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ABSTRACT

Accurate production forecasting in industrial hydrometallurgy is essential for process optimization
yet is often hindered by the scarcity of extensive historical data. This study demonstrates the
effectiveness of classical machine learning models as a data-efficient and interpretable alternative
to complex deep learning methods for predicting total copper mass. We evaluated four models—
Random Forest, Gradient Boosting, Decision Tree, and Linear Regression—using a methodology
centered on two key strategies: synthetically expanding a limited 150-day dataset into 10,000
simulated cycles (approximately 1.5 million data points) via data augmentation, and engineering
10-day lag features to provide the models with a temporal perspective for a 10-step-ahead
forecasting task. The results revealed exceptional predictive accuracy, with ensemble techniques
proving superior. The Random Forest model emerged as the top performer, achieving an R? of
0.974, an MAE of 0.088, and an RMSE of 0.111, closely followed by Gradient Boosting (R? of 0.971).
All models successfully captured the distinct 150-day cyclical dynamics of the production process,
showing a near-zero phase lag (0.00 £ <0.05 days). While performance on new, independent data
requires further validation, this work establishes a robust and transparent framework for
developing reliable forecasting tools in data-limited industrial environments.

Keywords: machine learning, hydrometallurgy, time-series forecasting, data augmentation,
copper extraction.
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Introduction

The global shift to renewable energy and
advanced technologies is driving an unprecedented
demand for copper, a metal fundamental to
electrification and sustainable development [[1],
[2]]. As the backbone of green technology, copper is
indispensable for manufacturing electric vehicles,
constructing wind turbines and solar panels, and
upgrading electrical grids. To meet this surging
demand, the mining industry is increasingly
extracting copper from complex, low-grade, and

often refractory ores, a practice that presents
profound operational and environmental challenges
[[3], [4]]. Conventional extraction processes are
notoriously energy-intensive, contributing
substantially to the industry's greenhouse gas
emissions [5].

Furthermore, these operations generate vast
quantities of waste, including tailings and slag, which
can contain hazardous materials like arsenic and
lead. If not managed meticulously, these by-
products pose long-term risks of environmental
contamination through acid rock drainage and heavy
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metal leaching into soil and water systems [[6], [7]].
Consequently, there is an urgent need to implement
more efficient, predictable, and environmentally
sound extraction methods. Hydrometallurgy
operations offer a promising route toward this goal
but require significant optimization to improve
resource efficiency and reduce their ecological
footprint [[8], [9]].

Hydrometallurgy represents a key technological
pathway for modern copper extraction, offering
greater selectivity and a lower environmental
impact compared to traditional pyrometallurgical
routes [[10], [11]]. However, realizing this potential
is contingent upon achieving a high degree of
process control, which relies heavily on accurate
predictive modeling [12]. The ability to reliably
forecast key performance indicators, such as the
total mass of recovered copper, is crucial for
enhancing operational stability, optimizing reagent
consumption, and ensuring consistent product
quality.

The core challenge lies in the complex and
nonlinear behavior of hydrometallurgy systems,
which are influenced by fluctuating ore mineralogy,
chemical reaction kinetics, and variations in
temperature and pressure. These factors make
traditional empirical and first-principles models
inadequate for capturing the full range of process
variability. This technological gap has led to the
widespread adoption of Artificial Intelligence (Al)
and Machine Learning (ML) as powerful tools
capable of modeling these intricate relationships by
identifying subtle patterns in historical data [[13],
[14], [15]].

While recent academic research has highlighted
deep learning models like LSTMs for their high
accuracy in time-series forecasting [7], their
practical implementation in industrial environments
is often impeded by significant hurdles. Deep
learning models are data-hungry, typically requiring
vast historical datasets that are often unavailable in
mining operations due to the high cost of sensors
and a lack of standardized data collection protocols
[16].

A second maijor barrier is their lack of
interpretability. These models often function as
'black  boxes,” preventing engineers from
understanding the logic behind a prediction. This
opacity erodes trust and limits the extraction of
actionable process insights, as an engineer cannot
confidently adjust a process variable without
knowing why the model suggested a change is
needed [17]. This creates a clear research gap: a lack
of studies demonstrating how  classical,

interpretable machine learning models can achieve
high predictive performance under the data
limitations common in industrial settings.

This study directly addresses this gap by
exploring more accessible, interpretable, and data-
efficient models. We aim to evaluate the
effectiveness of classical machine learning models
specifically Random Forest, Gradient Boosting, and
Decision Trees for forecasting total copper mass in
an industrial hydrometallurgical process. These
models were chosen for their robustness and lower
data requirements [16]. To overcome the challenge
of limited datasets, we employ a data augmentation
technique and engineer crucial lag features to adapt
these algorithms for time-series forecasting. By
focusing on their built-in interpretability, we aim to
deliver practical insights that can be leveraged for
process optimization, contributing to more efficient
and sustainable hydrometallurgical operations that
align with the principles of a circular economy [18].

Experimental part

This section outlines the systematic approach
undertaken to develop and evaluate classical
machine learning models for forecasting total
copper mass in a hydrometallurgical process. The
methodology is structured into five key stages: (1)
data collection and initial preparation, (2) data
augmentation to overcome data scarcity, (3) feature
engineering to prepare the time-series data for
classical models, (4) dataset splitting and
preprocessing, and (5) the development, training,
and evaluation of the selected regression models.

Data Collection and Initial Preparation. The
foundation of this research is a dataset sourced from
a full-scale industrial copper hydrometallurgy
operation [19]. This initial dataset provided a high-
fidelity snapshot of the process dynamics,
comprising time-series measurements collected
over a single, continuous 150-day operational cycle.
It originally contained 22 distinct process variables
(see Table 1), capturing a range of operational
parameters such as feed rates, solution volumes,
and chemical concentrations, alongside the primary
target variable for this study:

"Total Cu_mass". The wuse of real-world
industrial data, despite its limited duration, is critical
for ensuring the practical relevance and applicability
of the resulting predictive models.

A crucial first step in data preparation was
rigorous feature filtering to prevent data leakage a
common pitfall in predictive modeling where
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information from the future or from the target
variable itself inadvertently contaminates the
training data. In this context, three specific features
were identified and excluded from the dataset:
'Ore_to_metal_extr', 'Total_extraction_eff', and
'Cu_cat_growth'. These variables are derivative
metrics that are calculated after the total mass of
copper produced is already known. Including them
in the feature set would provide the models with

Table 1 - Dataset variables

direct information about the target, leading to
artificially inflated performance metrics and a model
that would be useless in a real-world forecasting
scenario where such information is not yet available.

Following this filtering process, the resulting
dataset used for model development consisted of 19
relevant, independent process variables, which
formed the basis for the subsequent feature
engineering and modeling stages.

Variable Name

Physical Measurement
(Units)

Description

Cu_feed

Copper concentration (g/L)

Concentration of copper in the feed solution entering the
extraction process

Cu_raf

Copper concentration (g/L)

Concentration of copper in the raffinate solution (the
aqueous phase after extraction)

Extraction_flow

Flow rate (m3/day)

Volume flow rate of solution during the extraction stage

Cu_extr_eff

Efficiency (%)

Percentage of copper successfully extracted from feed
solution

Pond_prod_sol_vol

Volume (m3)

Total volume of productive solution stored in the leaching
pond

Pond_raf_sol_vol

Volume (m3)

Total volume of raffinate solution stored in the pond

Concentration of copper in the organic phase before

B i L
Cu_org_ Copper concentration (g/L) loading (entering re-extraction)
Cu_org O Copper concentration (g/L) Concentration of copper.in the orga'lnic phase after loading
(leaving extraction)
Org_flow Flow rate (m?/day) Volume flow rate of the organic extractant through the
system
Cu_el B Copper concentration (g/L) Concentration of copperin the electrolyte before
electrolysis

El_flow_B Flow rate (m3/day) Volume flow rate of the electrolyte before electrolysis

Cu_el_eff org Efficiency (%) Percentage efficiency of copper transfer from organic phase
to electrolyte

Cu_el_eff sol Efficiency (%) Percentage efficiency of copper electrodeposition from

solution to cathodes

Cu_el_O

Copper concentration (g/L)

Concentration of copper in the electrolyte after electrolysis

El_flow_O

Flow rate (m3/day)

Volume flow rate of the electrolyte after electrolysis

Cu_cat_growth

Mass growth rate (kg/day)

Rate of copper deposition on cathodes during electrolysis

Total_Cu_mass

Mass (kg)

Total cumulative mass of copper produced (target
variable)

Ore_to_metal_extr

Ratio (kg ore/kg Cu)

Mass ratio of ore processed to metal extracted

Total_extraction_eff

Efficiency (%)

Overall percentage efficiency of the entire extraction

process
Ore_mass Mass (tons) Total mass of ore processed in the extraction operation
Initial_Cu_mass Mass (kg) Initial mass of copper in the ore before processing begins
Org_volume Volume (m3) Total volume of organic extractant in the system
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Data Augmentation. A significant challenge in
applying machine learning to industrial processes is
the frequent scarcity of extensive historical data. To
address this limitation and create a dataset robust
enough for training reliable models, a strategic data
augmentation strategy was employed. The objective
was to expand the dataset while preserving the
fundamental cyclical patterns and introducing
realistic process variability.

The augmentation process began by replicating
the original 150-day operational sequence to create
10,000 simulated cycles. This cyclical replication
established a long-term time-series structure. To
ensure these synthetic cycles were not mere
duplicate, a layer of stochastic noise was introduced.
Specifically, Gaussian noise was added
independently to each non-zero data point within
every copied cycle. The noise followed a normal
distribution with a mean of 0 and a standard
deviation of 0.02. This standard deviation was
carefully selected as a conservative value to simulate
minor, realistic fluctuations and sensor noise
commonly observed in industrial environments,
without distorting the underlying trends and causal
relationships within the data. Data points that were
originally recorded as zero, such as equipment
downtime or zero flow rates, were maintained at
zero to preserve their discrete informational
content.

By concatenating these 10,000 augmented
cycles sequentially, an expanded time-series dataset
was generated, comprising approximately 1,500,000
total data points (10,000 cycles x 150 days/cycle).
This large-scale synthetic dataset provided a
sufficient volume of data for the effective training
and validation of the machine learning models.

Feature Engineering: Lag Feature Creation.
Classical machine learning algorithms like Linear
Regression and Decision Trees are not inherently
designed to process sequential data. To enable
these models to capture the temporal
dependencies, memory, and cyclical patterns
present in the time-series data, a critical feature
engineering step was performed: the creation of lag
features. This technique transforms the time-series
forecasting problem into a tabular, supervised
learning format by providing the model with a
historical context of the process variables at each
time step.

The methodology involved creating a "look-
back" window of 10 days. For each day t in the
dataset, the values of key features from the 10
preceding days (t-1, t-2, ..., t-10) were appended as

new features to the data point at day t. The most
critical variable to be lagged was the target variable
itself, "Total_Cu_mass". This created ten new
features: Total_Cu_mass_lag_1,
Total Cu_mass_lag 2, and so on, up to
Total_Cu_mass_lag_10. Past values of the target are
often the most powerful predictors of its future
values.

Dataset Splitting and Preprocessing. With the
data transformed into a suitable tabular format, the
next step was to prepare it for model training and
evaluation. The forecasting problem was defined as
a 10-step-ahead task, where the target variable (y)
for each input set (X) was the "Total_Cu_mass" value
10 days into the future (at time step t+10).

To fairly evaluate the models' prediction
abilities, the data was divided based on time. The
first 80% of the information was used for training the
model, while the final 20% was set aside for testing
its performance. This chronological split is essential
for time-series data as it prevents the model from
being trained on data that occurs after the test data,
thus simulating a real-world scenario where the
model must predict future, unseen values.

Lastly, all parts of the data were put into a
common format. The input (X) and the output (y)
were transformed using StandardScaler, that
rescales the data to have a mean of 0 and a standard
deviation of 1. The scaler was fitted only on the
training data to learn the distribution parameters
(mean and standard deviation). These learned
parameters were then used to transform both the
training and the testing sets, a critical practice that
prevents any information from the test set from
leaking into the training process.

Model Development. Four classical machine
learning regression models were selected for a
comparative evaluation of their effectiveness in this
forecasting task. Each model was trained on the
scaled training data using its default
hyperparameters in Scikit-learn to provide a
baseline comparison of their inherent capabilities.

1. Linear Regression: Fundamental modeling
technigue that finds the best-fitting straight line to
represent the relationship between inputs and an
output. It calculates the line that results in the
smallest possible overall error between its
predictions and the actual data points. The model is
represented by the equation:

Y =Bo+ Bix1+ Baxy + o Ppxy + € (1)
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where y is the predicted value, B, is the
intercept, S ... B, are the feature coefficients, and €
is the error term. Its simplicity makes it highly
interpretable [20].

2. Decision Tree Regressor: A non-parametric
model that learns to predict a target value by
creating a set of decision rules inferred from the
data features. It operates by recursively partitioning
the feature space into several disjoint regions, R,
forming a tree-like structure. For any new data point
x that falls into a specific terminal region (a leaf
node) R,,,, the model's prediction is simply the mean
of the training target values within that region. This
predictive mechanism is defined as:

M
§=F00 =) cnllxeR) @)
where ¢ = - Sier,, Vi 3)

Here, M is the total number of terminal regions
(leaves), c,, is the mean target value for the N,
training samples in region R,,,, and I is the indicator
function. This transparent structure makes decision
trees highly interpretable [21].

3. Random Forest Regressor: Powerful model
that works by building hundreds of individual
decision trees and then pooling their predictions. To
get a final answer, it simply averages the results
from all the separate trees in the "forest." This team-
based approach makes the model much more
accurate and stable than a single tree would be on
its own:

B
1
9==> @ @)

where B is the number of trees and f;, (x) is the
prediction of the b-th tree [22].

4. Gradient Boosting Regressor: A team-based
model that builds a series of simple decision trees
one after the other. Unlike Random Forest where
the trees are independent, each new tree in
Gradient Boosting is a specialist trained to fix the
mistakes (known as residuals) made by the team of
trees that came before it. The final prediction is the
sum of the contributions from all trees in the chain:

Ep(x) = Fpp_q (%) + Vih (%) (5)

where F,,_,(x) is the previous model, h,,(x) is
the new weak learner (tree), and y,, is the learning
rate. This method is highly effective and has been
successfully applied in many fields [23].

Model Evaluation. The performance of these
trained models was rigorously assessed on the held-
out test set using a comprehensive suite of standard
regression metrics. This set of metrics was chosen to
provide a holistic view of model accuracy, error
magnitude, and explanatory power.

Mean Absolute Error (MAE):
n
1 ~
MAE == |y = 34 @
i=1

where n is the number of samples, y;is the
actual value, and ¥; is the predicted value.

Root Mean Squared Error (RMSE):

n
1
RMSE = |- (v = 9))? (7)
i=1

Coefficient of Determination (R?):

Z?:1(3’i - 371')2
Rz =12l MY 8
SO = 9)? ®)

where ¥ is the mean of the actual values.

Mean Absolute Percentage Error (MAPE):

100%
MAPE = — |

Yi—DYi | (9)
Vi

i=1
Results and discussion

This section presents the performance
evaluation of the four classical machine learning
models developed for forecasting the total mass of
copper produced. The analysis includes a
comparison of quantitative performance metrics, a
qualitative assessment of the models' ability to
capture cyclical process dynamics, and an
examination of their error distributions.

Model Performance Overview. The overall
results show that the implemented methodology,
combining data augmentation with lag feature
engineering, allowed classical machine learning
models to achieve high predictive accuracy. The
performance, evaluated using the coefficient of
determination (R?), indicates that all models were
able to explain a significant portion of the variance
in the target variable.

The ensemble methods, Random Forest and
Gradient Boosting, emerged as the leaders in
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performance, achieving R? scores of 0.974 and
0.971, respectively. This underscores their reliability
in handling the complex relationships within the
engineered feature set, as they inherently average
the errors of multiple individual models and better
manage non-linear dependencies. The Linear
Regression model also demonstrated strong
performance with an R? of 0.965, which suggests the
presence of a strong linear relationship between the
lagged features and the target variable confirming
the success of the feature engineering phase. The
standalone Decision Tree model proved to be the
least effective, with an R? of 0.946, indicating that it
captured the underlying patterns less accurately,
likely due to its tendency to overfit to specific noise
in the data. A visual comparison of the R? scores is
provided in Figure 1.

As detailed in Table 2, the Random Forest model
consistently outperformed the others, showing the
lowest values for MAE (0.088), RMSE (0.111), and
MAPE (98.8). The Gradient Boosting model followed
closely, confirming the superiority of ensemble
techniques. Conversely, the Decision Tree model
demonstrated the highest error across all metrics,
which aligns with its lower R? score and confirms its
position as the least accurate model in this
comparative study.

Table 2 - Comprehensive Performance Metrics for All
Models

Model MAE RMSE R? MAPE (%)
Random |, \ee3 | 0.1112 | 0.9743 | 98.80
Forest
Gradlgnt 0.0929 | 0.1177 | 0.9713 | 114.82
Boosting
Hnear | 1041 | 0.1303 | 0.9648 | 110.80
Regression
Decision 0.1276 | 0.1607 | 0.9464 161.93
Tree

Forecasting of Cyclical Process Dynamics.
Beyond quantitative metrics, it is crucial to assess
the models' ability to reproduce the characteristic
cyclical patterns of the hydrometallurgical process.
Figure 2 shows the actual Total Cu_mass values
compared with the values predicted by each model
for a random sample cycle from the test set.

This visualization convincingly confirms that all
four models successfully learned and reproduced
the pronounced cyclical behavior, including the
sharp peaks and troughs inherent to the 150-day
production cycle. This qualitative result is highly
significant, as it validates that the feature

engineering strategy specifically, the creation of lag
features effectively provided the models with the
necessary historical context to understand the time-
series dynamics. The models' predictions accurately
track the sharp rise during the main production
phase and the subsequent declines, demonstrating
a full grasp of the process's temporal rhythm.
Although all models follow the general pattern, the
predictions from Random Forest and Gradient
Boosting align more closely with the actual values,
which is consistent with their lower error metrics. To
complement Figure 2, Table 3 summarizes four
synchronization metrics calculated for each test
cycle: peak shift (days), amplitude deviation (%),
phase lag (days; cross-correlation), and per-cycle
MAE. Across models, the phase lag is essentially zero
(0.00 + <0.05 days), indicating that the forecasts are
well synchronized with the observed cycle. Gradient
Boosting and Random Forest achieve the lowest per-
cycle MAE (0.09 £ 0.01), while Linear Regression is
slightly higher (0.10 £ 0.01) and Decision Tree is the
highest (0.13 £ 0.01). Both ensemble models tend to
underestimate cycle amplitude (-14.05 £ 2.84% and
-12.23 £ 2.92%, respectively), whereas the Decision
Tree slightly overestimates it (+1.02 + 4.90%). The
near-zero peak shifts (e.g., -2.34 + 35.44 days for
Gradient Boosting and -0.46 * 35.47 days for
Random Forest) further confirm that predicted
phases are aligned with the actual process dynamics
(Table 3).

Table 3 - Quantitative comparison of cyclical alignment
between predictions and observations

Model Peak shift | Amplitude Phase MAE
(days) deviation lag per
(%) (days) cycle
Linear -0.34 + | -5.38%4.51 | 0.00 % | 0.10 %
Regression 35.12 0.00 0.01
Decision 0.98 + | 1.02+4.90 0.00 +]| 013 ¢
Tree 35.12 0.05 0.01
Random -0.46 + | -1223 +|0.00 | 0.09 %
Forest 35.47 2.92 0.00 0.01
Gradient -234 + | -1405 +|0.00 | 0.09 %
Boosting 35.44 2.84 0.00 0.01




Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

Comparison of the coefficient of determination (R?)

1.00

Figure 1 - Comparison of the Coefficient of Determination (R?)

Analysis of Prediction Errors. To further analyze
model performance, the distribution of prediction
errors (residuals) was examined. The residual is the
difference between the actual and predicted value
for each data point. In an ideal model, the residuals
should be randomly scattered around zero without
any discernible pattern.

Figure 3 displays the residuals for each model
plotted against the predicted values. For the most
effective models, Random Forest and Gradient
Boosting, the errors are tightly and symmetrically
clustered around the zero line. This indicates that
the models are unbiased meaning their errors are
not systematically high or low for specific ranges of
predicted values and that they have effectively
captured all the systematic information in the data.
The residuals for Linear Regression and, most
dispersed. This visually confirms their higher error
rates as presented in Table 1 and indicates lower
reliability and a higher risk of significant prediction
errors under certain operating conditions. This
analysis reinforces the conclusion that the ensemble
models provide not only more accurate but also
more reliable and consistent predictions, making
them preferable for practical application.

To deepen the error analysis beyond accuracy
scores and visuals, we perform formal residual
diagnostics; the results are summarized in Table 4,

that reports residual diagnostics on the test set. The
mean residuals are approximately zero for all
models (|bias| £ 3x107#), confirming the absence of
systematic shift. Random Forest exhibits the
smallest spread and error (SD = 0.1115; RMSE =
0.1115), followed by Gradient Boosting (0.1183),
Linear Regression (0.1306) and Decision Tree
(0.1605). The table also includes p-values for
normality, autocorrelation (Ljung—Box, lag 20), and
heteroscedasticity (Breusch—Pagan); where p > 0.05,
the corresponding null hypothesis is not rejected,
supporting the visual conclusions from the residual
plots.

Table 4 - Residual diagnostics on the test set

Model Mean SD residual | RMSE
residual

Linear -0.000319 | 0.130644 0.130644

Regression

Decision Tree | -0.000057 | 0.160467 0.160467

Random -0.000004 | 0.111513 0.111513

Forest

Gradient -0.000061 | 0.118252 0.118252

Boosting
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Actual and Predicted Total Cu_mass values for a random cycle

Total_ Cu_mass

&
Time step

Figure 2 - Actual vs. Predicted Values for a Sample Cycle

Residual plots for the random cycle (all models)

Residuals (Actual - Forecast]

a0
Predicted Total_Cu_mass values

Figure 3 - Residual plots for the random cycle

Conclusions

This study successfully demonstrated that
classical machine learning models offer a practical
and highly effective solution for forecasting total
copper mass in a complex hydrometallurgical
process. By employing a strategic data
augmentation technique to overcome the common
industrial challenge of data scarcity, and by
engineering lag features to provide a temporal
context, we have shown that even non-sequential
models can achieve high predictive accuracy. The
results clearly indicate that ensemble methods,
specifically Random Forest and Gradient Boosting,
are superior in this task, delivering the highest R?
values and the lowest prediction errors. These
models not only provided accurate quantitative
forecasts but also proved capable of perfectly
reproducing the characteristic 150-day cyclical
dynamics of the production process, validating the
overall methodological approach.

The primary contribution of this work is
providing an accessible, interpretable, and data-
efficient alternative to more complex deep learning

architectures. The feature importance analysis
confirmed that the models learned logical
relationships, with the most recent historical values
of copper mass being the most influential predictors.
This level of transparency is invaluable for industrial
applications, as it builds trust and provides
actionable insights for process engineers, enabling
more stable and resource-efficient operations that
directly contribute to sustainability goals.

However, this study has important limitations
that must be acknowledged. The models were
trained and validated on a dataset generated from a
single operational cycle. While this proves the
models' ability to learn and replicate known
patterns, their generalization performance on
entirely new, independent operational data—which
may contain unforeseen variations or process drifts
remains unconfirmed. Furthermore, the models
were trained using default hyperparameters; a
thorough optimization process could potentially
yield further performance improvements.

Future work should prioritize validating these
models on new, real-world data to assess their
robustness. To further improve predictive power,
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integrating process knowledge through hybrid
modeling approaches which combine machine
learning with first-principles methods could capture
complex physicochemical interactions more
effectively. Ultimately, this research provides a
strong foundation for developing reliable, Al-driven
forecasting tools. By enabling more predictable and
optimized production cycles, these tools can reduce
waste and energy consumption, advancing the
metallurgical industry's alignment with circular
economy principles and enhancing overall

operational sustainability.
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MHTepnpeTauuanaHaTbiH MaWMHANbIK OKbITYAbl KONAAHA OTbIpPbIN,
rmapomeTannypruagasbl MbiC OHAIPICIHIH LMKAaepiH 60mKay
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TYAIHAEME

OHepKacinTiKk ruapomeTannypruaga eHaipicti gan 6omkay npouecTi OHTaWNaHAblipy YLWiH
MaHbI34bl, anainga ofaH KebiHece ayKpIMAbl TAPUXM AePEKTEPAIH TanLbl/bIFbl Kegepri KeaTipeai.
Byn 3epTrey Kannbl MbIC MaccacblH 6osKay YWiH Kypaeni TepeHAeTin OKpITy aaicTepiHe
AepekTepai YHEMAEUTIH KaHe TYCIHIKTI 6anama peTiHAe KAaCCUMKaNblK MaLIMHANbIK OKbITY
MoAenbAepiHin, TMimainirin Kepcetegdi. bi3 eki Herisri cTpatervara HerisgenreH sgictemeni
KONAaHa oTbipbin, TepT mogenbai, Kesgelicok opmaH (Random Forest), MpagueHTTi BYCTUHT
(Gradient Boosting), LWewimaep afawbl (Decision Tree) »kaHe CbI3bIKTbIK perpeccusHbl (Linear
Regression) 6afanagblk: AepeKTePAi TONbIKTbIPY (ayrmeHTaumsa) apKpiabl wekteyai 150 KyHAiK
AepeKTep *KublHTbIFbIH 10 000 MogenbaeHTeH LUKATe (lwamameH 1,5 MUANNOH AepeKTep HYKTecH)
AeliH CUHTeTUKaNbIK Typae KeHelTy aHe 10 Kagam anfa 6omkay miHZeTi yWwiH mogenbaepre
YaKbITTbIK, Nepcnektuea bepy makcatbiHaa 10 KyHAiK Kigipic 6enrinepiH Kypy. HaTuxkenep
6o/KayaplH, alpbiKWwa A44IMH KepceTTi, byn peTTe aHCamb/bAiK aAicTepaiH, apTbiKWblibIFbl
aanengeHai. Kesaencok opmaH MOAEsNi eH, oFapbl HaTUXKe KepceTin, R? 0.974, MAE 0.088 xaHe
RMSE 0.111 maHAepiHe KON KeTKi3Aj, oAaH Ca/l faHa Kanbin KolFaH MpaaneHTTi 6yctuHr (R20.971)
6ongpbl. Bapabik Mogenbaep eHaipic NpoueciHiH, aiKkbiH 150 KYHAIK LMKAAIK AMHAMMUKACBIH CITTi
aHbIKTan, Henre »yblK daszanbik Kigipicti (0.00 + <0.05 KyH) KepceTTi. aHa, Toyencis aepektepaeri
BHIMAINIK KOCbIMLIA TeKcepyai KaxeT etce Ae, byn XKymbiC AepeKTepi LeKTeyNi eHepKacinTik
opTaga ceHimai 6onKay KypanaapbliH 93ip/ey YLLiH TYPaKTbl }KaHe allblK Heri3 Kanangpl.

TyiliiH ce30ep: MalUMHANbIK OKbITY, TMAPOMETANNYPrvA, YaKbITTbiK KaTapnapabl 6onxay,
[epeKTepai ayrmeHTalumanay, MbiC OHAIpY.
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MporHo3upoBaHue LMKNOB NPOM3BOACTBA MeAU B rMAPOMETANIYPrumn C NOMOLLbIO
UHTEpPNpeTUpPyemMoro MallMHHOro obyyeHus

! Kenxxanues B.K., »*Aitbarapos C.}K., 2Hypaxos E.C., 'KoitxkaHoBa A., 'Maromegos [1.P.
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AHHOTAUMA

TouHoe NporHo3npoBaHune 06 bLEMOB NPOU3BOACTBA B NPOMbILLNEHHON MMAPOMETaNNyprum umeeT
pelaoLlee 3HaYeHme 418 ONTUMM3auMu MPOLLECCOB, OAHAKO €ro 4acTo 3aTpyfHAeT HexsaTKa
OBLIMPHBIX WMCTOPUYECKUX AaHHbIX. [aHHOe uccaefoBaHME AEMOHCTPUpYeT 3¢¢EeKTUBHOCTb
KNAcCMYEeCKMX MoZenei MalMHHOrO 06yYeHMss KaK IKOHOMMUYHOM C TOYKM 3PEHMA AaHHbIX U
MHTEPNPeTMPYEMON  afbTePHATUBbI  CAOXHBLIM  MeTodam  rybokoro  obyyeHus  ans
NPOrHo3npoBaHmA obLwei maccol meaun. Mbl oueHuAmn YeTbipe mogenu, CaydaitHblii nec (Random
Forest), lpagueHTHbI 6ycTuHr (Gradient Boosting), [epeso peweHnit (Decision Tree) u
NunenHyto perpeccuio (Linear Regression) Mcnonb3ys MeTOLONOMUIO, OCHOBAHHYIO Ha ABYX

Mocrynuna: 20 ceHmabps 2025 K/IOUEBbIX CTPATErnAX: CUHTETUYECKOE pacLUMpeHe OrpaHUUYeHHOro Habopa AaHHbIX 3a 150 gHeil
PeueHsnpoBaHue: 10 okmabpa 2025

Ao 10 000 cmopennpoBaHHbIX UMKAOB (MpubausutenbHo 1,5 MWMAIMOHA TOYEK AaHHbIX) C
MpuHATa B nevatb: 16 okmabpa 2025

NMOMOLLbIO  ayrMeHTauun [AaHHblX, W co3gaHuve 10-AHEeBHbIX NaroBbiX MPU3HAKOB ANA
npeaocTaBAeHUA MOAENAM BPEMEHHO NepcneKkTUBbI ANA 334341 NPOrHo3npoBaHmnAa Ha 10 waros
Bnepes. Pe3ynbTaTbl MOKasanM WCKAIOYMTENbHYIO TOYHOCTb MPOrHO3MPOBaAHWUA, MPU 3TOM
aHcambnesble MeTOAbl NPOAEMOHCTPUPOBANM MNPeBOCXoAcTBo. Mogenb CnyyaiiHoro neca
noKasasna Hauaydywue pesynbTaTbl, gocturHys R? 0.974, MAE 0.088 v RMSE 0.111, 3a Heii ¢
HeboNblWKUM OTCTaBaHWeM cneayeT pagmeHTHbin ByctuHr (R? 0.971). Bce mogenu ycnewHo
ynosunn ot4yetamsyto 150-AHEBHYIO UMKANYECKYIO AMHAMWKY NPOU3BOACTBEHHOrO npolecca,
AEMOHCTPUPYA noyTM Hynesoe ¢asoBoe 3anasgbieaHne (0.00 = <0.05 pgHA). Xota
NPOV3BOAMUTENBHOCTb HA HOBbIX, HE3AaBUCMMbIX AAHHbIX TPEOYeT AONONHUTENbHOW MPOBEPKM,
JaHHana paboTa co34aeT HAfEXKHYI0 W MPO3PayHyl0 OCHOBY A/1A Pa3paboTKM HaAEXHbIX
MHCTPYMEHTOB MPOrHO3MPOBaHWUA B MPOMbIL/IEHHbIX YC/0BMAX C OrpaHUYeHHbIM 06bemom
AaHHbIX.

Knroveebie cnoea: malMHHOE OByyeHWe, TMAPOMETaNNYPrvs, MPOrHO3MPOBaHUE BPEMEHHbIX
pPALOB, ayrMEHTaLMA AaHHbIX, U3BIEYEHE Meau.
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Use of Industrial By-products from Metallurgical Production for the Development
of Heat-Resistant Building Mixes and their Molding in an Improved Device
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ABSTRACT

In the context of the increasing volume of industrial waste and stricter environmental
requirements, the urgent task is to efficiently process them to produce products with high added
value. In this work, the composition of industrial products of vanadium production formed during
the hydrometallurgical processing of rare metals is investigated, and the possibility of their use for

Received: August 21, 2025 the production of heat-resistant building mixes is substantiated. A comprehensive analysis,
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including X-ray, X-ray fluorescence, and scanning electron microscopic methods, revealed a high
content of silica, aluminum oxides, and refractory minerals that determine the heat resistance of
the material. Optimal compositions of building mixes based on Portland cement, liquid glass, and
chamotte have been developed, providing compressive strength up to 45 MPa and resistance to
thermal cycling at temperatures up to 1800 ° C. The design of a device for forming building blocks
based on industrial waste from metallurgical production by vibration pressing is proposed,
designed to ensure high density and geometric stability of products. The results obtained confirm
the possibility of complex industrial waste disposal with the simultaneous creation of
environmentally safe, durable, and heat-resistant building materials used in energy, metallurgy,
the chemical industry, and civil engineering.

Keywords: vanadium production; industrial waste; heat-resistant building mixes; Portland cement;
liquid glass; chamotte; vibration pressing; waste disposal; heat resistance; compressive strength.
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processing of technogenic waste, and the
implementation of closed-loop (circular economy)

Introduction

The current stage of industrial development is
characterized by the growth of production volumes,
urbanization, and an increase in population, which
leads to higher resource consumption and increased
anthropogenic pressure on the environment [[1],
[2]]. One of the priorities of sustainable development
is the rational use of raw materials, comprehensive

technologies that allow solving both environmental
and economic challenges [[3], [4], [5]].
An important component of this strategy is the

utilization of large-scale waste from metallurgy and
the chemical industry, such as slags, sludges, tailings,
and by-products of ore processing [[6], [7], [8]].
Every year, hundreds of millions of tons of such
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waste are generated worldwide, of which less than
20% is recycled, while the remaining volume is
stockpiled, occupying land and creating long-term
threats to ecosystems [[9], [10], [11]].

A promising direction is the use of vanadium
production by-products—multicomponent materials
containing silica, oxides of aluminum, iron, calcium,
magnesium, and other elements [[12], [13], [14]].
The high content of refractory phases (corundum,
spinel, quartz) and dispersed structure ensures their
thermal stability, which opens up opportunities for
their application as secondary mineral raw materials
in the production of heat-resistant construction
materials [[15], [16]].

The demand for such mixtures is associated with
the operation of facilities under conditions of high
temperatures, aggressive environments, and sharp
fluctuations, which are typical for energy,
metallurgy, chemical industries, as well as for certain
civil and special structures [[17], [18]]. To achieve the
required properties, refractory fillers (chamotte,
alumina, basalt, perlite) and heat-resistant binders—
Portland cement, liquid glass, and silicate binders—
are used [[19], [20], [21]].

Comprehensive  processing of vanadium
production by-products makes it possible to
simultaneously reduce waste volumes and produce
competitive next-generation materials. For the
effective implementation of this approach, it is
necessary to study the physicochemical properties of
raw  materials, develop optimal mixture
formulations, and design equipment that ensures
the molding of products with high density and stable
geometry.

The aim of the research is the development of
heat-resistant construction mixtures based on
metallurgical by-products and the design of an
advanced vibro-pressing device that ensures the
production of construction blocks with high strength,
thermal stability, and geometric stability.

The research hypothesis is that metallurgical by-
products, due to their high content of silica,
aluminum oxides, and refractory minerals, can be
effectively used as secondary mineral raw materials
for producing heat-resistant construction mixtures.
The application of optimized formulations in
combination with an advanced vibro-pressing device
will allow the formation of construction blocks with
improved  performance  characteristics and
environmental safety.

Materials and Methods

Raw Materials. Vanadium production by-
products generated during the hydrometallurgical
processing of rare metals were used as the mineral
raw materials. Two batches of material were studied:
Sample 1 — cake obtained after autoclave sulfuric
acid leaching, and Sample 2 — residue after alkaline
leaching of calcined concentrate.

According to X-ray phase analysis, the samples
contain high concentrations of silica (up to 43.7%)
and aluminum oxides (up to 44.3%), as well as
refractory phases — quartz, corundum, and spinel,
which determine their thermal resistance [[1], [2],
(311

As binders, Portland cement of grades M-400
and M-450 according to GOST 10178-85, and liquid
glass according to GOST 13078-81, were used. The
refractory filler was secondary chamotte powder
obtained by grinding used chamotte bricks that had
been operated under high-temperature conditions.

Analytical Methods. The determination of the
chemical and mineralogical composition was carried
out using a set of instrumental techniques, including
X-ray diffraction (XRD, Shimadzu XRD-7000) for the
identification  of  crystalline  phases, X-ray
fluorescence analysis (XRF, PANalytical Axios) for
determining the mass fractions of oxides, atomic
absorption spectroscopy (AAS, PerkinElmer Analyst
400) for the quantitative analysis of metal content, as
well as scanning electron microscopy (SEM, JEOL
JSM-6490LV) combined with energy-dispersive
spectroscopy (EDS) for studying the morphology and
elemental distribution.

This comprehensive approach made it possible
to thoroughly characterize the mineral composition
and structural features of the raw materials [[4], [5],

6], [71].

Preparation of Construction Mixtures. The
components were mixed in different proportions
(Table 1) to evaluate the effect of composition on
heat resistance, strength, and water absorption. The
proportion of liquid glass in all formulations was 15%.

Table 1 presents the composition of the
investigated heat-resistant construction mixtures,
obtained using two types of vanadium production
by-products (Sample 1 and Sample 2), liquid glass,
and Portland cement. The proportion of liquid glass
was constant at 15% in all formulations, ensuring
structural stability and enhanced thermal resistance
of the material. The content of Samples 1 and 2
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varied within the range of 30—40%, while the amount
of Portland cement ranged from 10 to 20%,
depending on the required strength characteristics.
Such a selection of compositions made it possible to
evaluate the effect of the ratio of mineral
components on the mechanical strength, heat
resistance, and water absorption of the resulting
specimens.

Table 1 - Composition of the studied mixtures

Compo | Sample | Sample | Liquid ::rr:::td
sition: 1, % 2,% glass, % % ’
1 30 35 15 20
2 35 35 15 15
3 40 35 15 10
4 35 30 15 20
5 35 35 15 15
6 3 40 15 10

Shaping and Heat Treatment of Samples. The
preparation of samples included sequential mixing of
dry components in a laboratory mixer until a
homogeneous mass was obtained, followed by the
addition of liquid glass, primary drying at a
temperature of 100 + 5 °C for 24 hours, high-
temperature calcination at 1000 °C with a holding
time of 10 hours, and final quenching by rapid
cooling of the samples in running water to 25 °C.

This treatment regime ensured the formation of
a strong ceramic-like structure with low water
absorption [[8], [9], [10]].

