concrete range (2200-2550 kg/m3).
Pawar VS, et al. | 2022 Natural river sand was replaced | The best overall mechanical performance was reported

(45]

with GBFS. Compressive strength
was evaluated at replacement levels
of 25%, 30%, 35%, 40%, and 50%,
while splitting tensile and flexural
strengths were evaluated at 25%,
30%, and 35%.

at 30% replacement. Relative to the control concrete,
compressive strength increased by 11.80%, splitting
tensile strength by 22.64%, and flexural strength by
12.53%. Strength generally decreased when the GBFS
content exceeded 30%.
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The effect of slag aggregate also differs between
individual performance indicators. In [32], the
lowest capillarity was obtained at 10% GBFS,
whereas the best freeze—-thaw performance
occurred at about 20%, with 20-30% considered an
acceptable range. All mixtures tested in that study
remained within the abrasion limits. In UHPFRC, 30%
ACBFS produced mechanical properties close to
those of the natural-aggregate reference, while
further replacement reduced workability, flexural
strength, fracture toughness, and fracture energy
[49]. In pavement concrete, ACBFS increased
compressive strength by approximately 6%
compared with dolomite aggregate, but flexural
strength was about 15% lower [50]. These results
show that the replacement level associated with the
highest compressive strength may not provide the
best response for other properties relevant to
pavement performance.

Higher replacement levels can nevertheless be
effective in some mixtures. Complete replacement
of natural aggregate with BFS gave higher
compressive strength than conventional concrete in
[28] and [55]. In contrast, self-compacting concrete
containing ACBFS aggregate showed compressive
strengths of 23.7-26.5 MPa compared with 41.2
MPa for the reference mixture, while vibration
increased the strength to 56.7 MPa [54]. This
difference indicates that the performance of high
slag contents is strongly affected by particle quality
and the degree of compaction.

Figure 3 summarizes the BFS replacement levels
for which favourable values of selected performance
indicators were reported. The ranges represent the
span between the lowest and highest reported
contents associated with favourable results and
should not be interpreted as continuous optimum
intervals. Intermediate contents were not
necessarily tested in all studies and did not
necessarily produce the same level of performance.
Isolated favourable values outside the main ranges
are shown separately.

Pretreatment can substantially improve the
properties of ACBFS aggregate. Density-based
separation reduced water absorption from
approximately 4.9-6.8% to 2.19-3.13%, decreased
the crushing value from 30-31% to 20-21%, and
increased frost resistance from about 150 to 300-
400 cycles [6]. Selective crushing followed by
hydrophobization reduced water absorption to

1.08% and the mass loss after 15 sodium-sulfate
cycles to 1.87% [38]. These results indicate that the
replacement level should be considered together
with the physical quality of the slag fraction.
Removal of weak and highly porous particles can
reduce variability and allow higher slag contents to
be used without the same loss of aggregate quality.

GGBFS as a
material.

In addition to its aggregate function, blast
furnace slag is frequently used as a supplementary
cementitious material in various composites (Table
3). In [18], replacement levels up to 30% provided
equal or higher medium- and later-age strength,
whereas 40% GGBFS reduced capillary absorption by
approximately 40%. In [31], contents above 40%
produced a marked increase in 28-day porosity.
Conversely, long-term testing of pavement concrete
showed that slag mixtures could exceed control
strength at 480 days [47]. Assessment at only 7 or 28
days therefore systematically underestimates the
later-age contribution of GGBFS.

supplementary cementitious

The replacement levels associated with the
highest strength and the best durability
performance did not necessarily coincide in the
studies summarized in Table 3. Several studies
reported favourable combinations of early strength,
workability, and later-age performance at GGBFS
contents within approximately 20-40% of the
cementitious component [[18], [31], [39], [59], [60]].
This interval should be regarded as a recurring
tendency in the reviewed evidence rather than as a
generally applicable optimum. Higher contents of
50-70% may be justified when electrical resistivity,
chloride resistance, clinker reduction or specialized
performance is prioritized. For example, 50% GGBFS
in white cement produced approximately 35-60
MPa compressive strength, about five times the
electrical resistivity and 14.6% lower cost, whereas
further slag addition increased resistivity but
reduced strength [34]. Increasing the GGBFS content
from 10% to 50% resulted in a denser pore structure.
At 50% replacement, the average pore diameter
decreased by 47% at 28 days. The same mixtures
also showed lower chloride permeability and higher
electrical resistivity in long-term tests, although
carbonation became more pronounced at higher
GGBFS contents [42].
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(a) Cement concrete: BFS as aggregate (c) Key for the figure
Performance indicator Reported favourable range / level References
= Reported favourable range
. 19.28. 32. 34, 44, (minimum — maximum level)
Compressive strength 55%'49%’51‘ '55’ 57, (;1]
10-60% 100%
. Reported favourable single level
Splitting tensile i | (19,28, 45, 49] (specific content)
strength 30-100%
! ’ 4 The ranges indicate the span between the lowest
Capillarity 4 I TS [18,32] and highest BFS contents for which favourable
10% 2 values of the corresponding performance indicator
F b were reported in the selected studies. They do not
r?eZ&t v —— ’ [32, 35,48, 52] imply that all intermediate contents were tested
resistance 20-60% 75-100% or produced equally favourable results.
Wear resistance [29, 32, 39, 46]
10-50%
(b) Asphalt concrete
ACBFS (aggregate)
Porosi * 73
ty 21% (7]
Marshall stability/flow 21% [73, 79, 80]
Indirect tensile strength (ITS) (73, 80]
1-21%
GGBFS (filler / reactive component) Notes:
1. Percentages refer to different components
Marshall stability ;} [791 in different studies (e.g. aggregate, cement,
. X * filler). They are not directly comparable
Indirect tensile strength (ITS) % [76, 80] Hetweenstiies.
Rut depth L 3 4‘VI [77,79] 2. The references correspond to the studies
= included in Tables 2-5.
Stiffness modulus ratio (SMR) 4"7 (771
3
0 20 40 60 80 100

BFS replacement or dosage level (%)

Figure 3 — Reported BFS replacement levels associated with favourable values of selected performance indicators

Table 3 — BFS as a supplementary cementitious material in cement-based composites

et al. [22]

by combined limestone filler
and BFS, with the experimental
domain including up to 22%
limestone filler and varying BFS
content; strengths were
measured at 2, 7, 14, 28, 90 and
360 days.

Authors Year Substitution approach Key quantitative results
Bonavetti VL | 2014 Portland cement was replaced | Silica fume provides early-age acceleration, while GBFS
[17] by silica fume up to 10% and/or | contributes to later-age strength; their synergy enables high
GBFS up to 70%; binary and | clinker replacement without proportionate strength loss.
ternary binders were studied
under sealed curing.
Deboucha W, | 2015 Cement replaced separately | BFS replacement up to 30% produced equal or better medium-
et al. [18] with BFS or natural pozzolana at | and long-term strength than the control. At 40% BFS, capillary
10%, 20%, 30% and 40%. water absorption decreased by approximately 40% relative to
the control; the control absorption was about 3.32 kg/m?2.
Fuentes- 2011 100% H-class cement; 100% | Pure H-class cement exceeded 20 MPa by 7 days; the 20% GBFS
Romero M, et GBFS activated with 2% or 5% | blend exceeded 20 MPa by 14 days. Increasing NaOH from 2%
al. [20] NaOH; and H-class | to 5% increased activated-slag strength. However, slag addition
cement/GBFS blends containing | reduced early strength and the authors concluded that overall
20%, 40%, 60% and 80% GBFS. | durability was limited for the tested composites.
Sulfate resistance and alkali-
aggregate reactivity  were
evaluated.
Carrasco MF, | 2005 Portland cement was replaced | The ternary LF-BFS—-PC blend outperformed the individual

binary systems because limestone filler improved early strength
and BFS improved later strength. Quadratic strength models
had R? values of at least 0.80.
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Zhou J, et al. 2009 ECC matrices contained | At 28 days, the optimized mixture achieved 3.3% tensile strain
[24] Portland cement, limestone | capacity, 57 um crack width and 38 MPa compressive strength.
powder and BFS; BFS | The simplified CEM I1l/B mixture achieved 3.1%, 76 um and 40
replacement of cement | MPa, respectively. All mixtures had average crack widths below
increased from 50% to 70%. A | 100 pum.
simplified mixture used CEM
111/B slag cement and limestone
powder. PVA fibre content was
2% by volume.
Bleszynski R, 2002 Seven field and laboratory | After approximately 2 years of outdoor exposure, significant
et al. [27] concretes, including three | alkali-silica expansion occurred in the high-alkali control,
ternary Portland cement—silica | whereas it was not observed in the ternary mixtures. Ternary
fume-blast-furnace slag | systems also showed improved resistance to chloride ingress
mixtures. and deicer-salt deterioration.
Benmammar | 2019 Reference concrete plus silica- | At 28 days, ultrasonic pulse velocity of all mixtures was
M, et al. [31] fume concretes at 5%, 10% and | approximately 3.96-4.36 km/s. Silica-fume concretes had
15% cement replacement and | higher dynamic modulus, UPV and compressive strength than
BFS concretes at 20%, 40% and | the control. BFS slowed early hydration; porosity increased
60%; binder = 350 kg/m® and | markedly above 40% replacement.
w/p = 0.50.
Lubeck A, et 2012 White Portland cement | The 50% GGBFS + 50% white-cement concrete delivered
al. [34] replaced with 50% or 70% | approximately 35-60 MPa compressive strength, about five
GGBFS; corresponding grey- | times the electrical resistivity of the reference, 14.6% lower
cement mixtures and 100% | cost per m3 and nearly unchanged whiteness. Higher slag
white/grey cement controls | contents increased resistivity but reduced strength.
were tested at several w/b
ratios. Some mixtures used
Na2S04 activation.
Divsholi BS, et | 2024 Portland cement replaced with | Increasing GGBFS content refined the pore structure; at 50%
al. [42] 10, 30 and 50% GGBFS; w/cm = | replacement the average pore diameter decreased by 47% at
0.4,0.5and 0.6 28 d. At 4 vyears, chloride permeability remained very low
(~400-800 C, depending on w/cm), while electrical resistivity
reached 33-72 kQ-cm. Compressive strength was maintained or
slightly increased, although carbonation increased at 30-50%
replacement.
Bagheri AR, et | 2012 Binary slag concretes contained | Silica fume only moderately accelerated strength development
al. [43] 15%, 30% and 50% low- | of low-reactivity slag concrete but substantially improved
reactivity Grade 80 slag; binary | electrical resistance, RCPT and chloride-migration performance
silica-fume concretes contained | up to 180 days. Ternary blends also required less
2.5%, 5%, 7.5% and 10% SF; | superplasticizer than silica-fume-only mixes.
ternary combinations were also
tested. Total binder = 420 kg/m3
and w/b = 0.38.

Familusi AO, 2017 A partial replacement of cement | 20% BFS replacement gave peak 28-day strength (20.87
et al. [59] in concrete with 0%, 5%, 10%, | N/mm?), 67% above control (12.50 N/mm?; F=5.873, p<0.01),
15%, and 20% BFS. despite lower workability at w/c=0.5.

Verma N, etal. | 2016 Replacement of fine and coarse | Replacing cement with 10-20% BFS (with 30% cast iron chips)

[61] aggregate of cement with 10%, | slightly increased compressive strength, but at 30% BFS + 30%
20%, 30% BFS and sand with | chips, strength dropped by 6.12% (7 days) and 1.4% (28 days).
Cast Iron Chips
Okba SH, et al. | 2006 Addition of 0%, 17,5%, 23,3%, | Higher slag replacement reduced 28-day strength but increased
[62] 25%, 35%, 75% BFS into | it significantly by 360 days. Slag mixes showed markedly
concrete (instead of cement) improved corrosion and sulfate resistance at late ages, with
resistance rising as slag content increased. Strength loss was
greater in 5% MgS04 than 2% MgSO04 solutions.
Iravani A, et al. | 2022 The study evaluated the effect | BFS cement (CEMIII/A) can significantly improve the residual

(63]

of ground granulated blast
furnace slag on the thermal
performance of concrete under
repeated heating—cooling
cycles.

compressive and flexural strengths, particularly after exposure
to 20 thermal cycles and in combination with thermally stable
aggregates such as basalt.
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Babu KG, et al. | 2000 Addition of GGBS in concrete at

[60] the replacement levels: 0%,
10%, 30%, 50%, 60%, 65%, 70%,
80%

GGBS concrete strength depends on replacement level and age:
10-30% replacement yields 28-day strength comparable to or
exceeding control, while 50-80% causes significant reduction.
To match conventional concrete strength at 50% and 65% GGBS
replacement, binder content must increase by 8.5% and 19.5%,
respectively.

Huang H, et al. | 2014 BFS in cement paste containing
[64] 66% of slag and saturated Ca
(OH)2 solution as an activator

66% BFS cement paste achieved ~60% filling of 10 um cracks
after 240 h self-healing in Ca(OH)2 solution. Crack ettringite (9.5
wt.%) doubled bulk content (5 wt.%); carbonation initially
raised filling to 56% but declined to 47% upon completion.

De Matos PR, | 2020 Pastes and self-compacting
et al. [65] concrete (SCC) with GBFS, ACS
and LF

ACS as SCM raised paste yield stress by 44-88% and viscosity vs.
limestone, needing 0.95-1.36 kg/m? superplasticizer for target
flow. Despite no pozzolanic activity up to 91 days, ACS matched
limestone in strength (~50 MPa) and hydration heat (~440 J/g),
especially in 50/50 blends.

The efficiency of high replacement levels
increases in multicomponent systems. Silica fume
accelerates early hydration and compensates for the
delayed strength development of GGBFS, while slag
provides later-age strength and structural
densification [17]. Limestone filler has a similar
kinetic role: it improves early strength, whereas
GGBFS improves later strength, allowing ternary
systems to outperform corresponding binary
mixtures [22]. Field exposure of Portland cement—
slag—silica fume concretes showed no significant
alkali-silica expansion and improved resistance to
chloride ingress and deicer salts relative to the high-
alkali control [27]. The optimum slag content should
therefore not be selected in isolation; it depends on
slag reactivity, fineness, activating components, and
the target age.

Specialized composites permit even higher
GGBFS  contents. Engineered  cementitious
composites containing 50-70% slag replacement
achieved 3.3% tensile strain capacity, a mean crack
width of 57 um, and 38 MPa compressive strength
[24]. In alkali-activated systems, 100% GGBFS with
5% Na,O reached up to 120 MPa [25], while chemical
acceleration of carbonate-activated slag yielded up
to 15 MPa after 24 h, compared with about 2.5 MPa
after 48 h without an accelerator [23]. These values
cannot be transferred directly to conventional
Portland-cement concrete because high alkali
concentrations, shrinkage, carbonation,
efflorescence, activator  safety, and the
environmental burden of sodium silicate require
separate assessment.

Thus, maximizing the benefits of GGBFS requires
an integrated optimization of replacement level,
binder composition, and intended service
performance rather than pursuing compressive
strength alone.

Road bases, subbases and soil stabilization.

In pavement base and subbase layers, the
performance of ACBFS is determined mainly by its
bearing capacity, resistance to crushing and
abrasion, volumetric stability, and behaviour in the
presence of water. The studies summarized in Table
4 show that blast furnace slag can provide high
bearing capacity, although this result alone is
insufficient for assessing its suitability for road-base
applications. Fresh and weathered BFS in [12]
showed CBR values of 128% and 153%, respectively,
with long-term expansion of 0.39% and 0.32%. In
[66], CBR values of 95.3%, 88.7%, and 76.1% were
obtained for base, subbase, and subgrade
conditions, respectively, while the Los Angeles loss
reached 49.2%, exceeding the specified 35% limit.
These results show that high CBR values may coexist
with  insufficient  resistance to  aggregate
degradation.

The physical quality of the slag aggregate is
therefore an important factor in base and subbase
applications. In [6] and [38], selective crushing,
density or friction separation, and hydrophobization
reduced water absorption, crushing value, and cyclic
mass loss. Such treatment can remove weak and
highly porous particles and improve the uniformity
of the resulting aggregate. For practical use, the
assessment of ACBFS should therefore include not
only volumetric stability and chemical safety, but
also particle density, open porosity, crushing
resistance, abrasion resistance, and consistency
between batches.

A different relationship applies to bound soil and
base stabilization. Adding 20% BFS to clay increased
CBR from 25.6% to 222.9%, reduced calculated
pavement thickness from 66 to 51 cm, and lowered
estimated cost by 5.65% [33]. In a slag—gypsum-—
reclaimed-asphalt cement-free binder, mixtures
with 47.5% GGBFS achieved about 27-29 MPa at 28
days, while 60% GGBFS reached approximately 41
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MPa at 90 days [67]. A ternary binder containing
50% GGBFS, 30% electrolytic manganese residue,
and 20% cement, used at 5% of dry sediment mass,
exceeded 6 and 8 MPa at 7 and 28 days; relative to
8% cement, cement use fell by 87.5%, CO, emissions
by 84.5%, and cost by 67% [68]. Road bases are
therefore among the most promising applications
for deep decarbonization because the required
strength can be achieved with substantially less
clinker than in structural concrete.

Nevertheless, most studies in Table 4 are based
on laboratory CBR, UCS, or individual material
properties. Reliable service-life prediction requires
repeated-load testing, resilient modulus and
permanent-deformation measurements, saturation,
freeze—thaw cycles, seasonal moisture variation,

and long-term leaching. Chemically bound
stabilization using GGBFS must also be distinguished
from the mechanical action of ACBFS, since identical
CBR values may be associated with different failure
mechanisms and moisture sensitivities.

BFS in asphalt concrete mixtures.

In recent years, the use of blast furnace slag in
asphalt mixtures has attracted increasing attention
as a promising approach to improving pavement
performance while reducing the consumption of
natural aggregates.

Table 5 and Figure 3 confirm the applicability of
both ACBFS and GGBFS in asphalt, although the
evidence base is smaller than for cementitious
composites.

Table 4 — Blast furnace slag for road bases, subbases and soil stabilization

Key quantitative results

Water absorption decreased from 4.9-6.8% to 2.19-
3.13%; resistance without significant destruction
increased from about 150 to 300-400 freeze-thaw
cycles; crushing value decreased from 30-31% to 20—
21%.

Soaked CBR: 153% for WBFS and 128% for FBFS. Long-
term expansion: 0.32% and 0.39%, respectively.
Aggregate crushing, 10% fines, flakiness, plasticity, and
compaction complied with South African base/subbase
specifications.

At 20% BFS, CBR increased from 25.6% to 222.9%
(about 8.71 times). Calculated pavement thickness
decreased from 66 to 51 cm (-22.7%; the paper/table
reports approximately 29.4% reduction depending on
calculation basis), and estimated cost decreased by
5.65%.

Friction enrichment: water absorption 4.45->3.64%,
freeze—thaw mass loss 5.05-2.82%, ACV
30.71->23.80%. Selective crushing: water absorption
4.45->3.15%. Subsequent hydrophobization reduced
absorption to 1.34% after friction enrichment and
1.08% after selective crushing. Selective crushing +
hydrophobization reduced mass loss after 15 sodium-
sulfate cycles to 1.87%.

The optimum GBFS content was 10% for CL soil and
15% for CH soil. At 28 days, the unconfined
compressive strength increased by 73% (255442 kPa)
for CL soil and by 127% (227.4->508 kPa) for CH soil. At
20% GBFS, the maximum dry density increased by 5.4%
for CL and 13.1% for CH soil, while the optimum
moisture content decreased by 6.5% and 18.1%,
respectively.

Authors Year Substitution approach
Kunaev 'V, 2023 | ACBFS aggregate, fraction 20-40 mm;
et al. [6] enrichment by grain density. The study
compares progressively denser/less porous
grain groups.
Kambole C, | 2019 | Weathered blast-furnace slag (WBFS) and
et al. [12] freshly produced blast-furnace slag (FBFS)
used directly as granular road-base/subbase
aggregates.
Gegkil T, et | 2020 | Clay soil was stabilized with 5%, 10%, 15%
al. [33] and 20% BFS by dry mass of soil; NaOH
solution was used to promote the pozzolanic
reaction.
KunaevV, | 2024 | Selection of the strongest 75% of ACBFS
et al. [38] grains by friction enrichment or selective
crushing, followed by hydrophobization.
Soganci AS, | 2023 | Low- (CL) and high-plasticity (CH) clay soils
et al. [41] were stabilized separately with 5%, 10%,
15% and 20% GBFS by dry mass of soil.
Kamara KB, | 2021 | Portland cement was fully replaced by
et al. [67] ternary binders containing GGBS, reclaimed
asphalt filler (RAF), and either plasterboard
waste gypsum (PWG) or vitamin B5 gypsum
(V-B5G). Selected mixtures contained 47.5%
or 60% GGBS.

At 28 days, mixtures containing 47.5% GGBS reached
27.02 MPa with PWG and 29.45 MPa with V-B5G. At 90
days, mixtures containing 60% GGBS reached 41 MPa
and 40 MPa, respectively.
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30-50 wt.% replacement for Portland
cement in concrete intended for rigid
pavement and structural applications,
comparing its performance with
conventional Portland cement concrete.

Hsiung 2025 | ACBFS was used directly as a 30-cm subgrade | An elastic modulus of 400 MPa was adopted for ACBFS,
BCB, et al. layer beneath embedded tram track slabs. Its | and a 30-cm layer was selected for the tramway model.
[69] performance was compared with two | The calculated maximum settlement was 3.7 mm with
alternative ground-improvement systems: | ACBFS, compared with 4.0 mm for QS1 + QS2 and 3.4
QS1 + QS2 and QS2 + cement—soil mixture | mm for QS2 + CSM. For a 6 x 100 m area, the ACBFS
(CSM). layer required 180 m? of material, whereas the QS2 +
CSM alternative required 300 m® of QS2 and 1,800 m?
of CSM.
Rondén H, | 2018 | ACBFS was characterized as coarse | CBRvalues were reported as 95.3% for base conditions,
et al. [66] aggregate for base, subbase, and subgrade | 88.7% for subbase, and 76.1% for subgrade. Micro-
applications. Deval loss: 29.2%; 10% fines value: 123 kN; Los Angeles
abrasion/degradation: 49.2%, exceeding a 35% limit.
Mineralogy included about 58.9% quartz and 18.1%
cristobalite.
Bulko R, et | 2023 | BFS from the Kremnica region tested as a | BFS exhibited CBR values of 31.8-42.8%, an internal
al. [70] geotechnical bulk material; multiple particle- | friction angle of 38.9-43.0°, and an oedometer
size fractions and states were characterized. | modulus of 13.8-24.8 MPa, demonstrating its
suitability as a substitute for conventional aggregates
in road and earthwork construction.
Kadyrov A, | 2019 | The study developed a hydrophobized blast | Compared with untreated slag aggregate, the modified
et al. [71] furnace slag aggregate for pavement | material showed a reduction in water absorption (
subbase layers, replacing conventional | 5.22% to 1,29%), a decrease in ACV (30.23 % to 25.02
natural crushed stone. The optimized | %), and a 2.1-fold increase in frost resistance,
composition consisted of 89.6 wt.% blast | demonstrating its suitability for road pavement
furnace slag, 3.7 wt.% microsilica, 6.3 wt.% | subbase applications
cement, and 0.4 wt.% used engine oil as a
hydrophobic modifier
LangL,et | 2025 | Ternary GEC binder: 50% GGBFS, 30% | Reported 7- and 28-day unconfined compressive
al. [68] electrolytic manganese residue, and 20% | strengths exceeded 6 MPa and 8 MPa, respectively.
cement. The optimized binder was used at | Using 5% GEC instead of 8% cement reduced total
5% dry sediment waste and compared with | binder dosage by 37.5%, cement use by 87.5%, CO,
8% cement. emissions by 84.5%, and cost by 67%, while improving
water and sulfate resistance.
Al-Chaar G, | 2019 | The study evaluated the use of ground | Concrete containing 30-50 wt.% GGBFS achieved
etal. [72] granulated blast furnace slag (GGBFS) as a | compressive and flexural strengths comparable to or

higher than those of the control mix while maintaining
satisfactory density and porosity, confirming its
suitability for rigid pavement concrete.

Table 5 — Applications of blast furnace slag in asphalt mixtures

Authors Year Substitution approach Key quantitative results
Ronddn- 2019 | Replacement of the coarse natural limestone | PC-treated BFS (BFS-C) at 21% replacement
Quintana HA, aggregate with treated blast furnace slag (BFS); | reduced porosity, increased stability/flow by
et al. [73] mixtures incorporating BFS pre-coated with | 35%, ITS (dry/wet) by 26.5%/34.4%, and TSR to
Portland cement paste (BFS-C) were | 90.7%. It showed 6-72% higher resilient modulus
investigated. and better abrasion resistance, overcoming
slag’s porosity limitations.
Ronddn HA, et | 2018 | 21% replacement of the coarse natural | At 21% BFS replacement, a significant increase in
al. [74] aggregate (in WMA) with blast furnace slag | stiffness and moisture damage resistance was
(BFS). achieved, while the abrasion resistance
remained comparable to the control mixture.
Kunaev V, et al. | 2025 | Selective crushing of air-cooled blast furnace | Bulk density: 1169 - 1396 kg/m3 (+19.4%);
[75] slag (ACBFS) in a ball mill for 30-40 min using a | water absorption: 4.96 - 2.38% (-52.0%);
grinding media composition of 50% steel balls | aggregate crushing value (ACV): 30.98 - 18.40%
and 50% cylpebs. (-40.6%); sulfate soundness loss: 5.48 > 1.23%
(-77.6%); surface pore content: 45.06 - 15.68%
(-65.2%).
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Al-Hdabi A, et | 2019 | The study investigated ground granulated blast | Marshall stability was 12.09 kN for the GGBFS-
al. [76] furnace slag (GGBFS) as complete | filled mixture and 8.62 kN for the OPC-filled
replacement for ordinary Portland cement | control. ITS increased from 1153.93 to 1286.35
(OPC) mineral filler in hot mix asphalt (HMA). | kPa, while the index of retained strength
Asphalt mixtures containing GGBFS filler | increased from 73.5% to 88.5%. Marshall
(GGBFSAC) were compared with conventional | stiffness was 3.11 kN/mm with GGBFS compared
mixtures containing OPC filler (OPCAC) using | with 2.28 kN/mm for the control.
Marshall stability, indirect tensile strength,
moisture susceptibility, and long-term aging
tests.
Dulaimi A, et 2023 | Cold asphalt emulsion mixture containing 4% | GCAE: ITSM = 2465 MPa after 3 days; rut depth =
al. [77] GGBFS and 2% calcium carbide residue (CCR); | 1.7 mm after 10,000 cycles; fracture toughness =
3% pre-wetting water was replaced with waste | 7985 N/mm?3; SMR = 103%. Corresponding
alkaline Ca(OH), solution produce | traditional limestone filler values were 188 MPa,
geopolymer-based cold asphalt emulsion | about 9 mm, 7325 N/mm?”3, and 75%.
mixture (GCAE).
Del-Valle-Corte | 2024 | The study evaluated ground granulated blast | GGBFS-2 mix (75 % GGBFS) exhibited the best
J, etal. [78] furnace slag (GGBFS) as a partial replacement | fatigue performance but the highest axial
for virgin mineral filler in warm mix asphalt. | deformation and rut depth.
Replacement levels of 75% and 100% were
investigated, and the optimum mixture
containing 75% GGBFS was selected for further
mechanical evaluation.
Chegenizadeh | 2022 | Ground-granulated blast-furnace slag (GGBFS) | The mixture containing 3% GGBFS demonstrated
A, et al. [79] was investigated as a replacement for the | the best overall performance, with Marshall
conventional 1.5% hydrated lime (HL) filler in | stability of 19.16 kN (an 18.56% increase over the
dense-graded hot mix asphalt. Four mixtures | control), fatigue life of 92,524 cycles (a 26%
were evaluated: a control mixture containing | increase), and rut depth of 2.70 mm,
1.5% HL and three mixtures containing 1.5%, | representing a 27% reduction compared with the
3%, and 5% GGBFS as the sole filler. control mixture (3.73 mm). Increasing the GGBFS
content to 5% reduced performance, with
fatigue life decreasing by 14.68% and rut depth
increasing by 16% compared with the 3% GGBFS
mixture.

Lu D, etal. [80] | 2021 | This study developed a cold mix asphalt (CMA) | The optimum mixture containing 2% OPC + 1% FA
incorporating ground-granulated blast furnace | + 1% GGBS exhibited approximately 20% higher
slag (GGBS) as part of a ternary blended | indirect tensile strength, 55% lower raveling loss,
cementitious filler replacing conventional | residual Marshall stability of about 95%, and
limestone filler. The optimum mixture (CMA-B) | dynamic stability approximately 10 times higher
contained 2% ordinary Portland cement (OPC), | than the mixture containing 2% OPC only. T
1% fly ash (FA), 1% GGBS, and 2% limestone
filler, while the total filler content remained 6%
by weight of aggregate.

ACBFS mainly replaces coarse mineral Results for GGBFS filler also indicate a distinct

aggregate, whereas GGBFS acts as a mineral or
reactive filler. Replacement percentages from
different studies must therefore not be compared
directly. A 21% BFS content in the coarse fraction of
warm-mix asphalt increased stiffness and moisture
resistance while maintaining abrasion resistance at
the control level [74]. Coating porous BFS with
cement paste mitigated water-absorption effects:
BFS-C increased the stability/flow ratio by 35%, dry
and wet ITS by 26.5% and 34.4%, TSR to 90.7%, and
resilient modulus by 6—72% [73]. Surface condition,
rather than slag content alone, is therefore a
decisive parameter.

optimum. When 1.5% hydrated lime was replaced
with 1.5%, 3%, and 5% GGBFS, the best performance
occurred at 3%: Marshall stability reached 19.16 kN
(+18.56%), fatigue life 92,524 cycles (+26%), and rut
depth decreased from 3.73 to 2.70 mm (-27%) [79].
Increasing GGBFS to 5% reduced fatigue and rutting
performance relative to the 3% mixture, probably
because of excess fines and a changed bitumen-—
filler volumetric ratio. Conversely, complete
replacement of Portland-cement filler with GGBFS
increased Marshall stability from 8.62 to 12.09 kN,
ITS from 1153.93 to 1286.35 kPa, and retained
strength from 73.5% to 88.5% [76]. “100% filler

— 122 ——




Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

replacement” is not equivalent to “5% of aggregate
mass”; the absolute fine content and its role in the
mixture are different.