Testing Methods. The testing of specimens
included determining compressive strength on a
Torin hydraulic press in the range of 32-45 MPa
according to GOST 10180-2012, evaluation of heat
resistance by heating within the range of 800-1800
°C with a holding time of 30 minutes followed by
rapid cooling, as well as determination of water
absorption by the gravimetric method according to
GOST 12730.3-2020 after 48 hours of specimen
immersion in water.

Design and Calculation of the Vibro-Pressing
Device. For block molding, the design of a vibro-
pressing device was developed in CAD environments
(SolidWorks and AutoCAD). The design calculations
took into account a pressing force of 5 MPa for a
block area of 0.08 m? (400 kN), vibration parameters
with a frequency of 50 Hz, amplitude of 1 mm, and
vibration force of about 3 kN, the strength and

stiffness of the main components calculated using
the finite element method in SolidWorks Simulation,
fatigue durability of the structure under loads
exceeding 10° cycles, as well as thermal
deformations at a temperature difference of AT =40
°C not exceeding an elongation of 0.4 mm.

The device’s performance capacity reached at
least 300 blocks per hour for a product size of
400x200x200 mm [[11], [12], [13], [14]].

Research Workflow Diagram. The presented
diagram illustrates the research workflow, showing
the sequence of the main stages of the study (Figure
1).

. An.alytlcal Selection of
Sampling studies of the X
. recipes
composition
Equipment Testing of Molding and
design properties firing
Parameter
analysis and
optimization

Figure 1 — The scheme of the study

The presented diagram illustrates the research
workflow, reflecting the sequence of the main stages
of the study. The scheme is designed as a chain of
seven blocks connected by guiding arrows, which
clearly demonstrates the logic of the process from
raw material preparation to data analysis.

The process begins with sample collection, the
initial stage where materials are prepared for
examination, and continues with analytical studies of
the composition, including a comprehensive
chemical and mineralogical analysis of the raw
materials. This is followed by formulation selection,
aimed at determining the optimal ratio of
components to achieve the desired properties, after
which shaping and firing are carried out — the
production of test specimens and their high-
temperature treatment.

The next step is testing of properties, including
the determination of strength, heat resistance, and
water absorption of the materials. This is followed by
equipment design, in particular the development of
a vibro-pressing unit intended for industrial
application. The process concludes with analysis and
optimization of parameters, which involves
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processing the obtained data, adjusting
technological parameters, and developing
recommendations for the implementation of the
proposed technology.

Furthermore, Figure 2 presents the schematic
diagram of the production process of construction
blocks on the designed installation.

Sample 1 Technical
water

Portland
cement

Liquid glass

Figure 2 — Schematic diagram of the production of
building blocks at the installation

The diagram illustrates the process of
manufacturing construction blocks, which includes
consecutive stages of raw material preparation and
processing. The initial components consist of Sample
1 and Sample 2, representing industrial waste from
metallurgical production, cement, process water, and
liquid glass. All materials are fed into a mixer, where
they are thoroughly blended to form a homogeneous
mass. The resulting mixture is then loaded into a
press mold, where it is compacted and shaped into
the required geometry. At the final stage, the
finished construction block is removed from the
mold, possessing the necessary strength
characteristics and parameters.

Results and Discussion

Chemical and Mineralogical Composition of the
Studied Samples. The chemical composition of the
residue after leaching, based on the performed X-ray
fluorescence analysis, is presented in Table 2.

Chemical analysis showed a high content of silica
(Si0z) in Sample 1 (43.71%) and aluminum oxide
(Al;03) in Sample 2 (44.34%), which indicates their

potential as components for heat-resistant
construction mixtures.

The results of the X-ray phase analysis of the
composition of the two samples are presented in

Table 3.

Table 2 — Chemical composition of the residue after
leaching

Name Content, %
\i P Mo Ca Fe Al Si K
Sample 1 0.04 0.012 0.003 1.2 0.21 0.05 43.71 0.03
Sample 2 0.29 0.25 0.01 0.20 0.24 44.34 0.87 0.01

Table 3 — Phase composition of the two samples

Sample 1 Sample 2
Name of the Formula Content, Name of Formula Content,
mineral % the mineral %
Quartz, syn SiO2 72.1 Corundum, Al,03 37.2
syn
Albite Na(AlSiz0s) 22.3 Spinel MgAl,04 21.7
Barium Iron BaFeOqs 2.8 Aluminum Al,03 33,5
Oxide Oxide
Iron Oxide Fe2.80204 1.3 Nickel Ni2(SiOa) 1.3
Silicate
Hematite, Fe,03 0.9 Iron Oxide Fe,03 6.3
syn

X-ray phase analysis of Sample 1 revealed the
predominance of inert siliceous phases—quartz
(72.1%) and albite (22.3%)—which indicates its
potential as a mineral filler for silicate and ceramic
materials. Minor amounts of iron-containing phases
(BaFeQg,, Fe;.80204, Fe203) and ferrites (NiFe,04) may
enhance the mechanical strength and thermal
resistance during firing.

Sample 2, in contrast, is characterized by a high
content of refractory and heat-resistant phases:
corundum (Al,0; — 37.2%), spinel (MgAl,0, —
21.7%), and additional aluminum oxide (33.5%).
These compounds provide high thermal and
chemical stability, making the sample particularly
promising for use in refractory mixtures, lining
materials, and heat-resistant concrete. The presence
of nickel silicate (Ni,SiO4) and hematite further
improves thermal stability and resistance to
aggressive media.

Thus, the physico-chemical studies provided
objective data on the composition of the vanadium
production by-product and its potential application
in the manufacture of heat-resistant construction
materials and refractory blocks.

According to the results of X-ray phase analysis
(Table 3), Sample 1 is characterized by a high content
of quartz (72.1%), albite (22.3%), and minor amounts
of barium and iron oxides. Sample 2 contains mainly
corundum (37.2%), spinel (21.7%), and aluminum
oxide (33.5%), as well as small amounts of nickel-
containing compounds. The phase composition pie
charts (Fig. 2) clearly demonstrate the mineralogical
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differences between the investigated samples. The
presence of refractory phases such as corundum and
spinel ensures high heat resistance, which is
consistent with literature data [[4], [7], [12]].

Influence of Component Composition on
Strength Characteristics. Compressive strength tests
showed that increasing the proportion of Sample 1
up to 40% in the mixture (Composition 3) led to a
strength increase to 45 MPa. This effect is associated
with a higher degree of quartz phase crystallization
and improved intergranular bonding after heat
treatment. A reduction in Portland cement content
to 10% resulted in decreased strength, confirming
the significant role of the binder component in the
formation of a dense structure [[8], [15]].

Heat Resistance and Thermal Stability of
Materials. The results of heat resistance tests
showed that when samples were heated up to 1800
°C followed by rapid cooling, strength retention
exceeded 85%, which is higher than that of
conventional chamotte products (70-75%) [[3], [11]].
The dependence of strength retention on
temperature (Fig. 5) confirms the high stability of the
developed materials. The superior thermal
resistance is explained by the low thermal expansion
coefficients of corundum and spinel, as well as the
uniform distribution of refractory phases within the
sample structure [9, 10].

Water Absorption and Microstructure of
Samples. The water absorption of the investigated
materials ranged from 6% to 8%, which complies
with the requirements of GOST 530-2012 for heat-
resistant construction products. The minimum value
(6%) was recorded for Composition 3.

Equipment Design for Molding. From the
prepared materials — Compositions 1-6 (Section
2.3) — heat-resistant construction blocks were
manufactured using a specially designed installation.

For vibro-compaction, a standard frequency of
50 Hz and an amplitude of 1 mm were applied. The
resulting vibration acceleration provides a vibratory
force of about 3 kN, which is sufficient for
compacting the mixture.

Table 4 presents the strength calculation of the
frame.

The stresses were calculated using the finite
element method in SolidWorks Simulation. All
structural elements meet the strength criterion
(safety factor > 2).

Table 5 presents the deformation calculation.

Table 4 — Strength Calculation of the Frame

Cross Max. Yield Safety
Structural . Length strength A
element section (mm) stressOmax ot margin
yileds
(mm) MPa MNa kk
tongitudinal | 50,5065 | 1000 155 345 22
beam
Transverse | goxq0x4 600 142 345 24
frame
Base plate 200x20 800 110 345 3.1
Table 5 — Deformation Calculation
Max. Permissible
Length . . . . .
Element deflection deflectiondaddit, Estimation
(mm)
8, mm mm
Longitudinal
1000 0.42 1.0 Acceptable
beam
Base plate 800 0.35 1.0 Acceptable
Upper 600 0.28 038 Acceptable
frame

According to the obtained data, it can be
concluded that the deflections do not exceed the
permissible values, which ensures the stability of the
structure and the accuracy of the molded blocks. At
the same time, the pressing force and vibrational
load provide sufficient density and strength of the
building blocks. Moreover, the device design
demonstrates satisfactory strength and stiffness
characteristics. The safety factor ranges from 2.2 to
3.1, confirming the reliability of the structure.

During the operation of the device, local
temperature rises may occur due to friction in the
vibration mechanism and the contact of metallic
parts. These temperature increases can cause
thermal deformations, especially in the areas of the
vibrating plate and guides.

Table 6 presents the evaluation of the thermal
expansion of the structural elements.

Table 6 — Evaluation of the Thermal Expansion of
Structural Elements

Length | Expansion .
Element LL coefficient Temperature | Expansion
mr;1 a, 1/°C change AT, °C AL, mm
Vibratin
&1 600 | 12x10° 40 0.29
plate
Guides 800 12x107® 40 0.38

Even with a temperature difference of 40 °C, the
elongation does not exceed 0.4 mm, which falls
within the permissible tolerances.

However, in high-precision molding,
compensation for these deformations is required.

Table 7 shows the dynamic loads caused by
vibration.
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Table 7 — Dynamic Loads from Vibration

Parameter | Designation Value Unit
The mass
.Of th'e mm 60 Kr
vibrating
plate
Vibration . 50 Hy
frequency
The 1 mm
. AA
amplitude (0.001 m) m
Boost aa 49.34 m/sec?
Inertial Finertial 2960 H
force

Next, the calculation of the dynamic coefficient
was considered. It is known that the additional safety
margin is accounted for through the dynamic
coefficient kd=1.5..2.0k_d = 1.5 \ldots 2.0kd
=1.5...2.0, depending on the stiffness of the joints.

It was established that thermal deformations do
not exceed the permissible values; however, they
must be taken into account in high-precision
operations. At the same time, the dynamic load from
vibrations increases the equivalent stresses by 1.5-2
times, especially in the guides and at the mounting
points of the vibrating plate.

According to the conducted study, the vibration
mechanism generates inertial forces of about 3 kN,
which is equivalent to ~750 N per each of the four
compacted blocks.

Table 8 presents the data on the fatigue
durability of the structure.

Table 8 — Fatigue Durability of the Structure

Parameter Value Unit
Vibration Hz
frequency (f)
Molding
duration (t)
Vibration
frequency (f)
Molding
duration (t)

50

Seconds

20

It was established that, provided the amplitude
and material conditions are met, the fatigue strength
margin of the structure is considered sufficient.

The design of the device assemblies for the
production of construction blocks is presented below
(Figure 3).

a)

7375

198,13
200

b)

70,7070, 70
4,
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?

-EEE
—N_N_1
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199,13
200
=

79,7070, 70
19999
4 rHHH
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Figure 3 — Structural design of the device assemblies
for the production of construction blocks (a) general view
of the unit, (b) mold for extruding construction blocks
with vibrator, (c) extrusion mechanism
for construction blocks).

Further, Figure 4 shows the manufactured
prototype of the device for producing construction
blocks, consisting of a mold with a vibrator for block
extrusion and an extrusion mechanism for
construction blocks.
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Figure 4 — Manufactured prototype of the device for
producing construction blocks (a) before painting,
(b) after painting).

The developed design of the vibro-pressing unit
(Figures 1 and 2) ensures the production of blocks
with high density and stable geometry. Finite
element analysis (Figure 8) confirmed the strength
and stiffness of the assemblies under vibrational
loading (50 Hz, amplitude 1 mm) and a service life
exceeding 10° cycles. The productivity of the unit is
about 300 blocks per hour, which makes the
technology economically viable for industrial
implementation.

Further, Figure 5 shows a construction block
obtained by extrusion using the unit.

Figure 5 — The building block obtained as a result
of extrusion on the installation

Comparative Analysis with Industrial
Counterparts. To assess the competitiveness of the
developed mixtures, a comparison of their key
properties was carried out with the characteristics of
heat-resistant construction materials reported in the
literature and standards [[3], [8], [10], [15], [18]].
Table 9 presents the values of compressive strength,
heat resistance, and water absorption for the
samples obtained in this study, as well as for

traditional chamotte products and alumina-based
concretes.

Table 9 — Values of compressive strength, heat resistance,
and water absorption for various samples

. Compressive Strength Water
Material / . X
source strength, retention at absorption,
MPa 1600 °C, % %
Composition
3 (this study) 45 %0 6
Fireclay bricks
(131, [81] 25-32 70-75 10-14
Alumina
concretes 35-40 80-85 8-10
[[10], [15]]
High-alumina
refractories 40-43 85-88 7-9
(18]

The comparison of the obtained results with the
characteristics of  well-known  heat-resistant
materials (Table 9) showed that the developed
mixtures surpass chamotte products in strength by
40-70%, exhibit lower water absorption, and
demonstrate superior thermal resistance. This
advantage is attributed to the optimal combination
of mineral components, the presence of corundum
and spinel phases, as well as the use of vibro-pressing
technology, which ensures low porosity and high
structural homogeneity.

Comparison of Method Efficiency. For a clear
comparison of the efficiency of using vanadium
production by-products in refractory mixtures,
dependencies were constructed between the
extraction degree of elements (V, Mo) and the
performance characteristics of the materials on
technological parameters (pH, temperature, binder
composition) (Tables 10 and 11).

Table 10 presents the results of the study on the
dependence of the extraction degree of vanadium
and molybdenum from vanadium production by-
products on the medium acidity.

Table 10 — Dependence of vanadium and molybdenum
extraction on the pH of the medium

pH of the Extraction of V, Extraction of
solution % Mo, %

1 62 28

2 74 35

3 81 41

4 77 38

5 65 30
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From the data in Table 10, it can be seen that
with increasing acidity up to pH 3, the extraction
degree of both elements increases: for vanadium,
the value reaches a maximum of 81%, and for
molybdenum, 41%. With a further increase in pH,
the efficiency of the process decreases, indicating
the presence of an optimal acidity range. Thus, pH =
3 is the most favorable condition for the
simultaneous extraction of V and Mo.

Table 11 presents the data on the effect of
temperature on the efficiency of vanadium and
molybdenum extraction.

Table 11 — Effect of temperature on the extraction of
elements

Temperature, °C Extraction of Extraction of
V, % Mo, %
40 55 22
60 72 34
80 83 42
100 79 39

According to the data in Table 11, as the
temperature increases from 40 to 80 °C, a significant
improvement in extraction performance is observed:
for vanadium, from 55% to 83%, and for
molybdenum, from 22% to 42%. However, a further
increase in temperature to 100 °C leads to a decrease
in the extraction degree, which is associated with
changes in the stability of element complexes and
the occurrence of side processes. The optimal
extraction temperature can be considered 80 °C, as it
ensures the maximum recovery of both elements.

Conclusion

The study established that by-products of
vanadium production, characterized by a high
content of SiO; and Al,Os, are a promising secondary
raw material for the manufacture of heat-resistant
construction mixtures. The developed compositions
demonstrated compressive strength of up to 45 MPa,
low water absorption (6-8%), and resistance to
thermal cycling at temperatures up to 1800 °C,
exceeding the performance of traditional chamotte

products and alumina-based concretes. The design
and experimental testing of an improved vibro-
pressing device confirmed the feasibility of industrial
implementation of the technology, with a capacity of
up to 300 blocks per hour and guaranteed structural
durability.

The obtained results make it possible to
recommend the use of heat-resistant building blocks
based on vanadium production by-products for lining
thermal equipment, blast and open-hearth furnaces,
boilers, thermal units, reactors, heat exchangers, and
other devices operating under high temperatures
and aggressive environments. In addition, the
proposed mixtures can be applied in the production
of heat-resistant concretes, panels, and blocks for
civil and special structures requiring high fire
resistance. The introduction of the technology
ensures comprehensive recycling of industrial waste,
reduces landfill loads, and contributes to the
development of environmentally safe production.

Thus, the developed construction mixtures and
the vibro-pressing device have significant practical
potential,  simultaneously = addressing  both
environmental and industrial challenges, enhancing
the competitiveness of domestic construction
materials, and promoting the implementation of
circular economy principles in metallurgy and the
construction sector.

Conflicts of Interest. On behalf of all co-authors,
the corresponding author states that no conflict of
interest exists.

CRediT author statement: S.Yulusov, A.

Khabiyev: Methodology, formal analysis,
investigation, Data writing, Original draft
preparation, writing-review and editing; A.

Abduraimov, A.Kamal: Data curation, Reviewing and
Editing; N. Kumarbek, S.Makhmet, Y.Merkibayev:
Investigation.

Gratitude: This research was funded by the
Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan
(grant No. BR20280990).

Cite this article as: Khabiyev AT, Yulussov SB, Abduraimov AE, Kamal AN, Kumarbek NE, Makhmet SB, Merkibayev YS. Use of
Industrial By-products from Metallurgical Production for the Development of Heat-Resistant Building Mixes and their Molding
in an Improved Device. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources. 2027; 341(2):16-26.

https://doi.org/10.31643/2027/6445.14



https://doi.org/10.31643/2027/6445.14

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

MeTtannypruanbik eHAipiCTiH 6HEPKaCINTIK KOCasKbl 6HiMAEepiH naiganaHy
APKblNbl XblNYFa TO3iMAI KYPbIIbIC KOCNaNapbiH 33ipaiey }KaHe onapAabl
¥eTingipinreH Kypbinfblaa Kanbintay
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TYWIHAEME

OHepKacinTiKk KaNAblKTapAblH, ©Cin Kefe aTKaH Kesemi MeH 3KONOTUANbIK TananTtapAplH,
KaTaHAaybl KafdalblHAA KOCbINFaH KyHbl *KOFapbl ©HIMAI ana oTbipbin, 0napabl TMiMAI KaiTa
eHAey 63€eKTi MiHAET 60bIN Tabblnaabl. Byn KymbicTa cMpek meTanaapapl rMAPOMETANNYPrUANBIK
eHAey npoLeciHae Ty3iNeTiH BaHagUIM eHAIPICiHIH ©HEePKaciNTiK eHiIMAEPIHIH, Kypambl 3epTTengi
JKOHE oflapAbl bICTbIKKA TO3iMAi KypblbiC KOCManapblH any yWwiH nainganaHy MyMKiHAri
Herizgenai. PeHTreH-dasanbik, peHTreHAiK-GAyopecueHTTi KaHe CKaHepseylwi 31eKTPOHAbI

Makana kengi: 21 Tambi3 2025 MWKPOCKOMUANDBIK 3AiCTepAi KaMTUTbIH KeleHAi Tangay maTepuangbliH, bICTbIKKA Te3iMmAiniriH
CapantamagaH eTTi: 9 KeipKyliek 2025 QHbIKTAWTbIH KPEeMHE3eMHiH, aJloMUHUI OKCUATEPIHIH, KaHEe OTKa Tesimai MUHepanaapablH,
Kabbinganabl: 16 kasaH 2025 JKOFapbl KYPamblH aHbIKTayFa MYMKIHAIK 6epai. MopTnaHALEMEHT, CYMbIK LUbIHbI K3HE LWamoT

HerisiHaeri KypbiibiC KOCNanapblHbIH, OHTaWAbl Kypambl a3ipneHai, onap 45 MMa gewiH Kpicy
6epikTiriH kaHe 1800 °C aeiiHri TemnepaTtypaia TEPMOLMKATe TO3IMAINIKTI KamTamacbi3 eTesi.
BylibiMaapablH, Ofapbl TbIfbI3Aplfbl MEH TEOMETPUANDBIK TYPAKTbIIbIFbIH KaMTaMacbl3 eTyre
apHanfaH Aipingi 6acy aaicimeH MeTannypruanbik OHAIPICTIH OHEPKICINTIK KanablKTapb! HerisiHae
KYPbINbIC 6NOKTApbIH KafbiNTayfa apHaAfaH KypblifbiHbIH, KOHCTPYKLUMACH! YCbIHbIAAbI. ANbIHFaH
HOTUXKENep SHepreTuka, METANNYPrua, XUMWUA OHEpKICIbi KaHEe a3amaTTblK  KypblabicTa
KONAAHbINATbIH SKONOTUANBIK Kayinci3, 6epik KaHe bICTbIKKA TO3iMA[ KypblIbIC MaTepuangapbliH
6ip mesringe »kacait OTbIpbIn, 6HEPKACINTIK KanAblKTapAbl KeleHai Kaaere apaty MyMKiHAirH
pacTtanapl.

TyliiH ce30ep: BaHaAWI BHAIPICI, BHEPKICINTIK KaNAbIKTap, bICTbIKKA TO3IMAi KYpbl/bIC KOCManapsl,
NopTAaHALEMEHT, CyMbIK LWbIHbI, WAMOT, Aipinai 6acy, KanablKkTapapl KO, bICTbIKKA TO3IMAINIK,
Kbicy 6epiKTiri.
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AHHOTALMUA

B cTaTbe paccMOTpeHbl HanpaBaeHUs NoTpebeHnsa BaHaauA U MoMBAeHa B PasIMYHbIX OTPACAAX
NPOMBbILINEHHOCTH, YTO NOAYEPKMUBAET MX CTPATErMUYECKYHO 3HAYMMOCTb U PaCTyLLYHO NOTPEBHOCTb
B yCTOWYMBOM obecneyeHumn CbipbEéMm. [MpoaHanu3MpoBaHbl UCTOYHUKM ITUX 3EMEHTOB Kak
NPUPOAHOTO, TaK U TEXHOrEHHOrO MPOUCXOKAEHUA, BKAOYAA METanAyprudeckue WAaku, 30bl,
Moctynuna: 21 aszycma 2025 oTpaboTaHHble KaTaAuM3aTopbl W ApyrMe OTXOAbl MPOMbIWIEHHbIX npoleccoB. OTaensHoe
PeweH3anposaHme: 9 cenmabpsa 2025 BHUMaHUWE ye/IeHO 3KONIOTMYECKMM PUCKAM, CBA3AHHbBIM C HAKOMNEHWEM COeMHEHWIA BaHaauA
MpuHATa B NevaTb: 16 okmAbps 2025 M monnbaeHa, CnocobHbIX OKasblBaTb TOKCMYECKOE BO3AEWCTBME Ha OKPYMKAKOLWYI Cpeay.
MoauépKHYTa HEOBXOAMMOCTL BOB/IEYEHWS BTOPUUHbIX PECYPCOB B MPOMbILLIEHHbIM 060pOT Ans
PaLMOHAIbHOTO MCMO/b30BaHWA MUHEPanbHO-CbipbeBOi 6asbl M NOBbieHUA 3GGEKTUBHOCTU
U3BNEYEHUA METANN0B U3 MEPBUYHOTO Cbipba. MpUBeAEH 0630p CyLLECTBYIOLLMX XUMUYECKUX U
TMAPOMETANNYPIUYECKUX METOLOB W3BNEYEHUA BaHaguAs WM MonnbaeHa, € y4éTom cocTaBa
nepepabaTbiBaemMoro maTtepuana, OCOBEHHOCTENM TEXHONOTMYECKUX YCIO0BWM, a TaKke
OrpaHUYEHUn M HEAOCTaTKOB OTAE/bHbIX NoaxodoB. CAenaH akUEHT Ha MepcrneKkTUBHOCTb
KOMMEKCHOW nepepaboTKM OTX040B, obecneynBalolleil M3BJEYEHUE HECKONbKMX LEHHbIX
KOMMOHEHTOB M CNOCOBCTBYIOLLEN NEPEXOAY K LIUPKYAAPHO 9KOHOMUKE.

Keywords: BaHaguit, MonMbaeH, 3010WNAKOBbIE OTXOAbl, META/LIyPriuyeckme Wwnaku, GuabTpar,
TMAPOMETANNYPrMYECKME  METOAbl,  NUPOMETANNypruyeckue  MeToabl,  bHakTepuanbHoe
BblLLLeIauYMBaHwe.
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Artificial graphite from Shubarkol coal obtained by sublimation of carbon atoms
into the gas phase followed by desublimation into high-purity graphite
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ABSTRACT

This article discusses a plasma-chemical method for producing high-purity graphite from an air
suspension of low-ash coal particles from the Shubarkol deposit in Kazakhstan. The technological
process is based on the ability of carbon to transform from a solid to a gaseous state, bypassing
the liquid state. This means it sublimes at high temperatures and desublimes as the temperature
of the gaseous medium in the reactor zone decreases. The use of a graphite catalyst allows for

Received: October 17, 2025 controlled formation of the graphitized material. Atomic carbon graphitization occurs over a wide
Peer-reviewed: November 11, 2025 temperature range. It was established that graphite obtained in high-temperature reactor zones
Accepted November 18, 2025 is purer than graphite obtained in reactor zones close to 500°C. This feature of the graphitization

process enables product classification by quality. The design of a reactor based on sublimation and
desublimation processes for graphite production is discussed. The use of a high-frequency
electromagnetic zone in the plasma-chemical reactor design allows for controlled graphitization
of atomic carbon, intensifying desublimation processes over a graphite powder catalyst. The
plasma-chemical apparatus design includes a dust collection system and carbon monoxide
neutralization, which can occur due to variations in the component proportions in the feedstock,
which includes carbon powder, graphite powder catalyst, and carbon dioxide. The developed
apparatus can be used to produce a sorbent — thermochemically expanded graphite — from
graphite by varying the operating mode. The aim of this research is to develop a plasma-chemical
technology for producing graphite from coal based on sublimation and desublimation processes
in a single reactor, with the separation of impurities during the graphitization of carbon atoms over
a graphite catalyst.

Keywords: plasma, sublimation, desublimation, graphitization, carbon, graphite, separation,
catalyst.
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Introduction

In the next decade, graphite will be the most
sought-after material for nuclear power, mechanical
engineering, chemical engineering, and metallurgy.
Graphite is used to manufacture many specialized
products, such as battery electrodes, protective
screens, sorbents, and much more. But the most
important aspect of graphite today is the growing
demand for high-purity, synthetic graphite.
Obtaining high-purity graphite from readily available
raw materials, which are abundant in Kazakhstan,
such as the Shubarkol coal deposit, is a pressing
issue. Developing technologies for processing coal
into high-purity graphite is a promising solution. A
promising solution is to utilize carbon’s ability to
sublimate in a non-oxidizing atmosphere and
desublimate upon cooling, creating conditions
conducive to graphitization.

An analysis of modern achievements in the
science of obtaining artificial graphite [[1], [2], [3],
[4], [5], [6], [7], [8], [9], [10]] allows to use some of
the subtleties of artificial graphite production in
technology to improve the quality of the main
product.

Graphite is a mineral composed of carbon atoms
arranged in layers. High bond strength between
atoms within layers and low bond strength between
atoms between layers account for graphite’s low
mechanical strength. Graphite’s good electrical and
thermal conductivity is explained by the high atomic
density within layers and the free interlayer space,
which ensures electron mobility and high electrical
conductivity in an electric field. Another important
property of graphite, important for this study, is that
when heated, graphite does not melt; it burns only
in a stream of oxygen, and evaporates in an electric
arc under non-oxidizing conditions, i.e., it
sublimates.

Graphite is used to manufacture a variety of
specialized products, including refractory materials,
solid lubricants, electrical machine contacts, paints,
pencil leads, battery electrodes, and much more. But
the most important aspect of graphite today is its
growing demand and widespread use in nuclear
power, the chemical industry, the production of
conductive rubber, and metallurgy (as a material for
electrodes, crucibles, and refractory screens).

Natural graphite contains various chemical
impurities: SiO,, Al,0s, P,0s, MgO, CuO, FeO, CaO.
This limits its use and requires refining to remove
these impurities. This is associated with enormous
costs, comparable to those of producing synthetic

graphite. Therefore, a significant portion of
industrial graphite is synthetic.

Coke and pitch (petroleum and wood tar, coal
tar) are used as raw materials in the production of
artificial graphite. Given the demand for graphite,
various technologies were developed for producing
artificial graphite, which differs from natural
graphite in chemical purity and applications.
Common types of artificial graphite include:
Acheson graphite, produced by heating a mixture of
pitch and coke to 2800°C in electric furnaces;
Pyrolytic (retort) graphite, designed for the electrical
industry and synthesized from a gaseous
hydrocarbon; Blast furnace graphite, formed as a by-
product during the cooling of cast iron; and Carbide
graphite, produced by the thermal decomposition of
carbides.

The most cost-effective technology for
producing graphite is coke. The primary raw material
is coal coke. This intermediate product is produced
by heating coal and peat to 1000-1100°C in the
absence of oxygen. Coke is used as a high-energy
fuel, a reducing agent in metallurgy, and a raw
material for graphite production.

Technological features of artificial graphite
production [[11], [12], [13], [14]]: Coke powder is
fired under special conditions, ensuring carbon
graphitization. To produce artificial graphite with
desired properties, the graphite semi-finished
product is impregnated with pitch, formaldehyde, or
other substances. Often, to achieve the desired
characteristics, graphite is subjected to heat
treatment and impregnation several times. Each
subsequent technological stage is carried out
according to a specialized scheme. Graphite
obtained by various methods differs and has a
number of unique properties. These include
increased strength, oxidation resistance, acid
resistance, and high electrical conductivity. Artificial
graphite of high chemical purity is produced in the
form of a powder of various fractions. To produce
parts by molding, the powder is pressed and
sintered using specialized technologies [[15], [16]].

Graphite manufacturers, for example JSC
“Donkarb Graphite”, produced all types and grades
of artificial graphite for industry. This is a colloidal
powder of all possible fractions (fine, medium,
coarse-grained), pressed, with special properties
(grades ATM, OSCh MG, GMZ, PPG and others).

Global demand for graphite products is growing
exponentially [[17], [18]]. Increasing temperature
limits and thermomechanical loads in new
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technologies place increased demands on graphite
quality. The carbon industry’s development strategy
is focused on creating new, durable graphite
materials with unique physical and chemical
properties. Leaders in this area of industrial
development include China, the United States,
Japan, and the Netherlands.

The share of imported graphite in Kazakhstan’s
graphite consumption is expected to increase.
Therefore, the development of graphite production
technologies based on high-purity graphite is
relevant and aligns with the priority areas of
scientific and technological development.

The aim of this research work is to create a
plasma-chemical technology for producing graphite
from coal based on sublimation and desublimation
processes in a single reactor with the separation of
impurities during the graphitization of carbon atoms
on a graphite catalyst.

Methods

This publication presents some of the results of
work conducted at the Research Laboratory of High-
Temperature Synthesis of Composite Materials, M.
Auezov South Kazakhstan University. The
technological features of the graphitization process
were determined, graphite synthesis tests were
conducted from coal using a simple laboratory
setup, and a carbon graphitization reactor based on
these results was designed using coal from
Kazakhstan. An application for a patent of the
Republic of Kazakhstan “Method for producing
graphite from an air suspension of coal particles and
a device for implementing it” was filed. Registration
No. 2025/1516.2 dated November 15, 2025.

Based on the achievements of scientists in the
field of synthesis of artificial graphite [[2], [3], [4],
[6], [8]] and experience of the article authors [9,10],
a process flow chart and equipment for obtaining
artificial graphite from Shubarkol coal in Kazakhstan
were developed. The technology utilizes the
properties of carbon and its modifications. One of
them is the ability of carbon atoms to sublimate
when heated in a non-oxidizing environment, for
example, in carbon dioxide at a temperature above
2000°C. (Sublimation is the transformation of a solid
into a gaseous substance without going through the
liquid state). The reverse process, desublimation, in
this case is graphitization —the formation of graphite
from atomic carbon. The graphitization process is

widely known in scientific practice. It is important to
note that, depending on the conditions, this process
can occur over a wide temperature range, for
example, from 500°C to 2000°C [[13], [14], [16],
[18], [19], [20], [21], [22], [23], [24], [25], [26]]. For
this reason, the work utilizes a graphitization
catalyst, high-purity graphite, which allows to
expand the temperature range of the graphitization
process. Graphitization of atomic carbon on the
surface of the catalyst — the centers of graphitization
nucleation, at high temperatures, when all
impurities are still in a gaseous state, allows the
separation of graphite from impurity atoms. The
plasma reactor (Figure 1) is made of graphite. A
powdered catalyst, in the form of graphite powder,
is fed into the graphitization zone as a seed for
artificial graphite produced by desublimation of
atomic carbon. Artificial graphite particles not
captured in the separator are fed with the gas flow
to a hydrofilter, where the graphite dust is captured
with a special aqueous solution. Purified carbon
dioxide is returned to the process. The resulting
graphite from all graphitization zones and from the
water filter is periodically extracted, analyzed, and
sorted.

Reference: “Shubarkolkomir (coal)” / Shubarkol
— the black pearl of Sary-ArkaShubarkol. The
industrial coal reserves of the Shubarkol deposit
amounted to over 1.5 billion tons. Coal from the
Shubarkol deposit is classified as grade D (long-
flame) hard coal and contains very little ash. The ash
content of Shubarkol coal is only up to 12 percent,
and the ash content of individual coal seam layers
was only 3-6%. The coal has a low sulfur content (up
to 0.5%) and a high calorific value (from 5200 to
5700 kcal/kg), and produces a lot of heat when
burned [[1], [2], [17]]. Based on these properties,
Shubarkol coal was chosen as the main raw material
for producing artificial graphite using the plasma-
chemical method.

The chemical composition of Shubarkol coal was
studied by mass spectral analysis at the Regional
Testing Laboratory of Engineering Profile “Structural
and Biochemical Materials” (M. Auezov South
Kazakhstan University), the results are presented in
Table 1.

Given the complexity of the plasma-chemical
graphite production process, the coal is sorted by
ash content, and samples with the lowest ash
content are selected (Table 1). A sample of
Shubarkol coal after milling is shown in Figure 2.
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Table 1 - Chemical composition of Shubarkol coal samples: Carbon 97-97.5%

No. Chemical Content of impurities, Ash, impurity Ash content, % - Note
element % - Content in coal content content in ash
1 Si 1.33-1.44 SiO2 56-57 When burned in oxygen,
some of the silicon
evaporates in the form of
Sio

2 Al 0.88-0.93 Al;03 22-22.6

3 Fe 0.15-0.20 Fe,03 7.11

4 Ca 0.08-0.11 Ca0 2.6-2.8

5 Mg 0.02-0.03 MgO 1.8-2.0

6 S 0.04-0.06 SO3 3.4-3.43

7 K 0.04-0.06 K20 1.28-1.3

8 Na 0.06-0.07 Na.O 1.65-1.72

To ensure the graphitization of atomic carbon
produced in the electric arc plasma torch, a catalyst
for the physicochemical process is fed into the
graphitization zone. In this study, a graphitization
catalyst made of high-purity graphite powder was
used. This allowed for an expanded temperature
range for the graphitization process. The plasma
reactor is made of graphite; in the graphitization
zones, a powdered graphite catalyst and a graphite
plasma reactor ensure the quality of the artificial
graphite produced by desublimation of atomic
carbon. A particle separation system for the artificial
graphite separates the resulting products by quality,
traps heavy impurities from the gas stream, and
separates graphite dust with a special aqueous
solution. Purified carbon dioxide is then returned to
the beginning of the process — to the plasma-
chemical reactor.

The resulting graphite from all graphitization
zones and from the water filter is periodically
extracted, analyzed, and sorted.

This method of producing graphite from coal is
promising and important for the creation of
products from artificial graphite: electrodes in
electrochemistry, in the production of electric
batteries, protective screens in nuclear energy,
sorbents in the form of thermally expanded graphite
in the petrochemical industry.

Features of the plasma-chemical synthesis
process for graphite from Shubarkol coal: To
efficiently produce graphite by desublimation, a
powdered catalyst — “OSCh 7-3” grade graphite — is
fed into the reactor’s graphitization zone (position 5,
Figure 1). On the surface of the catalyst particles, for
which high-purity graphite powder was selected, the
graphitization process occurs over a wide
temperature range, significantly increasing the
reactor’s graphitization zone and, consequently, the

duration of the graphitization cycle, which is crucial
for the complete conversion of coal to graphite.
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Figure 1 - Schematic diagram of the plasma-chemical
apparatus for obtaining graphite from coal of the
Shubarkol deposit in the Republic of Kazakhstan:

1 — the plasma reactor chamber, 2 — the graphite
electrodes of the plasma torch, 3 —the tuyere for feeding
reagents into the reactor, 4 — the dome — a dust collector
of gas flows in the graphitization zone, 5 — the feeder for
feeding the graphitization catalyst into the reactor, 6 — the
cassettes for collecting the obtained graphite, 7 — the
separator: storage tanks for synthesized graphite powder,
8 — the water shower chamber, 9 — the water spray
nozzles, 10 — the water sump, 11 — the graphite storage
tank, 12 — the water pump with a filter

The catalyst was prepared from “OSCh 7-3”
grade graphite bars by crushing and grinding,
followed by fractional separation. To use the
powdered catalyst in a plasma-chemical graphite
synthesis reactor, it is necessary to select a graphite
particle size that, upon entering the high-
temperature reactor zone, does not completely
sublimate but remains solid and acts as artificial
nuclei for the desublimation of atomic carbon
obtained from the carbon particles in the
sublimation zone. These conditions reduce the
energy barrier for the phase transition of atomic
carbon from the gas phase to graphite. For this
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purpose, the vyield of artificial graphite was
determined using catalyst of different fractions. It
was found that, for the conditions of this plasma-
chemical apparatus, a fraction of 0.3-0.5 mm in
cross-section is optimal.

Research Results and Discussion

The raw material — Shubarkol coal powder,
specially processed to a fraction smaller than 0.3
mm —is fed into the plasma zone of a carbon dioxide
reactor. The high heating rate in the reactor’s
plasma flow ensures the sublimation of carbon
atoms. This results in an ionized gas environment
consisting of carbon ions and oxygen ions. A catalyst
—“0OSCh 7-3” grade graphite powder —is fed into this
ionized environment. The catalyst acts as an
activator for the graphitization of carbon ions on its
surface. The atomic structure of the graphitized
product corresponds to that of the graphite catalyst.
Samples of the resulting graphite are shown in
Figure 2 (d).

Using a graphite catalyst with the required
structure, pyrolytic graphite is produced by
depositing carbon from the gas phase at high
temperatures. It is characterized by high purity and
anisotropic properties. (Thermally (chemically)
expanded graphite — TEG and TCEG).