The strongest effects were obtained in cold
mixtures, where GGBFS contributes to an inorganic
binder rather than acting solely as an inert powder.
A mixture containing 4% GGBFS, 2% calcium carbide
residue and alkaline Ca(OH), solution reached an
ITSM of 2465 MPa after three days, approximately
13 times the control; rut depth after 10,000 cycles
decreased from about 9.0 to 1.7 mm, and the
stiffness modulus ratio increased from 75% to 103%
[77]. In another cold mixture, 2% Portland cement,
1% fly ash and 1% GGBFS produced about 20%
higher ITS, 55% lower raveling loss and nearly ten
times higher dynamic stability than the mixture with
2% cement alone [80]. Weak-alkali activation of
GGBFS within asphalt is therefore promising, but
long-term ageing, low-temperature cracking, and
compatibility with different emulsions and binders
must be verified.

Open porosity remains the principal limitation of
ACBFS in asphalt. Selective crushing for 30-40 min
increased bulk density from 1169 to 1396 kg/m3,
reduced water absorption from 4.96% to 2.38%,
crushing value from 30.98% to 18.40%, sulfate
soundness loss from 5.48% to 1.23%, and surface
pore content from 45.06% to 15.68% [75]. These
values refer to the aggregate rather than the
finished mixture. The next step is to determine
whether improved grain quality produces
proportional gains in TSR, fatigue life, rutting
resistance, and ageing performance.

Future Research Perspectives.

This review presents the results reported in 80
selected scientific articles focusing on the use of
blast furnace slag as a binding component and as an
aggregate of various size fractions in cement
concrete, road bases, soil stabilization, and road
asphalt concrete. It has been established that blast
furnace slag cannot be considered a uniform and
interchangeable secondary raw material. The
function performed by blast furnace slag as part of
cement concrete, asphalt concrete, or road base
depends on its cooling method, phase composition,
particle-size fraction, water absorption, aggregate
crushing value, bulk density, other physical and
mechanical characteristics, as well as pre-treatment.
ACBFS, GBFS, and GGBFS perform completely
different functions when used in construction.
ACBFS is primarily used as coarse or fine aggregate,
GBFS as a granular material or fine aggregate, and

GGBFS as a supplementary cementitious component
or as a mineral and reactive filler.

Differences in the method of cooling and
solidification of liquid blast furnace slag, its phase
composition, bulk density and particle density,
porosity, water absorption, and surface condition
make it difficult to compare the results obtained by
different researchers and, at the same time, to some
extent explain their significant differences. Based on
this, the authors of this review consider it necessary,
in future studies, to go beyond optimizing the
proportion of blast furnace slag in cement concrete
or asphalt concrete and to pay more attention to the
quality, chemical composition, and variability of the
physical and mechanical characteristics of the blast
furnace slag itself.

Possible ways to improve the physical and
mechanical properties of ACBFS may include
hydrophobization (to reduce its water absorption
and improve frost resistance) and selective crushing,
which makes it possible to remove weak, high-
porosity grains while preserving the integrity of
stronger grains (to potentially increase the strength
of the final product). Studies in these areas are
included in this literature review. However, the
effects of hydrophobization and selective crushing
have been evaluated exclusively at the aggregate
level. Future studies should answer the question of
whether these additional treatment methods
provide a consistent improvement in the physical
and mechanical properties and durability of cement
concrete, asphalt concrete, and road base materials
made using ACBFS of various origins (from different
metallurgical enterprises).

Another gap in research identified based on the
analysis of the literature is related to the interaction
of untreated or pre-treated ACBFS with various
binders, including cementitious and bituminous
binders. The available data indicate that the surface
characteristics of slag can affect interfacial adhesion,
moisture resistance, and the performance
characteristics of the mixture. Thus, the combined
use of ACBFS that has undergone preliminary
selective crushing and modified binders, including,
for example, bituminous binder containing
microsilica or other industrial by-products, may
affect the performance characteristics of the
finished product (asphalt concrete or cement
concrete). Nevertheless, the reviewed literature
does not contain sufficient evidence to establish a
general synergistic effect, and this concept should
be considered a hypothesis requiring experimental
verification rather than an established conclusion.
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Conclusion

The cooling method largely determines how
blast furnace slag is used. Air-cooled slag is mainly
crystalline and often has a rough, porous surface, so
it is used primarily as aggregate in concrete, asphalt
mixtures, and unbound pavement layers. Rapidly
guenched slag contains a larger glassy fraction; after
grinding, it becomes GGBFS and can be used as a
partial Portland cement replacement, a
cementitious component in stabilized bases, or a
mineral or reactive filler in asphalt.

In cement concrete, many studies reported good
results (increased compressive strength and other
properties) at ACBFS replacement levels of about
20-40%. This range is not a universal optimum. The
outcome changed with slag origin, particle porosity
and density, concrete composition, compaction,
curing, and the property being measured.

For pavement bases and soil stabilization, BFS
often gave high CBR values. Fresh and weathered
slag reached 128% and 153%, and adding 20% BFS to
clay increased CBR from 25.6% to 222.9%. GGBFS-
containing binders also reduced cement use, CO,
emissions, and cost. At the same time, CBR alone is
not enough to judge long-term suitability; abrasion,
deformation, moisture, freeze—thaw action, and
leaching also matter. Both ACBFS and GGBFS can
improve asphalt performance, but through different
mechanisms. Treated BFS aggregate at 21%
increased the stability/flow ratio by 35%, dry and
wet ITS by 26.5% and 34.4%, raised TSR to 90.7%,
and increased resilient modulus by 6-72%. For
GGBFS used as filler, 3% provided the best overall
balance in one study, increasing Marshall stability by
18.56% and fatigue life by 26% while reducing rut
depth by 27%. In activated cold mixtures, 4% GGBFS
contributed to an approximately 13-fold increase in
early ITSM and a reduction in rut depth from about
9.0to 1.7 mm.

No universal optimum BFS content can be
established. Reported dosages refer variously to
cement mass, total binder, coarse or fine aggregate,
mineral filler, or total aggregate. The optimum
consequently depends on slag form, particle quality,
processing method, replaced component, mixture
technology, curing or ageing conditions, and
targeted performance.

The most effective development pathway is an
integrated one in which the quality and surface
properties of the slag aggregate are engineered
together with the cementitious or bituminous
binder. The integrated valorization of metallurgical
slag and silica-rich industrial by-products can
provide a scientifically grounded route to durable
pavement materials while reducing both the
disposal of industrial residues and the consumption
of virgin mineral resources.
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TYWIHAEME

¥YcbIHbIIFaH 34ebu wony 2000-2026 xblagap apasblfblHAAFbl FIIBIMU MaKananapablH, Tangay
HaTUXKeNepiH KamTuapl, OHAA AOMEHAIK KOMAbl KON KypblIbICbIHbIH, dpTyp/i HafbiTTapbiHAA
KONAaHY KapacTbipblnagbl. JOMHa KOMbIHbIH, 3pTYPAi TypaepiH KongaHy HycKanapbl apacbiHAa
aliKblH  alblpMalwbIibIKTapablH, 6ap eKeHi aHbiKTanabl. YHiHAI AOMHaA  KOXbl  KebiHece
LeMeHTHeToH MeH achanbTOETOH YLWiH ipi Hemece ycaK TOATbIPFbIlW PeTiHAe KOAAaHbLIaAbl, an
YHTaKTaNfaH TYMipWiKTeNreH AOMHa KOXbl KOCbIMWwa 6aliNaHbICTbIPyLbl KOMMNOHEHT peTiHae
Hemece MUHepanablk/peakumanbik 6enceHai TONTbIPFbIW PETiHAE KOMAaHbIIaabl. JOMHA KOXbIH
6eToH eHAipiciHae KondaHfaH Ke3ge 6ipkatap 3epTTeynepae €H  JKoFapbl  HaTuxKenep
TONTLIPFLIWTHIH, 20-40%- apanbifblHAa KOXOEeH anmacTblpy KesiHAe afblHFaH, AereHmeH 6yn
KepceTKilw ambeban oHTalnbl MaH 6onbin TabbinmaraH. Keibip makananap4a AOMHa KOMbIH
aBTOMOOWb ¥KO/bIHBIH, HETi3i KypamblHAa NaitganaHy Hemece ToMbipaKTbl TypakTaHabipy CBR-A4iH,
apTybiMmeH 6ainaHbICTbIpbIFaHbl KepceTinreH. Kelibip aBTopnap KypambiHAQ TyMiplwiktenreH
OOMHa  KOXbl 6ap KeweHai 6GalnaHbICTLIPYWbl —MaTepuangapapl  KongaHy — KesiHae
NOPTAAHALEMEHT LWbIFbIHbIHbIH, TOMEHAEUTIHIH aTan Kepcetedi. CoHpaw-aK YWiHAI »KaHe
TYNipLWiKTeNreH LOMHa KOXbIH apTypAi NponopumMsanapaa eHrisy KesiHae achanbTb6ETOHHbIH, cyFa
Tesimainiri, wapwayfa Tesimainiri, Mapwann 60MbIHWA bifbICyFa TYPAKTbIIbIFbI XKaHe i3 Tycyre
TO3IMAINIMIHIH, KaKcapybl Typanbl AepekTep KenTipinreH. KeyekTiniri apTypAai yniHai AomHa
KOMKbIH anfblH a1a eHAeyAiH Ae MaHbI3bl 30p 6014bl: CeNEKTUBTI ycaTy KaHe KeliHri benwekTepai
661y cy CiHipYyiH, YCaKTany KBPCETKILLiH }KIHEe d/1Ci3 KeyeKTi TyHipnepain yaeciH TemeHAeTTi. Herisri
NPaKTUKaNblK KOPbITbIHALI [AOMHa KOXbIH BIPTEKTI KaHE e3apa anmacTbipbliaTblH MaTepuan
peTiHae KapacTblpyfa 60/1ManTbiHbIH KepceTeai. OHbl KONAAHY Tacini KOX TypiH, Tyhipnepain,
canacblH, asMacTbIpbIIATbIH KOMMOHEHTTI KaHEe XON-KYPblIbIC MaTepuasblHbIH, Tafan eTineTiH
naganaHy KacueTTepiH eckepe OTbipbin  TaHAanybl Tuic. Angafbl 3epTTeynepae  KoX
TONTBIPFbIWbLIH  andblH  ana eH4ey HITWXKeciHAe aNblHFAH  KacueTTepAiH,  Kakcapybl
uemeHTbeToHAa, acdhanbTbeToH KocnanapbiHAA KOHE KON  KaMblIfFbICbl  HerisAepiHiH,
MaTepuanzapbiHAa y3aK Mmep3imai naifanaHy KesiHae cakTana Ma, COHbl aHbIKTay KaKeT.

TyliiH ce3dep: yWiHOI A[OMHa KOMbl, YHTaKTa/ffaH TYyMipWiKTeNreH AOMHA KOXbl, Tabufu
MWHEepanablK WKKI3aTTbl aMacTbIpy, TONTbIPFbILWTbI 6albITy, LeMeHTOeToH, achanbTOeToH, on
TeceMmi HerizaepiHiH MaTepuangapbl.
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AHHOTALUMUA

MpeacTaBNeHHbIN NIUTEPATYPHbI 0630p COAEPIKUT Pe3ybTaTbl aHANN3a HayYHbIX cTaTel 33 2000-
2026 rofbl, paccMaTpUBAEMbIX NPUMEHEHWE [OMEHHOTO LW/aKa B PasHbIX HanpaBleHUsAX
[OPOXHOrO CTPOUTE/NbCTBA. YCTAaHOB/AEGHO HaNMuMe YeTKUX pPasiuuuii mexay BapuaHTamu
NPUMEHEHMA PasHbIX TUMOB AOMEHHOro lwnaka. OTBaNbHbIA AOMEHHbIN LWAaK Yalle Bce
NPUMEHAETCA B KayecTBe KPYMHOrO WAM MENKOTo 3amnofHWUTeNs ANA LemeHTobeToHa W
acoanbTobeToHa, a M3MENbYEHHbIA TPAHYNMPOBAHHLIA  AOMEHHbLIA WAAK — B POAMU
[OMNOAHUTENBHOTO BAMKYLLErO KOMMOHEHTa MMB0 Kak MUHEpPanbHbIM/peaKTUBHbIA HaNOAHUTENb.
Mpu WCNoONb30BaHWM AOMEHHOrO LWAaKa Npu npousBoAcTBe 6eToHa Haubonee BbiCOKWE
pesynbTaTbl B pAfe WUCCNefOBaHWM AOCTUIANNCL NPU 3aMeHe Wnakom B npegenax 20-40 %
3aMONHUTENIA, XOTA AaHHbIN NOKa3aTeb U He 6bli YHUBEpCaibHbIM ONTUMANbHLIM 3HaYeHreMm. B
OTAENbHbIX CTaTbAX YKasblBasoCb Ha CBA3b WMCMONb30BaHWA [OMEHHOTO LWiaka B cOCTaBe
OCHOBaHWA aBTOMOOW/IbHON Aoporn nnbo Ansa ctabunmsauum rpyHTa c nosbilweHuem CBR.
HeKoTopble aBTOPbI YKa3biBAOT HA CHUMKEHWE PacxXoda NOPTAAHALEMEHTa Mpu NPUMEHEHUU
KOMMEKCHBIX BAMKYLLMX, COAEPKALUMX TPAHYIMPOBAHHbBIN AOMEHHDbIN WaaK. Takke npuBeaeHbl
[aHHble 06 yny4yleHUW BOAOCTOMKOCTM, YCTANOCTHOW CTOMKOCTM, CABWUIOYCTOMYMBOCTU MO
Mapuwanny, KoneiHoctu acdanbtobeToHa npu BBEAEHUM OTBAJLHOMO M rPAHYAUPOBAHHOO
[OMEHHOTO LWiaka B Pas/IMyHbIX NPOMOpUMAX. BakHoe 3HaueHWe MMena u npefBapuTesbHasA
06paboTKa pPasHOMOPWUCTOrO OTBAJILHOTO AOMEHHOrO LWiaka: M3bupatenbHoe ApobneHve u
nocneaylLee pasaeNeHne YacTuL, CHUXKaIN BOAONOINOLLEHME, NOKa3aTeNb APOBMMOCTU 1 400
cnabbix NOPUCTbIX 3epeH. OCHOBHOM NPAKTUYECKUIA BbIBOA COCTOUT B TOM, YTO AOMEHHbIN HENb3A
paccmaTpuBaTbh Kak OAHOPOAHbIM B3aMmo3ameHsemblii maTepuan. Cnocob ero npumeHeHus
[OMKeH BbIOBUPATbCA C Y4eTOM TUMA LWAaKa, KavyecTBa 3epeH, 3aMEHAEMOro KOMMOHEHTa U
TpebyembIX 3KCMAYaTaLMOHHbIX CBOWCTB [OPOKHO-CTPOUTENBHOTO MaTepuana. B AanbHerwmx
nccnefoBaHUAX HEOBXOAUMO YCTaHOBUTb, COXPAHAOTCA AW YNYULWEHWUA CBOMCTB, MOJy4YeHHble
nocne npeABapuTenbHOM  06pPabOTKM  LWNAKOBOTO  3amMo/iHWTENs, B  LeMeHTObeToHe,
achanbTOBETOHHBIX CMECAX WM MaTepuanax OCHOBAHWUI AOPOXKHbIX OAEXKA NPU AJUTENbHOM
3KcnAyaTauum.

Knrovesbie ¢a108a: 0TBaNbHbI AOMEHHbIN WAAK, MONOTbII FPaHYAMPOBAHHbIW AOMEHHbIN WAk,
3amellleHMe NPUPOSHOTO MUHEPaNbHOro CbipbA, ObOralleHne 3anosHWUTens, LEeMeHTObEToH,
acdanbTo6ETOH, MaTepmanbl OCHOBAHWUI JOPOMKHbIX OAEXA,
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ABSTRACT

We developed an approach to analyze local thermal stresses in hypereutectic high-chromium
cast irons using image-based finite element modeling (FEM) based on real metallographic
images. Model preparation included Otsu thresholding of the microstructure, filtering noise
objects, and directly assigning the spatial phase distribution from the binarized image without
intermediate geometry construction in computer-aided design (CAD) systems. To verify the
proposed approach, Drawing Exchange Format (DXF)-based and image-based FEM models
constructed from the same microstructural data were compared, and the influence of finite
element size on the calculated stress state was investigated. The results showed that, with a
progressive reduction in finite element size, the image-based simulation results approached
those obtained using the DXF-based models despite the discrete pixel-based representation of
the phase boundaries. The image-based approach reproduces the main features of the local
stress distributions obtained using the DXF-based models while eliminating the need for image
vectorization and intermediate CAD/DXF geometry construction, thereby substantially
simplifying the preparation of computational models of real microstructures. The obtained
results confirm the applicability of image-based FEM for comparative analysis of local thermal
stress distributions in complex multiphase microstructures of high-chromium cast irons.

Keywords: hypereutectic high-chromium cast iron, image-based FEM, thermal stresses, MyCs
carbides, microstructure analysis, finite element modeling.
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Introduction

Hypereutectic high-chromium cast irons are
widely used under severe abrasive wear conditions
due to their high hardness and significant content
of the MCs ((Fe, Cr); C3) carbide phase [[1], [2], [3],
[4], [5], [6]]. The performance of these materials is
largely determined by the size and volume fraction
of primary and eutectic carbides, their morphology,
distribution within the austenitic matrix, and the
characteristics of the phase boundaries [[7], [8], [9],
[10]].

The presence of extended and branched
carbide structures can lead to local stress
concentrations and significantly affect crack
initiation and fracture processes [[2], [11], [12]].
The local stress state in the carbide-matrix system
has a significant influence on fracture resistance,
wear resistance, and the likelihood of carbide-
phase fracture during the service of high-chromium
cast irons under thermal cycling and mechanical
loading conditions.

Finite element modeling (FEM) methods are
widely used to analyze local stress states in
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multiphase materials. One of the traditional
approaches to constructing computational models
of real microstructures involves vectorization of
metallographic images followed by the generation
of CAD/DXF geometry [[13], [14]]. However, when
applied to complex real microstructures, this
approach is characterized by labor-intensive model
preparation, difficulties in finite element mesh
generation, and the need for additional geometry
processing. Furthermore, geometry simplification
may result in the loss of specific features of the
actual phase morphology.

An alternative approach is image-based FEM,
which is based on the direct use of binarized
metallographic images for constructing
computational models [[13], [14], [15]]. This
approach enables the actual geometry and spatial
distribution of phases to be represented without
intermediate CAD/DXF geometry construction,
thereby substantially simplifying the preparation of
finite element models of complex microstructures.

FEM methods are widely applied to the analysis
of residual stresses in additive manufacturing and
heterogeneous materials [[16], [17]]; however,
their application to the microstructure-based
analysis of multiphase alloys remains comparatively
limited. Therefore, it is of interest to assess the
feasibility of directly using binarized metallographic
images for finite element modeling of such
structures and to compare the resulting predictions
with those obtained using the traditional DXF-
based approach.

The aim of this study was to develop and verify
an image-based FEM approach for analyzing the
local distribution of thermal stresses in real
microstructures of hypereutectic high-chromium
cast irons by comparison with DXF-based modeling
and by evaluating the influence of finite element
discretization on the simulation results.

Materials and Methods

A hypereutectic high-chromium cast iron
containing the MC; carbide phase was used as the
material investigated in this study. The specimen
used for the development of the methodology was
melted in a UIFV-0.005 vacuum induction melting
furnace. The charge consisted of a @50 mm bar of
50Kh steel in accordance with GOST 4543-2016 and
high-carbon  ferrochromium  FeCr60C90Si2 in
accordance with GOST 4757-91. The required
carbon content was achieved by adding graphite
powder with a particle size of 0.5-1 mm to the
charge. Melting was carried out at a residual

pressure of 50-70 Pa. The melt temperature was
monitored using a stationary spectral-ratio infrared
pyrometer, Termoskop-800-2S-VT1. After the melt
surface reached a temperature of 1500 °C, the
inductor current was reduced to prevent further
overheating, and the melt was held for 20 min. Air
was then admitted into the furnace, the vacuum
chamber lid was moved aside, and the melt was
poured into a mold (Figure 1) made of PKhKTs-20-
grade periclase-chromite bricks.
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Figure 1 — Casting mold (1 — upper plate, 2 — lower plate,
3 —steel frame, 4 — mold clamping fixture, 5 — casting)

The resulting casting was a plate with a
thickness of 6 £ 0.5 mm and dimensions of 100x350
mm, with a sprue located at its center. A 100x29
mm plate was cut from the resulting casting by wire
electrical discharge machining using a DK7720
machine. The specimen was not subjected to any
heat treatment. One surface of the plate was then
leveled by electrical discharge machining by
removing a thin layer up to 0.7 mm thick. The
actual alloy composition was determined by
semiquantitative X-ray fluorescence analysis and
guantitative carbon analysis (Table 1).

Table 1 - Actual chemical composition of the alloy

Element | Fe Cr C Mn Ni Mo

wt.% 70.17 | 243 | 4.48 | 0.72 | 0.17 | 0.16

Table 2 - Fraction and dimensional characteristics of the
carbide phase in the investigated alloy

Measurement
Structure parameter
result

Carbide fraction, % 25.6
Primary carbide fraction, % 16.5
Average length of primary carbides in 329
the cross-sectional plane, um ’
Average thickness of primary
carbides in the cross-sectional plane, 15.8
pm
Average area of primary carbides,
um? 312
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The prepared surface was ground using SiC
abrasive paper and polished using diamond pastes.
The microstructure was revealed by rubbing the
polished surface with a cotton swab soaked in an
etchant containing 100 mL HCI, 7 mL H,SO,4, and 30
g CuSO,. Metallographic images were acquired
using a Leica DM IRM metallographic workstation.
Microstructural analysis was performed using
images obtained by optical microscopy. Image
processing was carried out using Imagel/Fiji
software [18]. The total carbide fraction, primary
carbide fraction, and dimensional characteristics of

the primary carbides are presented in Table 2.
Image preparation included conversion of the

metallographic images to 8-bit grayscale, Otsu
thresholding [19], and subsequent filtering of the
binarized images to identify the carbide phase [20].
A distinction should be made between the
preliminary removal of noise objects with an area
of less than 4 px?, which was performed for all
images, and the subsequent structural filtering of
carbide objects by area, which was used to
generate one of the investigated microstructural

variants. Filtering was performed using the
standard Analyze Particles tools available in
Imagel/Fiji. The threshold value of 4 px?

corresponded to a minimum object size of 2x2
pixels. Objects with smaller areas were regarded as
binarization  noise artifacts because their
dimensions were substantially smaller than the
characteristic dimensions of the carbide inclusions.
For the DXF-based models, objects intersecting the
image boundaries were additionally removed
because they resulted in open contours during CAD
geometry construction. This step was not required
for image-based FEM because the phase
distribution was assigned directly from the

binarized image.
According to thermodynamic calculations for

the Fe-Cr-C system [[21], [22]] and experimental
studies [[3], [9], [23]], the predominant carbide
phase in hypereutectic high-chromium cast irons
within the investigated composition range is M-Cs,
with Cr and Fe being the predominant elements in
its metallic sublattice. Accordingly, the finite
element model of the microstructure was
considered as a two-phase system consisting of an
austenitic matrix and an M;Cs carbide phase. This
representation is a modeling approximation
because the composition of M;C; carbides in real
high-chromium cast irons may vary due to
differences in the Fe-to-Cr ratio in the metallic
sublattice; consequently, their thermophysical and
mechanical properties may also differ from those of

pure Cr;Cs. In the present study, the properties of
Cr;Cs were therefore used as effective parameters
for the M;C; carbide phase. Accordingly, the
calculated stress values should primarily be
interpreted comparatively, for analyzing the
characteristics of stress distribution and localization
within the real microstructure, rather than as exact
absolute stress values for a specific alloy.

Constant thermophysical and mechanical
properties of the austenitic matrix and the M;Cs
carbide phase were used for finite element
modeling. Austenitic stainless steel 316L (1.4435,
X2CrNiMo18-12) was selected as the model
material for the austenitic matrix and was used as
an effective approximation of the properties of the
austenitic metallic matrix of high-chromium cast
iron rather than as its exact chemical analogue. The
matrix properties were selected taking into account
published data for 316L steel [24]. The properties of
the Cr;Cs carbide phase were selected based on
published experimental and computational data for
carbides of this type [[25], [26]]. The
thermophysical and mechanical properties used in
the calculations are presented in Table 3.

Table 3 - Thermophysical and mechanical properties of
the carbide phase and austenitic matrix

Value
Property Austenite Cr7C.'3 Unit
carbide
Coefficient of ' 1765 les 1/K
thermal expansion
Thermal W/(m-K
2 1

conductivity 0 6 )
Density 8e3 7e3 kg/m?
Young’s modulus 200e9 310e9 Pa
Poisson’s ratio 0.30 0.23 -

Finite element modeling was performed in
COMSOL Multiphysics using a two-dimensional
steady-state thermomechanical formulation. The
plane strain approximation was adopted for the
mechanical problem. The thermal problem was
defined using the Heat Transfer in Solids interface,
while the stress-strain state was modeled using the
Solid Mechanics interface. The thermal and
mechanical problems were coupled through the
Thermal Expansion multiphysics interface. The
calculations were performed using a thermal strain
reference temperature of T.s = 1420.15 K and a
final temperature of T = 293.15 K, corresponding to
a temperature decrease of 1127 K. In this
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formulation, the kinetics of the cooling process and
the spatial and temporal evolution of the
temperature field were not modeled. To prevent
rigid-body motion of the computational domain,
kinematic constraints were applied at two lower
corner points of the square computational domain.
At the lower-left corner, displacements were
constrained in both directions (u=0, u,=0), whereas
at the lower-right corner, only the vertical
displacement was constrained (u,=0), leaving the
horizontal displacement free. This constraint
scheme eliminated translational and rotational
rigid-body motion of the computational domain
without rigidly fixing its external boundaries.

To evaluate the influence of spatial
discretization, calculations were performed using
different levels of finite element mesh refinement.
At the initial stage, the standard COMSOL
Multiphysics mesh refinement levels were used,
after which the element size was specified using
user-defined mesh parameters. The maximum
finite element size was progressively reduced to
evaluate the sensitivity of the calculated stress
state to spatial discretization and to select rational
mesh parameters.

The calculations were performed using a
stationary solver in a Fully Coupled formulation. A
Direct solver was used to solve the linear system of
equations, while the nonlinear iterations were
performed using Newton's method with automatic
parameter selection.

The DXF-based FEM models were generated by
vectorizing the preprocessed binarized images in
Inkscape using the standard tracing parameters.
The resulting vector contours were saved in DXF
format and imported into COMSOL Multiphysics
[27] to construct the geometry of the
computational domain and subsequently generate
the finite element mesh. Thus, the DXF-based
approach included an intermediate step in which
the raster image was converted into vector
geometry. This approach provided explicit phase
boundaries and enabled the construction of
topologically consistent FEM models based on the
real microstructure.

The image-based FEM
constructed directly from the preprocessed
binarized images without intermediate
vectorization or CAD/DXF geometry construction
[[13], [24], [15]]. The binarized image was imported
directly into COMSOL Multiphysics [27] using the
built-in Image function. Pixel values were used to
define the spatial distribution of the properties of

models  were

the matrix and MC; carbide phase within a single
two-dimensional computational domain. The finite
element mesh was generated directly over the
computational domain. The image-based FEM
approach was implemented entirely using the built-
in capabilities of COMSOL Multiphysics and did not
require additional programming scripts or external
automation tools.

The stress state was analyzed using the
distributions of the first and second principal
stresses, SP1 and SP2. SP2 maps were used to
visualize the localization of compressive stresses in
the model and real microstructures, whereas
guantitative comparison between the DXF-based
and image-based models was performed using SP1
as a measure of local tensile stresses, which are of
primary interest with respect to potential
microcrack initiation. For quantitative comparison,
the mean SP1 value and the 95th percentile (P95)
of SP1 were determined. The use of P95 reduced
the influence of isolated local extrema associated
with the geometry of the phase boundaries and
finite element mesh discretization.

The developed model was primarily intended
for comparative analysis of the effects of the
microstructure representation method, finite
element discretization parameters, and carbide-
phase morphology on the distribution of local
thermal stresses. Because constant phase
properties and a stationary formulation were used,
the calculated stress values were not interpreted as
exact absolute values of residual stresses in the real
material.

Results and Discussion

For a preliminary assessment of the influence
of carbide-phase morphology and for the
development of the FEM approach, model carbide
structures of different shapes were used (Figure 2).
These models were used to analyze the local
distribution of thermal stresses and to evaluate the
influence of carbide-phase geometry on the
formation of stress concentrations [[2], [11]].

The obtained results showed the formation of
localized regions of elevated stress near sharp-
angled regions of the carbide phase and in areas
with complex phase-boundary geometry [28]. This
confirms the significant influence of carbide
morphology on the local stress state and supports
the need to analyze real microstructures without
additional geometric idealization.
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Figure 2 — Distribution of the second principal stress
SP2 (Pa) for model carbide structures with
complex geometries

The formation of local stress concentrations is
associated with differences in the thermophysical
and mechanical properties of the M;Cs; carbide
phase and the austenitic matrix, primarily their
coefficients of thermal expansion and elastic
properties [[3], [11], [12]]. The difference in the
coefficients of thermal expansion results in
different thermal strains of the phases under the
imposed temperature change and, due to strain
compatibility at the phase boundary, leads to the
formation of local stress concentrations. The most
pronounced stress localization occurs near sharp-
angled, elongated, and geometrically complex
regions of the carbide phase [[2], [11]].