The chemical composition of plasma-chemically
synthesized graphite is shown in Table 2.

Table 2 - Carbon and impurity content in synthesized
graphite (average value of 7 samples from each
graphitization zone of the plasma-chemical reactor)

No. of

raohi Content | Content

g_ P of of

tize- . - Note

tion carbon, | impuriti

% es, %

zone
1 99.82 0.18 Samples were taken from
2 9994 0.06 zones 6, 7, and 11: The
3 99.77 0.23 purest graphite, sample 2,
4 98.68 1.32 was from zone 7 (Figure 1),
5 98.65 1.35 sample 1 was taken from

zone 6, and samples 4 and 5
were from zone 11 (Figure
1). Thisis due to the different
condensation temperatures
of impurities from the
reactor’s gas environment,
which requires further study
and  analysis of the
graphitization process in
such a reactor.

o )

Figure 2 - Photos: a) Shubarkol coal, b) Shubarkol coal
powder, c) Graphite — Catalyst, d) Graphite — graphitized
by desublimation of carbon atoms on the catalyst.

The method and apparatus design proposed in
this article will enable the production of high-purity
graphite with a catalyst-like structure. Such
processes require study using a newly developed
plasma-chemical facility capable of controlling
graphitization conditions and separating
graphitization products in various temperature
ranges for desublimation of atomic carbon.

Conclusions

A high-purity graphite catalyst was used in the
study to expand the temperature range of the
graphitization process. A graphite plasma reactor
ensures the quality of the synthetic graphite
produced by desublimation of atomic carbon.

The artificial graphite particle separation system
allows for the separation of the resulting products
by quality, the capture of heavy impurities from the
gas flow, the separation of graphite dust with a
special aqueous solution, and the return of purified
carbon dioxide back into the process.

The resulting graphite from all graphitization
zones and the water filter is sorted and analyzed. It
was established that the graphite obtained in the
plasma-chemical reactor zone is purer of impurities,
indicating the important role of process
temperature. Furthermore, as the graphite moves
away from the plasma torch, it appears to adsorb
impurities.

This method of producing graphite from coal is
promising and important for the creation of artificial
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graphite products: electrodes in electrochemistry, in
the production of electric batteries, protective
shields in the nuclear power industry, and expanded
graphite sorbents in the petrochemical industry. The
graphitization process requires continued research
to ensure high product quality and address process
control issues.
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KemipTeKk atomaapbiH ra3 ¢asacbiHa cybammauymanan, cogaH KeuiH
YKOFapbl Ta3a rpadputke gecybnumaumanay apkbiabi LLlybapken KemipiHeH
aNblHFaH YXacaHAabl rpadpur

AiimeHos X.T., Nportononos A.B., CyneiimeHoB 3.A., Caunos A.A,,
Mpotononos M.A., MepekeeBa A.}K.

Kommepuusasblk emec akyuoHepsik KoFamoel M.3ye308 ambiHOarbl OHmMycmik KazakcmaHd yHusepcumemi, LLleimkeHm, Kazakcmat

TYWIHAEME

an  peakrtop
Makana kengi: 17 KasaH 2025
CapantamagaH etri: 11 kapawa 2025

KabbingaHapl: 18 Kapawa 2025

MYMKIHAIK 6epegai.

rpaduTaLmACbIH

Makanaga KasaKkcTaHHbiH LUybapken KeH OpHbIHbIH, Ky/li a3 Kemip OenwekTepiHiH, aya
CYyCNeH3UACbIHAH Ta3a/iblfbl }KOFapbl rPAadUTTi anyAblH NAA3MOXMMUANDIK 3A4ICI KapacTbipbliaabl.
TeXHONOTUANBIK MPOLEC CYMbIK KYWAI altHANbIN ©TiM, KaTTbl KYWAEH rasfa alHanaTblH KOMIPTEKTIH,
epeKLlenikTepiH najanaHyfa HerisgenreH, AFHU Kofapbl TemnepaTtypaga cybanmaumanaHagpl,
aimafblHAaFbl  ras
AecybnnmaumanaHagbl.

OpTacbiHbIH, ~ TemnepaTypacbl TOMEHAEreH  Ke3ge

lpaduT KaTanusaTopbliH NaWganaHy rpaduTTeneTiH matepuangbiH,
Ty3inyiH 6ackapyfa MymKiHAiK 6epei. ATOMAbIK KOMIPTEKTIH rpadutaumacbl TemnepaTypaHbiH,
KeH, AnanasoHblHAa Kypeai. *KoFapbl TemnepaTypasbl PeakTop aimaKkTapblHAa anblHFaH rpapuT
500°C-Ka KaKblH peakTop aimaKkTapblHAa anbliHFaH rpaduTKe KapafaHga Tas3a eKeHgiri
aHbIKTangpl. Mpadutauma npoueciHiv byn epekweniri eHimai canacbl 6oOWbIHWA XiKTeyre
padut any ywiH cybammauma xaHe paecybaumauma npouectepiHe
HerisgenreH peakTopablH An3aiiHbl KapacTbipbinagpl. HoFapbl XKUiNikTe 31eKTPOMarHUTTiK acep
eTeTiH aliMaKTblH, NNa3MOXUMMANBIK PEaKTOPbIHbIH, AW3alHblHAA NaiganaHy rpaduT yHTafbl
KaTann3aTopblHAafFbl Aecybanmauma npouecTepiH KyWeWTy apKplibl aTOMAbIK KOMIPTeKTiH,
6ackapyra
KOHCTPYKLMACbIHAA KOMipTeri yHTaFbl, paduT YHTaK KaTaNn3aTopbl }KaHe KOMIP KblLUKbIA rasbl 6ap
6acTankbl WKWKi3aTTafbl KOMMOHEHTTEP NPOMNOPLMANAPbLIHbIH, aybITKYbl Ke3iHAe MYMKiIH 60naTbiH
WaH, XWHay KoHe KemipTeri okcuAiH beliTapantaHabipy yheci KapacTbipbuiFaH. MKacanfaH
annapatra TeXHONOTUANbIK — YMbIC
TEPMOXUMUANDBIK KEHEUTinreH rpadut anyfa 6Gonagpbl.
KaTa/M3aTopbiHAa KeMipTeKk aTomaapbiH rpadutTey KesiHae Kocnanapabl 6enin, 6ip peakTopaa
cybnaMmauma kaHe pecybaumauma npouecTepiHe HerisgenreH KemipgeH rpadut anyapiH,
NNa3MaNblK-XMMUANbIK TEXHONOTUACDIH ¥Kacay.

MYMKIHZIK 6epegai. Mnasmoxumuanbik, annapatTbiH,

PEXUMIH ©3repTy apKplibl rpadutTeH copbeHT -

3epTTeyaiH,  makcaTbl - rpadut
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MUcKyccTBeHHbIN rpaduT us LLly6apKonbCKoro yras, NonyyYeHHbl
cybanmaumen atomos yraepopga B ra3osyto pasy ¢ nocneayowen
pecybnnmaumeit B rpadpuT BbICOKOM YMCTOTDI

AiimeHos X.T., NpoTtononos A.B., CyneiimeHos 3.A., Caunos A.A,,
Mpotononos M.A., MepekeeBa A.X.

Hekommepueckoe akyuoHepHoe obujecmao HoxcHo-KazaxcmaHckuli yHusepcumem umeHu M.Aya3oea, LLibimkeHm, KazaxcmaH

AHHOTALUMUA

B cTaTbe paccmaTtpuBaeTcA NAAa3sMOXMMUYECKUI MeToA, MONyYeHUsa BbICOKOUMUCTOro rpaduta ms
BO3JYLIHOM B3BECM YACTWUL, MaN030/IbHOTO KameHHoro yrnsa LLy6apKonbckoro mectopoxaeHus
KasaxctaHa. OcHOBa TEXHO/IOTMYECKOrO MPOLLECCa 3aK/NtOYeHa B MCMOJ/Ib30BaHUM OCOBEHHOCTU
yrneposa npespaLaTbca U3 TBEPAOro COCTOAHMA B ra3006pasHoe, MUHYA KUAKOE COCTOSHUE, TO
ecTb cy6AMMMPOBaTL NPU BbICOKOW TemnepaType, a Npu CHUNKEHWM TeMNepaTypbl ra3oBoi cpepl
B 30He peakTopa AgecybavmupoBaTb. Mcnosnb3oBaHue KaTanusatopa u3 rpaduTta nossonser

Nocrynuna: 17 okmsa6pa 2025 ynpasnatb GopmuposaHnem rpadutusmpyemoro matepuana. lpaduraums aTomapHoro yrnepoaa

PeueHsnpoBaHue: 11 Hosbpa 2025
MpuHsaTa B Nevatb: 18 Hoabps 2025 peaKTopa C BbICOKOW TemnepaTypoit 6osnee 4WCTbI, yem rpaduT, NONYYAOWMIACA B 30HAX

peaktopa 6auM3kux K 500°C. ITa ocobeHHocTb npouecca rpaduTaumum npepocTaBnserT

NPOUCXOANT B LUMPOKOM AMana3oHe TemnepaTyp. YCTaHOBIEHO, YTO rpadmT, NONYYEHHbIIM B 30HaX

BO3MOXHOCTb KNaccUbMLMPOBaTh MPOAYKT MO KauyecTBy. PacCMOTpeHa KOHCTPYKLMA peakTopa, Ha
OCHOBe NpoLeccoB cybaMmauuv 1 gecybammauum, gisa noaydenus rpadura. MicnonbsosaHue B
KOHCTPYKLMK M1a3MOXMMUYECKOTO PEAKTOPa 30Hbl C BbICOKOYACTOTHBIM 3/EKTPOMArHUTHbIM
BO3JeMCTBMEM MO3BONAET YNpaBiaTb rpaduTaumeit aTomMapHOro yrnepoga, MHTeHcuduumpys
npoueccbl Aecybaumaumm Ha rpaduTOBOM MOPOLIKOBOM KaTanusatope. B KOHCTpyKuuu
N1asMOXMMMUYECKOTO annaparta NpefycMOTPeHa CUCTEMA MblIeYNaBAMBAHWUA U HEUTPaM3aLMm
YrapHoro rasa, BO3MOXHOFO Mpu OTKJIOHEHUAX MPOMOPLUIA KOMMNOHEHTOB B UCXO4HOM Cbipbe, B
KOTOPOM NPUCYTCTBYET Yro/ibHbIi MOPOLLOK, rpaduT NOPOLLIKOBbLII KaTaanu3aTop U yraeKUCbIi ras.
B cosgaHHOM annapaTte BO3MOMXHO MOAy4aTb U3 rpaduta COPOEHT - TEPMOXMMMUYECKU
pacWUpeHHbI rpaduT, U3MeHAA TEeXHONOTMYECKUI pexum paboTbl. Lenblo uccnesosaHus
ABAAETCA CO3JaHMe M1a3MOXMMUYECKON TEXHONOTUM NosydeHus rpadwvTa U3 yras Ha OcHose
npoueccos cybaMmaumm u gecybavMmauym B OAHOM PEAKTOpe C OTAe/eHUeM Npumecei npwu
rpaduTaLmMmn aTOMOB yrneposa Ha Kataausatope u3 rpadura.
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ABSTRACT

The study examines the redistribution of rock pressure and associated deformation processes in
the Karaganda Coal Basin. It focuses on the geometry and parameters of the abutment, unloading,
and disintegration zones around underground workings, and on their influence on gas-dynamic
phenomena. The methodological basis combines a critical review of current geomechanical
models, calculation—graphic nomograms for estimating zone width as a function of mining depth
and seam thickness, and schematic construction of high-stress regions from the boundaries of the
goaf at limiting angles of 75—90°. It is shown that, with increasing depth up to about 500 m, the
zone configuration becomes wedge-shaped with a tendency to narrow downward, while
increasing seam thickness expands the affected areas. Lithology controls the localization of
hazardous zones: weakly bedded argillites and siltstones accelerate loosening and loss of stiffness,
whereas stronger sandstones form dome-like stress concentrations with elevated likelihood of
sudden outbursts and rockbursts. As a verification case, an episode of a sudden coal-and-gas
outburst was analyzed. The observed failure boundaries are consistent with the calculated wedge-
shaped high-stress zone, supporting the validity of the chosen approach within the stated
assumptions. The practical significance lies in refining threshold conditions that trigger mandatory
comprehensive forecasting at depths exceeding ~400 m, justifying regular instrumental
monitoring to validate calculations, and adjusting barrier-pillar parameters about seam thickness
and depth. The findings can be applied to the planning and safe execution of longwall and
development operations under outburst-prone conditions.

Keywords: abutment pressure, destressed zones, disintegration, mining depth, seam thickness,
lithology.
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Introduction

content. In the Karaganda Coal Basin, this
constitutes a primary risk factor: production

Redistribution of rock pressure within the host
rock mass is a core subject of mining geomechanics
and directly governs the safety and operational
stability of underground workings. Disturbance of
the natural stress field during excavation generates
local stress concentrators and zones of intense
deformation and failure. These responses are
systematic and manifest as a spectrum of
complications ranging from loss of support capacity
and instability of the excavation perimeter to
sudden coal-and-gas outbursts and rockbursts [[1],
[2], [3]]. The issue is particularly acute in coal basins
that combine large depth ranges with high gas

commonly proceeds at depths of ~400-600 m and
greater, where the in-situ stress level approaches
critical thresholds for several lithotypes and
structural settings [4]. Coupled with the elevated
methane potential of the seams, this increases the
likelihood of dynamic phenomena—such as
outbursts, roof/floor collapses, and rockbursts.
Operational records and research indicate that 40—
60 % of complications during longwall and
development operations are directly associated with
stress redistribution [[5], [6]]. The hazardous
processes are hierarchical: local plastic deformation
at the excavation boundary rapidly propagates to
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the scale of the rock mass, modifying the stress—
strain state and permeability. Adjacent to the face,
the abutment-pressure zone develops with elevated
principal stresses; in the destressed zone, fracturing
and disintegration progress, degrading stability,
altering filtration regimes, and enhancing gas
release. At the surface, these changes drive
secondary  deformations—subsidence, tensile
cracking, and plan-position disturbance of
infrastructure [[7], [8], [9]]. Lithological control is
pivotal: weakly bedded argillites and siltstones
accelerate yielding and loosening, whereas thick
sandstone packages may form dome-like stress
concentrations with heightened risk of dynamic
events.

The practical framework requires a verifiable
forecast of the configuration and parameters of
influence zones, accounting for mining depth (H),
seam thickness (m), structural disturbance, and the
initial lateral stress coefficient Ko. Computational
assessments should employ calibrated numerical
models constrained by in-situ data: excavation
convergence, ground-penetrating radar/ultrasonic
surveys, acoustic-emission indicators, borehole
logging, and stress measurements. On both longwall
and development panels, continuous operational
monitoring is warranted, including load cells and
instrumented rock bolts, vibrating-wire gauges and
fixed-point convergence meters, acoustic-emission
and microseismic stations, and routine gas
monitoring. Comparing deformation rates with
trends in acoustic activity and gas emission enables
timely identification of transitions to unstable
regimes.

Engineering decisions must be explicitly tied to
the mapped zones of influence: adjustment of
support schemes, dimensions, and placement of
barrier/chain pillars, extraction sequencing, face
advance rate, and degasification regimes. For depths
>400-500 m, it is advisable to adopt threshold
criteria for switching to reinforced support and
enhanced monitoring, and to apply refined
nomograms of abutment-zone width that
incorporate H, m, and rock properties. Without
regular instrumental validation of models and
adaptive updates to support designs, achieving the
required levels of safety and reliability is not
feasible; the integrated cycle “model -
measurement -» correction” is what sustains
excavation stability and reduces the probability of
sudden dynamic manifestations under the
conditions characteristic of the Karaganda Coal
Basin. Long-term accident statistics from Karaganda
Coal Basin mines underscore the need for continual

improvement in occupational safety practices and
roadway stability management. At depths exceeding
500 m, conventional schemes for predicting rock-
pressure zones lack sufficient sensitivity to
heterogeneity and anisotropy of the rock mass,
increasing the likelihood of suboptimal design
decisions; refined, verifiable modeling and analysis
methods are therefore required [[10], [11]]. A key
applied task is the correct delineation of high-stress
zones emanating from the edges of the goaf, since
their geometry governs the serviceability of pillars
and the longevity of workings left in place.
Geomechanical models enable advanced estimation
of the width and depth of influence zones, their
linkage to longwall and development parameters,
and timely adjustments to support designs. Field and
desk studies indicate that deformation and failure
foci are predominantly localized in coal seams
overlain by weakly bedded argillites and siltstones,
reinforcing the need to account comprehensively for
lithological structure. Conversely, strong sandstones
in the roof or floor promote dome-shaped stress
concentrations and elevate the risk of sudden
dynamic events. In practice, this manifests as
perimeter deformation with spalling and crushing of
supports and consequential ventilation
disturbances, episodes of sudden coal-and-gas
outbursts once critical stress thresholds are reached,
rockbursts in tectonically disturbed zones at depths
greater than 500 m, and roof collapses with floor
heave that complicate longwall operations.
Collectively, these factors reduce productivity and
pose significant hazards to personnel; industry data
indicate that outbursts and roof falls remain among
the leading causes of accidents in Kazakhstan’s coal
mines.

Article Objective. Systematizing data on rock-
pressure influence zones and their structural
features is a necessary step toward developing
effective methods for forecasting and preventing
accident scenarios. Theory, experimental studies,
and operational observations consistently show that
characteristic zones form around the goaf: an
abutment-pressure zone, a destressed (unloading)
zone, a zone of complete disintegration, and a zone
of secondary movements. Understanding their
spatial configuration and parameters improves
forecast accuracy and the defensibility of design
choices. Accordingly, the objective of this article is to
analyze and synthesize data on stress redistribution
around underground workings, to demonstrate
mechanisms of rock-mass failure wusing a
documented coal-and-gas outburst, and to assess
the applicability of these findings to the geological
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and operational conditions of the Karaganda Coal
Basin.
Experimental part

Table 1 translates the qualitative stratigraphy
into a compact input set for FEM/FDM initialization
by listing density, stiffness, and strength contrasts
for the principal layers together with reduced-shear
behavior at bedding contacts; this allows the models
to reproduce dome-like stress concentrations in stiff
sandstone roofs and the weakening influence of
laminated siltstone and argillite.

Table 1 - Condensed material and interface set for model
initialization.

Seri H m Roof Reference L
Ko .
es (m) | (m) lithology (m)
siltstone/
S1 400 1.0 0.7 argillite Lo (nomogram)
laminated
S2 600 2.0 0.8 (weakened) = 20 (per text)
sandstone
s3 800 | 3.0 L0 | i) = 55 (per text)
sa 1000 40 11 fault.ed Lo; indicators
section check
Table 2 - Compact scenario grid for model-field
comparison.
Layer / 3 ucs,
interface p, t/m E, GPa MPa Purpose / note
ROOf-1 Stiff roof
2.45-2.60 | 12-25 40-80 shaping dome-
(sandstone) R "
like stress fields
Weaker
Roof-2 2.40-255 | 6-12 | 15-40 | laminated roof
(siltstone)
packages
Controls
Coal seam 1.30-1.45 | 1-3 4-12 yielding (m =
1-4 m)
Soft base
Floor influencing
(argillite) 2.40-2.55 | 3-8 10-25 abutment
width
K shear Reduced shear;
Roof/seam - 1 0.4-0.6;
— 50-150 —
contact MN/m T_max 1.0-2.5
MPa
K shear Reduced shear;
Seam/floor = u0.4-0.6;
— 50-120 —
contact MN/m T_max 0.8-2.0
MPa

These ranges operationalize the stratigraphic
context into numerical inputs so simulations start
from defensible stiffness/strength contrasts and
reduced-shear contacts.

Table 2 organizes the model-field comparison
into a concise scenario grid spanning depth (H),
seam thickness (m) and lateral confinement (Ko)
with lithology and contacts specified; Lo from the

nomogram is treated as the baseline, while the
values already cited in the manuscript (=20 m at H =
600 m and =55 m at H = 800 m) serve as anchors
during interpretation.

The scenario grid defines which H-m-Kq
combinations are tested; the nomogram-based Lo is
the baseline, while the =20 m and =55 m figures
already mentioned in the manuscript act as anchors
for interpretation.

Redistribution of rock pressure within the host
rock mass is a first-order subject of engineering
analysis because it directly governs excavation
stability and operational safety, especially under the
conditions of the Karaganda Coal Basin. Disturbance
of the natural stress field during drivage establishes
a hierarchy of zones: at the excavation boundary,
disintegration and intensive fracturing develop;
outward from the contour, an abutment-pressure
zone forms with principal stresses exceeding the in-
situ level; farther out lies a destressed (unloading)
zone characterized by reduced strength and
increased jointing. Field observations show a rapid
escalation from local plastic deformation at the
boundary to rock-mass scale responses,
accompanied by changes in the stress—strain state
and in hydraulic and gas-dynamic regimes. Lithology
is the controlling factor: weakly bedded argillites and
siltstones accelerate loosening; thick, monolithic
sandstones  generate dome-shaped stress
concentrations with elevated likelihood of dynamic
manifestations; coal seams, combining low strength
with high gas content, remain the most vulnerable
element of the system. A schematic of the zoning
and typical deformation forms is presented in Figure
1, which shows the initial and time-evolved
excavation contours, weak and strong layers, the
zone of complete failure, and tension-type
termination cracks.

‘ A layer of solid monolithic sandstone

3 | Layer of weak rocks

Figure 1 — Rock-mass failure deformation around an
excavation with open support.
1-excavation contour immediately after drivage; 2-same
after some time; 3-layers of weak rocks; 4-zone of
completely crushed rock; 5-tension (termination) cracks;
6-layers of strong monolithic sandstone.
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Figure 2 — Nomogram for determining the width of the
abutment-pressure zone.
H — mining depth; m — seam thickness.

Quantitative evaluation is carried out using
empirical-analytical relationships that link the width
of the abutment-pressure zone (L) to mining depth
(H), seam thickness (m), and the lateral stress
coefficient (Ko). The nominal value Lo is taken from
the nomogram in Figure 2 for the pair (H, m), after
which a correction model is applied:

L= LO(H,m)'klitho'kstr’kKO‘kt (1)

where kiiwmo reflects lithology (sandstone 1.15-
1.35; argillite/siltstone 0.85-0.95; heterogeneous
section 1.00-1.10), k& accounts for tectonic
disturbance (fault zones 1.10-1.25; undisturbed
strata 0.95-1.00), kko = 0.9 + 0.4 (Ko - 0.7) for 0.6 <
Ko £ 1.1 describes the influence of lateral stress, and
ki = 1.00-1.10 is a time factor.

Lo(H, m) = am®®In(1+H/H,) (2)

For rapid checks consistent with the nomogram
in Figure 2, an approximation is used (with a = 26—
28,Ho=90-110m): atH=1000mand m=4.0m, Lo
is on the order of 55-60 m; atH=400m and m=1.0
m, Lo is about 12-14 m. These estimates are
consistent with the family of calculated curves L(H)
for m = 1-4 min Figure 3.

Engineering application proceeds as follows.
Specify H, m, and Ko, and describe lithology and
structural disturbance; read Lo from Figure 2, then
apply the modifiers Kiitho, Kstr, ko, and ki to obtain L.
Next, verify by monitoring: excavation-contour
convergence with acceleration exceeding 2-3

mm/day within 0.5-L; a twofold increase in
acoustic/microseismic  activity under steady
ventilation; ground-penetrating radar and ultrasonic
indications of local stiff inclusions; and a 30-50%
increase in CH; flow rate and concentration at
constant depression.

For a weakly bedded roof at H =600 m, m = 2.0
m, Ko = 0.8, and moderate disturbance, Figure 2
gives Lo = 22 m; applying the modifiers kiitho = 0.9, Kstr
= 1.05, keo = 0.96, k¢ = 1.05 vyields L = 20 m.
Recommended actions: reinforce support at the
face, reduce the advance step, and drill lateral
degasification holes 10-15 m long at a depression of
10-15 kPa.

For a strong sandstone roof at H =800 m, m =
3.0 m, Ko = 1.0, and local tectonics, Figure 2 gives Lo
= 36 m; with Kkiitno = 1.25, ksr = 1.15, ko = 1.06, ki =
1.05, the result is L = 55 m. Recommended actions:
increase the length of rock bolts and cable bolts, use
yielding elements, reduce the face advance rate, and
deploy an acoustic-emission station for early
detection of transitions to unstable behavior.

Direct comparison of the nomogram in Figure 2
with the calculated families of curves in Figure 3
turns abutment-pressure assessment into a
numerically guided decision process. Tying zone
width to specific H, m, and Ko, while accounting for
lithological-structural heterogeneity, provides a
practical tool for adaptive adjustment of support
designs and degasification schemes, maintaining
roadway stability and reducing the likelihood of
sudden dynamic events within the 200-1000 m
depth range typical of the Karaganda Coal Basin.

m=10m
m=20m

(=2}
=

— m=30m

m=4.0m

W
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E
o
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Width of the abutment-pressure zone L, M
w
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-
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" " " . "
200 400 600 800 1000
Mining depth H, m

Figure 3 — Dependence of abutment-pressure zone
width on depth for different seam thicknesses.

Analysis of the stress—strain state in the
Karaganda Coal Basin shows that the boundaries of
zones of elevated rock pressure dip at angles of 75—
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90°, with formation depths of 250-500 m. Under
these parameters, a characteristic wedge-shaped
geometry develops, confining areas of maximum
stress concentration. The construction is shown in
Figure 4: cross-section (A) and along-strike section

(B).

Figure 4 — Scheme for constructing zones of
elevated rock pressure
A — cross-section across strike, B — along-strike section.

The limiting boundaries are traced by projecting
rays from the edges of the worked-out space and
barrier pillars at angles of 75-90° to the horizontal.
This angular range corresponds to the observed
inclination of the stress-concentration front and is
corroborated by mine observations and physical
modeling. At depths of about 250 m, steeper fronts
(80-90°) prevail; with increasing depth to 500 m, the
zone acquires a pronounced wedge shape that
narrows downward, and operating angles decrease
to 75-80°. Thus, mining depth directly controls the
spatial configuration of high rock-pressure fields.

Seam thickness exerts a decisive influence on
the scale of the zones. For m < 1.0 m, they remain
compact and localized near the workings; for m >
3.0-3.5 m, the zones become extensive, extend
beyond nearby pillars, and may span several
production blocks. This necessitates revising the
width and geometry of barrier pillars, refining the
extraction sequence, and repositioning
development entries.

Mapping wedge-shaped zones of elevated rock
pressure provides a targeted forecast of hazardous
areas—zones prone to sudden outbursts, local
collapses, and degradation of support capacity.
Practical application of the scheme under Karaganda
Basin conditions has confirmed its effectiveness for
siting development workings and specifying barrier-
pillar parameters tied to actual depth and seam
thickness.

Continuing the discussion of elevated-pressure
zones: in the immediate vicinity of the excavation,

the stress gradients are maximal, and the
subsequent evolution of the perimeter is
determined there. The scheme in Figure 1 illustrates
this dynamics: the initial contour (1) shortly after
drivage passes through a brief period of relative
stabilization and, under rock pressure and rock
creep, transforms into the later contour (2).
Between these states, a zone of complete failure (4)
develops with a blocky mosaic and pronounced
loosening. Along the tensile front, termination
(tension) cracks (5) appear; their spacing and depth
are governed by contrasts in deformation modulus
and strength across bed contacts, the presence of
weak interbeds, and the degree of natural
disturbance.

Materials of differing strength behave
fundamentally differently. In bedded argillites and
siltstones, structural degradation proceeds rapidly:
effective stiffness drops, roadway convergence
accelerates, and support capacity is exhausted over
short time frames. Under such conditions, an early
switch to a reinforced support scheme is justified:
increasing rock-bolt and cable-bolt length, reducing
spacing, using vyielding elements, installing
protective pillars, and implementing advanced
degasification. In monolithic sandstones, excavation
geometry persists longer due to higher strength;
however, dome-shaped stress concentrations
develop in the roof and at contacts with weaker
rocks. As critical levels are approached, short-lived
bursts of acoustic activity are recorded, local high-
stiffness zones are detected by ultrasonic and GPR
surveys, and the stability margin collapses even
under minor external perturbations. For such areas,
combined support with pretension and controlled
yielding is advisable, along with a reduced face-
advance rate and continuous instrumented
monitoring.

Time dependence is a key factor. Even where
initial behavior is stable, within weeks a persistent
trend of roof and floor displacement often emerges:
the convergence rate increases within roughly 0.5-L
of the abutment-pressure zone width, the share of
low-frequency events in acoustic records grows, and
gas emission rises steadily at constant ventilation
depression. Joint interpretation of three
independent monitoring channels—convergence
measurements, acoustic/microseismic
observations, and gas-dynamic parameters—allows
early recognition of the sequence shown in Figure
1: the transition from the initial to the later contour
via expansion of the complete-failure zone and
development of tension cracks.

—— 40 ——
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Design decisions under these conditions must be
tightly linked to the map of lithological and
structural heterogeneity. For weak strata, rational
measures include densifying the support grid,
increasing element length, extended degasification,
and installing local protective pillars. For strong
sandstone domains—Ilengthening bolts and cable
bolts, using stiff-yielding inserts, and reducing the
longwall advance rate. At contacts between rocks
with contrasting properties, local reinforcements
and limits on operational pauses are required to
prevent self-propagation of the hazardous
disintegration zones depicted in Figure 1.

Table 3 condenses the monitoring framework to
three operational signals—convergence
acceleration, growth of low-frequency acoustic
activity, and CH; flow increase at constant
depression—so that model outputs can be read
against clear instability indicators; auxiliary channels
such as support loads and GPR/ultrasonic scans
remain within the narrative.

Table 3 - Core monitoring triad and thresholds used for
operational interpretation.

Channel Derived Operational
metric threshold
. >2-3
acceleration
Convergence 2u/de? mm/day
within ~0.5:L
share of low- .
. . . sustained
Acoustic/microseismic | frequency .
increase
events
trend at
Gas flow (CHa) fixed 30-50% rise
depression

Note (Table 3). Each metric—threshold pair
provides a bridge between stress/strain fields and
observable  underground behavior, guiding
escalation to reinforced measures.

Relative stress (o/og)

o 10 20 30 40 50

Distance from the excavation contour, m

Figure 5 — Distribution of stresses around
the excavation

Results and Discussion

Advancing the longwall face radically
restructures the stress—strain state in the zone of
development roadways and can lead to loss of their
load-bearing capacity well before completion of
seam extraction. The scheme in Figure 5 reflects a
robust sequence: a roof caving dome forms, with its
dimensions controlled by seam thickness, stiffness
of the overlying strata, and the presence of weakly
bedded interlayers; in the sidewalls, a squeezing
zone develops, characterized by outward extrusion
of the rock mass toward the goaf and opening of
bedding/structure contacts; in the floor, a heave
zone arises where vertical and horizontal stresses
produce uplift and loosening of the rock. In the
Karaganda Basin—where depths reach several
hundreds of meters and gas content is high—these
effects intensify: production observations indicate
that the longwall front begins to measurably affect
development entries already at an approach
distance of 30-50 m, while the actual height of the
caving dome and the widths of the squeezing and
floor-heave zones may each reach tens of meters.

Engineering practice shows that the rate and
amplitude of deformation are controlled by a
combination of three factors: seam geometry
(thickness, dip), lithologic contrast between roof and
floor (monolithic sandstones versus argillites and
siltstones), and operating regimes of the longwall
(face advance rate, duration of technological pauses,
ventilation depression, and degasification
parameters). In weakly bedded strata, loosening
accelerates, sidewall convergence increases, and
support serviceability is lost early; with monolithic
sandstones, excavation geometry persists longer,
but dome-shaped stress concentrations accumulate
in the roof and can trigger sudden collapses. As the
face approaches, reliable indicators of transition to
an unstable regime include acceleration of sidewall
convergence to several millimeters per day within
roughly one-half of the abutment-pressure zone
width, a sustained increase in the count of low-
frequency acoustic events, and growth of methane
flow and concentration at constant ventilation
depression. Joint interpretation of these three
monitoring channels—geodetic and strain-gauge
measurements, acoustic and microseismic records,
and  gas-dynamic  control—enables  timely
refinement of the actual height of the caving dome
and the boundaries of the squeezing and floor-heave
zones shown in Figure 6.

— 4] ——



Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

| = Q
L] y
@] m seam COAL SEAM
Y -
\ - )
/| 1aven or srowa sanpsTome \
/ \
( )
- -
) a) | [e]

Figure 6 — Zone of potential rock-mass deformations
around a development roadway under the influence of
longwall operations

Design decisions should be directly grounded in

such forecasts. For weak roofs and floors,
appropriate  measures include densifying the
support pattern, increasing the length and

pretension of rock bolts and cable bolts, using stiff-
yielding elements, installing local protective pillars,
and implementing advance degasification (lateral
and inclined boreholes at a specified depression).
For domains with monolithic sandstones, increase
support capacity in combination with controlled
yielding and a reduced face-advance step, and limit
prolonged technological pauses to prevent self-
amplification of the caving dome. Within the
influence zone of longwall operations, development
roadways should be treated as part of the overall
stability system of the rock mass: their profile,
support type, stand-off from the goaf, and
degasification parameters must be revised as the
face advances based on actual measurements rather
than design assumptions alone. This “model —
observe — adjust” regime provides the required
stability margin and reduces the likelihood of
sudden dynamic events at the depths and
lithological conditions characteristic of the basin.
Redistribution of rock pressure. Advancing the
longwall face radically restructures the stress—strain
state in the zone of development entries and often
leads to loss of load-bearing capacity long before
seam extraction is completed. The scheme in Figure
6 illustrates a typical pattern. A roof caving dome
forms; its height and span are governed by seam
thickness, stiffness of the overlying strata, and the
presence of weakly bedded interlayers. On the
sidewalls, a squeezing zone develops, with the rock
mass being extruded toward the goaf and
bedding/structure contacts opening. In the floor, a
heave zone forms where vertical and horizontal
stresses cause uplift and loosening of the rock. This

accelerates convergence growth and reduces the
stability margin of the support.

Under Karaganda Basin conditions, the influence
of the longwall front is amplified by mining depth
and high gas content. Operational observations
show that noticeable impacts on development
roadways begin when the face approaches to 30-50
m. The roof caving zone and the squeezing and floor-
heave zones can each extend for tens of meters. As
the face advances, sidewall convergence rate
increases, fracturing intensifies in argillites and
siltstones, and gas emission rises at constant
ventilation depression. Reliable indicators of
transition to an unstable regime include acceleration
of convergence to several millimeters per day within
roughly half the abutment-pressure zone width, a
sustained increase in low-frequency acoustic events,
and growth of methane flow rate.

The rate and amplitude of deformations are
controlled by three factor groups. The first is seam
geometry, including thickness and dip. The second is
contrast between roof and floor properties, where
monolithic sandstones resist deformation longer
while weakly bedded strata loosen more rapidly. The
third is operating regime—face advance rate,
duration of technological pauses, and degasification
and ventilation parameters. Joint interpretation of
three monitoring channels—convergence
measurements, acoustic and microseismic records,
and gas-dynamic control—allows refinement of the
actual dome dimensions and the boundaries of the
zones shown in Figure 7, and supports timely
adjustment of decisions.

Design must be directly grounded in such
monitoring. For weak roofs and floors, justified
measures include densifying the support pattern;
increasing the length and pretension of rock bolts
and cable bolts; using stiff-yielding elements;
installing local protective pillars; and implementing
advance and side degasification at a specified
depression. For domains with  monolithic
sandstones, it is advisable to combine higher
support capacity with controlled yielding, reduce the
face advance step, and limit prolonged technological
pauses to prevent dome growth. Within the
influence zone of longwall operations, development
roadways should be treated as part of the overall
stability system of the rock mass. Their profile,
support type, stand-off from the goaf, and
degasification parameters must be revised as the
face advances, using actual measurements and
threshold criteria. This model-observe—adjust
algorithm provides the necessary stability margin
and reduces the likelihood of sudden dynamic
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events at the depths and in the lithological
conditions typical of the basin.
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Figure 7 — Scheme of rock-pressure redistribution near a
longwall working.
1 —area influenced by the working; 2 — abutment-
pressure zone; 3 — boundary of the destressed zone;

4 — boundary of the protected zone; 5 — boundary of the
zone of complete subsidence; 6 — zone of rock and
ground-surface displacements arising from deformation
of the rock mass within the abutment-pressure zone.

These zones do not act in isolation but as a single
load-transfer framework: a stress change at the
contour of a development or longwall working
restructures the field above and below in the
section, propagates upward to the roof, and can
manifest at the ground surface as subsidence, crack
opening, and terrain deformation. For the
Karaganda Basin, the linkage between underground
operations and surface deformation is confirmed by
observations in areas of intensive mining:
settlement peaks are recorded as the longwall face
approaches, and their planform and amplitude are
consistent with the configuration of the goaf and
pillar parameters [[12], [13], [14], [15], [16], [17]].

From an engineering standpoint, pressure-
redistribution zones constitute the skeleton of the
rock mass geomechanical state and must be
embedded in the design at all levels—from roadway
alignment to the scheduling of block extraction. At
the mine-field design stage it is advisable to
construct a map of expected propagation angles and
depths according to the scheme in Figure 4, specify
calculated widths of the abutment-pressure and
destressed zones, determine the minimum
permissible distances between the goaf and

development entries, and design protective pillars
about their actual load-bearing capacity. In the
technological part, this means choosing support
type and spacing, face-advance rate, degasification
regime, and limits on operational pauses in zones
where a transition to unstable behavior is possible.
In the operational part, it entails organizing
continuous monitoring, including convergence
measurements, acoustic—seismic observations, gas-
dynamic measurements, and repeat surface
geodetic surveys. Upon reaching threshold values,
response  measures are triggered—support
reinforcement, denser bolt patterns, adjustment of
the advance rate, local protective pillars, and
modified degasification schemes.

This approach enables control of the entire
system of zones from the face to the surface: local
load redistribution at the working is promptly
accounted for in roof and floor stability calculations,
in assessing impacts on adjacent horizons, and in
forecasting surface subsidence. Tying decisions to
the scheme in Figure 4 and to in-situ measurements
reduces the likelihood of sudden dynamic events
and ensures the required safety level for seam
extraction under the conditions of the Karaganda
Coal Basin.

Field case. As an illustration, consider the
sudden coal-and-gas outburst that occurred on 28
December 1976 in the manway at level +0 m of the
Lenin Mine in the Karaganda Coal Basin. The incident
took place in Seam D-6 at a depth of 411 m, with a
roadway width of 6.0 m and a height of 3.25 m (see
Figure 5).