Local tensile stresses in the carbide phase may
contribute to microcrack initiation and subsequent

I PSS

ST A5

carbide fracture during both the production and
service of high-chromium cast iron components.
Therefore, analysis of the stress distribution in the
carbide - matrix system is of practical interest for
assessing the potential fracture resistance and
performance of this class of materials.

Following the analysis of the model structures,
the developed approach was applied to real
metallographic images of hypereutectic high-
chromium cast irons (Figure 3).

To evaluate the influence of preliminary
microstructural image processing on the FEM
simulation results, different representations of the
carbide structure were considered. At the first
stage, objects were filtered by area. At an image
scale of 50 um = 839 px, the threshold area of 7701
px? corresponded to approximately 27.35 um?
objects with smaller areas were removed from the
binarized image. The threshold value was selected
based on a characteristic change in the object area
distribution that separated numerous small
microstructural constituents from a group of larger
carbide objects (Figure 4a).

In addition, morphological filtering of the
remaining objects was performed using the
parameter P%/S, where P is the object perimeter,
and S is its area. This dimensionless parameter was
used to quantitatively characterize contour
complexity and branching. A threshold value of
207.05 was adopted; objects with higher parameter
values, characterized by more complex and
branched morphologies, were removed, whereas
more compact objects were retained (Figure 4b).
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Figure 3 — Image processing stages (x750) a — original image; b — Otsu thresholding;
c —idealized representation of primary carbide morphology
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Figure 4 — Criteria for filtering carbide objects during preprocessing of the binarized image
a —distribution of carbide objects by area; b — morphological parameter P%/S as a function of object number
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Figure 5 — Distribution of the second principal stress SP2 (Pa) in DXF-based FEM models of the
real microstructure: a — model based on the complete binarized image;
b — model based on the idealized representation of primary carbides

For quantitative comparison of the DXF-based
and image-based FEM models, five microstructure
representations were used: 1 - idealized
representation of primary carbide morphology; 2 —
image after morphological filtering using the P%/S
parameter; 3 — image after filtering carbide objects
by area; 4 - image after removing objects
intersecting the boundaries of the analyzed region;
and 5 — complete binarized image after removal of
only small noise objects with areas below 4 px%. The
same image variants were used to construct both
the DXF-based and image-based FEM models,
enabling direct comparison of the two approaches
using identical representations of the initial
microstructure.

The DXF-based FEM simulation of the real
microstructure showed that the maximum stresses
were localized predominantly near the phase
boundaries, particularly near sharp-angled regions
of the carbide phase (Figure 5). The obtained
results confirmed the significant influence of

carbide morphology on the distribution of local
stresses. This stress distribution pattern s
consistent with the established understanding of

strain localization in systems containing rigid
carbide inclusions [[2], [11], [12]].
Comparison of the complete binarized

microstructure with its idealized representation
showed that the removal of part of the carbide
network changes the local stress distribution
pattern. This indicates the importance of preserving
the actual morphology of both primary and eutectic
carbides when analyzing the local stress state.
Despite its ability to explicitly represent phase
boundaries, the DXF-based approach was
characterized by labor-intensive model
preparation. Vectorization of binarized images,
generation of CAD/DXF geometry, and subsequent
finite element mesh generation became
increasingly difficult as the geometric complexity of
the carbide network increased. Therefore, further
work focused on the development of an image-
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based FEM approach that enables calculations to
be performed directly from binarized
microstructural images without intermediate CAD
geometry construction.

In the image-based FEM models, the phase
distribution was defined directly from the binary
image map. Unlike the DXF-based approach, this
method did not require vectorization of phase
boundaries or the construction of separate
geometric domains for the carbide phase and the
matrix. However, the discrete pixel-based
representation of the phase boundaries
necessitates an assessment of the influence of
finite element size on the representation of the
local stress state.

To evaluate the influence of finite element
discretization, calculations were performed with a
progressive reduction in the maximum finite
element size. Reducing the maximum finite
element size resulted in a more detailed
representation of the phase-boundary geometry
and local stress distribution and led to a gradual
convergence of the image-based model results
toward those obtained using the DXF-based
representation (Figure 6). As part of the mesh
sensitivity analysis, the maximum element size was
progressively reduced to 0.2 um; representative

stages of this refinement are shown in the figure.
Further mesh refinement, however, was
accompanied by a substantial increase in
computational cost.

Based on the results of the mesh sensitivity
analysis, a maximum finite element size of 0.5 um
was selected for subsequent calculations, providing
a reasonable balance between the level of detail in
the calculated stress state and computational cost.

When larger mesh sizes were used, local stress
maxima were smoothed due to insufficient
representation of the complex phase-boundary
geometry. Reducing the maximum finite element
size enabled a more accurate representation of the
local features of the stress distribution near the
carbide phase and provided better agreement with
the DXF-based modeling results [[13], [14], [15]].

For quantitative verification of the image-based
FEM approach, the results of DXF-based and image-
based simulations were compared for the five
investigated microstructure representations (1-5),
corresponding to different preprocessing variants.
Maximum finite element sizes of 0.2 and 0.5 um
were used for the image-based models. For

guantitative comparison, the mean SP1 value and
the 95th percentile (P95) of SP1 in the MCs carbide
phase were determined (Figure 7).

Figure 6 — Comparison of SP1 stress fields for different models: a — DXF-based model; b —image-based model,
mesh size 1.65 um; c —image-based model, mesh size 0.5 um; d — image-based model, mesh size 0.2 um
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Figure 7 — Comparison of stress-state characteristics in M7Cs carbides for the DXF-based and image-based
FEM models a — mean SP1; b — P95 SP1
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The obtained results show that the mean SP1
values in the M;C; carbide phase calculated using
the DXF-based and image-based FEM models are in
good agreement for all investigated microstructure
representations (Figure 7a). Reducing the maximum
finite element size in the image-based model from
0.5 to 0.2 um has only a minor effect on the mean
SP1 values, indicating their relatively low sensitivity
to further finite element mesh refinement.

More pronounced differences are observed for
the P95 SP1 values (Figure 7b). Overall, at a
maximum finite element size of 0.5 um, the P95
values show greater deviations from the
corresponding values obtained using the DXF-based
model, particularly for the variants with a higher
carbide-phase fraction. Reducing the maximum
element size to 0.2 um results in closer agreement
in most of the investigated variants. This indicates a
higher sensitivity of the upper part of the local
stress distribution to spatial discretization and to
the accuracy with which the complex phase-
boundary geometry is represented.

Thus, the finite element size has a substantially
smaller influence on the integral characteristics of
the stress state represented by the mean SP1
values than on the characteristics of the upper part
of the stress distribution. A mesh with a maximum
element size of 0.5 pum provides stable
representation of the mean stress characteristics at
substantially lower computational cost, whereas
further mesh refinement to 0.2 um improves the
representation of high local stress values.

Some differences between the models are
associated with the different representations of the
phase boundaries. The DXF-based model uses
smoothed vector contours, whereas in image-based
FEM the phase boundaries are represented by the
discrete pixel structure of the image.

Despite the differences in phase-boundary
representation, the image-based FEM approach
provides results comparable to those obtained
using DXF-based modeling and enables calculations
to be performed directly from binarized
microstructural images without intermediate CAD
geometry construction. The obtained results
confirm the applicability of image-based FEM for
comparative analysis of the stress state in high-
chromium cast irons with different representations
and morphologies of the carbide phase.

It should be noted that constant
thermophysical and mechanical properties of the

phases were used in the present study, without
accounting for their temperature dependence,
plastic deformation, or possible phase
transformations in the matrix. In addition,
microcrack formation and fracture of the carbide
phase, which may lead to relaxation of local
stresses in the real material, were not considered.
Therefore, the calculated stress values should be
regarded as model characteristics of the stress
state, and the obtained results should primarily be
considered as a basis for comparative analysis of
the DXF-based and image-based FEM approaches,
the influence of spatial discretization, and the
representation of the carbide phase.

The developed approach can be used for
further investigation of the effects of carbide-phase
morphology, its volume fraction, and the structural
state of the matrix on the local stress state of high-
chromium cast irons. The ability to directly use
binarized metallographic images provides a basis
for comparative analysis of a large number of real
microstructures without labor-intensive
intermediate CAD geometry  construction.
Experimental verification of the absolute residual
stress values using independent experimental
methods, together with further improvement of
the FEM model to account for internal stress
relaxation  associated  with local  plastic
deformation, represents an important direction for
further development of the proposed approach.

Conclusions

An image-based FEM approach was developed
for the analysis of local thermal stresses in
hypereutectic high-chromium cast irons directly
from binarized metallographic images without
intermediate CAD geometry construction.

It was demonstrated that image-based FEM
models reproduce the main features of the stress
distributions obtained using DXF-based models
while substantially reducing the effort required for
computational model preparation.

It was established that the influence of finite
element size depends on the stress-state
characteristic considered. The mean SP1 values
change only slightly when the maximum element
size of the image-based model is reduced from 0.5
to 0.2 um, whereas P95 SP1 is more sensitive to
spatial discretization and approaches the results of
DXF-based modeling with mesh refinement.
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It was shown that the representation and
morphology of the carbide phase have a significant
influence on stress localization in the carbide-
matrix system, while the highest local stress values
are sensitive to the method used to represent the
phase boundaries.
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¥oFfapbl Xpompabl rMNep3BTEKTUKANbIK, LIOMbIHAAPAAFbI KepHey KYMiH
Image-based FEM-mopgenbaeyi
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TYWIHAEME

HakTbl meTannorpaduanbik KeckiHaepre  HerisgenreH  image-based
mogZenbAeyAi  KONAaHa oOTbIPbIN, XXOfapbl XPOMAbl TFMNEPIBTEKTUKANbIK LUOWbIHAAPAAFHI
YKePrinikTi TepMUANbIK KepHeynepai TangayFa apHanfaH Tacin asipneHai. Ecentik mopenbaepai
AavibiHaay Ouy a4iciH KonAaHa OTbIpbin MUKPOKYPbLINbIMAbLI BUHapusauuanayapl, Wynbl acepi
6ap ob6bekTinepai cysrigeH eTKi3yai xaHe CAD aBTOMaTTaHAbIPbINFAH obanay ylhenepiHae
apanblK reoMeTpus Kypycbl3 BuHapaaHfaH KeckiH 6oiblHWa dasanapablH, KEHICTIKTIK TapanybliH

LWEeKTi 3/1eMeHTTiK

Tikenen 6epyai KamTblapl. ¥CbiHbIIFAH TaCinai Bepudukaumanay ywid Drawing Exchange Format
(DXF) »aHe bipaeit MUKPOCTPYKTYpanblK OepekTep HerisiHae KypbiiFaH image-based FEM-
MoZeNbAep CanbiCTbipblNAbl, COHAAN-aK aKblpFbl 3N1EMEHTTIH, e/leMiHiH ecenTenreH KepHeynik
Kyire acepi 3epTtrengi. KepcertinreHaen, COHFbl 31EMEHT TepaiH enwemiH bipTiHaen asaiTKaH
Ke3ge image-based mogenbaey Hatukenepi, dazaapanbik WeKapanapablH,  OUCKPETT
nuKcenbaik beiHeneHyiHe KapamacTtaH, DXF-based mopenbpepaiH HaTukenepiHe caiikec
KeneTiHi kepcetingi. Image-based Tacin DXF-based moaenbaepai naiganaHy apKblibl anblHFaH
JKEPriNiKTI KepHeynepajiH, TapanybiHblH, Herisri 3aHAbINbIKTApbIH KalTananapl KaHe byn petre
KEeCKiHAi BeKTopu3aumanayabl KaHe apanblK CAD/DXF-reomeTpuacbiH Kypyabl Tanan etnengi,
6yn  HaKTbl  MWKPOKYPbIIbIMAAPAbIH, €ecenTey MoAenbAepiH AalblHAAyAbl alTapAblKTal
KeHingeteni. AnblHFaH — HITUMXKeNep Kofapbl XPOMAbl LUIOWbIHAAPAbIH, Kypaeni kendaszansi
MWKPOKYPbIIbIMAAPbIHAA TEPMUANBIK KepHeynepaiH, NOKaibAbl TapasyblH CanblCTbipMabl
Tangay ywiH image-based FEM mogenbaeyai KongaHy MyMKiHAIMH pacTaiabl.
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CapantamapgaH eTTi: 26 winde 2026
KabbingaHapl: 8 kbipkyliek 2026
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KepHeynep, MyCs KapbuaTepi, MUKPOKYPbIAbIMAbI TaNAAY, aKbIp/bl 3N1EMEHTTEPAI MOAENbAEY.
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Image-based FEM-mogenmpoBaHune HanpAaXéHHOro COCToOAHUA B
BbICOKOXPOMMCTbIX 3a9BTEKTUUYECKUX YYyTyHaX

Nepexorun B.10., 'NaHnukuH A.B., 2Matgorzata R.G., A6bin C.C.

1 A0 UlhHcmumym memannypauu u obozaujeHus, Satbayev University, Aamamel, Kazaxcmat
2 Bpoysnasckuli yHusepcumem HayKu u mexHuku, Bpounas, Monewa

AHHOTALUMUA

PaspaboTaH noaxof K aHa/nM3y /IOKaJbHbIX TEPMWUYECKUX HaMpPsXeHU B BbICOKOXPOMMUCTbIX
3a3BTEKTMYECKMX  YyTyHax C  WCNo/ib3oBaHWeM  image-based  KOHEUHO-2N1E€MEHTHOrO
MOZENMPOBaHUA Ha OCHOBE peanbHblX MeTannorpaduyeckux usobpaxeHuit. Mogrotoska
pacuéTHbIX MoAenei BKAOYana GMHApM3aLMI0 MUKPOCTPYKTYpbl meTogom Ouy, dunsTpaumio
LIYMOBbIX O6EKTOB M HEMOCPEACTBEHHOE 3afaHue NPOCTPAHCTBEHHOrO pacnpeaeneHus ¢as no
61HaApPM30BaHHOMY M306paXKeHW0 6e3 MPOMEKYTOUHOro MOCTPOEHUs FeOMEeTpUU B CUCTeMax
aBTOMAaTU3MPOBaHHOrO NpoekTupoBaHusa (CAD). Ons BepudUKaLuMM NpenioKeHHOro noaxoaa

Noctynuna: 17 utoHa 2026 BbINOJIHEHO conocTasneHne Drawing Exchange Format (DXF) u image-based FEM-mopenei,
PeueH3nposaHue: 26 urtona 2026

NOCTPOEHHbIX Ha OCHOBE OAMHAKOBbIX MUKPOCTPYKTYPHbIX [AHHbIX, @ TaKXe MCcCnefoBaHo
MpuHATa B NevaTtb: 8 ceHmabps 2026

BAIMAHWE pa3mepa KOHEYHOro 31eMeHTa Ha paccyMTaHHOe HanpaKéHHoe cocToAaHue. MokasaHo,
YTO NPU NOCNEA0BATENIbHOM YMEHbLUEHUM pa3mepa KOHEYHbIX 3N1eMeHTOB pesynbTaTbl image-
based mogenuposaHua npubnumxkatotca K pesynbtatam DXF-based mopeneld, HecmoTps Ha
[AUCKPETHOe MUKCeNbHOe MpeAcTaBneHVMe MexdasHbix rpaHul. Image-based nopaxop
BOCMPOW3BOAMT OCHOBHbIE 3aKOHOMEPHOCTU /IOKANbHOTO  pacnpefeneHus  HanpsayKeHui,
nosny4yeHHble ¢ ucnonbsoBaHnem DXF-based mopgeneit, n npu stom He TpebyeT BeKTOpMU3aLUM
n306paskeHns U NOCTPoeHUA NpomexkyTouHoi CAD/DXF-reoMeTpuu, YTO CyLLECTBEHHO ynpoLwaeT
NOArOTOBKY PacyéTHbIX MoAenei peanbHbIX MUKPOCTPYKTYp. [losyyeHHble pesynbTaTbl
NOATBEPKAAIOT  BO3MOMKHOCTb  MPMMeHeHua  image-based FEM-mogenupoBaHua  ans
CPaBHUTE/NIBHOTO aHaNM3a /IOKANbHOrO PacnpefeneHna TePMUYECKUX HAMPANKEHUIA B CAOMKHbIX
MHOroda3sHbIX MUKPOCTPYKTYPax BbICOKOXPOMMUCTbIX YYTyHOB.

Knroveabie c108a: BbICOKOXPOMMCTbIN 3a3BTEKTUUECKUI YyryH, image-based FEM, Tepmuyeckme
HanpskeHus, kKapbuapl M7Cs, aHaNIM3 MUKPOCTPYKTYPbI, KOHEYHO-3/IEMEHTHOE MOZENMPOBaHMe.
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ABSTRACT

Enhanced oil recovery (EOR) screening is commonly initiated from reservoir and fluid properties,
displacement mechanisms, and expected recovery potential. In technically complex offshore
systems, however, a candidate method may be unsuitable for further development if the
associated fluids and operating conditions intensify corrosion, inorganic scaling, organic
deposition, emulsion persistence, phase instability, or near-wellbore damage. This study develops
an integrity-constrained pre-pilot laboratory screening workflow for the integrated Field X-Field Y
system. The workflow integrates brine chemistry and water-compatibility calculations, corrosion
and inhibitor tests, wax-appearance-temperature (WAT) and viscosity data, emulsion stability, PVT
recombination, and filtration compatibility. Untreated corrosion rates reached 11.586 mm/year at
the electrical submersible pump outlet and 2.942 mm/year at the wellhead. Field X-Field Y
formation-water mixing was compatible at 60 °C, whereas cooling to 30-50 °Cincreased predicted
BaSO4-dominated precipitation, with 18.849 mg/L at 30 °C for the 75/25 mixture; the broader
marine-water case reached 58.79 mg/L under the evaluated low-temperature/low-pressure
condition. Field Y DST-1 was the most restrictive oil in the organic-deposition screen, with 10.6
wt.% paraffin and WAT evidence spanning 17.4-22.4 °C. Artificial emulsions retained up to 70%
water for Field X DST-3 and 80% for Field Y DST-1. For the selected associated-gas analogue, a gas-
oil ratio not above 90 m3/t at 18 MPa and 60.5 °C was used as the single-phase recombination
boundary. The six-domain matrix was reformulated as an equal-weight ordinal qualification-
burden index rather than a recovery-ranking tool; WAG had the highest burden (S=15; R=2.50),
and this position remained unchanged under +25% one-at-a-time criterion-weight perturbations.
The framework therefore identifies operational-integrity constraints and the laboratory
qualification required before direct displacement corefloods, compositional simulation, and pilot
validation; it does not quantify incremental oil recovery.

Keywords: enhanced oil recovery, EOR screening, operational integrity, corrosion, barium sulfate
scale, wax appearance temperature, PVT stability.
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Introduction

Mature and technically complex oil fields require
recovery strategies that extend productive life and
strengthen technical justification before pilot-scale
implementation. Traditional EOR screening relies on
reservoir temperature, oil viscosity, permeability,
depth, pressure, oil composition, and displacement
mechanisms [[1], [2], [3], [4], [5], [6], [7], [8]]. These
criteria remain necessary, while field-development
concepts involving multiple reservoirs, commingled
production, alternative injection waters, offshore
surface facilities, and high-salinity produced fluids
require a broader integrity-based qualification. In

such systems, the selected EOR method must be
compatible not only with the reservoir rock and oil,
but also with produced-water treatment,
metallurgy, flow assurance and chemical protection
requirements.

The Field X-Field Y system represents a case in
which preliminary EOR selection requires a separate
operational-integrity gate in  addition to
conventional reservoir-displacement screening.
Water-based methods are affected by sulfate-
barium compatibility and corrosion; gas-based
methods require phase stability and PVT
qualification; chemical methods are constrained by
salinity, hardness, emulsification, and reagent
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compatibility; and WAG couples the aqueous- and
gas-phase constraints. Accordingly, the objective of
this paper is to construct a pre-pilot laboratory
screening workflow that translates the available
Field X-Field Y compatibility and flow-assurance
evidence into explicit qualification requirements for
EOR method groups. The workflow is intended to
identify what must be controlled or tested before
displacement-efficiency evaluation, not to predict
recovery factors or incremental oil production.

The scientific novelty lies in the decision layer
applied between conventional EOR screening and
method-specific displacement testing. Classical
screening, multi-criteria  decision-making, and
recent data-driven approaches primarily rank EOR
alternatives using reservoir/fluid suitability, expert-
weighted criteria, sustainability indicators, or analog
project databases. The present framework asks a
different question: which operational-integrity
constraints are directly coupled to each candidate
method, and how much laboratory qualification is
required before that method advances to coreflood,
simulation, or pilot stages? Six independently
generated evidence domains corrosion, inorganic
scaling, organic deposition, emulsion behavior,
PVT/phase stability, and filtration compatibility —are
converted into a traceable ordinal coupling matrix.
The matrix is deliberately separated from expected
recovery, economics, and field-performance
prediction, thereby avoiding the interpretation of
laboratory compatibility data as a displacement-
efficiency result.

Literature review

EOR screening has historically been structured
around reservoir and oil-property thresholds. The
classical screening approach separates thermal, gas,
chemical, and microbial methods using parameters
such as oil gravity, viscosity, reservoir temperature,
permeability, and remaining oil saturation [[1], [2]].
Broader EOR reviews emphasize that method
selection must be updated as field maturity,
economics, and technology readiness change [[3],
[4], [5]]. Textbook frameworks further show that
displacement mechanisms alone do not guarantee
field applicability because injectivity, mobility ratio,
phase behavior, chemical loss, and facility
constraints may dominate practical performance
[[61, [7], [8]]. Water-based and chemical EOR
methods are particularly sensitive to brine
composition. High salinity and hardness can reduce
polymer performance, destabilize surfactant
systems, and increase the risk of inorganic scale. For

low-salinity or engineered-water flooding, the target
is not only salinity reduction but also controlled ion
composition, clay response, and surface chemistry
[[6], [7]]. In carbonate and high-salinity systems,
sulfate and barium/strontium interactions become
important because injected or mixed waters may
cross the saturation threshold for sulfate scales.
QOilfield scale literature identifies BaSO. as one of the
most persistent and difficult scales to remove, and
its formation is commonly associated with mixing of
sulfate-bearing and barium-rich brines under
changing temperature and pressure [[9], [10]].

Recent EOR-screening research has expanded
beyond fixed property windows. Multi-criteria
approaches have used fuzzy AHP/FTOPSIS or hybrid
FAHP-goal-programming formulations to combine
technical, environmental, economic, and social
criteria [[11], [12]]. Statistical and machine-learning
frameworks have also ranked EOR classes from
global project databases [[13], [14]], while VIKOR
coupled with Monte-Carlo analysis has been used to
quantify ranking robustness under changing
criterion weights [15]. These developments improve
method prioritization, but their principal inputs
remain reservoir/fluid descriptors, expert
preferences, sustainability criteria, or analog-project
outcomes. In contrast, the present study uses field-
specific laboratory compatibility and flow-assurance
evidence as a pre-pilot integrity gate and explicitly
does not infer displacement efficiency from that
evidence.

Corrosion is another screening barrier. Internal
corrosion in oilfield systems is controlled by water
chemistry, CO,/H,S, oxygen contamination, flow
regime, temperature, solids, microbiology, and
inhibitor performance [[16], [17], [18], [19]]. An EOR
method that increases water circulation, gas-water
contact, or sulfate-reducing bacterial activity may
change the corrosion regime even if it improves
sweep. Therefore, corrosion must be evaluated as
part of the EOR decision rather than only as a
production-chemistry issue.

Organic deposition and emulsion behavior
influence both subsurface and surface performance.
Wax and asphaltene deposition are controlled by oil
composition, temperature history, pressure
depletion, gas liberation, and mixing. The wax
appearance temperature (WAT) and viscosity-
temperature response are therefore essential for
gas injection, cold-water injection, thermal
methods, and offshore transport [[20], [21]].
Emulsion stability affects separation, chemical
flooding, WAG, and any method that increases
water cut or changes interfacial conditions. Stable

— 43 ——



2028; 346(3):142-152

ISSN-L 2616-6445, ISSN 2224-5243

emulsions increase the load on surface processing,
can trap water and solids, and may demand
additional demulsification capacity [[22], [23]].

PVT behavior is the bridge between fluid
displacement and laboratory representativeness.
Gas injection, miscible or near-miscible processes,
and coreflood studies require recombined fluids to
remain single-phase under test conditions. Single-
phase stability preserves the representativeness of
measured recovery and pressure response during
filtration experiments [[24], [25]]. For this reason,
PVT constraints are treated here as an integral
screening criterion for gas-based and hybrid EOR
methods.

Experimental part

The study integrates an existing laboratory and
engineering dataset for the anonymized Field X-Field
Y fluid system. The evidence base comprises: (i)
formation-water chemistry and water-mixing
precipitation  calculations;  (ii)  steel-coupon
corrosion measurements for production and
wellbore  conditions;  (iii)  corrosion-inhibitor
screening; (iv) scale-control screening records; (v)
viscosity-temperature and WAT measurements; (vi)
recombination of degassed oil with associated-gas
analogues; (vii) artificial-emulsion stability and
optical-microscopy observations; and (viii) filtration
compatibility of a potential injection water with
Field X brine and rock. For traceability, study outputs

were classified as directly measured,
calculated/predicted, or derived screening
qguantities. Corrosion rate, inhibitor response,
viscosity/WAT, emulsion behavior, PVT

recombination response, and filtration permeability
change are treated as laboratory observations; scale
precipitation is explicitly reported as
calculated/predicted; and the EOR matrix and
weight-sensitivity results are derived screening
qguantities. This classification prevents calculated
scale values and derived scores from being
presented as direct experimental measurements.
The overall laboratory screening workflow and the
equipment configuration are shown in Figures 1 and
2, respectively.

°n...o nnnnnnnn o ...... iy om.u..:.en.num o Reserveir ™ EoR methed
characterization | | constraints . handiing le|  compativitiy | | ranking

Figure 1 - Laboratory workflow for
integrity-constrained EOR screening

PYT | racsabination call Brine mixing | scals test

Care-halder filtration test

Figure 2 - Laboratory equipment schematic used for
integrity-constrained EOR screening

Water compatibility was evaluated from ionic
composition, total dissolved solids, and calculated
precipitation for Field X/Field Y formation-water
mixtures at 30, 40, 50, and 60 °C; additional
alternative-injection-water and marine-water cases
were used to examine sensitivity to sulfate input and
lower-temperature/lower-pressure conditions.
Corrosion screening used steel coupons and
reported corrosion rate in mm/year. Inhibitor
protective effect was calculated as IE = (CRblank -
CRtreated)/CRblank x 100%, where CR is the
corrosion rate. Organic-deposition screening used
the available kinematic/dynamic viscosity and WAT
evidence, including rheological and acoustic-
resonance records. Artificial emulsions were
prepared at varying water contents and assessed by
retained-water behavior, aggregative stability, and
optical microscopy of globule size. PVT
recombination was used to identify gas-oil ratios
that maintained a homogeneous single-phase fluid
at 18 MPa and 60.5 °C; for the selected analogue, the
screening boundary was <90 m?3/t. Filtration
compatibility was expressed as permeability decline
after contact between the alternative injection
water, Field X brine, and rock, with the supplied
archive reporting a maximum decline of 7%. These
tests provide compatibility and integrity
information; they are not direct EOR displacement
experiments.

Methodological traceability and uncertainty

The supplied archive does not contain complete
instrument  manufacturer/model  information,
specimen dimensions and preparation records,
exposure duration, replicate-level raw observations,
calibration certificates or traceable standard
identifiers for every legacy laboratory domain. These
values were therefore not reconstructed or
estimated. Where replicate-level observations are
unavailable, Figures 3-9 report the supplied
endpoint values without fabricated standard-
deviation or confidence-interval error bars. The
vertical range shown for WAT in Figure 8 represents
the span of method-specific WAT evidence, not
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statistical uncertainty. Full reproducibility of the
legacy tests requires the additional metadata listed
in the revision supporting file; the present
manuscript reports all methodological conditions
that are directly supported by the supplied study
archive. The laboratory screening domains, primary
indicators, and their roles in EOR decision-making
are summarized in Table 1.

Table 1 - Laboratory screening domains and EOR
selection role

Domain Primary indicator EOR decision role/data type

Corrosion Corrosion rate, mm/year;

inhibitor performance

Infrastructure compatibility and
chemical-protection requirement.
Directly measured/calculated
inhibitor efficiency.

BaSO./total precipitate,
mg/L; water chemistry

Inorganic scaling Aqueous-phase compatibility and
sulfate-control requirement.
Water chemistry measured;

precipitation calculated/predicted.

Paraffin content; WAT;
viscosity-temperature
response

Maximum retained
water; aggregative
stability; globule size

Organic
deposition

Low-temperature flow-assurance
qualification. Laboratory-observed
properties.

Produced-fluid handling and
separation qualifications.
Laboratory-observed.

Emulsion behavior

PVT stability Gas-oil ratio; viscosity; Gas/hybrid fluid preparation and
single-phase phase-stability qualification.
recombination condition Laboratory-observed.

Filtration Permeability decline after Injectivity / near-wellbore damage

compatibility fluid-rock interaction qualification. Laboratory-observed

endpoint response.

Results and Discussion

Corrosion as an infrastructure-screening barrier

The strongest constraint identified in the
screening dataset is corrosion. Untreated rates are
strongly aggressive in all tested operating points,
with the most severe values at the ESP outlet and
wellhead. These rates exceed the range that can be
considered acceptable for long-term EOR operation
without chemical protection. For EOR selection, this
means that methods increasing water circulation,
gas-water interaction, or oxygen/SRB exposure
should be qualified wusing both reservoir
displacement performance and operational-
integrity criteria. The untreated corrosion rates are
summarized in Table 2 and illustrated in Figure 3.