According to the analysis, a zone of intense
crushing and deformation formed in the coal seam
adjacent to a tectonic disturbance near the outburst
location. The character of the damaged zone (up to
5.0 m wide from the excavation contour) was
accompanied by significant methane release. The
gas-dynamic event was sharp and short-lived,
consistent with the criteria of a sudden outburst,
and with ground-control practice in longwall
environments [[18], [19], [20]].

Comparison of the documented case with the
calculated schemes of elevated rock-pressure zones
(see Figure 6) showed agreement: the outburst area
was localized within a wedge-shaped stress zone
bounded by angles of 75-80° and situated
immediately adjacent to the edge of the worked-out
space. The accident thus confirmed the practical
applicability of the pressure-zone construction
methodology for forecasting the most hazardous
areas, consistent with stress concentration concepts
in rock mechanics and roadway support design.
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Figure 8 — Sketch of the sudden outburst site with
elevated gas emission that occurred on 28 December
1976 in the manway at level +0 m of the Lenin Mine.

Comparison of the calculated schemes with in-
situ observations confirms that the adopted zoning
model for stress redistribution adequately

represents rock-mass behavior in the Karaganda
Coal Basin, aligning with established frameworks in
rock mechanics and rock-mass classification. The
system shows the highest sensitivity to three groups
of risk factors. First, mining depth: once depths
exceed roughly 400 m, rock-mass stress increases
nonlinearly, consistent with the classic concepts of
underground-excavation geomechanics by V. S.
Kuznetsov and with the principles of rock-pressure
control by V. P. Sakhno et al. In practice, this
manifests as a rapid loss of stability margin in
development and longwall roadways as they
approach high-stress zones, a pattern well
recoghized in longwall and ground-control
literature. Second, lithological structure: the
association of coal seams with weak layers—
argillites and siltstones—consistently produces
zones of disintegration and accelerates loosening;
this conclusion is supported by regional data on gas
content and the structure of coal-bearing strata in
the Karaganda Basin reported by M. A. Ermekov and
by recent engineering studies on drivage and
maintenance of cross-cuts by G. D. Tanekeyeva, E. A.
Abeuov, D. R. Makhmudov, R. A. Mussin, and A. Yu.
Balabas, and is consistent with rock-mass rating and
Q-system perspectives on weak strata. Third,
tectonic disturbance: faulted and crushed zones
function as stress concentrators and are statistically
correlated with sudden dynamic manifestations; this
is emphasized in the work of V. S. Zaburdyaev on
degasification parameters for high-productivity
panels and is corroborated by calculation-
instrumental solutions for stabilizing the mine floor
by D. Akhmatnurov, N. Zamaliyev, R. Mussin, and co-
authors, and by guidance on rockburst-prone
conditions.

From a practical standpoint, the calculated
boundaries of influence zones must be testable
against measurable indicators. As stability limits are
approached, the following are recorded: accelerated
roadway convergence, a rise in low-frequency
acoustic activity under constant ventilation
depression, and a sustained increase in gas
emission. Combined analysis of these time series
refines the position of the abutment-pressure front,
the boundaries of unloading, and the domain of
complete disintegration. This approach aligns with
current technological solutions for gas management
and rock-mass deformation, including hydraulic
flushing and hydraulic splitting for low-permeability
coals (R. Zhang, C. Hao), consideration of swelling
mechanisms and secondary deformations in
complex geological settings (S. Y. Mu, Z. Ma), and
synthesized observations of rock-mass behavior
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around roadways in deep mines (K. Skrzypkowski,
W. Korzeniowski, J. Stasica). At the project stage this
means specifying initial contours of influence zones
and minimum offsets from the goaf as starting
values subject to systematic refinement via
monitoring; the switch to reinforced support and
intensified degasification should be triggered by
threshold values of observed parameters rather
than by calendar schedules, in line with the logic of
rock-pressure control set out by Kuznetsov and
Sakhno, and by longwall/ground-control best
practice.

The detailing of engineering measures is
governed by lithological-structural conditions. In
weakly bedded sequences with argillites and
siltstones, justified actions include longer and
pretensioned rock bolts and cable bolts, reduced
spacing, use of stiff-yielding inserts, installation of
local pillars, and advance degasification via lateral
and inclined boreholes; the combined effect of these
measures is reflected in modern publications on the
geomechanical conditions of roadway drivage and
maintenance, in technological solutions for
intensifying gas drainage, and in standard references
on ground control and roadway support. In domains
dominated by monolithic sandstones—where
roadway geometry persists longer but dome-shaped
stress concentrations develop—it is advisable to
combine higher support capacity with limits on the
face advance rate and regulated technological
pauses to prevent dome growth and brittle
collapses; this strategy accords with the
foundational principles of rock-pressure
management in the classic sources and with
synthesized evidence on rock-mass behavior in deep
mines. Within zones influenced by tectonic
structures, increasing ventilation depression to
boost gas flow must be accompanied by continuous
acoustic and deformation monitoring, since
excessive unloading can hasten the transition to
instability; this interrelation is discussed in detail in
studies of degasification parameters for high-
productivity panels and in work on stabilizing the
working floor. Where applicable, proprietary
support and damping solutions and protected
technical designs can be referenced for
implementation [[21, [22]].

Finally, the limits of applicability must be
recognized. Linear construction of zone boundaries
cannot capture the full heterogeneity of the section
and the variability of contacts; the temporal
component—creep, stress relaxation, and changes
in filtration and gas-dynamic regime—can recon
Figure conditions weeks to months after drivage or

extraction. Consequently, calculated decisions must
be accompanied by instrumental verification: GPR
and ultrasonic surveys to detect local stiff inclusions,
acoustic and microseismic measurements to capture
transitions to instability, and repeat surface geodetic
surveys in areas of expected subsidence. This
“model—observe—adjust” regimen rests on the
proven methodological foundations of Kuznetsov
and Sakhno, is supported by regional gas-content
and structural data from Ermekov, and is reinforced
by contemporary engineering studies in
geomechanics and degasification, ensuring the
required stability margin and reducing the
probability of sudden dynamic events at the depths
and lithological-structural conditions characteristic
of the Karaganda Coal Basin [[23], [24], [25], [26]].

Conclusions

To substantiate safe extraction of seams in the
Karaganda Coal Basin, the rock mass must be treated
not as a set of local boundary effects but as a
coherent system of processes with a clear space—
time structure. Calculations and in-situ observations
show that an interlinked hierarchy of zones forms
around underground workings: at the boundary lies
the abutment-pressure zone with elevated principal
stresses; farther out is an unloading zone with
reduced strength and increased jointing; beyond it,
a disintegration zone with loss of structural integrity;
and farther still, a domain of secondary movements
through which deformations propagate away from
the working and upward through the section to the
ground surface. The system is nonlinear: any change
in one zone reorganizes adjacent zones and sets the
dynamics of the entire stress field.

Combined analysis of calculated schemes and
field data indicates that maximum risks localize near
the edges of the worked-out space and protective
pillars, where wedge-shaped stress-concentration
fronts form at angles of about 75-90° to the
horizontal. At depths around 250 m, steeper fronts
(80-90°) prevail; by 500 m, the wedge narrows
downward at 75-80°, defining areas of highest
likelihood for brittle collapses and dynamic events.
The geometry is validated in practice: the sudden
outburst at the Lenin Mine (Seam D-6, 1976, depth
411 m) reproduced the calculated scenario—the
observed failure boundaries coincided with the
predicted wedge-shaped high-stress zone.

For design wunder basin conditions, the
controlling factors remain lithological contrast, gas
content, and tectonic disturbance. Bedded argillites
and siltstones accelerate loosening and enlarge the
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disintegration domain; monolithic sandstones
preserve roadway geometry longer but accumulate
dome-shaped stress fields. High gas content lowers
resistance to perturbations, while faulted and
crushed zones act as stress concentrators and

deformation conduits, sharply increasing the
sensitivity of the rock mass as the longwall front
approaches.

This leads to concrete  engineering

requirements. At depths above an indicative
threshold of 400 m, a comprehensive
geomechanical forecast is needed, with construction
of wedge boundaries and estimation of influence-
zone width for given depth and seam thickness.
Operations should be accompanied by continuous
instrumentation:  convergence  measurements,
acoustic—microseismic monitoring, GPR/ultrasonic
surveys of roof and floor, and real-time gas
dynamics. Reliable indicators of an approach to
instability include acceleration of convergence to
several millimetres per day within roughly half the
abutment-zone width, a sustained rise in low-
frequency acoustic events, and increased methane
flow/concentration at constant  ventilation
depression. Protective-pillar parameters should be
adjusted for seam thickness, depth, and proximity to
wedge zones; minimum sizes should be abandoned
near faults. Support schemes must be adapted to
actual influence-zone boundaries: increase bolt and
cable-bolt length and pretension, tighten spacing,
and employ stiff-yielding elements; in monolithic
sandstones, combine higher load-bearing capacity
with limits on face-advance rate and regulated

pauses to prevent self-growth of a stress dome. To
reduce outburst hazard, advance and lateral
degasification at specified depressions, local relief
workings, and controlled ventilation regimes are
justified.

Organizationally, this is implemented as a strict
“model — observe—adjust” cycle. Initial contours of
influence zones set starting design values; as the
face advances and monitoring data accrue, support
type and spacing, pillar width and geometry,
advance rate, and degasification parameters are
refined. This regime provides the necessary stability
margin for development and longwall roadways and
lowers the probability of sudden dynamic events at
the depths and under the lithological-structural
conditions typical of the Karaganda Coal Basin.
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KapafaHabl Kemip 6acceliHiHAeri Tay XKbIHbICTapbl KbICbIMbIHbIH, }KdHe Tay
YKbIHbICTAPbIHbIH, CileMiHiH, AePopMaLUACbIHbIH KalATa Tapanybl

*MycuH P.A., AxmatHypos [.P., 3amanues H.M.

KEAK 3b6inKac CarbiHo8 ambiHOaFrbl KaparaHObl mexHUKanelk yHueepcumemi, KaparaHdel, KasakcmaH

TYRIHAEME

COfaH

Makana kengj: 25 Koipkyliek 2025
CapanTtamagaH eTTi: 2 KkazaH 2025
KabbingaHapl: 18 Kapawa 2025

Byn 3epTTey KapafaHabl Kemip anabbiHAA ¥KbIHbIC CiNEMIHAET Tay KbICbIMbIHbIH, KaiiTa 6eniHyi meH
inecne pedopmaumanbiK yaepictepai
aliHanacblHAafbl TiPEK KbICbIMbl, TYCipy XaHe biAblpay aliMaKTapblHbIH, reoMeTpuacbl MeH
napameTpaepi, CoHAail-aK oNapAblH, ras-guHamuKanblk KybblibiCTapablH KepiHicTepiHe acepi
KapacTblpblnagpl. O4iCTEMENIK Heri3re KoNAaHblNFaH reomexaHUKasblk MOAENbAEPre CblHU Lo,
aliMaKTapApblH, EHiH KabaTTblH, TEPEHAIrT MEH KanblHAbIFbIHA 6alnaHbicTbl 6afanayFa apHanfaH
ecenTey XaHe rpaduKanblk HOMOrpammanap, coHgai-ak 75-90° wekKTi bypbllwTapaa eHaipinreH
KEHICTIK LeKapanapblHaH KepHeyi »Kofapbl aiMaKTapAblH, CXemasblk Kypblibicbl Kipeai. Urepy
TepeHairi WwamameH 500 m-re aeniH apTKaH Kesae aiMaKTapablH, KOHPUIypaumacbl TOMeH Kapawn
TapblnyFa 6eim cbiHa Tapi3aj cunaTka ne 6onaTbiHbl aHbIKTaNAbl; KA6AT KanblHAbIFbIHbBIH, Y/IFatobI

KapacTblpagpbl. ep actbl Ka3banapbiHbIH,
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acep eTy aliMaKTapbliHbIH, KeHeloiHe aKenedi. Jlutonoruanblik 6enim KayinTi almaKkTapabiH,
opHanacyblH Hakpliakapl: anci3 KabatTbl 6aslbIK TacTap MeH aneBpoNTTEP AEKOMMNPECCUAHbI
Kepenaeteni, an KyWTipeK KyMmTacTap KEHETTEH aTKblaaynap MeH Tay ¥KbIHbICTapPbIHbIH, }Kapblay
bIKTUMANAbIFbl KOFAPbINANTbIH KEPHeY LUOFbIpAaHFaH Kymbes Topisai alimakTapabl Kypanabl.
TeKkcepy Mbicanbl peTiHAe KOMip MeH rasgplH KeHeTTeH LblFapblHAbIIAPbIHBIH, 6ip anu3oap!
TandaHapl. HakTbl Kupay LieKapanapblH ecenTenreH CbiHA TapisAi KepHey alMarbiMeH
canbicTbipyFa 6onagpl, 6yn manimgenreH 6omwkamaap weHbepiHAe TaHAanfaH TICINAH,
OYPbICTbIFbIH - pacTaiabl. HaTwKenepaiH, NpPakTUKanblK MaHbI3abiblfbl ~400 M-geH actam
TepeHAiKTe MiHAETTI KeweHaji 60/1Kay YLWiH WeKTi WapTTapapbl HaKTblayaa, ecenteynepai Tekcepy
YWiH yHeMi acnanTbik 6aKblnayabl Herisgeyae »koHe KabatrapablH, KaiblHAbIFbl MeH TepeHAiriH
ecKepe OTbIpbIN, KOPFaHbIC TiPEKTEPIHIH, NapameTpaepiH Ty3eTyAe *aTblp. 3epTTey HaTUKenepi
KayinTi WblfapblHAbINAP XafAalblHAA Ta3anay *KoHe AalbIHAbIK *KYMbICTAPbIH ¥OCNapaay *KaHe
Kayinci3 »yprisy KesiHge nanganaHblinybl MyMKiH.

TyiiiH ce3dep: TipeK KbICbiMbl, TyCipy aliMaKkTapbl, Ae3uHTerpauua, Kasy TepeHairi, KabaT
Ka/bIHAbIFbI, IUTONOTUSA.
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MepepacnpeaeneHue ropHoro aasneHna u gepopmaumm maccusa nopog,
B ycnosuax KaparaHanHCKOro yroibHoro 6acceiiHa

*MycuH P.A., AxmatHypos [.P., 3amanues H.M.

HAO KapazaHouHckuli mexHu4eckuli yHusepcumem umeHu Abblakaca CazuHosa, KapazaHda, KazaxcmaH

Moctynuna: 25 ceHmabpsa 2025
PeueHsnpoBaHue: 2 okmabps 2025
MpuHATa B neyaTtb: 18 Hosbpa 2025

AHHOTALUMUA

PaboTta nocesleHa aHanu3y nepepacnpefeneHns rOpHOro AaBfeHUA W CBA3AHHbIX C HUM
£edOPMaLMOHHbBIX  NpoueccoB B ycnoBuax — KaparaHOMHCKOro — yronbHoro — 6acceitHa.
PaccmaTtpuBaloTca  reomeTpua M MapameTpbl  30H OMOPHOTO  AABNEHWUA, Pasrpysku W
AE3VHTerpauMn BOKPYr MNOA3eMHbIX BblpabOTOK, a TaKkKe WX BAMAHME Ha NPOABAEHUA
rasogMHaMuyeckux ABAeHWA. MeToamMyeckaa OCHOBa BK/IOYAeT KpUTUYeckuit  ob3op
NPUMEHAEMbIX FTEOMEXAHUYECKUX MOAENEN, PACYETHO-TpadUYecKMe HOMOrpPaMmbl 1A OLEHKU
LUMPUHbI 30H KaK GYHKLMI ryBUHBI 3a71eraHna M MOLLHOCTM NIACcTa, a TAaKXKE CXEMHOE NOoCTpoeHue
obnacteil NOBbLIWEHHbIX HAMPAXeHW OT rpaHuL, BbIPabOTAaHHOTO MNPOCTPAHCTBA NOA,
npeaenbHbiMK yrnamu 75-90°. YcTaHOBNAEHO, YTO NMpW yBeandYeHWu rnybuHbl pa3paboTku ao
nopsgka 500 m KoHoUrypaums 30H NpuMoOBpeTaeT KAMHOBUAHLIA XapaKTep C TeHAeHuuen K
CY)KEHMIO KHM3Y; POCT MOLLHOCTM niacTa MNPUMBOAMUT K paclmpeHuto obnacter BAMAHUA.
JINTONOrMYECKU pa3pes KOHTPOIMPYET JIOKANN3aLLMIO ONACHbIX 30H: €1aboCnoUCTbIe apruaanTbI
M aneBponUTbl YCKOPAIOT PasynioTHEHWE, TOraa Kak 6osee NpoyHble necyaHuku GopmupytoT
KynonoobpasHble 06/1aCTV  KOHLEHTPALUMWM  HaMPSKEHUA C  MNOBBIWEHHON BEPOATHOCTHIO
BHE3anHbIX BbIGPOCOB M TOPHbIX yAapoB. B kavecTBe BepudUKALMOHHOTO npumepa
NpoaHann3MpoBaH aMNM304 BHE3anHoro Bbibpoca yrns 1 rasa. PakTnyeckue rpaHuLbl paspyLleHus
COMOCTaBUMbI C PAacYeTHOM KAMHOBUAHOM 30HOWM MOBbLILWEHHbIX HAMPAXEHWU, YTO NOATBEPIKAAET
KOPPEKTHOCTb BblGpaHHOro nogxofa B npefenax 3asas/jeHHbIX AonyweHui. MpaKkTuyeckas
3HAYMMOCTb PEe3yNbTaTOB COCTOMT B YTOYHEHUWM MOPOrOBbIX YCAOBMIA Ansa 06s3aTesbHOro
KOMM/IIEKCHOTO MNpOrHo3a Ha rnybuHax cebiwe ~400 m, B 06OCHOBaHUM PETYNAPHOTO
MHCTPYMEHTa/NIbHOTO KOHTPOAA 4/1A BepudUKaLuMM pacieToB U B KOPPEKTUPOBKE NapameTpoB
OXPaHHbIX LENMKOB C Y4eTOM MOLLHOCTU NAACTOB U rNybuHbI. MoNyyeHHble BbIBOAbI MOTYT BbiTb
MCNONb30BaHbl NPU NAAHUPOBAHUM M HE30MACHOM BEAEHWMM OYUCTHbIX U MOAFOTOBUTE/NbHbIX
paboT B BbIGPOCOONACHBIX YCOBUSAX.

Knrouyesbie cn108a: onopHoe AaB/EHNE; 30HbI PA3rpy3KK; Ae3uHTerpauus; rnybuHa paspaboTku;
MOLLHOCTb NAACTa; IMTONOTUA.
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ABSTRACT

Asphaltene - resin - paraffin deposits (ARPD) on the inner wall of production tubing shorten service
intervals, elevate operating expenditures, and frequently induce downtime at mature fields. This
paper presents the design and field performance of a rod-driven in-well scraper that provides
continuous tubing cleaning during routine sucker-rod operation without chemical dosing or
surface interventions. The scraper sub is inserted into the rod string and is compatible with @73 -
89 mm tubing and @19 - 22 mm rods. Performance was evaluated on a before/after basis using
the inter-cleaning period (ICP), downtime, and annual cleaning costs, with extrapolation to multi-
well programs. Field deployments of model CP TP ST 01KZ achieved an ICP of 144 - 280 days with
zero cleaning-induced downtime (0 days yr™"). Annual cleaning costs were ~0.265 million KZT per
well (scheduled service only), which is =31x lower than hot-wash budgets on the same asset. The
implied per-well saving is =7.94 million KZT yr™; for a 50-well program, this corresponds to >397
million KZT yr™ in avoided expenditure. Continuous in-well action of the reciprocating toothed
head on each rod stroke disrupts the boundary wax layer and limits deposit regrowth between
services, eliminating periodic thermal/chemical treatments and their logistics. The subassembly
mass (=30 kg) permits installation with standard handling; the pump string configuration is
unchanged apart from the insertion of the scraper section. Compared with thermal, chemical, and
batch mechanical methods, the technology extends service intervals, removes cleaning-related
shut-ins, and compresses the cleaning budget to a predictable, low annual service cost. The results
support routine use of rod-driven scraping for ARPD control in wax-prone wells and provide
quantitative guidance for field-scale rollout and further optimization (wear resistance,
centralization tolerances, and application in deviated completions).

Keywords: paraffin deposits, tubing cleaning, mechanical scraper, enhanced oil recovery, sucker
rod motion, mature oil fields.
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Introduction

Asphaltene - resin - paraffin deposits (ARPD)
precipitate as temperature and pressure decline
along the production path and accumulate on the
inner surface (ID) of production tubing and other
flow components. The resulting organic scaling
increases hydraulic resistance and lifting energy
demand, accelerates wear of downhole equipment,
and triggers recurrent interventions and shut-ins,

ultimately depressing well deliverability and field
economics.

The problem is global: wax-prone crudes and
cold environments are encountered across major
petroleum provinces. Chemical (solvent/inhibitor),
thermal (hot-wash), and batch mechanical methods
are widely applied to mitigate ARPD, each with well-
known advantages and trade-offs; nonetheless,
these approaches are logistics-intensive, shutdown-
dependent, and often transient under high-wax
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conditions, with additional concerns related to
operating cost and HSE performance [[1], [2], [3]].

In Kazakhstan, paraffin-related complications
are especially pronounced at Tengiz, Karazhanbas,
Zhetybay, and Uzen. High paraffin content,
significant cooling during lifting and transport, and
complex well architectures promote rapid
deposition within tubing, casing, and flowlines,
increasing intervention frequency, extending
downtime, and compressing margins at mature
assets [4]. These operating realities motivate
solutions that can control ARPD without recurring
surface operations or chemical dosing and without
interrupting routine production.

Objective, prior work, and contribution. Building
on prior thermal, chemical, and batch-mechanical
practices—which remain standard but require shut-
ins, recurring logistics, and reagent handling—this
study develops and field-evaluates a patented
reverse-motion, rod-driven in-well scraper (model
CP-TP-ST-01KZ) that delivers continuous tubing
cleaning during routine sucker-rod operation, with
no chemical dosing or surface interventions. We
quantify performance on a before/after basis at
Kazakhstani assets using three primary metrics:
inter-cleaning period (ICP), cleaning-induced
downtime, and cleaning-related OPEX. Field
deployments demonstrate multi-month ICP (144 -
280 days) with zero cleaning-induced downtime,
and compress annual cleaning costs to = 0.265
million KZT per well, which is ~31x lower than hot-
wash programs; this corresponds to = 7.94 million
KZT per well-year in avoided expenditure and > 397
million KZT yr™ for a 50-well program. The scraper
sub integrates into standard strings (@73 - 89 mm
tubing, @19 - 22 mm rods) and adds minimal
handling mass (~30 kg). We show, from field
deployments, that continuous, power-free in-well
mechanical control sustains multi-month service
intervals and removes cleaning-related shut-ins, and
we quantify its techno-economic advantage over
conventional regimes at mature Kazakhstani fields.
We also document industrial-readiness
credentials—patent protection, conformity to EAEU
technical regulations, and verified domestic value
content (CT-KZ) - which support scale-up within
import-substitution programs [5].

Figure 1lillustrates the decline in well production
rate during operation as a result of paraffin deposit
accumulation. This highlights the necessity of
implementing innovative cleaning methods, such as
the mechanical rod scraper.

The economic impact of paraffin deposition in
Kazakhstan includes substantial expenditures on

pipeline cleaning, equipment repair, and a decline in
production volumes. Moreover, the environmental
implications are also significant, as chemical
treatments commonly employed to mitigate
paraffin formation may pose ecological risks [6].

Production rate, t/day

Dewaxing of oil wells
Dewaxing of oil wells

0 5 10 15 20 25 30 35 40 45 S0 S5 60 65 70 75 80

Figure 1 — Dynamics of production rate decline in a well
affected by paraffin deposition during operational period

Experimental Section

Study area and materials. This study evaluates a
rod-driven, reverse-motion in-well scraper for
continuous mitigation of asphaltene - resin - paraffin
deposits (ARPD) on the inner surface of production
tubing during routine sucker-rod operation. The test
envelope covered tubing strings (TBS) with nominal
sizes of @73 - 89 mm and sucker rods @19 - 22 mm.
Pilot trials were conducted at the Uzen oilfield
(Mangystau, Kazakhstan) on Well No. 118 (GU-90),
No. 2734 (GU-34), and No. 6095 (GU-15).

Representative deposit samples were
characterized to quantify paraffin, resin, and
asphaltene fractions and to assess flow and
crystallization behavior under controlled laboratory
conditions. Field operating context during the test
period was: reservoir pressure 9.0 - 9.5 MPa and
temperature 50 - 60 °C; the produced crude
contained 12 - 15 wt.% paraffins, exhibited a
viscosity of 120 - 150 mPa-s at 20 °C, and had a water
cut of 85 - 95%.

1. Solvent

extraction and gravimetry

(resins/asphaltenes; paraffins by difference). A
Soxhlet extraction system (Blichi B-811, Biichi
Labortechnik AG, Switzerland) was used to
fractionate deposit samples. Post-extraction masses
were determined gravimetrically on an analytical
balance (Mettler Toledo X5205DU, Mettler-Toledo
GmbH, Switzerland; readability £0.01 mg). Fractions
were dried to constant mass and reported as wt.%
of the initial sample. The paraffin (wax) fraction was
obtained either by dedicated assay or by mass-
balance difference from the measured resin and
asphaltene  fractions. Across representative
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samples, the deposits were found to contain 40 -
60 wt.% wax, 10 - 15 wt.% asphaltenes, and 20 -
30 wt.% resins, values consistent with ranges
reported for wax-prone mature fields [6]. All
gravimetric determinations were performed in at
least three technical replicates with verification of
mass-balance closure.

2. Viscosity of crude oil. Dynamic viscosity was
measured using a rotational viscometer (Brookfield
DV3T, AMETEK Brookfield, USA). Samples were
thermostated and equilibrated at the target
temperature before measurement. Dynamic
viscosity between 20 - 40 °C decreased with
temperature, consistent with datasets for paraffinic
crudes of comparable composition [[7], [8]]. All
measurements adhered to ASTM D445
temperature-control and repeatability
requirements, and each condition was tested in at
least three technical replicates.

3. Wax solidification temperatures. Wax
appearance, crystallization, and solidification
behavior were determined by differential scanning
calorimetry (DSC 214 Polyma, NETZSCH-Geratebau
GmbH, Germany). The analysis reported onset,
peak, and endset temperatures associated with wax
crystallization/solidification for the deposit/crude
matrix.

4. Field operating parameters. Reservoir
pressure, temperature, and water-cut values
contemporaneous with sampling were taken from
field operating logs and are provided above to
contextualize the laboratory measurements [[7], [8],
(o1l

Research Objectives. The primary objective of
this study is to design and implement an innovative
mechanical device—a rod scraper—for cleaning oil
wells from paraffin and other solid deposits. The
device is intended to mitigate operational
challenges associated with ARPD, which significantly
reduce well productivity, increase equipment wear,
and lead to higher maintenance and repair costs.
The scraper operates based on the reciprocating
motion of sucker rods, ensuring continuous cleaning
of the inner surface of the tubing without
interrupting oil production.

As part of the study, the following tasks were
accomplished:

e The design of the rod scraper was optimized
to enhance the efficiency of paraffin removal from
the inner surfaces of tubing and sucker rods.

e Pilot field tests of the device were
conducted at wells No. 118 of GU-90, No. 2734 of

GU-34, and No. 6095 of GU-15 operated by JSC
“Ozenmunaigas”, under various geological and
technical conditions.

e A comparative analysis was performed
between the proposed method and existing cleaning
technologies (thermal, chemical, and other
mechanical methods) in terms of efficiency,
environmental safety, and economic feasibility.

Geological Characteristics of the Pilot Testing
Site — Uzen Oilfield. The Uzen oilfield, located in the
Mangystau region of the Republic of Kazakhstan, is
one of the largest fields in the region and has been
operated by JSC “Ozenmunaigas” since the early
1960s. Pilot field tests of the mechanical device for
cleaning tubing from paraffin deposits were
conducted at wells No. 118 (GU-90), No. 2734 (GU-
34), and No. 6095 (GU-15), located within the Uzen
structural zone.

The productive horizons are associated with
Jurassic-age deposits, predominantly represented
by terrigenous formations formed under deltaic-
alluvial sedimentation conditions. Of particular
interest are horizons Xl - XIV (Callovian stage),
identified at depths ranging from 1,150 to 1,350
meters, as shown in the stratigraphic section along
line P - P’ and the structural map of the top of
horizon XIIl. These reservoirs are composed
primarily  of siltstone-sandstone  sequences
interbedded with argillites and sandstones,
exhibiting good reservoir properties.

The upper part of the lithological-stratigraphic
section consists of Albian deposits (horizons VI - VIII),
while the main productive interval belongs to the
Jurassic formation, beginning with horizon XIlI,
which is oil and gas-saturated. The dominant
lithologies include sandstones, argillites, and
siltstones with occasional conglomerate layers and
interbedding.

The formation fluids are characterized by high
viscosity (up to 150 mPa-s at 20 °C), paraffin content
of up to 12 - 15%, and water cut ranging from 85%
to 95% at the tested wells. Reservoir pressure varies
between 9.0 and 9.5 MPa, with the formation
temperature averaging around 55 °C.

The physicochemical properties of the crude oil
are marked by elevated paraffin content (up to 12 -
15%) and high viscosity, reaching 120 - 150 mPa-s at
20 °C. The water cut of the wells reaches 80 - 95%,
necessitating the use of specialized technologies to
manage deposition and optimize production
regimes.




2027; 341(2):49-59

ISSN-L 2616-6445, ISSN 2224-5243

Such geological and physical characteristics
result in intense paraffin deposition within tubing,
making these wells representative of water-cut and
paraffin-prone systems—suitable candidates for
evaluating the effectiveness of mechanical cleaning
technologies.

structure on the performance of the mechanical
tubing cleaning technology for paraffin removal.

Table 2 — Physicochemical Properties of Crude Oil by
Reservoirs of the Jurassic Complex (J I - J VIII)

Table 1 - Generalized Geological and Production Parar.neter 5 i i i i s
Characteristics of the Productive Reservoirs of the Uzen Density, g/cm® | 0.849 | 0.849 | 0.851 | 0.863 | 0.822
Oilfield Viscosity, cSt | 15.78 | 8.5 | 12.45 | 15.31 | 3.4
(at 40 °C)
Geological and Reservoir Paraffin 27.0 234 22.4 16.51 | —
Parameter Value content, wt.%
Reservoir type Terrigenous (siltstone- Resin content | 11.0 | 27.0 | 12.45 | 140 | -
sandstone) (silica gel),
- - - wt.%
Productive horizons XMl - XIV (Callovian stage)
Depth of occurrence | 1.200 —1.350 m Asphaltene - - - - 5.4
0,
Effective porosity 17 -20% content, wt.%
Permeability 0.05-0.2 um? Sutlf;r content, | 0.17 0.13 0.17 0.22 -
wt.
Reservoir pressure 9.0-9.5 MPa 5 > — 1
Reservoir 50 - 60 °C Iou;pmlnt, oC 3 30 30 30 —
temperature Flash point, °C | -15 -15 -13 - -
- o)
Water cut 8_5 95% — Table 2 presents a stratified characterization of
Technological Conditions . . . .
: : crude oil from the main productive horizons of the
Crude oil pour point | Upto+35°C Jurassic complex. The values of density, viscosity,
(max) and the content of paraffins, resins, and asphaltenes
3 . . .
Gas factor 20 - 40 m*/t confirm a high tendency for ARPD formation,
Saturation pressure | 5.5 - 6.0 MPa particularly in intervals J | - J 1ll, which are considered
ARPD characteristics | Intensive deposition the least favorable in terms of operational
Operational features Frequent tubing cleaning, high conditions.
water cut Figure 2 shows geological cross-sections along

Table 1 summarizes the principal geological,
reservoir, and operational parameters of the Uzen
oilfield, providing a basis for evaluating the influence
of thermobaric conditions, water cut, and reservoir

Profile Section Along Line I-I’
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lines I-1 " and lI-1l *, passing through the central part
of the Uzen oilfield. The sections illustrate the
structure of the productive horizons, including Xl
and XIV (Callovian stage), which were the focus of
the pilot field tests.
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Figure 2 — Geological Cross-Sections of the Uzen Qilfield (Lines I-I' and lI-II')
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Alternating layers of sandstones, siltstones, and
argillites forming the oil-bearing zone are clearly
traced. The cross-sections also depict the thickness
variability, discontinuity of the reservoirs, and a
characteristic  anticlinal structural pattern,
confirming favorable conditions for hydrocarbon
accumulation and justifying the selection of wells
No. 118, No. 2734, and No. 6095 for the
experimental trials.

Operating Principle of the Device. Full name
and model. Reverse-motion, rod-driven in-well
scraper, model CP-TP-ST-01KZ (manufacturer:
Kazakhstan - China). Certificate No. 5104620;
Chinese utility model patent CN ZL 2015 2 0892020.4
and industrial design ZL 2016 3 0164862.8 (covering
a functionally similar scraper architecture);
conformity with EAEU technical regulations; verified
domestic value content (CT-KZ).

The operating principle of the device is based on
the reciprocating motion of the sucker rod. During
this motion, the scraper—equipped with reversible
elements—cleans the inner surface of the tubing
without requiring a well shutdown. The reversible
teeth and springs adapt to the direction of
movement, ensuring cyclic removal of deposits
along the working section of the pipe.

. ,“ V: ¢ —
b o ||
9 J

Figure 3 — Schematic Diagram of the Device
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The proposed device consists of a set of
functional components designed to provide
mechanical cleaning of the inner surface of tubing
during well operation:

1. Flexible guides —Ensure central alignment of
the device within the tubing string, minimizing the
risk of contact with the walls and improving stroke
stability.

2. Unidirectional ring — Locks the device in the
desired direction of movement, preventing slippage
during the return stroke of the rod.

3. Spring plate — The main working element
that maintains contact with the inner wall of the
tubing and removes paraffin deposits through
frictional force.

4. Reversible tooth — Engages the change in
movement direction of the scraper, enabling cyclic
operation under reciprocating motion.

5. Upper limiter (commutator) — Restricts the
upward travel of the device and defines the upper
boundary of the cleaning interval.

6. Tubing (TBS) — A component of the
production string where paraffin deposits typically
form on the inner surface.

7. Lower limiter (commutator) — Limits the
downward movement of the device and defines the
lower boundary of the cleaning zone.

8. Sucker rod — Serves as the drive mechanism
for scraper movement, providing reciprocating
motion as part of the downhole pump assembly.

9. Locking ring — Prevents displacement of
individual structural components during operation
and ensures reliable fixation of all assembled
elements.

This configuration enables continuous cleaning
of the tubing without the need for well shutdown or
equipment disassembly. The use of reversible and
guiding elements ensures effective scraper
performance under various tubing diameters and
curvatures of production strings.

Figure 3 presents a schematic diagram of the
device for cleaning the inner surface of tubing.

Comparison with Existing Methods. The issue of
paraffin deposition in oil production is traditionally
addressed using various approaches, including
mechanical, chemical, thermal, and combined
methods. However, each of these techniques has its
own advantages and limitations. This section
presents a comparative analysis of the developed
mechanical device (rod scraper) against existing
paraffin removal technologies.

Table 3 provides a comparative assessment of
the proposed technology in relation to conventional
methods for paraffin deposit removal [[10], [11],
[12]].
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Table 3 — Comparative Analysis of the Proposed Technology and Existing Methods for Paraffin Deposit Removal

Ne | Criterion Mechanical Chemical Thermal Combined Proposed Rod
Methods Methods Methods Methods Scraper
1 | Operating Mechanical Paraffin Heating of oil Combination of | Removal of
principle removal of dissolution by and tubing to chemical, deposits
paraffin using chemical melt deposits mechanical, through
rigid scrapers reagents and thermal reciprocating
techniques motion of
sucker rods
2 Need to shut Required for Not required, Required for Partially Not required;
down scraper reagents steam or hot oil | required, cleaning occurs
production replacement injected into the | treatment depending on during normal
flow the method well operation
combination
3 Energy efficiency | Moderate, High costs due High energy High due to High, no
requires to reagent usage | consumption complexity of external power
periodic for heating integrated supply needed
scraper treatment
retrieval
4 Environmental Moderate, Low, potential Low, due to Low, combined | High, no
safety removed environmental high energy chemical and chemicals or
paraffin may contamination demand and thermal impact | energy-
require by chemicals possible intensifies risks | intensive
disposal reservoir processes used
damage
5 Implementation | Moderate, Moderate, High, requires Very high, Low, easily
complexity requires requires installation of complex integrated into
equipment chemical heating coordination of | existing
replacement injection systems technologies systems
systems required without
modification
6 Need for High, due to High, constant High, Very high, all Low, operates
continuous wear of reagent dosing temperature systems via rod
monitoring mechanical required control require movement
parts required monitoring without
external control
7 Durability and Moderate, Moderate, Low, frequent Moderate, High, minimal
reliability requires potential overheating control system | wear during
regular buildup of by- may damage complexity long-term use
maintenance products in reservoir reduces
tubing reliability

Table 4 — Opportunities for Development and Scaling of the Rod Scraper Technology

Ne | Direction Description

1 Horizontal and Adaptation of the design for operation in complex well trajectories, including multilateral
deviated wells wells.

2 Design and Enhancement of wear resistance and corrosion protection; optimization of reversible
material elements and springs to reduce drag.
improvement

3 Integration of Implementation of monitoring and Al-based analytics to assess cleaning efficiency and
digital solutions predict deposit formation.

4 | Combination with | Integration with chemical inhibitors and thermal flushing to enhance the overall cleaning
other methods effect.

5 | Scaling and Deployment across oilfields in Kazakhstan and export of the technology to regions facing
commercialization | similar challenges.
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Unlike conventional mechanical devices, the
proposed scraper operates in a cyclic mode
activated by the reciprocating motion of the sucker
rod, which extends the interval between cleanings
and reduces maintenance costs [[13], [14], [15],
[16]].

Thus, further development and refinement of
the technology will significantly enhance oil
production efficiency, reduce operating costs, and
minimize the negative impact of paraffin deposits on
oilfield infrastructure [[17], [18], [19], [20], [21]]. As
Table 4 indicates, further development and
refinement of the technology will improve efficiency
and reduce costs.

Discussion of Results

A three-well pilot (No. 118, 2734, 6095)
confirmed the efficacy of the rod scraper under
representative Uzen operating conditions. Paraffin
accumulation decreased sufficiently to extend the
inter-cleaning period (ICP; defined as the elapsed
time between consecutive mechanical wax-removal
events) from 7 - 10 days (baseline) to 30 - 45 days
(pilot), i.e., a =3 - 6x increase and a =70 - 85%
reduction in intervention frequency. All chemical
reagents previously applied for dewaxing were
discontinued at the pilot wells, and daily oil rates
remained within the pre-pilot variability band,
indicating no adverse impact on production.

Operating conditions (high water cut, elevated
wax content/viscosity at surface temperatures, and
a typical Uzen thermobaric regime) are
characteristic of mature Kazakh assets, supporting
applicability to analogous well stock. Importantly,
deployment did not require well shut-in or
modification of the pumping assembly, avoiding
deferred production associated with conventional
cleaning routines.

To ensure that ICP gains reflected genuine wax-
control performance rather than scheduling
artifacts, effectiveness was tracked via routinely
available indicators: (i) the count of mechanical
cleaning events per month, (ii) torque/load trends
on the rod string and drive amperage, and (iii)
wellhead pressure/AP  stabilization between
cleanings. These independent indicators improved
coherently with the ICP extension.

The field outcome is consistent with laboratory
characterization: deposits rich in paraffin (=40 - 60
wt.%) and DSC evidence of wax crystallization near
operating temperatures, together with

temperature-dependent viscosity measured on the
crude, provide a mechanistic basis for the observed
reduction in deposition frequency. Maintaining flow
above the crystallization onset and regularly
disrupting nascent structure with the scraper
plausibly suppresses layer growth and delays critical
thickness.

The magnitude of ICP extension aligns with
ranges reported for mechanical wax-control
approaches in paraffinic, high-water-cut systems
and, in several cases, exceeds them, while
eliminating solvent use [8]. From an HSE and
sustainability  perspective, removing solvent
treatments reduces chemical handling and
personnel exposure; fewer interventions also
decrease energy use and operational risk.
Limitations include the three-well scope and a finite
observation window; broader deployment should
include longer monitoring to capture seasonality,
guantification of removed wax mass or thickness
where feasible, and stratified analysis by water cut
and fluid rheology. Even with these caveats, the pilot
provides operationally actionable evidence that the
rod scraper is a viable, lower-risk alternative to
energy-intensive and environmentally burdensome
dewaxing practices in wax-prone systems.

Conclusions

A mechanical rod scraper was developed and
field-tested for cyclic in-well removal of paraffin
deposits from tubing and sucker rods.
Representative deposits contained 40-60 wt.% wax,
10-15 wt.% asphaltenes, and 20-30 wt.% resins.
Differential scanning calorimetry showed a
crystallization onset overlapping field operating
temperatures (=50-60 °C), indicating -elevated
deposition risk. The crude contained 12-15 wt.%
paraffins and had a viscosity of 120-150 mPa:-s at 20
°C, decreasing across 20-40 °C in line with datasets
for paraffinic crudes of comparable composition
[[6], [8]]. Measurements followed ASTM D445 with
at least three technical replicates per condition.

In pilot operation, the inter-cleaning period (ICP)
increased from 7-10 days (baseline) to 30-45 days
with the scraper, a 3-6x extension corresponding to
~70-85% fewer interventions under 9.0-9.5 MPa, 50-
60 °C, and 85-95% water cut. Relative to
conventional mechanical/chemical/thermal
routines, the device delivered ICP gains that meet or
exceed typical literature ranges for mechanical wax
control (=1.5-4x) while avoiding reagent use and
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thermal energy input. These results indicate that
maintaining operation above the crystallization
onset and applying cyclic in-well scraping materially
reduces wax-related maintenance in paraffin-prone
mature fields.

Key operational advantages:

e Continuous operation. Scraping is driven by
the reciprocating motion of the sucker rod, allowing
deposit removal without production shutdown and
extending ICP.

e Lower operating cost. Elimination of
chemical reagents and thermal treatments reduces
consumables and simplifies field procedures.

e Environmental and integrity benefits. No
chemical exposure; reduced corrosion risk for tubing
and downhole equipment.

e Drop-in integration. The scraper can be
installed in existing pumping strings without major
modifications.

e Adaptability. Compatible with a range of
tubing diameters and operating profiles; applicable
to paraffin-prone wells across mature Kazakhstani
fields.

Recommendations

To maximize the benefits of the proposed
technology and ensure its sustainable deployment,
the following measures are recommended:

e Field-wide implementation at oilfields with
high paraffin deposition potential (e.g., Tengiz,
Zhetybay, Karazhanbas), with prioritization of wells
exhibiting frequent plugging and high water cut.

e Optimization of operational parameters
based on field-specific monitoring of scraper
performance, allowing adjustment of stroke
frequency, contact force, and cleaning interval.

e Integrated approach: In cases of severe
deposition, the mechanical scraper may be
combined with periodic thermal treatments to
enhance cleaning efficiency without compromising
equipment integrity.

e Further R&D: Investigation into material
wear resistance and structural reliability under
complex geological conditions, including horizontal
and high-viscosity wells.

o Development of an automated monitoring
system to track scraper performance in real time,
enabling predictive maintenance and further
improving operational safety and efficiency.
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TYRIHAEME

MyHal yHFbimanapbl KybbipaapbiHbiH, (¥K) iwki 6eTiHaeri achanbT-warbip-napaduHAai weriHainep
(ALUML) KyBblpnapAapiH, KbI3MET KepceTy Mep3iMiH KbiCKapTagpl, OnepauusabiK, LbIFbIHAAPAbI
apPTTbIPaAbl }KaHE }KaHe KeMeAeHreH KeH OpblHAAPbIHbIH, XWi TOKTaN KanybliHa akeneai. ymbicta
YHFbIIWINIK WTAHranbl KbIPFbIlUTbIH, KYPbIbIMbI YK9HE LWTAHriNi COPFbIHbIH, WTATTbIK *KYMbICbl
Ke3iHae YK-Hbl y34iKci3 Tazanay 6oiblHIWa AaNanbiK CbIHAKTAPAbIH HITUKeNepi YCbIHbILAaAbI; 34icC
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XMMUANBIK A03anayapl Aa, ep ycTiHAeri onepauuanapabl Aa Tanan etneigi. Topan wraHrinep
KOJIOHHACbIHA eHrisinegi kaHe @73 - 89 mm HKK-meH, @19 - 22 mm wrTaHrinepmeH yinecimai.
OHIMAINIK eHri3yre AeMiH/KeliH canbICTblpy apKblabl GafanaHAabl: OHAA TasanayAblH, apanblk
KeseHi (TAK), TOKTan Typy yaKpbITbl KSHe Tasanayfa KeTeTiH XKblAAplK LWbIFbIH, 9pi Kapai Ken
YHFbIManbl 6afgapnamara Tapatbinybl (3KCTpanonsumanaHybl) eckepinin )acangbl. CP TP ST 01KZ
mogzeni bowblHWa eHgipicke enrisynep TAK 144 - 280 Taynikke XeTkisingi, an Tasanayra
6aitnaHbICTbl TOKTan Typy — O Tay/1/3Kbi1. Tazanayra *bligplk WoiFblH ~0,265 MaH KZT/yHFbl (Tek
PernameHTTiK KbI3MeT), Byn Con KopAafbl bICTbIK XKyy OloAKeTiHeH WwamameH 31 ece TemeH.
TuiciHwe, 6ip yHFbIMara yHem =7,94 maH KZT/xbin Kypaingpl; 50 yHFbl KeNeMiHAe XUbIHTbIK acep
>397 mnH KZT/xbin yHemaenai. LUTaHriHiH ap KypiciHAe Kepi-inrepi Ko3fanaTbiH TicTi 6acTmek YK
iwingeri wekapanblk napaduH KabaTblH Oy3biM, KbI3MET KepceTy apacblHAafbl LEriHAj ecyiH
Texenai; 6yn mepsimai TEPMUAABIK/XUMUANLIK, eHAeyNep MeH onapfa 6ainaHbicTbl 601aTbiH
NOTUCTUKA KAXEeTTINIrH XoAaabl. TopanTblH, maccacbl wamameH 30 Kr, COHAbIKTAH MOHTaX
CTaHAAPTTbl KypanfapMeH OpPbIHAANAAbl; KbIPFblll CEKUMACbIH  eHrisyaeH 6acka copfbl
KO/IOHHACbIHbIH, KOMMOHOBKAacbl e3repmeigi. MbInynblk, XUMUANBIK KaHE MeXaHUKanbiK
ToCinAepPMeH CanbiCTbipFaHAA YCbIHbINFAH TEXHOMOMMA CEPBUCTIK Mep3iM apanbifbliH y3apTaapl,
Tasanay ywiH TOKTan TypyAbl }KOA4bl }KaHEe Ta3anay 6lo4KeTiH TOMEH TYPaKTbl XKblAAbIK KbI3MET
KepPCeTY LWbIFbIHbIHA AeWiH KbICKapTaabl. ANbIHFaH HaTUXKenep napaduHai yHFbimanapaa ALLMNLL-
[bl MOHWUTOPWHT Kacay YLWiH KbIPFbIWTbl TYPAKTbl NaiAanaHy MyMKIHAIMH pacTaiapl *KaHe Kopfa
MaclTabTayFa }KaHe oAaH api OHTalNaHAbIpyFa (TO3yFa Te3iMAINIK, OpTanbIKTaHABIPY TananTapsl,
6aFbITTanfaH yHFbiManapaa naaanaHy) caHaplk Hyckaynap 6epeai.

TyiiiH ce30ep: napadwuH WweriHainepi, ¥K TasapTy, MexaHUKanbIK Kblpfbill, MyHanbepyai apTTbipy,
WITaHranap Ko3fabiCbl, KEMeNAEHTeH KeH OpbIHAAPbI.
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MHHOBaLMWOHHbIE TEXHO/IOTMU OUYUCTKU HePTAHDbIX TPY6 OT napadUHOBbIX
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AHHOTAUMUA
AcdanbrocmononapaduHosble oTnoxkeHua (ACMO) Ha BHyTpeHHeli MOBEPXHOCTU HACOCHO-

KomnpeccopHblx  Tpy6  (HKT)  COKpalalT  MeKCEepBUCHblE  MHTEpPBanbl,  MOBbLIWAOT
3KCMAyaTaLMOHHble 3aTpaTbl M HEPeAKO Bbi3bIBAOT MPOCTOM Ha 3pesblX MeCcTOPOXKAeHuAX. B
paboTe npeacTaBneHbl KOHCTPYKLUMA U pesy/bTaTbl NONEBbIX UCMbITAHUA BHYTPUCKBAXKMHHOTO
LWITaHroBoro ckpebka, obecneumBatollero HenpepbiBHyt0 ounmcTky HKT B npouecce wTaTHOW
paboThbl WTAHrOBOTO Hacoca 6e3 XMMWUYECKMX A03MPOBOK W MOBEPXHOCTHbIX onepauuit. Ysen
BPE33eTC B KOJOHHY LWTAHr U coBmectum ¢ HKT @73 - 89 mm v wrtaHramm @19 - 22 mm.
3¢ HEeKTUBHOCTL OLEHMBANACL MO K/OYEBBIM METPUMKAM L0/NOC/ie BHEAPEHWA: MEXOUYMUCTHOM
nepuog (MOM), npocToi M roaoBble 3aTpaTbl Ha OYUCTKY, C 3KcTpanonsuuen Ha
MHOTOCKBaXKMHHble Nporpammbl. Mo pesynbtatam BHegpeHuit ckpebka CP TP ST 01KZ gocTurHyT
MOT 144 - 280 cyT, Npu 3TOM NPOCTOi, 0BYC/NIOBNEHHbIN 04MUCTKOM, paseH O cyT/roa. Moaosbie
3aTpaTbl Ha OYUCTKY cocTaBnamn ~0,265 mnH KZT Ha CKBaKMHY (pernameHTHoe 06Cy»,KnBaHue), 4to
npumepHo B 31 pa3 HuXKe GrogKeTa ropAaYMx NPOMbIBOK Ha Tom e ¢oHae. COOTBETCTBEHHO,
3KOHOMMA Ha OAHOWM CKBaXkMHe — 0KoAo 7,94 maH KZT/rog; npu doHae 50 CKBaKMH COBOKYMHbIN
abdekt pocturaer = 397 maH KZT/rog npepoTspaléHHbIX pacxodos. HenpepbiBHoe
BHYTPUCKBAXKMHHOE JeiCcTBUE BO3BPATHO-NOCTYNAaTe/IbHOW 3y64YaToM rosI0BKU NpU KaXKA0M Xoae
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WTAHIM paspyLllaeT rpaHUYHbIN NapaduHOBBIN CNOM U OrPaHUYMBAET HapacTaHWE OT/IONKEHWI
MeKay 06CaYKUBAHMAMM, YCTPAHAS HEOBXOAMMOCTb NEPUOLNYECKUX TEPMUYECKUX/XUMUYECKUX
BO3LENCTBUIA U CBA3AHHOM C HUMM IOTMCTUKM. Macca y3na nopsaka 30 Kr no3BoseT BbiMNOHATL
MOHTa¥ LUTATHbIMK CPEACTBaMM; KOMMOHOBKA HACOCHOM YCTAaHOBKM HE WM3MEHAETCH, Kpome
BPE3KM CEKLMM CO CKPEOKOM. B CpaBHEHMU C TEMNOBBIMU, XUMUYECKUMM U MaKET-MeXaHNYeCcK1MM
MeTofaMmn TexHonorus obecrneunBaeT 6osnee ANWTE/IbHbIE MEXKCEPBUCHbIE WMHTEPBasbI,
MCKNIIOYAET NPOCTOM, CBA3aHHbIE C OYMCTKOM, U CBOAMUT BIOAKET HA OUMUCTKY K MpescKkasyemoit,
HW3KOW rOLOBOM CTOMMOCTM O6CAYKMBaHWA. [losydeHHble pe3ynbTaTbl MOATBEPXKAAOT
BO3MOMHOCTb PEryifapHOro npumeHeHus ckpebka ans KoHTpons ACMO Ha napaduHUCTbIX
CKBAXXMHAX M NpPeAoCTaBAAOT KONMYECTBEHHbIE OPUEHTUPbI AR MacWTabupoBaHua Ha GOHA U
JanbHeMwen onTMMM3auMmM (M3HOCOCTOMKOCTb, TPebOBaHWA K LEHTPOBKE, NPUMEHEHVE B
HaK/IOHHO-HaNPaBAEeHHbIX CTBO/IAX).

Kniouesoie cnosa: NapadpuHoBbie 0TNOXKEHMSA, ouncTKa HKT, mexaHuuyeckuii ckpebok, ysenndyeHune
HedTeoTAauM, ABUKEHWNE HACOCHDBIX LITAHT, 3pesible MeCTOPOXKAEHMA.
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ABSTRACT

This paper presents a comparative analysis of four main types of well drilling models in
heterogeneous geological sections: mechanical-mathematical, energy, kinematic, and empirical. It
is shown that each group of models focuses on different aspects of the process: the physics of bit-
rock interaction (mechanical-mathematical approach), the energy efficiency of rock mass
destruction (energy), the trajectory and movement of the tool (kinematic), as well as statistical
patterns and the prediction of complications (empirical). The interaction between the bit and the
rock is considered depending on their physical and mechanical properties. A comparison of the
rotation speed of the rotor and bit is provided depending on the rock hardness. Based on a review
of modern publications and the practical experience of leading service companies (Equinor,
Schlumberger, Halliburton), the strengths and weaknesses of each approach are identified, and
the need for their integration is substantiated. It is established that the integrated use of models
of different classes allows not only to describe and explain phenomena but also to manage the
drilling process in conditions of high geological variability.

Keywords: drilling, heterogeneous formations, mechanical-mathematical models, energy models,
kinematic models, empirical models, stick—=slip, digital drilling.
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Indroduction

mechanical properties of the rock mass [1], such as
soft layers alternating with hard ones, cracks and

Drilling in heterogeneous formations is always  caverns, and the entire system reacts to this with
characterized by high complexity and uncertainty,  speed surges, circulation losses, and premature bit
due to the variability of lithological properties of ~ wear [2]. One of the most severe situations remains
rocks, the presence of tectonic fault zones, the absorption of drilling fluid in fractured and
fracturing, and variations in the physical and cavernous zones—a process that halts work and



https://doi.org/10.31643/2027/6445.18
mailto:j.toshov@tdtu.uz
https://orcid.org/0000-0003-4278-1557
https://orcid.org/0009-0006-5970-416X
https://orcid.org/0000-0002-6621-5974
https://orcid.org/0000-0002-6621-5974
https://orcid.org/0000-0002-8977-7400
https://orcid.org/0000-0002-8977-7400
https://orcid.org/0000-0001-7415-3630
mailto:aisaule89@mail.ru
https://orcid.org/0009-0005-1325-5576
https://orcid.org/0009-0005-1325-5576
mailto:mukhammedrakhym@mail.ru
https://orcid.org/0000-0002-7558-128X
https://creativecommons.org/licenses/by-nc-nd/4.0/

2027; 341(2):60-70

ISSN-L 2616-6445, ISSN 2224-5243

requires immediate costs to eliminate. Unless such
intervals are predicted in advance, shutdowns are
inevitable. Therefore, today there are more than a
hundred standard sizes and modifications of drilling
tools worldwide. The search for new, more effective
modifications of drill bits continues, since rock
destruction during drilling is an unsteady process [3].

Modern well drilling is characterized by
heterogeneous geological sections and uncertainty.
Under these conditions, classical engineering
approaches based on a limited set of parameters
prove insufficient to accurately predict the behavior
of the rock-drilling tool-wellbore system.

To analyze rock fracture processes and drilling
dynamics, various classes of models are used in
scientific literature and industrial practice:
mechanical-mathematical, energy, kinematic, and
empirical [[4],[5]]. Each of these models reflects
individual aspects of a complex process. Thus,
mechanical-mathematical models focus on the
physics of bit-rock interaction [6], energy models on
assessing fracture efficiency and specific energy
costs [7], kinematic models on the dynamics of drill
string motion and vibration processes, and empirical
models on statistical dependencies and the
prediction of complications using big data and
machine learning methods [8].

In recent years, there has been a trend toward
integrating these approaches: leading service
companies such as Equinor, Schlumberger, and
Halliburton demonstrate successful examples of
combining physical models with data-driven
analytics, which improves the reliability of forecasts,
improves the controllability of the drilling process,
and reduces technical and economic risks [[9],[10]].
Thus, the relevance of the study is determined by
the need to systematize existing models, identify
their strengths and weaknesses, and substantiate
the viability of an integrated approach that ensures
reliable and effective management of the drilling
process in conditions of high geological variability.

Heterogeneity is also manifested in the
destruction of the massif. For example, in drilling
and blasting operations, the Kuz—Ram model is
widely used (an empirical relationship for predicting
the granulometric composition of broken rock), but
in real heterogeneous massifs, its results turn out to
be idealized: digital processing of images of dumps
shows a strong discrepancy between the calculated
and actual distribution of fragment sizes. In other
words, a simple model does not hold up when
confronted with complex geology, where fracturing
and differences in strength and structure create an
unpredictable failure pattern.

Therefore, the question becomes particularly
important: which models can adequately reflect
environmental variability? Today, there are four
directions. Mechanical-mathematical models are
based on the laws of mechanics and allow one to see
the physical nature of the process, but require
accurate data on the strength of rocks and are
difficult for direct use at the drilling site. Energy
models reduce the process to integral indicators -
specific energy of destruction, mechanical
penetration rate - and are convenient for diagnosing
efficiency, although they remain blind to the details
of the interaction of the bit with the rock. Kinematic
models consider the movement of the tool and the
trajectory of the well, are visual and applicable in
navigation, but describe the process only
geometrically. Empirical approaches, including
modern neural network algorithms, can quickly
predict complications and drilling parameters, but
their reliability is limited by the training set.

This is how the field of comparison is built:
mechanical and mathematical ones give a
fundamental picture, energy ones - economics and
efficiency, kinematic ones - the geometry of motion,
empirical ones - a statistical forecast. The question is
which of these approaches copes better with the
description of drilling specifically in the conditions of
lithological mosaic and variable rock strength - the
accuracy of the forecast of the rate of penetration,
the assessment of energy costs, and the stability of
the tool depend on this.

Methodology

Modern drilling research in heterogeneous
formations relies on diverse methodological
foundations, reflecting the complexity of the
problem itself. University and academic centers
predominantly focus on fundamental approaches—
numerical modeling based on the equations of solid
mechanics and the dynamics of multiphase systems.
Here, the emphasis is on constructing integrated

"drilling rig—drill string—bit-rock" models,
incorporating nonlinear friction, contact
interactions, and three-dimensional stress

distribution. Such studies are verified through bench
tests or limited borehole data, and they form the
basis for understanding phenomena such as stick-
slip or wellbore stability [11].

Industrial companies operate differently: they
focus on energy indicators and fast heuristic
algorithms. Schlumberger, Halliburton, and a
number of Russian service companies are
integrating mechanical specific energy (MSE) and
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energy efficiency coefficient calculations into their
monitoring systems, combining them with data
streams from WOB (weight on bit), RPM (revolutions
per minute), and circulating system pressure
sensors. The methodology is pragmatic: models
must operate in real time, so physical detailing gives
way to adaptive calibration algorithms.

A separate area of research is kinematic and
structural modeling, which is being actively
developed by geophysical divisions. 3D seismic data,
attribute analysis of wells, and integration with GIS
(well logging) are used to construct structural-
kinematic models of deposits. These models do not
directly describe the rock failure process, but rather
define the geological framework within which
mechanical and energy algorithms operate.

Finally, the most rapidly developing empirical
methodology is machine learning and intelligent
forecasting systems. Researchers from China, the
USA, and Russia are training neural networks and
hybrid models on large arrays of drilling data,
including telemetry, lithological sections, and
emergency events. Here, data preparation becomes
key: automatic filtering, channel synchronization,
and the correct marking of complications. It is at this
stage that new methodological developments are
concentrated, from signal preprocessing systems to
the concept of a "digital twin" of a well. Thus, the
research methodology has broadly evolved into four
areas: fundamental numerical modeling, applied
energy indicators, geophysical kinematics, and
empirical big data analytics. In our work, we build on
these approaches, comparing their strengths and
weaknesses and analyzing the potential for
integration in heterogeneous geological settings.

Results

It is advisable to begin a systems analysis with
mechanical and mathematical models, as they
reflect the fundamental physics of drilling and
provide the basis for more applied energy and
empirical approaches. Thus, A.N.

Petrov and S.V. Gavrilyuk demonstrate that a
model in which the drilling rig, string, bit, and rock
are considered as a single system with multi-mass
dynamics, contact friction at the bottomhole, and
electromechanical drive allows for the reproduction

of key self-oscillatory modes [12]. Numerical
experiments confirmed that, under certain
parameters, a stick-slip effect occurs—an

alternation of stops and jerks of the bit with a drop
in average angular velocity and an increase in
parasitic energy consumption (see Fig. 1). These

findings echo the results of M.A. Sidorov and I.L.
Kuznetsov, who demonstrated that torsional
vibrations cause impact loads, accelerate wear on
PDC bits, and increase the risk of threaded
connections loosening (see Fig. 2) [13]. Similar
observations are made by V.V. Isaev and D.S. Rogov,
emphasizing that it is precisely these modes that
"eat up" the mechanical penetration rate and tool
life.

Bit bounce Stick/slip Bending

Axial Torsional Lateral

Figure 1 - Types of drill string vibrations: axial (bit
bounce), torsional (stick—slip), and lateral (bending)

AV. Barkov's geomechanical research line
expands our understanding of the process: without
taking into account the block and fracture structure
of rocks, wellbore stability predictions are inevitably
distorted. Calibrating numerical models using triaxial
core testing and computed tomography of fractures
allows for significantly more accurate predictions of
the stress-strain state of the rock mass and potential
complication zones. Thus, the mechanical-
mathematical layer explains the causes of ROP
degradation and the occurrence of emergency
conditions, but due to its high demands on data and

computing resources, its application in online
practice is limited.
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Figure 2 - Diagram of a PDC bit in section showing the
main structural elements that determine the dynamics
of interaction with the rock

Against this backdrop, energy models have
become a practical tool, as they reduce the complex
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process to integral indicators of "expended power -
destruction volume." The central criterion here is
the mechanical specific energy, first proposed by R.
Theale back in 1965, as the amount of energy
required to destroy a unit volume of rock. The
meaning of this indicator is simple: the lower the
MSE value, the more efficient the drilling. In
practice, MSE is calculated based on telemetry data:
weight on bit (WOB), rotational speed (RPM),
torque, and rate of penetration. The classical model
of A.T. Bourgoine and F.S. Young, based on
regression, made it possible to define the "WOB-
RPM" working areas and delineate zones of uniform
rotation, areas of instability with stick-slip
characteristics, and zones of lateral oscillations,
where efficiency drops sharply (see Fig. 3) [13].
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Schlumberger and Halliburton: in the field, MSE
spikes are used to determine whether the bit is
entering a harder formation, while dips indicate
entry into loose or fractured zones with a risk of
circulation loss [[14],[15]]. This has become a
standard technique in operational geosteering, as
evidenced by examples from the Permian Basin and
the North Sea, where energy indicators helped
quickly localize ineffective performance windows
and return the process to the optimal parameter
range.
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Figure 3 - Drilling mode diagram in WOB—RPM
coordinates, demonstrating the boundaries of stable bit
rotation (UR), the region of unstable mode with
manifestations of stick—slip (NUR), the zone of
insufficient parameters (IP), and the region of lateral
torsional oscillations of the column (LT)
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Figure 4 - Rotary drilling mode diagram in WOB—RPM
coordinates: stable rotation zone (UR), unstable mode
zone with stick—slip manifestations (NUR),
insufficient parameters zone (IP) and lateral column
vibration zone (LT)

The applicability of the energy approach is
confirmed by the experience of service companies
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Figure 5 - Comparison of the rotation speed of the rotor
and bit: mode 16 - unstable rotation (stick-slip),
mode 9 - uniform rotation with a high mechanical
penetration rate [16]

The transition from purely diagnostic criteria to
automation has become a key step in the
development of energy and kinematic models.
Drilling mode diagrams in WOB—RPM coordinates
clearly show the limits of stable rotation, instability
zones with stick-slip behavior, as well as areas of
lateral oscillation and insufficient parameters (Fig.
4). These zones serve as the basis for digital
monitoring systems, allowing for real-time detection
of critical conditions. Against this backdrop,
companies began implementing closed-loop control
systems: Equinor's experience with downhole
regulators and automatic control demonstrated that
suppressing torsional oscillations and aligning
rotation leads to increased ROP and reduced
performance variability; in pilot projects at
Schlumberger-Equinor's Brazilian projects, the rate
of penetration increase reached 60%. A detailed
comparison of rotation dynamics in various modes
reveals the nature of these effects: with uniform
rotation, energy is transferred to the face without
loss, whereas in stick-slip mode, alternating stops
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and jerks, a decrease in average angular velocity,
and torque surges are observed (Fig. 5). This
instability inevitably increases energy consumption
and accelerates wear of PDC bits. Therefore, energy
optimization requires consideration of the actual
dynamics of the process: the fractional-energy
model of A. A. Pavlov and S. N. Grigoriev
demonstrates that rationalizing WOB and RPM
simultaneously reduces energy consumption,
increases the average cutting size, and extends the
service life of the tool [17].
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Figure 6 - High-frequency vibrations of the bit in stick-
slip mode, accompanied by impact loads and accelerated
wear of the cutting elements [17].

High-frequency vibrations of the bit, occurring in
advanced stick-slip mode (Fig. 6), pose a particular
danger. They are accompanied by impact loads,
causing accelerated wear of cutting elements and
creating the risk of threaded connections becoming
loose. In practice, this is one of the most dangerous
scenarios, which is why modern drilling control
systems are focused on preventing entry into such
zones rather than mitigating the consequences.
Taken together, this confirms that only the
integration of mechanical-mathematical models,
energy indicators, and intelligent control algorithms

allows the process to be maintained within a safe
and efficient parameter range.

The kinematic modeling level defines the
geometric basis of the drilling process, where the
object of analysis is not the force interaction, but the
trajectory of the system elements and the wellbore.
In engineering practice, this manifests itself in two
dimensions: first, as the kinematics of the drill string
and tool, and second, as the kinematics of the
geological structures that determine the borehole
curvature. In the first case, kinematic diagrams of
the drive, column, and bit are constructed to
optimize the transmission of rotation and axial load
to the face [18]. When considering heterogeneous
sections, the actual kinematics of the deepening
process become more important: a geometric
estimate of the maximum possible rate of
penetration (ROP), which sets the upper limit of
efficiency. Comparing the actual ROP with the
"ideal" ROP shows the extent to which the bit's
movement is limited by the strength properties of
the rock. This principle is embedded, in particular, in
the Burgoyne-Young model, where the kinematic
component of the velocity is adjusted by empirical
coefficients reflecting the influence of lithology and
hydraulics.

The second line is the wellbore trajectory as it
passes through zones with varying drillability and
structural complexity. Faults and inclined layers can
cause bit deviation, so structural-kinematic models
are used to predict curvature and select the optimal
trajectory. For example, T.Sh. Akhmedov and K.N.
Ibragimov, using the integration of 3D seismic with
well logging, constructed a model of the Kurovdag
field, revealing hidden tectonic blocks and faults not
visible in the original sections. The resulting model
made it possible to refine the course of horizontal
wells and avoid complications when crossing
tectonic zones [19].

Real-time kinematic analysis is performed using
MWD and LWD systems, which record azimuth,
inclination, and changes in logging parameters. The
use of azimuthal methods, as demonstrated by A.R.
Isaev and all using density logging data while drilling
to identify the boundaries of hydrodynamic isolation
between reservoirs and adjust the subsurface
model. Essentially, the kinematic approach
transforms drilling into a tool for "sounding" the
subsurface, where the trajectory and its changes
themselves become diagnostic indicators of
geological heterogeneity.

—— 4 ——
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The oscillatory modes of the drill string deserve
special mention. Although they are described
dynamically, in  practice, only kinematic
parameters—vibration amplitudes and
frequencies—are often recorded. This allows for the
identification of critical modes, such as backward
whirl, when the string strikes the borehole walls. A
geometric model of the bit center's motion relative
to the wall allows for the determination of critical
frequencies and their comparison with the LT zones
on the WOB—RPM diagrams. Thus, even without full
dynamics, kinematic analysis helps identify the
conditions that lead to hazardous modes.

A modern trend is the automation of trajectory
and mode control. An example is the Downhole
Regulators tested by Equinor. This device, mounted
on the bit, adjusts the feed rate in real time,
smoothing out oscillations and preventing stalls.
Reported data from 93 well sections demonstrate an
increase in ROP and a reduction in the number of
complications, confirming the effectiveness of using
an on-the-fly kinematic model as part of an
intelligent drilling autopilot.

Collectively, kinematic models form a tool for
operational diagnostics and geosteering: they
enable the identification of hidden heterogeneities,
trajectory prediction, and operational adjustments
before complications arise. Their limitation remains
their inability to determine the causes of these
phenomena: they record movement but do not
explain its physics. Therefore, their maximum
effectiveness is achieved when combined with
mechanical-mathematical and energy models that
reveal the hidden force mechanisms underlying the
observed kinematics.

Discussion

The approaches to drilling modeling discussed
above-mechanical-mathematical, energy,
kinematic, and empirical-are not mutually exclusive.
On the contrary, they complement each other, each
providing its own perspective on the complex,
multifactorial process of rock failure. In real-world
heterogeneity, effective drilling planning and
execution require a combination of all four model
types.

Mechanical-mathematical models provide
physical plausibility and the ability to extrapolate

system behavior beyond existing experience. They
allow us to explore new drilling modes, materials,
and bit designs. For example, they can be used to
predict the occurrence of stick-slip and other
vibrations at specific WOB and RPM ratios, which
has been confirmed in practice. However, the
complexity of such models hinders their application
directly at the drilling rig: computational power and
time are required to solve the equations, and, most
importantly, input data is not always available (for
more details, the rock parameters for each meter of
the borehole are unknown in advance). Therefore, in
real time, it is difficult to rely solely on a purely
physical model.

Energy and kinematic models fill this gap,
enabling rapid process control. They are simple and
quick to calculate. Specific energy mode diagnostics,
as noted, instantly demonstrate drilling efficiency;
trajectory and speed monitoring detect deviations
when entering a new drilling phase. However, if an
abnormal situation arises, these models only record
the symptom (increased MSE, trajectory drift) but do
not explain the cause. Engineering expertise, a
connection to a physical (mechanical) model, or big
data analysis should be used here [[20],[21]].

Empirical (data-driven) models allow us to
account for the complexities of geology without
delving into the physics of the processes. They work
well as a warning and prediction system: for
example, a neural network can predict that lost
circulation is likely within 5 meters, based on a
combination of indirect indicators, even before it
manifests itself. However, such predictions are
always subject to error, and they offer no guarantee
beyond known patterns. This is why the best
strategy is to integrate models. Modern automated
drilling systems (so-called intelligent drilling rigs) are
built on a three-tiered structure: at the bottom tier
are sensors and direct automation (kinematics and
energy: maintaining a set flow rate, pressure, and
power); at the middle tier are optimization models
and algorithms (physical and empirical models that
evaluate the process state); at the top tier is an
operator or Al that makes decisions based on the
combined information. All of the described
approaches fit naturally into this architecture.
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Table 1 - Comparative characteristics of drilling models in heterogeneous sections.

Model approach

Main features and advantages

Limitations and disadvantages

Mechanics and

Accurate physical description of the

Complexity of implementation; requires

Mathematics process; prediction of new effects; | many input parameters; high
consideration of material properties computational costs; difficult to apply in
real time

Energy Integrated performance assessment | Does not show the causes of the
(specific energy, efficiency); rapid | phenomenon; may misinterpret complex
diagnostics of deteriorating conditions; | cases (for example, an increase in MSE due
optimization of modes to minimize | to vibrations or hard rock); requires

energy consumption calibration for conditions
Kinematic Drilling trajectory and speed control; | Does not take into account forces and

models for automation

fault and rock change detection based
on course/ROP changes; simple motion

resistances; without a connection to
dynamics, it can give a simplified
representation; it does not prevent
problems, but only records movement

Empirical (data) Considers multiple

accumulated data;

time; adapts to a specific field

simultaneously; self-learning based on
forecasts
complications and parameters in real

factors | Requires large, high-quality training data;
is limited to a domain similar to the training
sample; is a "black box"—provides a
prediction without explaining the physics

of the process
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Figure 7 - Operating principle of the AST, which smooths
out torsional vibrations and stabilizes the rotation of the
bit when drilling in heterogeneous sections [22].

Equinor's experience with the implementation
of downhole weight-on-bit (AST) regulators
exemplifies successful integration. The device is
based on an understanding of stick-slip mechanics: a
physical and mathematical model demonstrated
that a spring-damper element integrated into the
string can smooth out intermittent torsional
vibrations and stabilize rotation. Kinematic analysis
allowed us to define the deformation parameters
and speed range at which the regulator operates
effectively; energy calculations confirmed its impact
on reducing the specific energy of fracture and
increasing ROP, and empirical statistics from dozens

of wells demonstrated the reliability of the solution.
The diagram (Fig. 7) illustrates the operating
principle of the AST: as torque increases, the tool
compresses elastically, reducing the weight on the
bit and preventing instability. According to reports,
the implementation of such regulators has resulted
in a 30-40% increase in ROP and a significant
reduction in accidents, despite the complex
structure of the wellbore. Another example is digital
twins and drilling simulators, which are currently
being developed in research centers. They combine
a geological model of the section (usually stochastic,
accounting for heterogeneity), a geomechanical
model (stress, wellbore stability), a bit and string
model (mechanics and kinematics), and an
integrated ML model calibrated against actual well
data. Such a twin can compare forecasts and actual
performance online and adjust either model
parameters or recommend a change in drilling mode
[[23],[24]]. Essentially, this is the fusion of all four
approaches into a single software suite.

As Table 1 shows, no single model type covers all
aspects of a complex drilling problem. Therefore, in
engineering practice, combinations are used. For
example, when planning a bit and drilling mode for
a new section, mechanical and mathematical
calculations are first used (to estimate the required
force, torque, and vibration risk). Then, during
drilling, energy monitoring (MSE and power
monitoring) and kinematic control (navigation
trajectory and mode stabilization using vibration
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sensors) are used. Empirical trends are also
constantly compared (models trained on adjacent
wells suggest expected values and warn of abnormal
ones) [25]. This integrated approach is the most
reliable.

This is especially important for heterogeneous
sections, where the situation can change abruptly.
Here, a mechanical model will warn in advance:
"stick-slip is possible in interval X with the given
parameters" — this allows for reconfiguring the
drilling mode before entering the interval. When
drilling enters an interval, energy indicators will
show the actual state: "energy consumption is
increasing, efficiency is decreasing" — a signal to
review the WOB/RPM. Kinematics and sensors will
indicate: "the bit has started to deviate/vibrate" —
perhaps a fault or lens has been encountered,
requiring a reduction in speed or the use of
dampers. An empirical system can also provide the
following: "Based on experience, in such cases, there
will be a loss of power after 10 meters, so be
prepared." Using this information together
significantly increases the chances of successfully
drilling through a challenging interval.

Interest in the automation and
intellectualization of the drilling process has grown
significantly in recent years. By 2025, drilling rigs
where humans merely control the actions of an
automated system that optimizes drilling according
to a predefined algorithm will already be a reality.
However, models cannot be completely
eliminated—they constitute the "brain" of such a
system. A promising area of research is the
development of adaptive models that update their
parameters during drilling. For example, a
mechanical model can adjust rock strength
properties based on actual load and speed data, i.e.,
adapt to the actual cross-section rather than the
nominal one. Empirical models, in turn, can
integrate physical constraints (for example, learning
not from meaningless correlations, but by taking
into account known physical relationships between
parameters). All this is aimed at making drilling in
highly heterogeneous conditions more predictable
and controllable.

Conclusion

The review showed that drilling in geologically
heterogeneous sections can only be described using
a comprehensive approach: individual models
capture important aspects, but only their
combination can explain and predict the actual

process dynamics. Based on mechanical,
mathematical, energy, kinematic, and empirical
studies, the following conclusions were reached:

1. Mechanico-mathematical models explain
key phenomena: numerical models of the string and
bit (A. N. Petrov, S. V. Gavrilyuk, M. A. Sidorov, I. L.
Kuznetsov) reproduce stick-slip and torsional self-
oscillations, demonstrating how they reduce ROP
and destroy the PDC tool; geomechanical
calculations (A. V. Barkov) demonstrated that
without taking fracturing and block structure into
account, well stability predictions are distorted.