Table 2 - Untreated corrosion rates used as EOR screening
constraints

Operating point Corrosion rate,
mm/year
General multiphase stream from wells 0.91
General multiphase stream after primary 0.575
treatment
Crude oil before separator after hot-oil 1.095
treatment
ESP outlet 11.586
Wellhead 2.942

Low sggresshveness 501 mmiyesr
127 .- vigh-aggressiveness threshokd 0.5 memypsar 11596

ey w s

General comosion rate, mmjyear

0.910
0.575

Mutghase After ESP
stream fre treatmert separator cutiet

Figure 3 - Untreated corrosion rates in production and
wellbore conditions

Inhibitor  screening substantially reduced
corrosion rates. The best tested treatments reached
0.107-0.112 mm/year under the specified
laboratory conditions. This shifts corrosion from a
blocking factor into a manageable design constraint
if inhibitor selection, dosage optimization, and field
validation are incorporated into the EOR design. The
corrosion-inhibitor screening results are reported in
Table 3 and illustrated in Figure 4.

Table 3 - Corrosion-inhibitor response under Field X
conditions

Treatment Dose, g/t Corrosion rate, Protective effect, %
mm/year

Blank sample 0 0.575 0

Cl-1 50 0.132 77.1

Cl-1 70 0.118 79.6

Cl-2 50 0.125 78.38

Cl-2 70 0.107 81.4

Cl-3 50 0.122 78.7

Cl-3 70 0.112 80.5

Complex CI-4 90 0.109 81.1

078

Figure 4 - Corrosion-inhibitor screening response

Water chemistry and sulfate-barium scale risk

The two formation waters differ in total salinity
and sulfate-barium balance. Field X water is more
saline and barium-rich, whereas Field Y water
contains sulfate. This contrast creates a clear scale
mechanism: mixing can introduce sulfate into a
barium-containing system and cause BaSO,
precipitation. The predicted precipitation depends
strongly on temperature. At 60 °C, the waters are
compatible in all ratios, but decreasing the
temperature to 50, 40, and 30 °C produces a BaSOs-
dominated precipitate. The maximum predicted
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precipitate for Field X-Field Y formation-water
mixing is 18.849 mg/L at 30 °C for the 75/25 Field
X/Field Y mixture. The formation-water chemistry is
presented in Table 4, while the temperature-
dependent precipitation results are summarized in
Table 5 and Figure 5.

Table 4 - Formation-water chemistry used in the
screening calculation
Water pH Density, TDS, SO, cl, mg/L Ca, Mg, Ba,
type g/cm?® g/L mg/L mg/L mg/L mg/L
Field X 5.9 1.154 225.9 0.0 138069.2 6727.4 1718.9 46.5
formation
water
Field Y 6.8 1.122 185.1 118.6 113404.2 6800.2 1867.7 17.0
formation
water

Table 5 - Predicted precipitate during Field X-Field Y
formation-water mixing, mg/L

Field X/Field Y ratio, % 30°C 40 °C 50 °C 60 °C
100/0 16.499 12.022 6.22 0.0
75/25 18.849 13.293 6.7 0.0
50/50 13.639 8.543 2.53 0.0
25/75 3.829 0.072 0.0 0.0
0/100 0.009 0.003 0.0 0.0

Temparature |
Maximum: 18,849 mg/L -
—— 40C
- |
- s0rC

Predicted precipitate, mg/L

Formation-viater mixture, Field X | Field ¥, %

Figure 5 - Temperature-dependent scale potential during
Field X-Field Y water mixing

3

&

Maximum predicted BaS04 [ barite, mg/L

Field X-Fisld Y
formazion waters
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scenarie

Altermative-water
scenaric

Figure 6 - Maximum predicted barite risk across
water-mixing scenarios

The wider screening dataset shows that
alternative and marine-water options can introduce
a higher scale burden than formation-water mixing
alone. Marine-water mixing is the most restrictive
case, with a maximum predicted barite
concentration of 58.79 mg/L under low-temperature
and low-pressure conditions. This result directly

affects waterflooding, engineered-water flooding,
chemical flooding, and WAG selection because each
of these methods requires an aqueous phase to be
injected, recycled, or produced. The maximum
predicted barite risk across the evaluated water-
mixing scenarios is compared in Figure 6.

Organic deposition and low-temperature flow
assurance

Organic-deposition screening separates Field X
and Field Y oils into different risk groups. Field X DST-
3 has moderate paraffin content and a WAT of
approximately 9-10 °C, while Field Y DST-1 is the
limiting oil with 10.6 wt.% paraffin and a WAT range
of 17.4-22.4 °C depending on the method. Field Y
DST-2 is less restrictive than DST-1 but still requires
consideration during commingled production. For
EOR selection, this means that injection methods
causing temperature decrease, pressure depletion,
gas liberation, or fluid mixing must be evaluated
against wax/asphaltene deposition risk. The key
organic-deposition indicators are summarized in
Table 6; the Field X DST-3 viscosity-temperature
relationship and the comparison across the tested
oils are shown in Figures 7 and 8, respectively.

Table 6 - Organic-deposition screening indicators

Oil sample Paraffin, Pour WAT by Additional WAT evidence
wt.% point, °C °C
Field X DST-3 3.0 -15 9.0 below 10 by viscosity curve
Field Y DST-1 10.6 10.0 17.4 22 by ARS; 22.4 by viscosity
curve
Field Y DST-2 7.3 -3.0 5.8 12.7 by viscosity curve

eas WAT | man-sisk interal

» J 399

5.07

Kinematic viscosity, mm'/s

o i B % @ %
Termperatisne, *C

Figure 7 - Field X DST-3 viscosity-
temperature relationship

32 { m. Parattia we s PPy

AT fower estimate, T

Paraffin content, wt-%
Wax appearance temperature, *C

Figure 8 - Organic-deposition constraints
across tested oils
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Emulsion stability as a produced-fluid handling
constraint

Emulsion behavior is a key produced-fluid
handling control factor for water-based, chemical,
and hybrid EOR methods. Field X artificial emulsions
retain up to 70% water, and Field Y DST-1 emulsions
retain up to 80% water. Field Y DST-2 behaves
differently: a stable emulsion does not form at 60-
90% water, indicating a less persistent emulsion
structure at high water content. The microscopy
results also show different globule-size ranges, with
Field Y DST-1 having the broadest range. This result
is important because increased water cut, surfactant
use, WAG cycling, or produced-water recycling
increases separation requirements even when
subsurface displacement is favorable. The emulsion-
screening results are summarized in Table 7 and
Figure 9.

Table 7 - Emulsion-screening results

Oil sample Maximum Aggregative stability behavior Globule-size
retained range, um
water, %

Field X DST-3 70 highest stability at 30-50% 19.6-31.7
water; relative decline at 60-
70%

Field Y DST-1 80 100% aggregative stability at all 17.7-73.9

water contents; maximum
stability at 50-70%

stable emulsion absents at 60-
90% water; high stability
preserved at 30%

Field Y DST-2 50 18.0-29.2

3 g B
|

8

e

Maximum retained water in stable emulsion, %
] &

-]

e

DsT:3 DST1

Figure 9 - Maximum retained water in stable
artificial emulsions

PVT recombination constraints for gas-based
and hybrid EOR

PVT recombination controls the validity of gas-
EOR and hybrid-EOR laboratory tests. For Field X,
associated gas analogues were used to reconstruct a
representative reservoir fluid at 18 MPa and 60.5 °C.
The recommended gas-oil ratio for the coreflood-
ready recombined fluid is not above 90 m3/t for the
selected analogue, corresponding to a
representative viscosity of approximately 1.2 cP.
This condition is used as a laboratory boundary to
avoid gas breakout during filtration experiments and

to ensure that gas-based screening reflects the
intended reservoir fluid rather than an unstable
experimental mixture. The corresponding PVT
recombination constraints are summarized in Table
8.

Table 8 - PVT recombination constraints for gas-EOR
screening

Gas-oil ratio Decision note
range, m*/t
Associated gas 70-95

analogue A

Viscosity Recommended gas-
range, cP oil ratio, m*/t
1.00-2.11 <90

Gas analogue

Selected for
recombined fluid
coreflood preparation
Recommended due to
operationally
convenient sampling
pressure

Associated gas 70-95/98 1.05-1.50 95 and below

analogue B

Filtration compatibility and injectivity risk

Filtration compatibility provides a link between
fluid chemistry and near-wellbore injectivity risk, but
it does not constitute an EOR displacement-
efficiency test. The tested alternative injection water
produced up to 7% permeability decline after
interaction with Field X brine and rock. Within the
supplied dataset, this endpoint is used only to
indicate that no larger permeability loss was
observed in the reported compatibility test;
qualification of water-based or hybrid EOR still
requires  method-specific  coreflood/injectivity
testing under representative saturation, rate, and
stress conditions. The filtration-compatibility
endpoint and its screening interpretation are
summarized in Table 9.

Table 9 - Filtration compatibility indicator

Test system Per
Alternative injection water up to 7% per
with Field X brine and rock reduction

ity response Screening interpretation

ceptable for further

screening

EOR method screening matrix
The laboratory results were integrated into an

ordinal integrity-qualification matrix across six
domains: corrosion, scale, organic deposition,
emulsion, PVT/phase behavior and filtration

compatibility. For method j and domain i, a coupling
score sij of 1, 2, or 3 was assigned: 1 = low direct
dependence on the domain within the available
evidence and routine verification only; 2 = moderate
or method-specific dependence requiring dedicated
qualification before a pilot; and 3 = strong/direct
dependence for which mitigation or validation is
mandatory before the method advances. Thus, the
score represents qualification burden, not predicted
recovery, economics, technical success probability
or incremental oil. Equal default weights (wi = 1/6)
were used because the supplied dataset provides no
defensible basis for preferential criterion weighting.
The raw score is Sj = Isij (range 6-18) and the
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normalized index is Rj = Swi-sij = Sj/6 (range 1-3).
Scores of 6-9 are interpreted as lower qualification
burden, 10-12 as moderate burden, and 13-18 as
high burden. These bands are decision-support
categories only and are not field-admissibility
thresholds. The resulting integrity-qualification
score matrix is presented in Table 10, while the
interpretation of the qualification burden and the
required next-stage evidence are summarized in
Table 11.

A one-at-a-time weight-sensitivity analysis was
added to test whether the ranking is an artifact of
equal weighting. Each criterion weight was
independently increased and decreased by 25%,
with all six weights renormalized to sum to unity,
giving 12 perturbed weighting cases. WAG retained
the highest normalized qualification-burden index in
every case (R = 2.44-2.57), and gas injection
remained second (R = 1.96-2.04). The other method
groups remained within R = 1.61-1.88. This analysis
demonstrates the robustness of the burden ordering
to moderate weight perturbation; it does not
validate EOR recovery performance. The
corresponding criterion-weight sensitivity results
are shown in Figure 10.

Table 10 - Integrity-constrained EOR screening score
matrix for Field X-Field Y

EOR method group Corrosion Scale Organic Emulsion VT Filtration Total
score

Conventional/modified 3 3 1 1 1 1 10
waterflooding
Low-salinity or engineered- 3 3 1 2 1 1 11
water flooding
Polymer flooding 2 3 1 2 1 1 10
Surfactant/alkali-surfactant 2 3 1 3 1 1 e
methods
Gas injection / miscible or 3 2 2 1 3 1 12
near-miscible gas
WAG / hybrid gas-water EOR 3 3 2 3 3 1 15
Thermal stimulation 2 2 3 1 1 1 10
Microbial / biochemical EOR 3 2 1 2 1 1 10

Table 11 - Interpretation of the integrity-qualification
matrix and required next-stage evidence

EOR method group Qualification-burden interpretation and next-stage

evidence

Conventional/modified
waterflooding

Moderate burden (S=10; R=1.67). Scale/corrosion control
must be qualified; displacement performance requires direct
coreflood or validated simulation.

Low-salinity or engineered-
water flooding

Moderate burden (S=11; R=1.83). Requires brine-rock
compatibility, sulfate control, and method-specific
wettability/displacement testing.

Polymer flooding Moderate burden (S=10; R=1.67). Requires polymer
stability/rheology in high-salinity/high-hardness brine,

retention/injectivity, and displacement corefloods.

Surfactant/alkali- Moderate burden (S=11; R=1.83). Requires phase behavior,
surfactant methods salinity compatibility, adsorption/retention,
emulsion/separation, and displacement testing.

Gas injection/miscible or
near-miscible gas

Moderate burden (S=12; R=2.00). Requires PVT/miscibility
qualification, corrosion/flow-assurance assessment, and
direct displacement or compositional-simulation validation.

WAG/hybrid gas-water High burden (S=15; R=2.50). Couples aqueous
EOR scaling/corrosion, emulsion, and gas-phase PVT constraints;
requires integrated coreflood, compositional simulation, and
pilot validation.

Thermal stimulation Moderate burden (S=10; R=1.67). WAT/viscosity data
support temperature sensitivity, but thermal feasibility, heat
loss, well/facility integrity, and displacement response were

not tested here.

Microbial/biochemical EOR Moderate burden (S=10; R=1.67). Requires

microbiology/SRB, souring, biocide compatibility, and direct

displacement validation before pilot consideration.

30
& 2.50
%25
% 2.00
£ 20 183 183
E 167 167 167 167
c ——
£ 15
W
£
210
g | |
2
= ; 1]
0.0 - . — L =
Waterfloed ~ Engineered  Polymer Surfactant! Gas WAG Thermal Microbial
water ASP

PO Bars: Mis-mase inchas rem £257% -t CRATION-wasgh? Parmrations; rot LIEOMIITY Measrsmen s,

Figure 10 - Normalized EOR qualification-burden index
under criterion-weight sensitivity. Error bars indicate the
minimum-to-maximum index obtained from +25% one-
at-a-time criterion-weight perturbations and do not
represent laboratory measurement uncertainty

Discussion

Implications for water-based methods

Conventional waterflooding and modified water
injections remain candidates for further evaluation
when BaS04 scaling and corrosion are controlled.
Field X-Field Y formation-water mixtures show zero
predicted precipitate at 60 °C in the supplied
calculation, whereas cooling increases predicted
precipitation. Consequently, any water-based EOR
design should include sulfate-barium compatibility,
oxygen management and corrosion inhibition,
followed by method-specific injectivity and
displacement testing. The temperature sensitivity is
particularly relevant to offshore systems where
reservoir, wellbore and surface temperatures differ
substantially.

Implications for chemical EOR

Chemical EOR requires targeted qualifications
because polymer, surfactant and alkali-surfactant
systems can be affected by salinity, hardness, scale
and emulsification. The present matrix does not
establish chemical-EOR displacement efficiency.
Instead, it defines the minimum follow-up program:
polymer viscosity retention in representative brines,
surfactant/alkali phase behavior, adsorption and
retention, injectivity, emulsion/separation
response, scale-inhibitor and corrosion-inhibitor
interference, and direct displacement coreflooding
before any pilot recommendation.