2. Energy models capture the process
economics: MSE calculations and WOB-RPM
diagrams localize inefficiencies, and the fractional-
energy model (A. A. Pavlov, S. N. Grigoriev)
confirmed that optimization of the drilling regime
reduces specific costs and simultaneously increases
bit life. In tests, this resulted in reduced energy
consumption and an increase in the yield of coarse
cuttings.

3. Kinematic models have practical
applications in geosteering and trajectory control:
the work of T.Sh. Akhmedov and K.N. Ibragimov
demonstrated that attribute analysis of seismic and
well logging allows for the prediction of block
displacements and faults; the methodology of O.I.
Imendeeva and V.A. Nosov demonstrated that LWD
logging detects hydrodynamic barriers during
drilling, allowing for rapid course corrections.

4. Empirical and predictive models have
demonstrated effectiveness in predicting
complications: neural network developments (A.S.
Kiselev, S.V. Nechaev, E.G. Gurinov, N.Yu.
Klyuchnikov) successfully predicted lost circulation
and stuck wells several meters before they occurred,
demonstrating the value of machine learning in
complex cross-sections.

5. Industrial practice (Equinor, Schlumberger,
Halliburton) has confirmed that the integration of
approaches is already producing results: the
implementation of AST has reduced the amplitude
of oscillations, stabilized rotation, and ensured an
increase in ROP by 30-40%.
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BipTeKTi emec reonoruanbik yuackenepae 6ypsrblnayablH MaTeMaTUKanbIK,
MmoAenbAepiH canbiCTbipMmanbl Tanaay
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1 Ucnam Kapumos ameiHdarel TawkeHm Memaekemmik TexHuKansiK YHusepcumemi, TawkeHm, ©36ekcmaH

2 Y3TY MUCuC Anmansik gpunuanst, AamarnsiK, 636ekcmaH

3 db6inkac CarbiHO8 ambiHOaF6l KaparaHObl mexHUKasnelK yHusepcumemi, KaparaHobl, KazakcmaH

Makana kengi: 8 KaszaH 2025
CapantamagaH eTTi: 13 KasaH 2025
Kabbinpganapl: 19 kapawa 2025

TYRIHAEME

Byn KymbicTa 6ipTekTi emec reoforMANbIK yyackenepgeri  yHfbimanapgapl Oypsbinay
MoAeNbAepiHiH, TOPT Herisri TypiHe canbiCTbipManbl TanAdy YCbIHbLIFAH:  MeXaHMKabIK-
MaTemaTUKanblK, IHEPreTUKasblK, KMHEMATUKA/bIK KaHe SMNUpUKanbik. 9pbip mogens TobbI
NPOLLECTIH, 9PTYPAI acnekTinepiHe 6afbITTaNFaHbl KOPCETINTEH: KallayAblH Tay *blHbICbIMEH ©3apa
opekeTTecy ¢OM3MKachl (MeXaHUKaNbIK-MaTEMATUKAbIK T3CiN), Tay KblHbICbl MACCaCbiHbIH,
6y3blNybIHbIH, 3HEprua TUiMAiniri (3Heprua), KypanablH, TPAEKTOPUACHI MeH KO3FanbiCbl
(KMHEeMaTMKa), CcoHAal-aK CTaTUCTMKaNbIK 3aHAbIIbIKTAp KaHe acKblHynapapl 6omkay
(smnupukanbik). Kaway MeH >KblHbICTbIH, ©3apa 9peKeTTecyi onaphblH, OW3MKaNbIK KaHe
MEeXaHWKanblK KacueTTepiHe 6GainaHbICTbl KapacTblpblnagpl. POTOp MeH KalwayaplH, aiHany
KbINAAMAbIFbI TACTbIH, KaTTbl/IblFbIHA GaWNaHbICTbI CaNbICTbIPbIIAALI. 3amaHayM Hacbinbimaapsa
LIOAY }KIHE XKeTeKLWi KbI3MeT KepceTy KomnaHuanapbiHbiH, (Equinor, Schlumberger, Halliburton)
NPaKTUKanbIK Taxipubeci HerisiHae apbip TACINLIH KYWTi YKaHe 9/Ci3 KaKTapbl aHbIKTanbin,
onapabl BipiKTipy KaxeTTiNiri Herisgeneai. OPTypAi KnacTafbl MOAENbAEPAI KEWeHA nainaanaHy
TEK KyOblIbICTapAbl CUMNaTTayFa »KoHe TYCiHAipyre faHa emec, COHbIMEH KaTap *Kofapbl
reonorvANbIK ©3repriluTik KafaabliHaa 6ypfblnay npoueciH backapyfa MYMKIHAIK 6epeTiHi
aHbIKTanapl.

TyiiiH ce3dep: 6yprbinay, BipTeKTi emec KabaTrap, MexaHWKaIblKk-MaTeEMaTUKA/bIK MOAENbAED,
SHepreTUKasblK MOAENbAEP, KNHEMATUKabIK MoAenbaep, SMNUPUKANbIK MoAenbaep, KONMeH
CbIPFbITY, CaHABIK BypfFbliay.
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CpaBHUTENIbHbIA aHAIU3 MAaTEMATUUECKUX Mmoaenen bypeHua CKBaXKUH
B HEOAHOPOAHbIX Fe0N0rMYEeCKUX paspesax

! Towos X.B., ! 3pkuHos A.U., 2 bapatos B.H. 3 Manbibaes H.C., 3 EceHaocosa A.H.,
3 }enaukbaesa A.T., 3 Pabatynbl M.

! TawkeHmckuli 20cydapcmeeHHbili mexHudeckuli yHugepcumem umeHu Ucaama Kapumosa, TawkeHm, Y36ekucmaH
2 Aamansikckuli punuan HUTY MUCUC, Anmarnsik, Y36eKucmaH,
3KapaaaHouHckuli mexHuyeckuli yHusepcumem umeHu Abbinkaca CaeuHoga, KapazaHda, KazaxcmaH

AHHOTALUMUA

B paHHOM cTaTbe MpeacCTaBNeH CPaBHUTE/IbHbLIA aHaAW3 YeTbipex OCHOBHbLIX TUMOB MoAenei
6YypeHUn CKBaKWUH B HEOAHOPOAHbIX reO/OTMYECKUX pas3pesax: MeXaHUKO-MaTeMaTUYeCKMX,
IHEepPreTUYECKUX, KNHEMATUYECKMX U IMNUpPUYecKuX. MOKasaHo, YTo Kaxaas rpynna mogenei
boKycHpyeTca Ha Pas/MuHbIX acrnekTax rnpouecca: ¢pu3vKe B3aUMOAENCTBUA [ON0Ta C TOPHOM
nopofoi (MexaHMKo-maTeMaTUYECKUII NOAXo4), SHepreTuieckoi 3dPpeKTMBHOCTU paspyLleHus

Moctynuna: 8 okma6ps 2025 MaccuBa ropHOW nopoapl (3Heprus), TPAEKTOPUM U ABUNKEHUW MHCTPYMEHTA (KMHEMATMKA), a
PeueHsupoBaHue: 13 okmabpa 2025 TaKXKe CTaTUCTUYECKMX 3aKOHOMEPHOCTAX M MPOTrHO3MPOBAHMU OCAOXKHEHWUN (IMNUPUHECKUIA).
MpuHATa B nevaTb: 19 HoAbpAa 2025 B3aumogeicTBre mexay AONOTOM W MOPOAON pacCMaTpUBAETCA B 3aBUCMMOCTU OT WX

dU3NYECKUX U MEXaHMYeCKMUX CBOMCTB. MpMBOAUTCA CpaBHEHME CKOPOCTU BpPALLEHWA poTopa U
[0N10Ta B 33aBUCMMOCTM OT TBEPAOCTM Moposbl. Ha ocHoBe 0630pa coBpemMeHHbIX NyBAUKaLWin 1
NPaKTMYECKOro OnbiTa BeAyliMX CEepPBUCHbIX KomnaHuui (Equinor, Schlumberger, Halliburton)
BbIAB/IEHbI CWU/IbHbIE U CNabble CTOPOHbLI KaAOro noaxoaa v obocHoBaHa HeObXOAMMOCTb MX
MHTErpaumun. YCTaHOB/IEHO, YTO KOMMIEKCHOE WCMNOAb30BaHWE MoAeNei pPasHbIX KAaccos
No3BOANsAET HE TO/NbKO ONWCbIBaTb U O6BACHATL ABNEHWA, HO U YNPaBAATb NpoLeccom BypeHus B
YCNOBUAX BbICOKOM reoNorMyeckoi smeH4YMBoCTH.

Knioyeebie cnoea: GypeHue, HEOLHOPOAHbIE MNAACTbl, MEXaHUKO-MaTeMaTUYeCcKUe MOLE/U,
SHEpreTMYeckne MOLENM, KUHEMATUYECKME MOAENM, SMIUPUYECKME MOLENM, PydHoe
CKO/bXKeHwWe, undposoe bypeHue.
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ABSTRACT

This research investigates the potential of utilizing industrial technogenic waste materials as
hybrid mineral additives in the production of composite Portland cement (CPC), aiming to reduce
clinker consumption and promote environmentally friendly construction practices. The studied
materials include active ash and slag (AAS) from the Angren thermal power plant, microsilica
(MS), and processed steelmaking wastes such as ladle slag (LS), furnace slag (FS), and recycled
steel slag (RSS) from Uzmetkombinat JSC. The chemical, mineralogical, and mechanical
properties of these materials were characterized in accordance with national and international
standards. Compressive strength tests and lime absorption measurements evaluated their
pozzolanic and hydraulic activities. Experimental results demonstrated that AAS exhibited the
highest activity, capable of replacing up to 45% of clinker without compromising mechanical
strength. When combined with less active components (MS, RSS, FS, and LS), hybrid additives
showed synergistic effects. Among these, the AAS+MS blend had the most significant pozzolanic
effect, evidenced by reduced calcium oxide (CaO) concentration in the surrounding liquid and
lower solution alkalinity. The statistical validation using the Student’s t-test confirmed the
effectiveness of each additive, with t-values significantly exceeding the threshold required to
classify them as active mineral additives. The findings support the development of “green” CPCs
using hybrid additives derived from local industrial waste, offering a sustainable alternative to
traditional raw materials. These formulations can significantly reduce carbon dioxide emissions,
energy consumption, and natural resource depletion while maintaining cement performance,
thus aligning with global trends toward low-clinker and low-carbon construction materials.

Keywords: industrial waste, steel-smelting slag, microsilica, recycling, hybrid additives, green
technology, energy saving.
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Introduction

In Uzbekistan, numerous enterprises operating

However, with the adoption of scientifically
grounded and rational processing technologies,
these technogenic wastes possess significant

in the energy, metallurgical, chemical, mining, and
processing sectors generate vast quantities of
mineral-based industrial waste, much of which is
currently disposed of in landfills or open dumps,
causing serious ecological and economic concerns.

potential to serve as alternative raw materials for
various industrial applications, particularly in
construction material production [[1], [2], [3]].
Recognizing the dual necessity of
environmental  conservation and  resource
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efficiency, both global and national initiatives are
being actively pursued. In Uzbekistan, a strategic
emphasis has been placed on enhancing
environmental protection, promoting sustainable
development, rationalizing the use of natural
resources, and improving the sanitary-ecological
landscape of industrial regions [4].

Simultaneously, due to the persistent
escalation in the costs of fuel, energy, and raw
material resources, the global construction industry
is experiencing a paradigm shift towards the use of
composite Portland cements (CPCs). These cements
incorporate hybrid mineral additives—
combinations of two or more supplementary
cementitious materials (SCMs) of either natural or
anthropogenic origin—which enable a significant
reduction in Portland cement clinker content. This
approach not only conserves primary resources and
decreases production costs but also contributes to
substantial reductions in CO, emissions associated
with clinker calcination, thus mitigating the carbon
footprint of cement production [[5], [6], [7]].

Consequently, the integration of industrial
waste into CPC formulations represents a promising
direction for achieving eco-efficient construction
materials, aligned with the principles of "green"
technology and sustainable development. This
transformation necessitates comprehensive
research into the physical, chemical, and pozzolanic
properties of potential waste-derived additives to
optimize their performance in cementitious
systems.

The production of composite Portland cements
(CPC), incorporating various mineral additives,
represents a  scientifically grounded and
environmentally conscious solution to the long-
standing challenge of reducing clinker content in
cement. By replacing a portion of energy- and
carbon-intensive clinker with alternative pozzolanic
or hydraulic materials, CPCs enable a simultaneous
decrease in the consumption of natural resources
and thermal energy, while also mitigating the
substantial carbon dioxide emissions traditionally
associated with Portland cement manufacturing
processes [[8], [9], [10]].

This approach is particularly relevant in regions
where access to high-quality raw materials is
limited or where cement demand is rapidly
increasing due to large-scale infrastructure
development. In such contexts, the utilization of
locally sourced natural or industrial mineral
additives—such as ash, slag, volcanic tuff, or other
silicate-based materials—serves as a strategic
method to alleviate supply deficits and reduce

logistical costs related to raw material
transportation. The incorporation of up to three
distinct additives with varying mineralogical
compositions into a single cement formulation is
permitted by existing standards, opening avenues
for the development of hybrid binders with tailored
performance properties [[11], [12]].

However, the widespread industrial adoption of
multi-component CPCs remains constrained by
several factors. Chief among them is the lack of
comprehensive technological frameworks and
insufficient experimental data regarding the
synergistic or antagonistic effects of multiple
additives introduced simultaneously. Additionally,
geographical disparities in the availability of
suitable waste materials—such as fly ash, blast
furnace slag, and clay—further hinder consistent
production. Cost barriers, particularly associated
with high-performance additives like microsilica,
also limit large-scale implementation.

Forecasts by the International Energy Agency
anticipate a steady increase in the global share of
CPCs, with permissible additive content projected
to rise to 40% or more by 2100. This shift is
expected to significantly elevate the demand for
supplementary cementitious materials.
Nevertheless, current reserves of widely used
additives are insufficient to satisfy this anticipated
growth, prompting the urgent need for targeted
research aimed at identifying, characterizing, and
processing new sources of mineral additives.

Such research must focus not only on the
geochemical and physical properties of potential
raw materials but also on their environmental
compatibility, long-term durability, and economic
feasibility. In this context, the valorization of
underutilized or untapped local resources—such as
technogenic by-products, silicate rocks, and
industrial residues—will be crucial for establishing a
sustainable, low-carbon cement industry capable of
meeting future global construction demands.

In this context, the comprehensive
investigation of the technological properties,
chemical compositions, and potential applications
of mineral technogenic raw materials derived from
various industrial processing sectors becomes
critically important. As industrial production
continues to expand globally, the generation and
accumulation of technogenic by-products—such as
slags, ashes, industrial dusts, and other waste
materials—grow proportionally. These secondary
raw materials represent an increasingly valuable
resource pool that can significantly supplement
traditional natural mineral sources, which are often
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limited in availability or subject to depletion [13].
Understanding their physical, chemical, and
mineralogical characteristics is essential to optimize
their incorporation into cementitious systems,
ensuring that these additives not only enhance
material performance but also comply with
environmental and health safety standards [[14],
[15]].

Furthermore, the strategic utilization of
synthetic mineral raw materials addresses multiple
pressing challenges faced by the cement industry
and broader environmental management goals.
The deployment of these materials promotes a
“clean” climate by reducing the carbon footprint
associated with clinker production and by enabling
the recycling of industrial waste that would
otherwise contribute to environmental pollution
[16]. This approach also safeguards the health and
safety of populations living in proximity to heavy
industrial zones by mitigating the uncontrolled
release of hazardous substances and dust emissions
[17]. Additionally, it plays a vital role in preserving
biodiversity, as the extraction pressure on natural
mineral deposits is alleviated, reducing habitat
destruction and ecological imbalance [18].

From an applied research perspective,
evaluating the feasibility and effectiveness of
energy and metallurgical waste as supplementary
cementitious  materials  requires  systematic
experimental work and techno-economic analysis
[19]. Such studies encompass the optimization of
processing techniques to improve reactivity, assess
durability under various environmental conditions,
and evaluate long-term stability in concrete
composites [20]. Alongside this, it is necessary to
develop specific guidelines and recommendations
for industrial-scale implementation that consider
local resource availability, regulatory frameworks,
and sustainability metrics.

Ultimately, these efforts culminate in the
formulation of novel “green” composite cement
products that align with global climate targets and
sustainable development goals. Numerous studies
confirm that the integration of diverse mineral
additives and synthetic raw materials fosters the
development of durable, eco-friendly building
materials capable of meeting modern infrastructure
demands while minimizing ecological impact [[21],
[22], [23], [24], [25], [26]].

Experimental part

The study objects comprised Portland cement
clinker sourced from Bekabadcement JSC, gypsum

stone from the Bukhara deposit, and the proposed
additives including active ash slag (AAS) from the
Angren TPP dry removal, microsilica (MS),
processed steel slag (PS), ladle slag (LS), and
furnace slag (FS) produced by Uzmetkombinat JSC.
The chemical and mineralogical compositions of the
raw materials were determined according to GOST
5382, with hydraulic activity assessed in accordance
with GOST 310.4. This involved processing to derive
the calculated value of the Student's criterion as
per GOST 25094. To evaluate the suitability of raw
materials as cement additives, their compressive
strength must be assessed in comparison to the
strength of standard sand mixed with cement; this
necessitates subsequent statistical processing of
the obtained data and calculation of the Student's
criterion in alignment with the GOST 25094
methodology. The results were evaluated following
0O'z DSt 901 and GOST 31108 - 20. The suitability of
ash and slag was determined according to national
standard O'z DSt 2912:2014 “Ash and slag mixtures
for the production of Portland cement clinker and
Portland cement. Technical conditions". The
pozzolanic activity of the additives was quantified
by measuring the volume of lime absorbed, along
with the degree of alkalinity of the liquid phase in
contact with the cement samples containing hybrid
additives.

Physical and mechanical testing of samples.

Grinding the mixtures in a laboratory ball mill
to fineness according to the residue on sieve No.
008. A mixture of test clinker with different ratios
additives and clinker with standard sand was
prepared using a mixer machine Matest E093 for 1
minute. The mixture was trowel-mixed for another
4 minutes to ensure uniformity in the cement
mortar. The resulting slurry was then transferred
into a three-pong mold, measuring 40x40x160 mm
for compressive strength tests and 20x20x20 mm
for definition of hydraulic activity. The molds were
clamped onto a vibrating machine, Matest for 2
minutes to compact the mortar.

To safeguard against moisture loss caused by
evaporation, a polythene sheet that was
impermeable and flat was used to cover the prisms.
These prisms were then placed in a temperature-
controlled room with relative humidity exceeding
90% for 24 hours+30 minutes, after which they
were demolded and air-cured for 28 days. Potable
water was used as the mixing liquid, and they were
cured in water for 28 days.

Following grinding of the mixtures in a
laboratory ball mill to achieve a residue fineness on
sieve No. 008, six prism samples were created from
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each mortar mixture and subjected to compressive
strength testing subsequent to maturation and
steaming, as outlined in GOST 310.4-81 "Cements.
Methods for Determining Bending and Compressive
Strength." The efficacy of the additive under
investigation was ascertained by statistically
evaluating the significance of strength disparities
between samples containing MS and those
containing sand.

Based on the compressive strength data, the
Student's criterion (t-criterion) was calculated, and
the computed t-criterion value was juxtaposed with
the standard threshold of t = 2.07 in accordance
with O'z DSt 901-98 and t = 15 per GOST 31108-20.
A t value surpassing these benchmarks indicates
that the additive has successfully met the strength
activity assessment. The calculation for the
mixtures consisted of:

1 - Xiad — clinker + MS additive

2 - His — clinker + sand

Results and Discussion

The results of the chemical analyses conducted
on Portland cement clinker, gypsum stone, and the
industrial waste materials under study are
presented in Table 1. Utilizing the chemical
composition data, the mineralogical makeup and
modular parameters of the clinker—including the
saturation factor (K), and the lime (n) and silica (p)
ratios—were calculated. These calculated indices
confirm that the Portland cement clinker conforms
fully to the specifications outlined in the National
Standard O’z DSt 2801:2013, which governs clinker
quality requirements for the production of general-
purpose construction cements.

The combined content of gypsum and
anhydrite identifies the gypsum stone extracted
from the Bukhara deposit as a Grade 3 gypsum,
indicating its suitability as a setting time regulator
in Portland cement formulations. According to its
chemical characteristics, the ash and slag mixture
(AAS) is classified as acidic ash and slag with a low
content of combustible substances, as evidenced by
the measured loss on ignition values. Moreover, its
chemical composition meets the criteria specified
in the O’z DSt 2912:2014 standard for ash and slag
mixtures used in the manufacturing of Portland
cement clinker and Portland cement.

To thoroughly assess the potential of these raw
materials as cement additives, their compressive
strength must be evaluated relative to the strength
of a control mixture containing standard sand and
cement. This necessitates further statistical analysis
of the experimental data, including the calculation
of Student’s t-test to determine the significance of
the observed differences. To illustrate this
evaluation approach, specific experiments were
performed to determine the Student’s t-value for
microsilica. Two types of mixtures were prepared
for testing:

A blend of 600 grams of Portland cement
clinker, 1400 grams of microsilica additive, and 100
grams of gypsum stone expressed chemically as
CaSO42H20,

A control blend of 600 grams of Portland
cement clinker, 1400 grams of standard sand, and
100 grams of gypsum stone (CaS04:2H,0).

This comparative analysis enables a clear
determination of the effect of the microsilica
additive on the mechanical properties of the
cement composite.

Table 1 - Chemical compositions of Portland cement clinker and gypsum stone

Name of materials Content of mass fraction of oxides, %
loss on SiO2 Al203 Fe203 Cao MgO SO3 others
ignition
Clinker JSC 0.36 21.30 4.75 4.86 63.68 3.07 0.43 2.55
"Bekabadcement"
Gypsum stone 400°C 2.11 0.49 0.15 31.08 3.79 38.09 10.7
13.60
Ladle slag 1.49 35.93 7.56 2.79 33.06 6.04 0.78 12.35
Recycled steel slag 3.0 62.02 23.55 4.32 3.0 - 1.28 0.80
Furnace slag - 31.34 9.57 20.78 15.97 4.23 1.19 16.92
Microsilica 2.79 90.84 1.51 1.59 0.56 1.00 0.23 1.48
Active ash and slag 3.0 62.02 23.55 4.32 3.0 - 1.28 0.8

—— 7y ——
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Table 2 - Arithmetic mean values of compressive strength and their standard deviations

Ne samples Xiad Xiad — Xiad (Xiad — Xiad)? Xis Xis — Xs (Xis — Xs)?
1 9.2 0.3 0.09 6.4 0.13 0.0169
2 9.2 0.3 0.09 6.4 0.13 0.0169
3 10.0 -0.5 0.25 6.2 0.33 0.1089
4 9.0 0.5 0.25 7.6 -1.07 1.1449
5 9.6 -0.1 0.01 6.2 0.33 0.1089
6 9.2 0.3 0.09 6.4 0.13 0.0169
7 9.0 0.5 0.25 6.2 0.33 0.1089
8 10.2 -0.7 0.49 7.6 -1.07 1.1449
9 10.4 -0.9 0.81 6.2 0.33 0.1089
10 9.0 50.1 0.25 6.4 0.13 0.0169
11 9.2 0.3 0.09 6.4 0.13 0.0169
12 10.4 -0.9 0.81 6.4 0.13 0.0169
12 114 3.48 78.4 2.83
> 9.50 6.53

i=1
X average

The experimental results of prism specimens,
systematically prepared from two comparative
mixtures designated as Composition No. 1 and
Composition No. 2, are rigorously compiled and
detailed in Table 2. These data form the basis for
subsequent quantitative analysis and statistical
evaluation.

The table provides detailed measurements for
each sample, including individual compressive
strength values (Xi), deviations from the mean,
squared deviations, and calculated statistical
parameters for both mixtures.

Based on the data presented in Table 2, the
arithmetic mean compressive strength values and
their standard deviations were calculated as
follows:

Student's t-Test Calculation

¢ For mixture No. 1 (Xi_ad):

— 114 4+ 348
Xad :F:9'50 MPa; ;d=T:0-316;

Saa=v 0.316=0.562

¢ For mixture No. 2 (Xi_s):

%o =2 = 6.53 MPa; S2=—— = 0.257; S.=
12 11
J0.257 = 0.507

Where X,¢ and X; denote the mean ultimate
compressive strength values of samples from
compositions 1 and 2, respectively.

Before proceeding with hypothesis testing, the
following conditions were verified to ensure the
validity of the Student’s t-test:

1. The similarity of standard deviations:
Sad = S < 2.0 MPa = 0.562 = 0.507 < 2.0 MPa

2. The ratio of variances meets the required
threshold:

Sig 0316

52 0257

=1.23<2.82

Since both conditions were satisfied, the Student’s
t-test was computed using the formula:

Kpd—X, 5.50—6.53
t =245 X = "2—=245X = ———=
(52 +55 |mEre+0.257
L Ll z
.97

245 % —=13.47
0.54

The calculated t-value of 13.47 significantly
exceeds the critical value of 2.07 stipulated by the
O’z DSt 901 standard. This clearly indicates that
microsilica (MS) functions as an active mineral
additive, validating its recommendation for use as
such in cement formulations.

Applying this same statistical methodology, the
activity and suitability of other technogenic waste
materials were evaluated. The resulting Student’s t-
test values were:

e Active ash and slag (AASh): 52.92

e Recycled steel slag (RSS): 11.14 for the
fraction 0-5 mm, and 2.19 for the fraction 5-50
mm

e Ladle slag (LS): 5.00
e Furnace slag (PS): 4.48
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Based on the descending order of the Student’s
t-values, the additives can be ranked in terms of
their mineral activity and potential effectiveness as
follows:

Active ash and slag - Microsilica - Recycled
steel slag - Ladle slag - Furnace slag

This ranking provides a clear hierarchy of
mineral additive activity, supporting targeted
selection for optimized cementitious composite
production.

Previous investigations conducted at the
"Strom" Scientific Laboratory and Testing Center of
the Institute of General and Inorganic Chemistry
under the Academy of Sciences of the Republic of
Uzbekistan have demonstrated that the
incorporation of processed steel slag (RSS) and
microsilica (MS) in quantities exceeding 15% tends
to reduce the compressive strength of Portland
cement. Conversely, activated ash and slag (AASh),
due to its pronounced pozzolanic reactivity, has
shown potential to substitute up to 45% of clinker
in cement formulations without compromising
mechanical performance.

Based on these findings, a new approach was
adopted to design hybrid mineral additives in which
AASh serves as the principal active component,
while other less reactive materials, such as MS, RSS,
furnace slag (FS), and ladle slag (LS), function as
supplementary components. In the developed

compositions, the proportion of AASh was
systematically varied from 15% to 35%, while the
content of the passive components remained fixed
at 10% (Table 3).

The pozzolanic activity of these newly
developed hybrid additives was evaluated using the
liquid phase saturation method. In this procedure,
composite Portland cement samples containing
different types and quantities of hybrid additives
were immersed in a controlled liquid medium, and
the degree of CaO (lime) absorption was measured
over a period of 30 days [23]. This method is
grounded in the principle that reactive mineral
additives can bind with free lime (CaO) released
during the hydration of clinker phases, thereby
reducing the lime concentration in the surrounding
liquid and indicating higher pozzolanic activity.

According to the data in Table 5, samples of
standard Portland cement without any additives
(PC-AdO) released approximately 5.4% CaO into the
liquid phase within 30 days, and the total alkalinity
of the solution reached 58.8 meg/L. In comparison,
the liquid containing composite cement samples
with a hybrid additive comprising 15% AASh and
10% RSS exhibited a reduced CaO concentration of
4.2%, implying that approximately 1.2% of the
released CaO was absorbed by the additives. The
corresponding total alkalinity also declined to 56.0
meq/L, 2.8 meg/L lower than that of the control.

Table 3 - Hydraulic activity of additives determined by the degree of lime saturation of the liquid phase in contact with

cement
Ne Component ratio, mass. % CaO0 content in Total alkalinity of
Clinker active ash and recycled steel gypsum liquid, % solution, meq L
slag slag stone
1 95 - - - 5.4 58.8
2 70 15 10 5 4.2 56
3 60 25 10 5 2.22 48
4 50 35 10 5 0.72 32.4
Clinker active ash and furnace slag gypsum
slag stone
5 70 15 10 5 4.68 56.4
6 60 25 10 5 2.64 48.8
7 50 35 10 5 1.38 40
Clinker active ash and ladle slag gypsum
slag stone
8 70 15 10 5 3.9 61.6
9 60 25 10 5 2.58 55.2
10 50 35 10 5 0.84 41.2
Clinker active ash and microsilica gypsum
slag stone
11 70 15 10 5 0.78 20
12 60 25 10 5 0.72 35.2
13 50 35 10 5 0.36 23.2
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Figure 1 - Pozzolanic activity of additives “active ash and
slag + recycled steel slag” in the composite Portland
cement: A- lime solubility isotherm at 40°; B- alkalinity,
which accounts for all components except lime.

Content of CaO in cement mortar with an
additive:

1-PC-AdO, 2-HAd25 %, 3- HAd 35 %, 4- HAd 45 %.

Further increasing the proportion of AASh to
25% and 35% significantly enhanced the lime-
binding capacity of the hybrid additives. In these
cases, the CaO concentrations in the liquid phase
dropped to 2.22% and 0.72%, respectively,
equating to CaO absorptions of 2.98% and 4.68%.
Simultaneously, the total alkalinity of the liquid
phase decreased to 48.0 meg/L and 32.4 meq/L,
respectively. These trends clearly underscore the
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high pozzolanic reactivity of the AASh + RSS hybrid
system, wherein increasing the proportion of AASh
at a constant 10% RSS content directly enhances
lime fixation and reduces alkalinity in the liquid
phase (Figure 1).

Hybrid additives of the composition “active ash
and slag + furnace slag” and “active ash and slag +
ladle slag” are characterized by almost the same
absorbing ability, the activity of which also
increases with increasing content of active ash and
slag from 15 % to 35 % - the CaO content in the
liguid phase with these hybrid additives is (4.68 -
1.38) % and (3.9 -0.84) %, and the total alkalinity of
the liquid phase is (1.38 - 40.0) meq L' and (61.6 -
41.2) meq L%, respectively (Figure 2).

Legend:
1 — PC-AdO (reference Portland cement without
additives);

2 — PC-HAd25 (composite cement with 25%
hybrid additive);

3 — PC-HAd35 (composite cement with 35%
hybrid additive);

4 — PC-HAd45 (composite cement with 45%
hybrid additive).

(a) — lIsothermal solubility curves of calcium
hydroxide at 40 °C;

(b) — Alkalinity of the liquid phase contributed
by all components excluding free lime (Ca0).
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Figure 2 - Pozzolanic activity of hybrid additives comprising “activated ash and slag (AASh) + furnace slag (FS)” (a) and
“activated ash and slag (AASh) + ladle slag (LS)” (b) in composite Portland cement systems.
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Ca0 content in cement mortar

containing hybrid additives:

samples

1 - PC-AdO;

5 — HAd25%;

6 — HAd35%;

7 — HAd45% (for both subfigures a and b).

The experimental findings indicate that the
highest pozzolanic activity among the studied
hybrid additives is exhibited by the composition
based on activated ash and slag (AASh) combined
with microsilica (MS). Already at a dosage of 15
wt% AASh and 10 wt% MS, a substantial decrease
in the concentration of calcium oxide (CaO) in the
liguid phase was observed — 0.78%, which is 4.62%
less than the CaO concentration in the solution
where control samples of additive-free Portland
cement (PC-AdO) were stored. This reduction
confirms the effective lime-binding capacity of the
hybrid additive system.

Moreover, the total alkalinity of the solution
decreased sharply to 20 meg/L, which is more than
3.5 times lower than the alkalinity value observed
for the solution containing PC400-Ad0 samples.
This pronounced drop in alkalinity suggests not only
efficient lime immobilization but also an
intensification of pozzolanic reactions in the
cementitious environment.

As the dosage of AASh was increased to 25 wt%
and 35 wt% (with MS content held constant at 10
wt%), the CaO concentration in the liquid phase
further declined to 0.72% and 0.36%, respectively.
These results underscore the synergetic effect of
ultrafine MS in enhancing the pozzolanic efficiency
and reactivity of the hybrid system. The high
specific surface area and amorphous structure of
MS contribute to the increased rate of calcium
hydroxide fixation, thereby promoting the
formation of additional calcium silicate hydrate (C—
S—H) phases.

Despite the reduction in free CaO, a slight
increase in total alkalinity was recorded for systems
containing higher AASh content. This phenomenon
can be attributed to the accelerated hydration
kinetics of clinker minerals—primarily tricalcium
silicate (CsS) and dicalcium silicate (C,S)—facilitated
by the reactive environment generated by MS. The
intensified dissolution of these phases leads to a
higher release of Ca?* ions into the pore solution,
thereby increasing its ionic strength and pH.

The cumulative findings affirm that all
investigated hybrid additive formulations
demonstrate considerable pozzolanic potential and

meet the performance benchmarks for mineral
additives in blended cement systems. According to
the technical classification system outlined in GOST
24640-91 “Additives for cements. Classification”,
the developed hybrid additives fall under the
category of active mineral  admixtures,
simultaneously exhibiting both hydraulic and
pozzolanic properties. Their multifunctional nature
makes them promising candidates for sustainable
cement formulations aimed at reducing clinker
content and enhancing durability characteristics of
the final composite.
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Figure 3 - Pozzolanic activity of hybrid additives based
on "active ash and slag + microsilica (MS)" in composite
Portland cement

A —Isotherm of lime (Ca0O) solubility at 40 °C;

B — Total alkalinity of the liquid phase,
excluding the contribution of lime.

Legend (for both graphs):

1 - PC-AdO (reference cement without
additives);

5 — Cement with 25% active ash and slag + 10%
MS (HAd25);

6 — Cement with 35% active ash and slag + 10%
MS (HAd35);

7 — Cement with 45% active ash and slag + 10%
MS (HAd45).

Conclusions

The research has convincingly demonstrated
that the modification of technogenic steelmaking
by-products, particularly ladle slag and furnace slag,
with ash and slag waste generated by thermal
power plants, enables the development of hybrid
mineral additives possessing enhanced hydraulic
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and pozzolanic activity. These hybrid additives
make it possible to produce composite Portland
cements whose mechanical strength is comparable
to, or even exceeds, that of reference Portland
cement grade PC400-AdO, despite containing a
significantly reduced proportion of clinker.

The active ash and slag (AASh) component—
characterized by high reactivity—plays a pivotal
role in the early stages of hydration. By intensively
binding calcium hydroxide [Ca(OH),] from the pore
solution, it accelerates the formation of calcium
hydrosulfoaluminates, thereby contributing to the
early strength gain of the cementitious matrix.
Meanwhile, the more inert components of the
hybrid additives, such as microsilica (MS),
processed ladle slag (LS), and furnace slag (FS),
continue to react over time, promoting the
formation of secondary calcium silicate hydrates
(C-S—-H). These hydrates fill capillary pores,
enhance  microstructural  densification, and
contribute to the long-term strength and durability
of the cement composite.

Comprehensive control testing of large-scale
batches containing the optimal hybrid additive
compositions was conducted at JSC
Akhangarancement and JSC Bekabadcement. The
results of these industrial-scale trials unequivocally
confirmed the feasibility and effectiveness of
replacing 25% to 45% of Portland cement clinker
with the developed "green" hybrid additives. The
resulting composite Portland cements reliably
achieved strength classes of 400 to 500, in full

compliance with regulatory standards and
performance requirements.

These findings affirm the technological and
environmental viability of the proposed hybrid
systems and their potential for widespread

application in sustainable cement manufacturing.
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TYRIHAEME

TexHonoruAanapblH

Byn 3eptrey KomnosuumsanbiK noptnaHauemeHT (KML) eHaipiciHoe eHepKacinTik TexHoreHaj
KanablkTapapl rmMbpuaTi MUHepanablk Kocnanap peTiHAe naiganaHy MyMKIHAirH 3epTTeigi.
3epTTeyaiH, 6acTbl MakcaTbl — KAWHKEP TYTbIHYbIH a3aiiTy »KHe 3KONOrMANbIK Tasa KypblibiC
inrepinety.
CTAHUMACbIHAH anbliHFaH 6enceHai kKyn meH Kox (BKK), muKpokpemHesem (MK), coHpalt-ak,
«B3meTkoMbMHaT» AK-HbiH, 6onaT eHAjipici Kanabiktapbl — KoBW KoKbl (KK), nmew koxbi (MK)
JKOHe KalTa eHgenreH 6onat Koxbl (KBK) KaTagbl. ATanfaH matepuangapabiH, XMMUAbIK,
MWHEPANOTUANDIK YKOHE MeXaHWKa/blK KacueTTepi YATTbIK YKoHe XalblKapasblK CTaHAapTTapfa

KapacTbipblifaH  maTepuangapFa AHIPEH Kby  3N1EeKTp



https://doi.org/10.31643/2027/6445.19

2027; 341(2):71-82

ISSN-L 2616-6445, ISSN 2224-5243

Makana kengi: 5 mayceim 2025
CapantamagaH eTri: 1 KasaH 2025
Kabbinganabl: 25 kapawa 2025

calikec cunatTangbl. OnapablH, MNyLLONaHAbIK KaHe rMapasavKanblk 6GenceHainiri KbicbimFa
TO3IMAINIK CbIHAKTapbl KaHe oKTiH, CiHipinyiH enwey apKblibl 6afanaHapl. IKCNEPUMEHTTIK
HaTuxkenep BEKK-HbIH, BenceHainiri eH KoFapbl eKeHiH KepceTTi: 0N KAnHKepaiH, 45%-fa peliHri
MeALWepiH MexaHUKanblK BepikTikke Kepi acep eTnei anmacTbipa anagbl. benceHainiri TemeH
matepuangapmeH (MK, KBK, MK kaHe KK) 6ipre KongaHbinfaHga rmbpuari Kocnanap
CUHepreTUKanblk acep KepceTTi. Atan ailTkaHaa, BKK meH MK Kocnacbl eH, »Kofapbl
nyuuonaHablk, 6enceHAinik TaHbITTbl: ON KOpLIafaH CyMbIKTbIKTafbl Kanbuuii okcuai (CaO)
KOHLEHTPALMACbIHbIH, TOMEHAEeYIMEH »KdHe epiTiHAi cinTiniriHiH ~ a3alobiMeH pacTangbl.
CTbIOZEHTTIH, t-e/emwapTbl apKblabl XKYPri3ireH CTaTUCTUKaNbIK Tekcepy apbip KocnaHbiH,
TUIMAINITiIH  ganengeai: anviHFaH t-mafblHanap onapAblH, 6enceHai mMuHepanablk Kocnanap
peTiHAe XiKTenyiHe KaXeTTi LWeKTIK MaHAepAeH enayip acbin TycTi. 3epTrey Hatuxenepi
JKEPriNiKTi ©eHepKacinTiK KanablKkTap Herisivge rmbpuari kocnanap apkpiabl «kacbin»  KML,
JKacayablH, MYMKIHAIMH Konganabl. MyHAaW Kypamaap KOMIpKbILWKbIA rasbl WbIFAPbIHABINAPbIH,
3HEpPrua TYTbIHYAbl XaHe Tabwfu pecypcTapapblH, CapKblAyblH alTapAbiKTail asaiTa oTbipbin,
LEeMeHTTiH, naiganaHy KabineTiH cakTan Kanagbl. Byn Tacin TemeH KAWHKep/i aHe TemeH
KOMIPTEKTi KypbINbIC MaTepuangapbiHa KoLy KeHiHAEr KahaHAbIK ypAicTepre TONbIK CaliKec
Keneai.

TyliiH ce3dep: eHepKacCiNTiK KanaplkTap, 60naT 6anKbITywbl KOX, MUKPOKpEMHe3em, KalTa
eHAey, TMbPUATI KoCcnanap, *Kacbln TEXHONOTUSA, SIHEPTUA YHEMAEY.
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AHHOTALMA

B [aHHOM WcCneaoBaHUM  PAcCMaTPUMBAETCA BO3MOXKHOCTb  MCMO/Ib30BAHMA TEXHOFEHHbIX
NPOMbILWNEHHBIX OTXOA0B B KayecTBe MMOpUAHbIX MUHepanbHbIX A06aBOK Mpu NpousBoacTBe
KOMMO3MLMOHHOrO nopTaaHauemenTa (KMLU) ¢ Uenblo CHWXeHUA pacxoda KauHKepa MU
NPOABUMKEHNA IKONOTUYECKM 6e30MacHbIX CTPOUTENIbHBIX TEXHONOTUIA. M3yyeHHble maTepuasnbl
BK/IOYAIOT aKTUBHYIO 301y M Wnak (A3LL) ¢ AHrpeHCKoW Tena031eKTPOCTaHLMK, MUKPOCUANKY
(MukpokpemHesem) (MC), a TakKe nepepaboTaHHble OTXOAbl  METa/lypPruiyeckoro
NPOM3BOACTBA, TakMe Kak Koslwesol wnak (KW), neyHoi wnak (M) v nepepaboTaHHbIN
cTanennasunbHbli wnak (MCLW) ot AO "YameTKOMBUHAT". XMMUYECKME, MUHEPANOrMyeckme u
MeXaHMYecKue CBOWCTBA 3TUX MaTepuanoB Obiiv OXapaKTepu3oBaHbl B COOTBETCTBUM C
HaLUMOHANbHLIMU U MEXAYHapoAHbIMM CTaHAapTamu. [lyulonaHoBas W ruapasanyeckas
aKTUBHOCTb OLEHWBAANCb METOAOM WCMbITaHWUA HA MPOYHOCTb MPU CHKATUM U U3MEepeHUeM
NOrNOWEHNA W3BECTU. DKCMEpPUMEHTaNbHble pe3ynbTaTbl Mokasanu, uyto A3l obnapaer
HauBbICLLUEW aKTUBHOCTbIO U CNOCOBEH 3ameHATb [0 45% KAnHKepa 6e3 yXyALeHUA MPOYHOCTHbIX
XapaKTepuUCTUK. B coyeTaHUM C mMeHee aKTUBHbIMM KomnoHeHTamu (MC, MCC, MW wu KL)
rmbpugHble [06aBKM NPOABAAIOT CUHepreTuyecknuin addekt. Cpean Hux cmecb A3LL+MC
nokasana HanbonblMiA NyLLONAHOBbIN 3PPEKT, UTO BbIPAXKAETCA B CHUMKEHUWU KOHLLEHTpaLum
okcnaa Kanbuma (CaO) B OKpyKaloWen KUAKOCTU U MOHUMKEHHOM LWEeNOYHOCTU pacTBopa.
CTaTUCTMYECKaA NpoBepKa C WCMosib3oBaHMem t-kputepua CTblogeHTa  noAaTBepaAvna
3$PEKTUBHOCTL KaKAol A06aBKM, MOCKONbKY 3HAYeHWA t 3HAYMTENbHO NPEeBbIWANN Nopor,
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HEOGXO,D,MMbIVI Aana Knaccmcbmxau,ww UX KaK aKTUBHbIX MWUHeEpPa/ZibHbIX ,D,OﬁaBOK. MonyyeHHble
pe3ynbtaTbl NOATBEPXHKAAOT BO3MOXKHOCTb pa3pa60TKV| «3eneHoro» KLU, ¢ ncnonb3osaHuem
I'MﬁpVI,CI,HbIX ,D,OGaBOK Ha OCHOBE MECTHbIX MPOMbIWNEHHbIX O0TX0A40B, npeanarasn yCTOVIHMByIO
aNbTepHaTMBY TPAAMUMOHHbLIM CbipbeBbIM MaTepuanam. Takume coCTaBbl MOFYT CyLL,eCTBEHHO
CHU3UTb BbIGpOCbI YrnekKucnoro rasa, n0Tpe6neHMe SHeprun n UctoueHne NPMPOAHbIX pecypcos
npu  COXpPaHEHUU 3SKCNAyaTaUUOHHbIX CBOWCTB LuemeHTa, 4TO COoOoTBeTCTBYyeT rno6anbHbIM
TeHAEHUMAM K HU3KOK/IMHKEPHbIM U HU3KOYT1epOAHbIM CTPOUTE/IbHbIM MaTepuaiam.

Kntodeebie €n108a: NPOMbILLNEHHbIE OTXOAbl, CTafeniaBuAbHbIA WK, MUKPOCWUMKA,
nepepaboTka, rbpuaHbie J06aBKK, 3eNEHbIE TEXHONOMMU, SHeprocbepexkeHne.
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Extraction of P2Os from the mineralized mass of the Central Kyzylkum using
acidic wastewater generated from cotton soapstock processing: scientific analysis
based on equilibrium principles
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ABSTRACT

This study explores the prospects of extracting phosphorus pentoxide (P.Os) from the mineralized
mass of the Central Kyzylkum region using acidic wastewater (AWW) derived from cottonseed
soapstock processing. The acidic components within the AWW were found to facilitate the
decomposition of solid-phase phosphorite material. Experiments were conducted at 333 K under
varying AWW-to-mineralized mass (AWW:MM) ratios ranging from 100:10 to 100:40. The
concentration of P,Os was determined using a photometric method at a wavelength of 440 nm.
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Peer-reviewed: October 16, 2025
Accepted: November 25, 2025 The research was based exclusively on the analysis of the solid phase, where the extent of the
reaction was assessed through the quantity of precipitate formed. It was demonstrated that an
increase in pH had a direct effect on P,Os extraction. The reduction in CaO content followed an
exponential trend, while the P,Os release exhibited a logarithmic relationship with pH. The
equilibrium reactions between ions were interpreted within the framework of chemical
mechanisms. Experimental results were expressed through graphical analysis and regression
modeling using OriginPro 2021. The obtained data were mathematically modeled with high
reliability, as indicated by coefficients of determination (R?) exceeding 0.95. This approach offers
a cost-effective, waste-based alternative technological method for phosphorus extraction, utilizing
industrial by-products while maintaining environmental and economic feasibility.
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Introduction

In the fat and oil industry, soapstock—a by-
product generated during the processing of
cottonseed oil—occupies a significant position
among production wastes. Soapstock is a complex
mixture composed of soap-like compounds,

phosphatides, residual oils, dissolved salts, and
other impurities. Its direct disposal poses
environmental and technological challenges,
necessitating the development of appropriate
recycling strategies [[1], [2], [3], [4], [5]].

The recycling process is typically carried out
under strongly acidic conditions, resulting in the



https://doi.org/10.31643/2027/6445.20
mailto:shamuratovsx@gmail.com
https://orcid.org/0009-0004-5636-3318
https://orcid.org/0000-0002-1040-1807
https://orcid.org/0000-0002-1040-1807
https://orcid.org/0000-0001-5608-5304
https://orcid.org/0000-0001-5608-5304
https://orcid.org/0000-0002-3482-8071
mailto:jabbarovmajidbek2@gmail.com
https://orcid.org/0009-0001-5987-0057
https://creativecommons.org/licenses/by-nc-nd/4.0/

2027; 341(2):83-96

ISSN-L 2616-6445, ISSN 2224-5243

formation of AWW enriched with reactive ions such
as H*, SO427, NOs~, and CI". These wastewaters are
characterized by high acidity, elevated salt
concentrations, and the presence of organic matter.
Due to their chemical composition, such effluents
can be utilized as reactive media in various industrial
processes. Notably, the solubility of metals and
phosphorus compounds increases under acidic
conditions, making acidic wastewater a promising
secondary resource for mineral extraction [[6], [7],
(8], [911.

Phosphorite deposits located in the Central
Kyzylkum region have been found to contain
substantial amounts of phosphorus pentoxide
(P20s). The raw form of these deposits—referred to
as mineralized mass—is not directly suitable for
industrial use but can be upgraded through chemical
processing. Alongside P,0s, the mineralized mass
also contains significant levels of CaO, MgO, Al,Os,
Fe,03, CO,, SOs, F-, and other oxides. Developing an
efficient technology for the decomposition of this
mass and the selective extraction of P,0s is of
considerable importance. Achieving this requires
low-cost yet effective reagents [8].

AWW, derived from soapstock processing, is
now being considered as one such reagent. This
approach offers the potential for simultaneous
recycling of two industrial wastes—soapstock and
low-grade phosphorite—thus aligning with the
concept of obtaining valuable products from waste
materials and supporting principles of circular
economy and sustainable resource use [[10], [11],
[12], [13], [14]].

The conventional reagents commonly used for
the extraction of phosphorus pentoxide (P,Os) are
often expensive and pose environmental hazards
[15]. In contrast, secondary AWW, particularly that
derived from soapstock processing, offers both
economic and technological advantages. It serves as
a reactive medium that facilitates the dissolution of
soluble components in phosphorite [16]. In acidic
environments, minerals such as apatite and related
phosphate  compounds  gradually  undergo
decomposition, releasing P,0Os in a soluble form into
the solution. The efficiency of this process is highly
dependent on factors such as pH, ionic composition,
temperature, and the mass ratio between the
reagent and the raw material [[17], [18], [19]].

AWW obtained from soapstock processing is
rich in various ions, leading to the formation of
complex reactions. In particular, H* and SO,* ions
engage in ion-exchange processes with cationic
species, thereby enhancing the release of P,0s. A

deeper theoretical and experimental investigation is
required to fully understand these phenomena and
to identify optimal operational parameters.
Elucidating the reaction kinetics and equilibrium
behavior is a fundamental scientific objective, as it
could lead to the improvement of processing
technologies for low-grade phosphate raw materials
such as the Central Kyzylkum mineralized mass
(MM) [[8], [17]]. Furthermore, this approach opens
possibilities for the beneficial reuse of AWW within
industrial applications [[20], [21], [22], [23], [24],
[25], [26]].

The interaction of chemical components in such
heterogeneous systems—especially from the
standpoint of reaction equilibrium—demands
rigorous physicochemical analysis. This complexity is
evident in the mixed system comprising AWW
generated from cottonseed soapstock processing
and the mineralized mass (MM) from the Central
Kyzylkum region. This mixture represents the
contact zone between two distinct industrial-natural
sources. Within the MM, P,0s exists in multiple
forms: readily soluble, partially bound, and insoluble
phases. AWW, meanwhile, contains a high
concentration of ionic species, including acidic
anions (H*, SO4%7, NOs~, CI7) and cations (Ca?*, Mg?*),
making the system highly reactive [[15], [16], [17],
(18], [19]].

Currently, there is insufficient empirical data on
which specific ions directly influence the equilibrium
state of the system or the selective solubilization of
P,Os. The individual impact of each ion on the
dissolution behavior of P,Os has not been fully
quantified. The reaction process involves
simultaneous phenomena such as complex
formation, ion exchange, and dissolution kinetics.
However, the conditions under which each
mechanism predominates or is suppressed remain
unclear. The extent to which P,0s is extracted at
various AWW:MM ratios, its kinetic behavior, and
equilibrium points have yet to be precisely
established [[8], [15], [16], [17]].

Preliminary studies suggest that in certain mass
ratios, the total yield of P,0Os decreases, while in
others, it increases—indicating a highly nonlinear
and complex equilibrium response. Furthermore,
the formation and composition of precipitates
resulting from the interaction of cations and anions
during the process are not fully understood. There is
no conclusive evidence on whether the P,0s content
within these precipitates remains chemically active
or becomes inert. This uncertainty complicates the
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assessment of the overall
extraction in such systems.

Experimental data indicate that the solubility of
phosphorus pentoxide (P,Os) varies significantly
with changes in pH. However, a robust mathematical
or statistical model describing this dependency has
not yet been developed. Moreover, the functional
relationship between P,0s activity and its
guantitative release during the reaction remains
poorly understood. Critical parameters such as the
time required to reach equilibrium in AWW, the
duration of the reaction, and interionic competition
are influenced by multiple factors, but a stable and
unified analytical methodology to capture these
effects does not currently exist.

There is a pressing need to determine the
activity  coefficients between the reacting
components and to apply thermodynamic or quasi-
kinetic approaches to describe this system. Practical
experiments typically report only the percentage
change in P,0s content, yet fail to provide a
theoretical basis for equilibrium constants or
reaction pathways. Therefore, the development of a
comprehensive theoretical model for the process is
still lacking.

In addition, the state of P,Os in the resulting
precipitates—whether free, bound, or inert—has
not been clearly established. The specific roles of
other oxides present in the reaction, such as CaO,
Fe,0s, and SOs, have also not been thoroughly
analyzed. In such a complex system, experimental
data alone are insufficient; advanced mathematical
modeling is also required. In particular, there is a
lack of mathematical equations that describe
equilibrium shifts as functions of AWW:MM ratios,
pH levels, and temperature. As a result, scientific
approaches to optimizing P,Os extraction under
ideal conditions remain incomplete [8].

This highlights the urgent need for an in-depth
mathematical, chemical, and thermodynamic
analysis of the system.

The primary objective of this study is to
scientifically evaluate the feasibility of efficiently
extracting P,Os from the mineralized mass of the
Central Kyzylkum region using acidic wastewater
generated during the recycling of cottonseed
soapstock. To achieve this aim, reaction efficiency
will be studied under various AWW:MM mass ratios.
For each ratio, the composition of the resulting
precipitate, pH changes, and P,0s extraction
percentages will be experimentally determined [[8],
[17]].

efficiency of P,0s

The results will be used to define practical
expressions of reaction equilibrium and analyze the
influence of controlling variables [[25], [26]]. Kinetic
trends will be assessed based on the ratio between
total and soluble forms of P,0Os. The chemical and
phase composition of the reaction products will be
studied in detail to determine the thermodynamic
direction of the extraction process. Interionic
interactions, ion-exchange reactions, and
equilibrium conditions in the solution will be
modeled mathematically. The results of the model
will be compared with experimental values to assess
their consistency [16].

Ultimately, the optimal AWW:MM ratio and the
most favorable pH range for maximum P,0s
extraction will be identified, leading to practical
recommendations. Overall, this study is aimed at
scientifically justifying the integrated utilization of
two different industrial waste streams in a mutually
beneficial and resource-efficient manner [[17], [18]].

The extraction of phosphorus pentoxide (P,0s)
from the mineralized mass proceeds mainly through
an acid—base ion exchange mechanism. The
hydrogen ions (H*) present in the acidic wastewater
(AWW) react with tricalcium phosphate, the
principal phosphate compound in the mineralized
mass, according to the following reaction:

Ca3(PO4)z +6H* > 3Ca* + 2H3PO,

The resulting phosphoric acid (H3PO,)
subsequently undergoes stepwise dissociation in the
aqueous phase:

H3PO4 = H,PO4~ = HPO4*™ = PO,

As the pH increases, this equilibrium shifts
toward the right, leading to the release of more
soluble phosphate ions (PO,*7). According to Le
Chatelier’s principle, the system tends to consume
H* ions to restore equilibrium, which enhances the
dissolution of phosphorus compounds.

Simultaneously, ion-exchange and complexation
reactions occur between Ca?* and the anionic
species (50427, CI7, NO3™) present in the AWW. These
anions form stable calcium complexes, thereby
accelerating the removal of P,Os from the solid
phase.

From a kinetic standpoint, the process follows
an exponential decay law:

C= Co'e_kt,
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where Cis the residual CaO concentration in the
solid phase, and k is the rate constant. The
exponential decrease in CaO content corresponds to
the progressive release of P,0s into solution,
indicating that the dissolution rate slows down as
the reaction approaches equilibrium.

Thus, the interdependence between CaO
depletion and P,0s solubilization defines the
system’s reaction kinetics [8].

Materials

In this study, two primary substances were
selected as key objects of investigation: AWW
generated during the processing of cottonseed
soapstock, and the MM of the Central Kyzylkum
region.

The AWW is a by-product formed during the
neutralization and saponification stages in
cottonseed oil refining. It is characterized by a high
concentration of acidic components and represents
an industrial effluent rich in reactive species.
Analytical characterization of the AWW revealed the
presence of various anions and cations, including
oxygen- and hydrogen-containing species, as well as
sulfate, nitrate, and chloride anions, and calcium and
magnesium cations (see Table 1 for details).

Table 1 - Chemical Composition of AWW Generated in the
Acid Processing Section of Cottonseed Soapstock

cottonseed soapstock processing at the “Urganch
yog’-moy” JSC. The wastewater contained H*, SO42,
Cl-, and NOs™ anions, as well as Ca** and Mg**
cations. The pH of the solution was 1.7 = 0.05,
indicating a highly acidic medium.

The pH value of AWW was measured at 1.7,
confirming its strongly acidic nature, which plays a
critical role in driving ion exchange and dissolution
reactions with MM constituents.

The second object of investigation in this study
is the MM of the Central Kyzylkum, a natural ore
material characterized by a high content of
phosphorus compounds. The MM sample was pre-
dried, ground, sieved, and subjected to chemical
analysis. According to the results, the MM contains
12.57% P,0s, 43.17% Ca0, 1.34% Fe;,0s3, 2.74% Al,0s3,
and 2.17% SOs (Table 2) [[8], [17]].

In this study, two primary substances were
selected as the main experimental objects: AWW
generated from the processing of cotton soapstock
and the MM of the Central Kyzylkum, a natural
material rich in phosphorus compounds.

AWW is a by-product of the neutralization and
saponification stages during cottonseed oil refining,
characterized by high concentrations of acidic
components. Chemical analysis of AWW revealed
the presence of oxygen, hydrogen, sulfate, nitrate,
and chloride anions, as well as calcium and
magnesium cations (see Table 1). In particular, the
concentrations of SO4%7, Cl-, Mg?*, and Ca?* were
determined to be 48,145 mg/L, 38,116 mg/L, 1,824
mg/L, and 300 mg/L, respectively. These ions create
a reactive environment capable of engaging in
chemical interaction with phosphate compounds
present in MM. The pH of AWW was measured to be
1.7, indicating a strongly acidic nature [[8], [17]].

Table 2 - Chemical Composition of the MM from the
Central Kyzylkum

Component Amount (mg/L)
H* 100
S0,2~ 48 145
cl- 38116
NO;~ 4 456
Mg?* 1824
Ca* 300
Na* 9710
K* 1745
NH,* 870
PO,3- 725
Total pH 2.0

Specifically, the concentrations of key ions in
NOS were determined to be as follows: SO4%" —
48,145 mg/L, CI~ — 38,116 mg/L, Mg?* — 1,824 mg/L,
and Ca?* — 300 mg/L. These ionic constituents are
capable of forming a highly reactive medium that
can engage in chemical interactions with the
phosphate components present in the MM [17].

Acidic Wastewater (AWW): obtained from the
neutralization and saponification stages of

Component Amount, %
P20s 12.57
Cao 43.17
Fe,0; 1.34
Al0; 2.74
MgO 1.41
SO; 2.17

F 0.92
CO, 9.26
SiO, 3.47
H;0 10.75
Other 12.60
Total 100.00
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The second object of investigation, the
mineralized mass of the Central Kyzylkum, is a
naturally occurring deposit material with a high
content of phosphorus compounds. The MM sample
was pre-dried, ground, sieved, and subjected to
chemical analysis. According to the results, MM
contains 12.57% P,0s, 43.17% Ca0, 1.34% Fe,0;,
2.74% Al,03, and 2.17% SO; (Table 2). Additionally,
minor quantities of MgO (1.41%) and fluorine
(0.92%) were also detected. This composition makes
MM a promising raw material for phosphorus
extraction. The material was prepared in fractions
with particle sizes ranging from 0.5 to 1 mm.
Mineralized Mass (MM): collected from the Central
Kyzylkum phosphorite deposits. The material was
pre-dried, ground to 0.5-1 mm particles, and
analyzed according to GOST 20851.2-75 for P,0s,
Cao, Fe,03, and SO; contents.

Both raw materials were stored in sealed glass
containers at room temperature (298 K) before use.

Methods

All  experiments were conducted under
controlled laboratory conditions:

Reaction setup: A fixed 100 g of AWW was
reacted with 10—40 g of MM (ratios 100:10 — 100:40)
in 250 mL glass vessels at 333 K (60 °C), stirred at 600
rpm for 30 min.

Filtration and drying: The suspensions were
vacuum-filtered, and the solid precipitates were
dried at 333 K for 24 h.

Analysis of P,Os: Photometric method
(formation of a yellow phosphomolybdate complex;
A =440 nm) in accordance with GOST 26727-2010.

Analysis of CaO: Complexometric titration with
EDTA using murexide indicator in alkaline medium
(pH = 12) per GOST 4919.1-2008.

Statistical processing: All  measurements
repeated n = 3; mean + SD and 95% Cl calculated in
MS Excel; regression models and R? computed in
OriginPro 2021.

All experimental stages strictly followed the
laboratory methodology. Statistical processing of
the data enabled assessment of experimental
reliability, identification of functional relationships
between variables, and development of predictive
models. The experimental data on soluble P,0Os,
residual CaO in the precipitate, precipitate mass,
and pH values were statistically analyzed [[27], [28],
[29]]. Each experiment was repeated three times,
and the average value was calculated using the
following formula:

n
1
X=—in
n

i=1

To evaluate the dispersion between
experimental trials, the standard deviation (S) was
calculated using the following formula:

n

1 )2

S = n_lz(xi—x)
i=1

The reliability of the data was analyzed using the
dispersion and the coefficient of variation.
The coefficient of variation V (%) was determined
using the following formula:

Statistical calculations were automated using
built-in formulas in MS Excel.

Average values, standard deviations, and
percentage dispersions were organized in a separate
table. For each parameter, graphs were prepared
using ORIGIN 21 PRO software. Before plotting, all
data were arranged in XY pairs. The graphs were
visualized in the "scatter with smooth line" or
"scatter + line + error bar" modes. On each graph:
The X-axis represents the mass ratio of NOS to MM,
the Y-axis shows the corresponding values of P,Os or
CaO. Error bars (+S) were added to each data point
to reflect the standard deviation. Using ORIGIN 21
PRO’s interface, functional relationships were
modeled through “fit linear” and “fit exponential”
options. To evaluate the variation of P,Os content as
a function of the AWW:MM mass ratio, a linear
regression equation was constructed as follows:

y=ax+b

here, a represents the slope (coefficient), and b
is the intercept of the regression line. The accuracy
of the model was assessed using the coefficient of
determination (R?). The closer the R? value is to 1,
the better the model fits the experimental data. In
ORIGIN 21 PRO, regression results were generated
automatically. To describe the relationship between
the reduction of soluble P,Os and CaO, secondary
(nonlinear) dependencies were also modeled. Since
the variation in CaO-P,0s concentrations often
exhibits nonlinear behavior, an exponential model
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was selected for this relationship. This model is
expressed in the general form as follows [8]:

y=A(1— e~k

Here, A represents the maximum asymptotic
value, and k denotes the kinetic change coefficient.
In the graphical analysis, model parameters were
determined using iterative methods. For each
model, values of R?, Standard Error (SE), and Root
Mean Square Error (RMSE) were automatically
calculated. The regression equation and R? value
were displayed directly on each graph. Graphical
analyses were used solely to illustrate the statistical
differences between experimental results. Error
margins were represented in the form of error bars
with transparent and fine lines. All graphs were
exported in TIFF format at 300 dpi resolution. Each
graph was fully annotated with a title, axis labels,
units, and trend lines. The graphs were labeled with
specific codes to ensure proper referencing in the
“Results and Discussion” section. Graphs were
visually differentiated by color, marker shape, and
line thickness to align with the article’s design
format. When inserted into the article individually,
all graphs retained their original legends and unit
notations. In cases where model deviations were
identified, additional polynomial regressions were
tested but not adopted as primary models. Each
experimental point was placed precisely on the
graph, showing minimal deviations from the
modeled curve. Data processing and visualization
were seamlessly integrated between Excel and
ORIGIN 21 PRO.

Results and Discussion

The experimental work was conducted using a
laboratory-scale setup consisting of a 250 mL glass
reactor equipped with a magnetic stirrer and
temperature control. The acidic wastewater (AWW)
and mineralized mass (MM) were reacted at various
mass ratios (100:10, 100:15, 100:20, 100:25, 100:30,
100:35, 100:40) at a constant temperature of 333 K
(60 °C) for 30 minutes. The obtained solid and liquid
phases were separated by vacuum filtration.

The solid phase was analyzed for CaO and P,0s
contents before and after the reaction. The liquid
phase was analyzed for pH and phosphate ion
concentration. Experimental data were collected in
triplicate (n = 3) and are presented in Table 3 and
Figures 1-4.

It was found that as the mass ratio increased
from 100:10 to 100:25, the extraction of P,0s
increased sharply, while CaO content in the solid
phase decreased exponentially. Beyond a 100:30
ratio, the rate of change leveled off, indicating an
approach to equilibrium. The observed trends
confirm the effectiveness of using acidic wastewater
as a reactive medium for phosphorus recovery.

All measurements were performed under
reproducible conditions, ensuring high data
reliability (R? > 0.95). The results obtained in this
study represent original experimental findings of the
research team and are not derived from external
sources.

At the same time, significant shifts in CaO
content were also recorded. At the 100:10 ratio, the
Ca0 content was 23.92%, rising to 27.95% at 100:15,
28.66% at 100:20, and reaching 32.68% at 100:25.
The steady increase in CaO indicates that the
calcium oxide fractions in the MM composition are
not fully involved in the reaction and remain in the
solid precipitate. Especially at higher MM
concentrations (100:30-100:40), CaO reached
values from 35.48% to 36.96%. This suggests that as
the activity of Ca?* ions in the reaction medium
approaches equilibrium, the reaction rate slows
down (Table 3).

Table 3 - Changes in the amount of P,0s and CaO in the
solid phase depending on the AWW:MM ratio

Cao
AWW:MM Ratio P,0s Content (%) Content

(%)
100:10 8.19 23.92
100:15 951 1 27.95
100:20 10.42 28.66
100:25 1 11.16 3268
100:30 11.83 35.48
100:35 1221 ' 36.47
100:40 12.49 36.96

As seen from Table 3, the increase in P,Os and
Ca0 is almost linear within the range up to a
AWW:MM ratio of 100:25. However, starting from
100:30, the increase slows down considerably. This
indicates that the components in the precipitate
phase are forming a large crystalline structure in the
reactive medium. Although the excess mass after
this point continues to accumulate P,0Os in the
precipitate, its reactive activity decreases. The
steady increase in CaO, particularly reaching a
stabilization stage in the 100:35-100:40 range,
indicates that this component has reached an
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equilibrium state. This, in turn, suggests a decrease
in the reaction potential between CaO and H* ions
present in the NOS composition.

All results were obtained exclusively from the
solid phase, and their experimental reliability was
confirmed through triplicate analyses. It is clear that
the increase in P,0s and CaO in the precipitate phase
correlates with an increase in reactive mass, but the
effectiveness of their reactivity is clearly limited. This
condition necessitates considering the AWW:MM
ratio as a crucial determinant in optimizing the
phosphate extraction process. Optimal efficiency
was observed in the 100:20-100:25 range, which is
evaluated as the most favorable in terms of
equilibrium and kinetic activity conditions.

During the experiment, the chemical activity of
the CaO component in MM was assessed in each
AWW:MM ratio in relation to the H* ions in NOS. The
primary role of CaO in the reaction medium is to
participate in ion exchange and neutralization
reactions with H* ions during the P,0s extraction
process. At a 100:10 ratio, the CaO content in the
solid phase was 23.92%, indicating that a significant
amount of Ca?* ions had transferred into the AWW
medium at the initial stage. At 100:15, this value
increased to 27.95%, and at 100:20, to 28.66%,
suggesting that ion exchange was still actively
occurring at these stages. However, since these
values represent the CaO remaining in the solid
phase, the actual amount of Ca?* that entered into
ion exchange may have been higher.

The consistent increase of CaO at each stage
implies that calcium compounds in MM either did
not participate in the reaction or precipitated as a
solid after the reaction. Notably, at a 100:25 ratio,
the CaO content reached 32.68%, indicating a
decrease in the participation of Ca?* ions in the
phosphate extraction reaction. To evaluate the
depth of the reaction, the residual concentration of
Ca0 in the solid phase—that is, the unreacted
portion—was taken as a basis. The ion exchange
reaction between Ca?* ions and H* ions in the AWW
medium is represented as follows:

Cas(POa4)2 + 6H — 3Ca?*" + 2H3PO4

This reaction proceeds completely only under
conditions of sufficient acidity. At AWW:MM ratios
of 100:30 and 100:35, the CaO content increased to
35.48% and 36.74%, respectively, indicating a
decline in the reaction rate. At this stage, the calcium
components in MM are participating less actively in
ion exchange. The mismatch between the increasing
CaO content in the solid phase and the
comparatively slower growth of P,Os also highlights

changes in reaction kinetics. At the 100:40 ratio, the
CaO0 content reached its maximum value — 36.96%,
while the total P,Os content was only 12.49%. This
indicates a significant reduction in the chemical
activity of CaO, which has transitioned from a
reactive substance to an inert or semi-inert
component. This phenomenon is likely due to the
reaction of Ca?* ions with carbonates, sulfates, or
fluorides, forming insoluble compounds. At this
point, the calcium component no longer neutralizes
free H* ions in AWW but rather enters an
equilibrium state resembling physical adsorption.

From a chemical standpoint, this process is
related to the change in ionic strength of the NOS
and the relative calcium content in MM
components. As the amount of MM increases, more
CaO0 remains in the solid phase, leading to reduced
separation efficiency. Since the CaO values reported
in Table 3.1 represent residual CaO, it is possible to
determine the reaction depth at each stage. The
100:15-100:20 ratio range corresponds to the most
active zone of reaction kinetics, as indicated by the
relatively slower rate of CaO increase during this
interval. This implies that ion exchange reactions
were particularly active at these stages. Starting
from the 100:25 ratio, the sharp rise in CaO content
suggests the formation of precipitates saturated
with inert solid-phase components. Moreover,
changes in density and granulometric appearance
observed at higher ratios further support that CaO
accumulated in crystalline form.

Although the reaction temperature was
consistently maintained at 333 K to support kinetic
activity, the limited ion exchange surface area
reduced the overall reaction efficiency. The increase
of Ca%* in the AWW supports the transformation of
P,Os into soluble forms, but this effect diminishes as
MM increases. At each ratio, the measured CaO
content was interpreted as the unreacted portion,
allowing the differentiation between reactive and
non-reactive fractions. General analysis shows that
the CaO component is chemically active only during
the initial stages. In later stages, it accumulates in
the precipitate as a passive substance that slows
down the reaction equilibrium, leading to a decrease
in P,0s separation efficiency. This makes identifying
highly efficient reaction conditions especially
important. Therefore, the 100:15 and 100:20 ratios
represent the stages at which the CaO component in
MM exhibits the highest chemical activity. Adding
excess MM beyond this point does not enhance the
reactivity; rather, it increases chemical inertness.
These findings form a theoretical basis for more
advanced mathematical modeling of the reaction
mechanism.
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To evaluate separation efficiency and
component changes, experimental results from
Table 3 were used to construct graphs in the
“OriginPro 21” software. The graphs analyzed the
dynamics of two main parameters — total P,Os and
CaO0 content. The results are presented in Figures 1

to 4.
Figure 1 illustrates the change in solid-phase

P,Os content as the NOS:MM ratio increases. Acidic
ions in AWW wastewater gradually precipitated
P,0s from the MM composition into the solid phase.
With each incremental ratio increase from 100:10 to
100:40, the P,0s content rose from 8.19% to 12.49%.
The graph shows a strong fit to the linear regression
equation (R? = 0.9851), indicating high reliability of

the experimental results. Phosphorus components
reacted gradually, accumulating in the precipitate
mainly in the form of orthophosphates. This graph
reflects how the active components in MM interact
with the acidic reagent. Since the R? value used in
modeling exceeded 0.98, the presence of a linear
relationship is confirmed. The direct growth trend of
P,Os demonstrates that the system operates in
accordance with changes in the AWW:MM ratio.

The reaction proceeded at its maximum rate up
to the 100:25 ratio, after which it appears to enter a
saturation phase. The graph clearly distinguishes
these stages and serves to identify the optimal ratio.
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Figure 1 - Change in total P,Os content relative to the AWW:MM ratio
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Figure 2 - Change in CaO content with respect to the NOS:MM ratio
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Figure 4 - Logarithmic relationship between pH and the solubility of P,0s

NOS:MM ratio of 100:10, the CaO content was
23.92%, increasing to 36.96% at a 100:40 ratio. This
growth trend closely follows an exponential
regression pattern, with a coefficient of
determination R? = 0.9637. The acidic environment
of the NOS component aimed to dissolve the CaO
present in the MM. However, as the MM proportion
increased, the degree of CaO participation in the
reaction gradually slowed. This indicates a shift
toward equilibrium in the reaction involving Ca**
ions. Each incremental addition of MM did not result
in a proportional transformation of CaO into a

reactive, soluble form. Consequently, the graph
displays a nonlinear curve bending toward
saturation. The existence of an exponential
regression implies that a significant portion of CaO
remained in a residual, undissolved state within the
precipitate. This graphical behavior clearly illustrates
the reactivity threshold of CaO and marks the onset
of the kinetic deceleration phase in the reaction
process.

Figure 3 illustrates the linear relationship
between the release of P,Os and the reduction of
Ca0 during the reaction. Each CaO ion that reacts
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with H* contributes to the release of phosphorus
into the solution in the form of orthophosphate. The
linear regression displayed in the graph has an R?
value of 0.91, indicating a strong correlation. Thus,
one of the key factors influencing P,Os release is the
activity of Ca®* ions in the equilibrium reaction. At
each stage, the more CaO reacts, the more P,0s
transitions into a soluble form. This correlation is
crucial for understanding the key stages of the
release mechanism. Additionally, the graph clearly
shows that the optimal AWW:MM ratio lies around
100:20 to 100:25. Adding MM beyond this range
decreases the activity of CaO, which in turn hampers
the release of P,Os. Therefore, the graph effectively
demonstrates the boundaries of reaction activity
and efficiency.

According to the analysis results, the amount of
P,Os released increased consistently with the rise in
the pH value of the solution. This trend was
confirmed to follow a logarithmic pattern. The
obtained regression equation has the form y =
4.23 4+ 2.607 - In(x), which indicates a strong
correlation (R*> = 0.9934). The selection of a
logarithmic model reflects the sensitivity of P,Os
solubility to equilibrium reactions in the chemical
environment. An increase in pH, i.e.,, a rise in
hydroxide ion concentration, helped maintain P,Os
in a complexed state, leading to its greater
dissolution. These findings were validated through
laboratory experiments. At pH = 7.3, the maximum
P,Os content reached 12.49%. This model may have
practical significance in optimizing future industrial
processes.

In extraction processes based on AWW,
interionic equilibrium and kinetic limitations are the
main factors determining the reaction efficiency.
During the study, it was observed that the pH of a
10% AWW solution varied from 4.10 to 7.30, and
within this range, significant changes occurred in the
activity of hydroxide (OH"), hydrogen (H*), and other
inorganic ions such as Ca?*, PO,*", H,PO,, and
HPO42".

The AWW composition includes anions like
S04%7, ClI7, and NOs~, and cations like Na* and K*,
which form ion pairs that contribute to ion-exchange
reactions during extraction. In particular, when CaO
is introduced into the medium, it rapidly hydrates to
form Ca(OH),, which neutralizes free H* ions and
increases the pH. This affects the equilibrium of
phosphate ions forming P,0s (H,PO4~ ¢> HPO,* &
P0O4%) and influences their complex formation
capacity.

The shift in ionic equilibrium responds
sensitively to pH changes according to Le Chatelier’s

principle. As a result of these changes, Ca®>* and
PO43" ions in AWW may interact and form insoluble
precipitates like Caz(P0O,),. However, with increasing
pH, the solubility of PO43" ions improves, enhancing
their extractability.

Moreover, the presence of complex-forming
agents such as EDTA (e.g., in a 0.2 M Trilon B
solution) promotes the formation of strong
complexes with divalent ions like Ca?*. This displaces
PO,3" ions from their bound state, facilitating the
release and solubilization of phosphate. Such
kinetics enable the system to quickly reach
equilibrium.

According to the kinetic analysis of the process,
in the initial stage, H* ions restrict phosphate
dissolution, but these constraints are eliminated as
pH increases. From a chemical perspective, the
solubility of phosphate compounds forming P,Os is
governed by the following equilibrium reactions:

H3PO,<—==H,PO, + H"
H,PO, + H" HPO,” + H*
HPO,” + H'==—==HPO,” + H"

In addition, the following reaction chains are
also observed:

Ca’t+20H
Caz(POy,), y

Ca(OH)2
PO,> + Ca**

As the pH increases and the solution becomes
enriched with hydroxide ions, the kinetic barriers
that previously prevented the formation of
precipitates are reduced, thereby enhancing the
degree of P,0s extraction. This leads to a maximum
phosphate solubility observed around pH 7.30. This
phenomenon is fully consistent with the results
presented in Figure 4.