Implications for gas-based and hybrid methods

Gas injection and WAG remain candidates for
subsequent displacement evaluation after integrity
qualification. PVT recombination provides a
controlled fluid-preparation boundary, while the
organic-deposition dataset identifies Field Y DST-1 as
the most temperature-sensitive oil among the
tested samples. WAG has the highest integrity-
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qualification burden in the matrix (S=15; R=2.50)
because it simultaneously couples water-phase
scaling/corrosion, emulsion behavior and gas-phase
PVT constraints. This designation does not mean
that WAG has the highest EOR performance or the
highest probability of failure; it means that the

largest number of integrity domains require
method-specific qualification before recovery
performance can be evaluated.

Implications for thermal and

microbial/biochemical methods

The viscosity-temperature and WAT data show
that increasing temperature reduces the measured
viscosity of Field X DST-3 and moves the system
away from wax-appearance conditions; however,
the present dataset does not establish the recovery
efficiency of a thermal process. Thermal methods

therefore require dedicated heat-loss, well-
integrity, surface-facility, and displacement-
feasibility studies. Microbial/biochemical EOR

likewise requires SRB/biocide, souring-risk and fluid-
compatibility qualification followed by direct
displacement testing. These method groups are
retained as screening candidates rather than
declared technically admissible technologies.

Study scope, validation level and limitations

No direct oil-displacement experiments with
polymer, surfactant, gas, WAG, thermal, or microbial
systems, no reservoir-simulation cases, and no field-
pilot data are included in the supplied study dataset.
Consequently, the framework cannot quantify
recovery factor, incremental oil production, sweep
efficiency, miscibility benefit, or field economic
value. Its validated output is limited to organizing
the available laboratory compatibility evidence and
identifying the relative integrity-qualification
burden of method groups. The added weight-
sensitivity analysis tests robustness of the ordinal
decision layer, not physical EOR performance. The
appropriate next validation stage is method-specific
coreflooding and/or compositional reservoir
simulation, followed by a pilot where warranted. A
second limitation is incomplete legacy metadata for
several laboratory procedures; specimen
dimensions, preparation details, instrument models,
test duration, replicate counts, standard identifiers,
and instrument uncertainties should be recovered
from the original laboratory reports before claiming
full experimental reproducibility.

Scientific contribution

The contribution of this study is a transparent
pre-pilot decision layer that treats corrosion, scaling,
organic deposition, emulsion behavior, PVT stability,
and filtration compatibility as EOR qualification

domains rather than disconnected production-
chemistry observations. Unlike reservoir-property
screening or data-driven ranking, the framework
does not claim to identify the method with the
highest recovery. It identifies which candidate
methods are most strongly coupled to the
documented operational-integrity constraints and
therefore require the most extensive qualification
before displacement testing. The scoring definitions,
equal-weight assumption, burden thresholds, data-
type classification, and weight-sensitivity analysis
make the decision logic auditable and reduce
ambiguity between laboratory compatibility
evidence and EOR performance prediction.

Conclusions

An integrity-constrained pre-pilot EOR screening
workflow was developed for the Field X-Field Y
system using six laboratory domains: corrosion,
inorganic scaling, organic deposition, emulsion
behavior, PVT/phase stability, and filtration
compatibility. The workflow is an operational-
qualification gate and is not a displacement-
efficiency or recovery-factor model.

Corrosion is the most severe measured
infrastructure constraint in the supplied dataset.
Untreated rates reach 11.586 mm/year at the ESP
outlet and 2.942 mm/year at the wellhead; inhibitor
screening reduces the best reported test values to
0.107-0.112 mm/year, demonstrating the need for
chemical protection and field validation in any EOR
design that increases corrosive exposure.

Formation-water compatibility is temperature
sensitive. The supplied precipitation calculations
give zero precipitate at 60 °C for all Field X/Field Y
ratios but up to 18.849 mg/L at 30 °C for the 75/25
mixture. The broader marine-water case reaches a
predicted 58.79 mg/L under the evaluated low-
temperature/low-pressure condition.

Organic-deposition and emulsion data identify
Field Y DST-1 as the most restrictive tested oil for
flow assurance: paraffin content is 10.6 wt.%, WAT
evidence spans 17.4-22.4 °C, and artificial emulsions
retain up to 80% water. Field X DST-3 emulsions
retain up to 70% water.

Gas/hybrid laboratory preparation requires PVT
control. For the selected associated-gas analogue,
the supplied recombination evidence supports a
gas-oil-ratio boundary of <90 m3/t at 18 MPa and
60.5 °C to maintain the intended single-phase
preparation condition.

The filtration-compatibility record shows up to
7% permeability decline after interaction of the
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alternative injection water with Field X brine and
rock. This endpoint supports only compatibility
screening; it does not replace method-specific
injectivity or displacement coreflooding.

The revised matrix uses a defined 1-3 ordinal
method-domain coupling scale and equal criterion
weights. WAG has the highest qualification burden
(5=15; R=2.50), followed by gas injection (S=12;
R=2.00). Under +25% one-at-a-time criterion-weight
perturbations, WAG remains highest (R=2.44-2.57)
and gas injection remains second (R=1.96-2.04),
indicating robustness of the burden ordering to
moderate weighting changes.

The study does not contain direct EOR
displacement tests, reservoir simulation, or field-
pilot validation; therefore, no conclusion is made
regarding incremental oil recovery, recovery factor
or economic superiority of the screened methods.
The matrix identifies the qualification work required
before those performance questions can be
answered.

The next technical stage should combine
recovered laboratory metadata and replicate-level
uncertainty, method-specific displacement
corefloods, and—where gas or WAG is considered—

compositional
selection.

reservoir simulation before pilot

Data availability. The laboratory and calculation
data supporting the reported numerical results are
available from the author upon reasonable request,
subject to confidentiality requirements related to
anonymized field information. The current compiled
archive does not contain complete replicate-level
raw records and instrument metadata for every
legacy test; these items should be recovered from
the originating laboratory reports for full procedural
reproducibility.
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Aybip MYHaiNbl KapboOHaTTbl KONNIEKTOPAAP YLWIiH NaiiganaHy ceHimainiri
lweKTeynepiH eckepetiH EOR aaicTepiHiH 3epTXaHaNbIK CKPUHUHTI

'Huas6aesa A.B., 2Ismail M. Saaid
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TYWIHAEME

Makana kengi: 29 mayceim 2026 KYMbICTa

CapantamagaH eTTi: 29 winde 2026
KabbingaHapl: 8 kbipkyliek 2026

CYAbIH, XUMMANBIK Kypambl MeH YUAeCiMAiniriH Tangayapl, Kopposusa meH

MyHait eHajipyai apTTbipy (MO) agicTepiH CKpMHUHITEY aaeTTe KabaT neH daona KacueTtTepiHe,
bIFBICTBIPY MeXaHU3MAEpPiIHe KaHe MyHaW eHAIpYAiH, KyTineTiH aneyeTiHe HerisgenreH. Anainaa,
TEeXHWKaNbIK TypfblAaH Kypaeni TeHi3 xyhenepi ywiH
6eilopraHuKanblK Ty3gapablH, Weryi, OpraHUKanbik LWeriHainepai, 3Mynbcua TYPaKTbIbIFbIH,
$asanbiK TYPAKCbI3AbIKTbI XKaHE YHFbIMA MaHbl aiiMaFbiHbIH, 3aKbIMAAHYbIH eCKepy KaeT. byn
X-Y KeH opblHAAPbIHbIH, MHTerpaLmMsanaHfaH Kymeci ywiH nainganaHy ceHimainiriHix,
LeKTeynepiH eckepeTiH NUA0TKA AeNiHri 3epTxaHanblK CKPUHUHT aicTemeci a3ipaeHai. daicteme

SAiCTi TaHAAy KesiHAe KOpPPO3UAHbI,

NHrMbUTOPNAPALI

CblHayabl, NapaduHHiH Naitaa 6ony Temnepatypacbl (WAT) MeH TYTKbIP/IbIK AePEKTEPIH, IMYNbCUA
TYPaKTbIbIFbIH, PVT-peKoMBUHAUMACBIH KaHe cy3y yinecimainirin 6ipiktipeai. MHrMbuTopcoI3
KOPPO3UA blI4aMAbIFbl SN1EKTPAIK BaTbipMabl COPFbl WbIFbICbIHAA 11,586 MM/Xblnfa, YHFbIMa
cafacblHaa 2,942 mm/xbinfa xeTTi. Kabat cynapbl 60 °C-ta yinecimai 6onabl, an 30-50 °C-ta
HeriziHeH BaSO, weriHAjiciHiH, 6omkamabl menwepi aptTbl: 30 °C-Ta 75/25 Kocnachbl ywiH 18,849
Mr/A, an TeHi3 cybl cueHapuitinge 58,79 mr/n-re aeitin. Field Y DST-1 opraHuKanbik, weriHainep
6oibIHWa eH, weKTeywi myHai 6onapl: napadpuH menwepi 10,6 macc.%, WAT 17,4-22,4 °C.
WacaHgbl amynbcuanap Field X DST-3 ywiH 70%-fa, Field Y DST-1 ywiH 80%-fa aeliH cyabl ycran
Kanabl. TaHaanfFaH inecne ras aHanorbl ywiH 6ipdasansl pekombuHauma weri 18 MMMa skaHe 60,5
°C-ta <90 m*/T 6onapl. ANTbl KOMNOHEHTTI MaTPULLA MYHal OHAIPYAIH paHXMUpAeY Kypasbl eMec,
TEH, Ca/IMaKTbl PeTTiK KBaMUKALMANBIK KYKTEMe UHAEKCI peTiHae KailTa Kypbingpl; eH XKofapbl
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*yKkTeme WAG yLWiH aHbiKTangapl (S=15; R=2,50) kaHe KpuTepuii canmakTapbiH +25% KesekneH
e3repTkeHae Ae cakTanabl. daicteme coreflood cblHaKTapbl, KOMNO3ULMABIK MOAENbAEY KaHe
NMUNOTTbIK BannZauMa angplHAa KaXKeTTi nakanaHy CeHiMAiNiri wekteynepi MeH 3epTxXaHanbiK,
KBanNPUKaLMAHbI aHbIKTalAbl, 6ipaK KOCbIMLIA MyHaW eHAipiniyiH caHAbIK Typae 6aFfanamangpl.

TyliiH ce30ep: myHait eHAipyai apTTbipy, MBA CKpUHWHTI, Koppo3usa, 6apuit cynbdaTsl WeriHaici,
napaduH naiga 6oy Temnepatypacol, PVT TypaKTbiibIfbl.
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NabopaTopHbI CKPUHUHT METOA0B yBeNMYeHUa HePpTeoTAauu ¢ yueTom
OorpaHuUyeHuii aIKcnayaTauMOHHON HaAeXHOCTU ANA TAXKenoHePTAHbIX
KapbOHaTHbIX KON/IEKTOPOB

! Huas6aesa A.b., ’Ismail M. Saaid

1 Ameipayckuli yHusepcumem Hegpmu u 2a3a, Ameipay, KasaxcmaH
2TexHonozu4eckull yHusepcumem MNETPOHAC, Cepu UckaHdap, Manalizus

AHHOTAUMA

CKPUHUHT MeToL0B yBenuueHus Hedbteotgaum (MYH) obbl4HO OCHOBaH Ha CBOMCTBaX maacta u
GNOMA0B, MeXaHW3Max BbITECHEHUA U OXMAIEMOM MoTeHuuane Hedreotgaun. OgHako AnA
TEXHUYECKU CNOXKHBIX MOPCKMX CUCTEM BbIGOP METOAA AO/MKEH TaKKe YYMTbIBaTb KOPPO3MIO,
CO/IEOT/IONKEHUE, OPraHUYECKUE OTIOKEHUA, YCTOMUYMBOCTb IMY/IbCKit, $pa3oByto HecTabuabHOCTb
1 nospexaeHne npusaboiHoli 30Hbl. B pabote paspaboTaH NpeanuAOTHbIM NabopaTopHbIi
CKPUHWUHT  ONA WHTErpupoBaHHON CUCTEMbI MECTOPOXAEHUM X-Y C y4yeToM OrpaHu4eHui
9KCNNYaTaLMOHHON HAAEKHOCTU. MeTogMKa 06beAMHAET aHaIN3 XMMUU U COBMECTUMOCTM BOA,
KOPPO3UOHHbIE U UHTMBUTOPHbIE UCMbITAHWA, AaHHbIE MO TemnepaType NosBaeHUa napaduHos

Noctynuna: 29 utoHa 2026 (WAT) 1 BA3KOCTM, YCTOMYMBOCTU 3MYNbCUIA, PVT-peKombuHaumm U  GUNLTPALMOHHOM
PeueH3nposaHue: 29 urona 2026 coBMecTMMOCTM. CKOPOCTb KOppo3un 6e3 nHrmbutopa aocturana 11,586 mm/rog Ha Bbixoge 3LH
MpuHaTa 8 Nevatb: 8 ceHmabpa 2026 1 2,942 mm/rop, Ha ycTbe. CMelleHrne NAacToBbiX Bog, 6b110 coBMecTUMbIM Npu 60 °C, Toraa Kak

npu 30-50 °C Bo3pacTano NporHo3Mpyemoe BbinageHue npemmyliectseHHo BaSO4: po 18,849
mr/n npm 30 °C ana cmecu 75/25; B cueHapmm ¢ MopcKoi Bogon — ao 58,79 mr/a. Field Y DST-1
XapaKTepn3oBancs HaMboMbLUMM PUCKOM OPraHWYecKUx OoTioxeHwi: 10,6 macc% napaduHa u
WAT 17,4-22,4 °C. cKyccTBEHHbIe amynbcun yaepkueanu go 70% soabl ans Field X DST-3 n 80%
ona Field Y DST-1. [Ona BblbpaHHOro aHasora MOMYTHOTrO rasa rpaHuua opHodasHow
pekombuHaumum cocrasuna <90 m3/T npu 18 MMa u 60,5 °C. LLecTUKOMNOHEHTHaA maTtpuua
npeacTaB/eHa Kak paBHOB3BELLEHHbIN NOPAAKOBbIN UHAEKC KBaNMOUKALMOHHOM HArpysKku, a He
KaK MHCTPYMEHT PaHXMpPOoBaHUA HepTeoTAaum; MaKCMManbHas Harpyska yctaHosseHa ana WAG
(5=15; R=2,50) 1 coxpaHanacb npu £25% nooyepeHOM U3MEHEHUN BECOB KpUTepnes. MeToamKa
onpegenser OrpaHWYeHWA 3SKCNAyaTaUMOHHOM HageXHoCcTM U obbem nabopaTopHoi
kBanuodukaumm nepes coreflood-ucnbiTaHMAMM, KOMNO3ULMOHHBIM  MOAE/NMPOBAHUEM WU
NUAOTHOW Banuaaumen, Ho He KOANMYECTBEHHO OLLeHUBAET NPUPOCT HedTeoTaauMN.

Kmouesble cnoea: nosbilueHne HedTeoTaaun, MYH-CKPUHMHT, SKCNNyaTaUMOHHAA HA4EXHOCTb,
Kopposus, cynbdat 6apus, Temnepartypa noasneHns napapuHos, PVT-cTabuabHOCTD.
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