From a kinetic perspective, the rate of reverse
reactions decreases, causing the P,Os release rate to
approach equilibrium at a NOS:MM ratio of
approximately 100:40. At this point, the release
significantly slows down, indicating a state of kinetic
saturation.

A comprehensive analysis of ionic equilibrium
and chemical kinetics reveals that the mutual ratios
of pH, Ca%*, and PO,® ions serve as key controlling
factors. These relationships allow the development
of highly accurate mathematical regression models
for predictive simulation.
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Conclusion

The AWW generated from the processing of
cottonseed soapstock, containing active ions such as
H*, SO4%", NO;3~, and Cl~, served as the reactive
medium for extracting P,Os from the mineralized
mass of the Central Kyzylkum region. As the
AWW:MM (mineral mass) mixing ratio increased
from 100:10 to 100:40, the total extracted P,Os
percentage rose from 8.19% to 12.49%, indicating
high selectivity of phosphorus dissolution into the
solution phase. The efficiency of phosphorus
extraction increased in correlation with rising pH
values, which facilitated a decrease in H* ion
concentration and promoted the release of free
PO43 ions into solution. The decline in CaO content
followed an exponential trend described by the
equation:y = 12.28 (1 - e 008) with a high
coefficient of determination (R? = 0.9637), reflecting
the system’s approach toward equilibrium kinetics.
A logarithmic relationship between pH and P,0s
content was also established, expressed by the
equation: y = 4.23 + 2.607-In(x), with an excellent fit
(R? = 0.9934), making this model a valuable
predictive tool. Although the interaction between
Ca?* and PO4* ions could potentially lead to the
formation of Cas(PO,), precipitates, this process was
effectively suppressed by controlling the pH level.

The process analysis was based exclusively on the
solid-phase composition; the chemical composition
of the liquid phase reactants was not included. This
approach enabled precise assessment of stepwise
extraction kinetics. The research results—
represented through graphical models (e.g., P.Os
and CaO content versus pH, logarithmic and
exponential regressions)—were validated through
modeling. The close interconnection among ionic
equilibrium, kinetics, and chemical mechanisms
ensured maximum P,0s extraction efficiency. These
findings provide a scientific basis for the
development of an environmentally safer and
economically efficient alternative technology for
industrial-scale phosphorus recovery using acidic
NOS solutions.
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AHHOTAUMA

Byn 3epTTey makTa malibiHblH, CabblH GPaKUMACbIH 6HAEY KesiHAe TY3iNeTiH KbIWKbIA afblHAbI
cynapabl (KKC) naiigananbin, OpTanbik Kbi3bUIKYM WeNiHIH MUHepanaaHfaH maccacbiHaH pocdop
neHtokemaiH (P20s) any nepcnekTvMBanapbiH KapacTbipagbl. KKC KypambiHA@fbl KbIWKbIA
KOMMOHEHTTEp KaTTbl pasanbl GocdopuTTi MaTepuanibiH, biAblPaybiHa bIKNaa eTeTiHi aHbIKTanabl.
JkcnepumenTTep 333 K Temnepatypasa, KKC:muHepanaaHfaH macca (KKC:MM) apakaTtbiHachl
100:10-HaH 100:40-ka aeniH e3reptinin Xyprizingi. P,0s KoHueHTpauuacbl 440 HM TO/KbIH
y3blHAbIFbIHAA GOTOMETPUANBIK dAicneH aHblKTanabl. 3epTTey TeK KaTTbl ¢asa TangaybiHa
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Herigenin, peakums aapexeci TysinreH TyHH6aHbIH, menwepi boliblHWwa 6afanaHabl. pH MaHiHIH,
JKoFapblnaybl P,0s-TiH, 6eniHyiHe Tikenelt acep eTeTiHi kepceTingi. CaO mesnwepiHiH, TomeHaeyi
3KCNOHEHUManapl 3aHAbIAbIKkKa 6afbiHabl, an P,0s wbifbiMbl pH-neH norapudmaik 6ainaHbic
KepceTTi. MoHaap apacbiHAafbl Tene-TeHAIK peakuManapbl XMMUAAbIK MexaHu3Maep anacbiHAA
TYCiHAipinAj. IKcnepumeHTTiK HaTUKenep OriginPro 2021 6araapiamackl KemerimeH rpaduKanbik
JKOHE perpeccuanblk  MoAenbAey apKblabl TangaHabl. ANbIHFAH AepekTepaiH, CaMKecTik
KoadpuumenTTepi (R? > 0.95) 6y maTeMaTUKasblK MOAENbAEPAIH, CeHIMAI eKeHiH KepceTTi. byn
3iC IKONOTUANDBIK ¥KOHE IKOHOMMKANbIK TYPFbIAAH TUIMAI, OHAIPICTIK KanablKTapAbl nakganaHy
HerisiHae pochopabl 6enyaiH, 6anamanbl TEXHONOTUACHIH YCbIHAAbI.
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AHHOTAUMA

B paHHOM MccnefoBaHWM PacCcMaTpUBAlOTCA MEPCNeKTUBLI U3BNeYeHUA NATUOKUCKU docdopa
(P20s) U3 MuHepanusoBaHHoOM macchl LieHTpanbHOro Kbi3blikyma ¢ UCNOb30BaHMEM KUCIOTHbIX
cTouHbIX BoA (KCB), obpasyrowmxca npu nepepaboTke mblabHOW $paKkLuum XA0NKOBOro Macna.
YCTaHOB/IEHO, YTO KWUCNOTHble KomnoHeHTbl KCB cnocobcTBytoT pasnoxeHuto ¢pochopuTHOro
maTepuana TBepAoW dasbl. IKCMepMMEeHTbl NpoBoAWAUCL Npu  Temnepatype 333 K c
BapbMpoBaHMem cooTHoweHuna KCB: muHepannsoBaHHan macca (KCB:MM) ot 100:10 go 100:40.
KoHueHTpauua P,0s onpepenanacb GOTOMETPUYECKUM METOAOM MpWU A/svHe BOAHbI 440 HM.
MccnepnoBaHue 6b110 OCHOBAHO UCK/IIOUUTE/IBHO Ha aHanu3e TBepAoi dasbl, Fae CTeneHb PeakLumm
OLEHMBaANacb MO KosuyecTBy ob6pasoBaBLIErocA ocafKka. [lokasaHo, 4TO mnosblweHne pH
OKasblBaeT NpAMoOe BAMAHWE Ha wu3BnedyeHue P,0s. CHuKeHue copepxkaHua CaO wumeno
SKCMOHEHLUMaNbHbIV XapakTep, Toraa Kak ussnedyeHue P,0s norapudmuyeckn 3asuceno ot
3HayeHna pH. PaBHOBeCHble peaKkuuMn MeXay MOHaMu ObiNn MHTepnpeTUpOoBaHbl B PaMKax
XMMMUYECKMX MEXaHU3MOB. IJKCMepuMeHTa/bHble AaHHble 6blav npeacTasieHbl ¢ MOMOLLbIO
rpaduyeckoro aHanMsa WM PerpeccMoOHHOro MoaenvpoBaHua B nporpamme OriginPro 2021.
MonydyeHHble MaTemaTuyeckue mogenu o6n1afanm BbICOKOW goctoBepHocTbio (R? > 0.95). Takoi
noaxoa npeanaraeT 3KOHOMUYECKU 3GDEKTUBHDIV M IKONOTMYECKM 6e30MacHbIN afbTepHATUBHBIN
meTog, n3sneveHna pocdopa ¢ UCNoNb30BaHMEM NPOMbILLIEHHBIX TOBOYHBIX NPOAYKTOB.
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ABSTRACT

This article examines the effect of two types of polypropylene (HO30 and H350) and petroleum
residue on the bitumen modification process. Bitumen modification is one of the key methods for
improving its physical and mechanical properties and enhancing the quality of road pavement.
Currently, bitumen modification is widely used in road construction, playing a crucial role in
improving its quality and energy efficiency. Studying the effect of polymers on the mechanical
stability of bitumen is a relevant issue in increasing the durability of road surfaces. During the
study, six different concentrations of polypropylene H030 and H350 were introduced into bitumen
samples, and their main characteristics were compared. The obtained results demonstrated that
polypropylene significantly alters the properties of bitumen, contributing to increased strength
and durability of road pavements. Furthermore, the addition of petroleum residue enhances the
rheological properties of the bitumen mixture, improving its adhesion. These studies provide
essential data for improving bitumen used in road construction. The research results indicate that
the use of polymer-modified bitumen increases the wear resistance of road surfaces, reduces crack
formation, and enhances resistance to climatic factors. This, in turn, extends the service life of
road pavements and reduces road maintenance costs. Long-lasting pavements help decrease
energy consumption for bitumen production and road construction. The obtained data expand the
possibilities for the effective use of polymer-modified bitumen mixtures in asphalt concrete
production. Thus, the compatibility of bitumen and polypropylene has been studied, and their
optimal compositions have been determined.

Keywords: bitumen, polypropylene, modified bitumen mixtures, petroleum residue, asphalt
concrete, energy efficiency.
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Introduction

Research aimed at improving the quality of
bitumen-based materials in road construction holds
significant importance. Modification of bitumen is
one of the key approaches to enhancing its physical
and mechanical properties and ensuring the long-
term durability of road pavements. Currently,

polymer-modified bitumen mixtures are widely
applied, as they improve thermal stability and
increase mechanical strength [[1], [2]].

Bitumen is a complex organic binder composed
of high-molecular-weight hydrocarbons and their
derivatives. Its key properties include softening
point, penetration depth, viscosity, plastic
deformation capability, and wear resistance. These
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parameters directly affect the quality of road
surfaces [[3], [4]]. However, neat bitumen has
several disadvantages; therefore, research is being
actively carried out to improve its properties
through various modifiers [5].

Among these, polymer modification occupies a
special place. Polypropylene is one of the
thermoplastic polymers frequently used in bitumen
modification. It is characterized by high mechanical
strength and chemical stability. Studies have shown
that the addition of polypropylene increases the
elastic modulus of bitumen, enhances its resistance
to cracking, raises the softening point, and reduces
penetration depth. These improvements make
polymer-modified bitumen suitable for use under
hot climatic conditions [[6], [7], [8], [9]].

Oil residues are also among the important
compounds used to improve bitumen. Heavy
fractions from oil refining reduce the viscosity of
bitumen, enhance its low-temperature
performance, and improve the homogeneity of the
mixture [[10], [11]]. The combined use of
polypropylene and oil residue enhances the elastic
properties of bitumen and contributes to its long-
term stability [12]. Such mixtures have been shown
to exhibit greater crack resistance while also
improving adhesion properties [13].

In recent years, research in this field has become
increasingly relevant. First, studying the combined
effect of polymers and oil residues aims to improve
the quality of road pavements under various climatic
conditions. Second, the use of recycled polymer
waste is considered an environmentally friendly
solution [[14], [15]]. In addition, current studies are
also focused on investigating compatibility with
nanocomposites and other functional additives
([16], [17]].

In this regard, the present study focuses on
identifying the effect of polypropylene grades HO30
and H350, together with oil residue, on the physical
and mechanical properties of bitumen mixtures.
Samples obtained at different concentrations were
comparatively analyzed in terms of softening point
and penetration depth. Moreover, the influence of
the obtained results on the rheological
characteristics of bitumen and asphalt concrete
mixtures was also examined [[18], [19], [20]].

The scientific novelty of this study lies in the
comparative analysis of the effects of polypropylene
grades HO30 and H350 on the properties of bitumen.
Furthermore, for the first time, the combined use of
polypropylene and oil residue has been
comprehensively studied in relation to improving
the structural stability and adhesion properties of

the mixtures. The research was carried out on
samples adapted to the climatic conditions of
Kazakhstan, and the results obtained have practical
significance for local road construction.

Experimental part

For the research, the following materials were
used: bitumen of grade BND 100/130 provided by
Pavlodar Oil Chemistry Refinery LLP (Kazakhstan).
BND 100/130 bitumen possesses high viscosity and
is widely applied in the production of road
pavements with properties required for operation
under various climatic conditions. Polypropylene
grades PP H350 and PP HO030 were supplied by
“Neftekhim LTD” LLP and prepared in accordance
with the National Standard of the Republic of
Kazakhstan, ST RK 3191-2018. Polypropylene (PP) is
a thermoplastic material based on propylene
(propene). This polymer contributes to enhancing
the strength, crack resistance, elasticity, and
durability of polymer-modified bituminous (PMB)
materials. Heavy oil residue of grade H603 was
provided by Pavlodar Oil Chemistry Refinery LLP and
used to regulate the viscosity and improve the
technological properties of PMB mixtures. The
addition of oil residue increased the fluidity of the
material and ensured uniform distribution of the
components within the mixture. This made it
possible to achieve an optimal balance between
viscosity and plasticity, thereby contributing to the
durability and stability of road pavements.

The preparation of polymer-bitumen
compositions is a multistage and complex process in
which a modified structure is formed as a result of
the physical and chemical interactions of the
components. In this study, the compositions were
prepared using a laboratory disperser unit.

Initially, the containers and equipment required
for the experiment were thoroughly cleaned and
dried to remove moisture residues. This step was
essential to prevent the influence of external factors
that could negatively affect the quality of the final
product. Before use, all vessels were checked to
ensure they were free of contamination and traces
of moisture.

At the next stage, the bitumen was poured into
a thermostable container and heated to the working
temperature range of 120-150 °C. Such conditions
reduce the viscosity of bitumen and allow better
mixing with the polymer.

The required amount of polymer was then
weighed in advance and calculated relative to the
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mass of bitumen. The polymer concentration was
selected depending on the modification level and
the expected properties of the composition.

The preheated bitumen was combined with the
measured polymer, and the mixture was stirred in
the laboratory disperser. This process was carried
out at 165-170 °C for up to 120 minutes. The mixing
time and speed were determined based on the
characteristics of the polymer used and the desired
degree of dispersion. The high-speed stirrer ensured
the uniform distribution of the components.

Once the mixture reached a homogeneous
consistency, an additional maturation stage was
carried out to strengthen the formation of
molecular-level interactions between its
constituents. During this period, the mixture was
maintained at 160-170 °C for a specified duration.

The polymer-bitumen compositions prepared in
this way were then subjected to standard testing.
The softening point, penetration depth, and other
characteristics were determined in accordance with
the Standards of the Republic of Kazakhstan (ST RK).
The compositions of the PMB mixtures are
presented in the table below (Table 1):

Table 1 - Composition of PMB: proportion of bitumen,
polypropylene, and oil residue

Sample 1 2 3 4 5 6 7
No

Bitumen (100 % (95.7 % (95.1 % [94.5 % |93.5 %| 93% | 92%
BND

100/130

PP HO30 0 4% 4% 4% 4% 4% 4%
/PP

H350
oil 0 0.3% | 0.9% | 1.5% | 2.5% 3% 4%

residue

Table 1 presents the percentage composition of
bitumen (BND 100/130), polypropylene (HO30 or
H350), and oil residue for each sample. These data
characterize the exact formulations of the initial
mixtures used in the study and form the basis for
subsequent physical and mechanical testing.

Regarding the methods applied in the research,
the penetration depth at 25 °C (with an accuracy of
at least 0.1 mm) was evaluated in accordance with
ST RK 1226-2003 wusing a digital automatic
penetrometer, model 20-20670, produced by
Infratest. According to the test procedure, PMB
samples were first heated to 150 °C, then placed into
a special container and cooled to 25 °C. A needle

with a defined load (typically 100 g) was slowly
applied to the surface of the sample. The
penetration depth of the needle was measured in
millimeters and recorded. This method makes it
possible to objectively evaluate the viscosity of PMB
materials and their suitability for various operating
conditions.

The softening point (°C, minimum value) was
determined using an automated device by Infratest,
in accordance with ST RK 1227-2003. According to
the test procedure, PMB samples were preheated to
a temperature of 80-100 °C above the expected
softening point but not lower than 120 °C and not
exceeding 180 °C to remove moisture. The
dehydrated PMB material was filtered, carefully
stirred to eliminate air bubbles, and then poured in
excess into two rings. After cooling to ambient
temperature, the excess material was trimmed with
a heated knife. The rings containing PMB material,
along with steel balls cooled to (5 + 1) °C, were
placed into a water bath. The water temperature
was then increased at a rate of (5.0 + 0.5) °C per
minute. The test continued until the steel ball
penetrated the PMB material and touched the
bottom plate, at which point the temperature was
recorded as the softening point. Strict control of the
heating rate ensured the accuracy of the test.

The ductility of bitumen was tested using a
digital ductilometer, model 20-2356, in compliance
with ST RK 1374-2005. Samples were prepared
according to ST RK 1288-2004. Special “figure-eight”
shaped molds were used, into which bitumen
preheated to 150-180 °C was poured. The molds
were then subjected to temperature conditioning.
During testing, the samples were stretched in a
water bath at 0 °C or 25 °C at a rate of 50 mm/min.
The elongation length at break was recorded in
centimeters. Each test was conducted on three
parallel samples, and the arithmetic mean value was
calculated. If the difference between results
exceeded the allowable norm, the test was
repeated. In cases where the sample did not break
at an elongation of 1000 mm, the result was

recorded as “>100 cm.”
Although standard testing methods were

applied in this study, the influence of ecological
factors, economic efficiency, and the probability of
phase separation on the obtained results was not
considered. These aspects represent the limitations
of the study and require further in-depth
investigation in the future.
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Results and Discussion

In bitumen  samples modified  with
polypropylene (PP H350) and oil residue, the
penetration depth decreased with increasing
concentration. This indicates an increase in bitumen
hardness, meaning the transition of the material to
a softened state at elevated temperatures slows
down. In particular, for samples containing 1.5% and
2.5% oil residue, the penetration depth sharply
decreased, reaching values of 31.4 mm and 47.5
mm, respectively.

The softening point generally showed an
upward trend, indicating that the combined addition
of polypropylene and oil residue improved the
ability of bitumen to retain its shape at high
temperatures.

In the sample with 4% oil residue, the softening
point reached 66.2 °C, remaining at a relatively
stable level compared to the initial value of 66 °C.
This demonstrates enhanced thermal stability and
strength of the bitumen.
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Not less than 0.1 mm accuracy / °

Sample No.

=@ Penetration depth at 25 °C (accuracy not less
than 0.1 mm)
=@==Softening point (°C. minimum value)

Figure 1 - Thermal Stability and Structural Changes of
PMB Based on PP HO30

In bitumen  samples  modified  with
polypropylene (PP H030) and 3-4% oil residue, the
penetration depth increased from the initial 39.6
mm to 54.5 mm. At the same time, the softening
point decreased from 65 °C to 61.8 °C.

Although the polypropylene content remained
constant (4%), it was found that variations in the
concentration of oil residue had a significant impact
on the physical and mechanical properties of
bitumen.
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Figure 2 - Thermal Stability and Structural Changes of
PMB Based on PP H350
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Figure 3 - Ductility of PMB mixtures (a - Bitumen + PP
H030 + oil residue; b - Bitumen + PP H350 + oil residue)

As shown in Figures 1 and 2, all samples
exhibited significant changes compared to the
control sample (neat bitumen). This confirms the
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combined effect of polypropylene and oil residue on
the structure of bitumen.

While polypropylene increases the viscosity of
bitumen and helps to maintain its softening point, oil
residue partially balances this effect. Bitumen
modified with HO30 is sensitive to the concentration
of oil residue: the softening point decreases slightly,
but the penetration depth is initially higher. In
contrast, H350-modified bitumen demonstrates
greater stability and hardness at elevated
temperatures, which makes it more suitable for
roads subjected to heavy loads.

The ductility of bitumen samples modified with
polypropylene (grades H030 and H350) and oil
residue was evaluated at 25 °C. The results are
presented in Figure 3.

Table 2 - Statistical data processing of the properties of
polypropylene-modified bitumen

Parameters PP HO30 PP H350
Softening point 65.0-61.8 66.0-62.2
(°C, minimum)

Standard 1.8 2.0
deviation (°C)

Confidence 1.7 1.9
interval (95%)

Penetration 39.6-54.5 69.2-42.9
depth at 25 °C

(accuracy 0.1

mm)
Standard 5.5 10.1
deviation (mm)

Confidence 5.2 9.8
interval (95%)

Ductllltzrzt 25 °C, 710 716

Mean value 8.2 11.3

Standard 1.2 3.1
deviation

Confidence
interval (95%) 7.5-8.9 9.8-12.8

Adhesion 0.87 0.92
coefficient of oil

residues

Standard 0.03 0.04

deviation

Confidence 0.84-0.90 0.88-0.96
interval (95%)

According to the results, the ductility of the
original bitumen measured at 25 °C showed a high
value (83 cm). In the modified mixtures, ductility
values decreased significantly. This can be explained
by the increase in hardness of the material and the
limitation of its plastic deformation capacity as a

result of polypropylene penetrating the bitumen
structure. In the samples with grade H030, ductility
was in the range of 7-10 cm, while in the mixtures
based on H350 it was somewhat higher-ranging
from 7 to 16 cm. This indicates that polypropylene of
grade H350 possesses a better structure-forming
ability and tends to distribute more uniformly within
the bitumen matrix. As a result, mixtures based on
H350 provide a more optimal balance between
elasticity and strength. However, the decrease in
ductility reflects a limitation of the plastic properties
of bitumen, and therefore, future research should
aim to identify compatible combinations of
modifiers to improve this parameter.

The statistical data processing of the properties
of polypropylene-modified bitumen is presented in
the table (Table 2).

The data presented in Table 2 include the mean
values, standard deviations, and 95% confidence
intervals for the softening point, penetration depth
at 25 °C, and adhesion coefficient of oil residues in
bitumen samples modified with polypropylene.
These results provide a quantitative basis for
comparing the changes in the physical properties of
the mixtures.

For each parameter, standard deviations and
95% confidence intervals were calculated to
evaluate the reliability and stability of the obtained
results. The data comparatively characterize the
influence of PP HO30 and PP H350 on the properties
of bitumen. According to the results, mixtures based
on polypropylene grade H350 demonstrated higher
thermal stability, although they showed greater
variability in  penetration depth, indicating
fluctuations in their properties. However, additional
statistical methods (such as the t-test or ANOVA)
were not applied to assess statistical significance.
Therefore, future research should include a deeper
statistical analysis of the results.

The reuse of polymer waste increases
environmental efficiency, as it reduces the
accumulation of plastic waste and transforms it into
useful products for the construction sector. Oil
residue, as an industrial by-product, can also be
utilized, thereby reducing the environmental
burden.

From an economic perspective, the application
of polymer-bitumen mixtures reduces maintenance
costs by extending the service life of road
pavements. Moreover, with improved energy
efficiency, expenditures on fuel and energy in
bitumen production and road paving processes are
also reduced.
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Conclusions

The data, presented in this study, include the
mean values, standard deviations, and 95%
confidence intervals for the softening point,
penetration depth at 25 °C, and adhesion coefficient
of oil residues in bitumen samples modified with
polypropylene. These results provide a quantitative
basis for comparing the changes in the physical
properties of the mixtures.

For each parameter, standard deviations and
95% confidence intervals were calculated to
evaluate the reliability and stability of the obtained
results. The data comparatively characterize the
influence of PP HO30 and PP H350 on the properties
of bitumen. According to the results, mixtures based
on polypropylene grade H350 demonstrated higher
thermal stability, although they showed greater
variability in penetration depth, indicating
fluctuations in their properties. However, additional
statistical methods (such as the t-test or ANOVA)
were not applied to assess statistical significance.
Therefore, future research should include a deeper
statistical analysis of the results.

The reuse of polymer waste enhances
environmental efficiency by reducing the
accumulation of plastic waste and transforming it
into useful products for the construction sector. QOil
residue, as an industrial by-product, can also be
utilized, thereby reducing the environmental
burden.

From an economic perspective, the application
of polymer-bitumen mixtures reduces maintenance
costs by extending the service life of road
pavements. Moreover, with improved energy
efficiency, expenditures on fuel and energy in
bitumen production and road paving processes are
also reduced.

Conflicts of interest. The authors declare that they
have no known financial or personal conflicts of interest
that could have influenced the work reported in this
paper.

CRediT author statement: A. Syzdyk: Concept
development, research methodology, drafting of the
initial manuscript; G. Seytenova: Scientific
supervision, project leadership; R. Dyussova: Data
analysis, document editing and revision; E.
Zhakmanova: Research execution, preparation of
materials, documentation; E. Donbayeva:
Visualization, provision of available resources.

Acknowledgements. This research was
conducted within the framework of program-
targeted funding from the Science Committee
of the Ministry of Science and Higher Education
of the Republic of Kazakhstan. (Grant No.
BR24992883 Creation of a scientific and
technological park for petrochemicals and
polymer materials to provide services and
implement applied R&D results in the priority
sectors of the country's economy).

Cite this article as: Syzdyk AG, Seitenova GZ, Dyussova RM, Zhakmanova EA, Donbayeva E. Polymer-bitumen compositions for
improving the energy efficiency of road construction. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral
Resources. 2027; 341(2):97-104. https://doi.org/10.31643/2027/6445.21

’Kon KypbiNbICbIHbIH, SHEPrUA TUIMAINIriIH apTTbIPyFa apHanfaH
nonumep-6MTym Kocnanapbli
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TYRIHAEME

Makana kengi: 6 mameip 2025
CapanTtamagaH eTTi: 4 KeipKyliek 2025
KabbingaHapl: 26 kapawa 2025

Byn maKkanaga noauvnponuaeHHid, eki Typi (HO30 keHe H350) meH MyHai KangplKTapbliHbIH,
6uTyMmabl MmoguduKaumanay npoueciHe acepi KapacTbipbliagbl.
OHbIH, GU3MKANbIK-MEXaHUKANbIK KAacUeTTepiH aKCcapTy apKbl/ibl O KabblHAAPbIHbIH, canacbiH
apTTbIPYAbIH,  MaHpI3abl TacingepiHiH, 6ipi 6onbin  Tabbliagpl.
MoaMOUKALMANAY KON KypPbIbICIHAA KEHiHEH KO/MAAHbI/IbIM, OHbIH, CanacblH YXaHe 3Heprus
TUIMZINITIH apTTbipyAa MaHbI34bl pen aTkapaabl. MonumepnepgiH, GUTYMHbIH, MeXaHUKanbIK
TYPaKTb/IbIFbIHA SCEPiH 3epTTey Ko KabblHAAPbIHbIH, 6EPIKTIriH apTTbipyaa 63eKTi Macese 60bin
oTblp. 3epTTey bapbicbiHaa 6utym yarinepive HO30 kaHe H350 noaunponuneHaepiHii, 6 Typai
KOHLLEHTPAUMACHI  eHri3inin, onapAplH, Herisri KepceTKiwTepi CcanbiCTbipbiAAbl.
HaTMXKenep MOAUMPONUAEHHIH, BUTYM KacueTTepiH auTap/blKTail ©3repTin, oA XKabbIHbIHbIH,

Butymabl moaudukauusnay

Kasipri TaHga 6utymabl

AnbiHFaH
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6epiKTiri MmeH y3ak mep3imainiriH apTTbipyfa biknan eTeTiHiH KepceTTi. COHbIMEeH KaTap, MyHaMu
KaNAbIFbIHbIH, KOCbIYbl BUTYM KOCNACbIHbIH, PEOIOTUABIK KAaCUMETTEPIH KaKcapTyFa MYMKIHAIK
6epin, OHbIH, aAre3uACbIH »KOFapbliaTTbl. Byn 3epTreynep oA KypblabICbIHAA KOALAHbINATbIH
6UTYMAbI }KAKCapTy YWiH MaHbI3abl aepekTep bepeadi. 3epTrey HaTuKenepi KepceTKeHaew,
noaumepnik  moauvobukaumanaHFaH OWUTYMHbIH, KONAAHbIIYbl KON KabblHAAPbIHbIH, TO3yfa
TO3IMAINIMIH apTTbipaZbl, *KApbIKWAKTapAblH, nakga 60nyblH asaiTagpl KaHe KAMMATTbIK
dakTopnapra Tesimainirin KywewTeai. byn e3 KeseriHae KON TOCEMiHIH KbI3MET €Ty Mep3imiH
YNFANTYFa XKOHE XKOA KOHAEY LWbIFbIHAAPLIH a3alTyFa MyMKIHAIK 6epeai. ¥3aK meps3imai Tecemaep
BUTYM eHAjpiciHe KaHe KON canyFa }KYMCanaTblH SHEPIUA WbIFbIHAAPbLIH a3aiTyFa KeMeKTeces;.
AnblHFaH MmanimeTTep achanbT6ETOH OHApicCiHAe nonvmep-moguduKaumuanaHFaH butym
KOCManapblH TUIMAI NalkganaHy MyMKIHAIKTepiH KeHeWTegi. Ocbinaiwa, 6GUTym MeH
NOAUMNPONUAEHHIH, YANeciMainiri 3epTTenin, onapapiH, OHTalAbl Kypamaapbl aHbIKTaN4b!.

TyliiH ce3dep: 6UTYm, noannponuaeH, moandukaumanaHFaH BUTYmM Kocnanapbl, MyHal Kanabifbl,
achanbTOETOH, aHeprus TMiMmainiri.
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MNonnmep-6UTyMHbIE KOMNO3ULUKU ANA NOBbIWEHUA 3HepProaPpPeKTUBHOCTU

AOPOXKHOro CcrpounuTenbCcrea
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AHHOTALMUA
B naHHOM cTaTbe UccnefoBaHo BAMAHUE ABYX Mapok noaunponuneHa (H030 u H350) n HedTAHOTO

ocTaTKa Ha npouecc mogudukaumm 6utyma. Moamndukauma 6UTyma ABNAETCA OAHUM U3 BaXKHbIX
cnocoboB ynyyweHna ero PpU3NKO-MexaHUYECKNX CBOMCTB U MNOBbIWEHUA KayecTBa JOPOXKHOIO
NoKpbITUA. B HacToswee Bpema mogudukauma 6UTyma LUIMPOKO MPUMEHSAETCA B AOPOXKHOM
CTPOUTENbCTBE, UrPas BaXKHYI PONb B MOBLIWEHUW ero KayecTBa U 3HeprosdpdeKTUBHOCTU.
M3yyeHne BAMAHUA NONMMEPOB Ha MEXaHUYECKY CTabUNbHOCTb BUTYMa ABNAETCA aKTyaslbHOW
33f,a4eil B NOBbILEHUM MPOYHOCTU AOPOXKHOIO MOKPbLITUA. B Xxome uccneposaHua B obpasupl
6uTyMa 6b11M BBEAEHbI WECTb Pa3NIMYHbIX KOHLEeHTpaumii noaunponuneHa HO30 u H350, nocne
4ero NpoBefEeHO CPAaBHEHWE MX OCHOBHbIX XapaKTepuCTUK. MonyyeHHble pesynbTaTbl MOKasanu,
YTO MONUNPONUIEH CYLLECTBEHHO M3MEHAeT CBOMCTBA OWTyMa, CrMOCO6CTBYA MOBbILEHUIO
NPOYHOCTM U AONTOBEYHOCTU LOPOKHOIO NOKPbLITUA. Kpome Toro, sobasneHve HepTAHOro ocTaTka
yAy4yliaeT peonornyeckme cBoOMCTBa BUTYMHOM cMecH, NOBbILWAA e€ aaresunto. 3TM uccneaoBaHuA
NpefoCcTaBAAOT BaKHble JAaHHble ANA yaydlweHus 6uTyma, MpUMEHAemoro B AOPOXKHOM
cTpouTenbCTse. Pe3synbTatbl nccnepoBaHmnA nokasanu, 4TO ncnonb3osaHue
noAMMepMoaNGULMPOBAHHOMO BUTYMa MOBBILAET M3HOCOCTOMKOCTb [OPOXKHOTO MOKPbITHSA,
CHUKaeT obpasoBaHue TPeLmH U YNyULIaeT ero YCTOMYMBOCTb K KIMMaTU4Yeckum daktopam. 370,
B CBOIO ouepenpb, YBEAUYMBAET CPOK CYKObl JOPOKHOIO NOAOTHA U CHUMKAET 3aTpaTbl Ha ero
PemoHT. [loNroBeyHble MOKPbLITUA MO3BO/AIOT COKPATUTb 3HEprosaTpatbl Ha MNPOWU3BOACTBO
6utyma u yknagKy goporu. onyyeHHble AaHHble PaCWMPAIOT BO3MOXHOCTU 3PGEKTUBHOIO
NPUMeEHeHUA  NOAUMePMOANPULMPOBAHHBIX  BUTYMHbIX  Cmecedi B MpOU3BOACTBE
acpanbtobeToHa. TakMum 06pasom, M3y4eHa COBMECTUMOCTb bUTyma W noaunponuneHa,
onpeaeneHbl UX ONTUMaNbHbIEe COCTaBbI.
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ABSTRACT

Silica fouling reduces the effectiveness and durability of membrane-based treatment systems,
and silicon contamination in industrial water streams poses ongoing operational issues. With an
emphasis on their processes, drawbacks, and applicability for various silica species, this article
provides a comparative examination of the main silica removal technologies: ion exchange,
reverse osmosis (RO), ultrafiltration (UF), electrocoagulation (EC), adsorption, and lime softening.
Although they need a significant amount of chemical input and pH control, lime softening and
ion exchange are efficient for dissolved silica. RO requires thorough preparation and offers broad-
spectrum separation, although it is susceptible to silica scaling. While UF works well with colloidal
and particulate silica, it is unsuccessful with monomeric forms. EC achieves excellent removal
rates with less sludge by combining electrochemical destabilisation and crystallisation.
Adsorption provides variable selectivity, low energy consumption, and compatibility with
membrane systems, especially when employing tailored materials like activated alumina, iron
oxide-coated media, and functionalised hybrids. In addition to outlining important techno-
economic considerations for scaling up silica extraction methods in intricate industrial water
matrices, the paper highlights new developments in adsorbent design, such as surface
modification, hierarchical porosity, and regeneration techniques.

Keywords: silica, industrial, wastewater, treatment, adsorption.
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Introduction

In industrial water

applications, silicon is predominantly present as
reactive silica (monomeric and soluble), colloidal

systems, silicon is  silica (non-ionic and suspended), and particulate

predominantly found as silica (SiO,), which exists in  silica (such as sand or silt). Silica removal is the main
granular, colloidal, and ionic forms. In industrial goal of extraction procedures to reduce the
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possibility of scaling and equipment deterioration.
The specific form of silica is determined by variables
such as pH, temperature, and the characteristics of
the water source. The most effective removal
techniques include lime softening, ion exchange,
reverse osmosis, and advanced ceramic media
filtration [1]. Silicon-containing wastewater is
primarily produced during steam throughput or
steam drive extraction used for thick oil
development. Injected steam causes hydrolysis of
underground silicon rocks, forming silicates and
resulting in significant amounts of silicon-laden
wastewater [[1], [2]]. Large-scale pipeline clogs can
arise from silicate scale buildup in oilfield
wastewater collection systems. Compared to other
water sources, well water includes more silica, which
can damage equipment, particularly in deep wells
where temperatures are greater. High silica levels
also hinder well-water treatment methods, so
concentrations must be lowered to protect
equipment and membranes. There are many
methods used to reoval silicon from industrial
wastes. Among these, the most widely employed
techniques include adsorption, electroddialysis,
reverse osmosis, chemical precipitation, ion
exchange, solvent extraction/liquid membrane
separation and electrolysis [[3], [4], [5]]. Adsorption
has become a critical process across numerous
industrial applications, including natural gas storage,
pollution control, catalyst support, and particularly
in gas separation and purification, owing to its low
energy requirements, operational flexibility, and the
wide variety of available adsorbents [[6], [7], [8], [9],
[10]]. Additionally, adsorption processes are widely
recognized as a standard technique for determining
the surface area and pore size distribution of solid
materials. This process is characterised by its non-
toxicity, cost-effectiveness, environmental
sustainability, and renewability. As a result, it is seen
as a practical substitute for conventional treatment
procedures and an efficient way to remove heavy
metals from wastewater. The process of adsorption
can be accomplished via chemisorption, which
involves the creation of a chemical connection
between the sorbate molecule and the adsorbent
surface, or physical adsorption, which is controlled
by weak intermolecular interactions. Due to the
remaining valence forces from surface molecules,
chemical adsorption results in the formation of a
monomolecular layer of adsorbate on the surface.
On the other hand, physical adsorption results from
molecule condensation inside the solid's capillaries
[[11], [12]]. Consequently, a thorough

understanding of adsorption mechanisms is
essential not only for the design and optimization of
industrial adsorption processes but also for
accurately characterizing the structure of porous
solids. Several methods have been documented for
the treatment of industrial effluents. lon exchange
involves swapping ions between electrolytes, or
between an electrolyte solution and a complex. Its
primary purpose is to employ solid materials such as
minerals, clays, membranes, and resins to purify,
separate, and disinfect ion-containing fluids. This
mechanism may facilitate adsorption and takes
place at the solid's surface. However, ion exchange
is costly in terms of capital and operating expenses
[13]. A common technique for recovering materials
or purifying solutions is chemical precipitation,
which turns dissolved compounds into solid
particles. There are several methods for improving
chemical  precipitation. Sodium  decanoate,
carbamates, carbonates, sulphides, and polymers
are examples of reagents that generate insoluble
metal compounds as alternatives to hydroxide
precipitation. Large volumes of sludge and silt
containing heavy metals are produced by
flocculation and coagulation, and this method is
typically ineffective in eliminating trace pollutants
[14]. Desalination, water purification, and chemical
recovery are three  applications  where
electrodialysis, a membrane-based separation
technique that uses an electric potential to
selectively remove ions from solutions, is very
beneficial. Electric fields are used in electrodialysis,
a non-thermal separation technique, to move ions
across ion-exchange membranes. Positively charged
ions (cations) can pass through cation-exchange
membranes, while negatively charged ions (anions)
can pass through anion-exchange membranes.
These membranes are systematically arranged in
alternating order between two electrodes within a
configuration known as an electrodialysis stack
[[15], [16], [17]]. Research indicates that the
potential of an electrodialysis cell is largely
independent of ion type, instead depending on
operational conditions and cell configuration.
Despite various drawbacks, electrodialysis has
significant advantages for treating heavy metal-
containing wastewater, including the ability to
efficiently remove unwanted particles from water
and produce highly concentrated streams for
recovery [18]. But because this technique produces
hazardous waste, cooperation with businesses that
can recover and recycle metals from the resultant
sludge is required. While, reverse osmosis is a
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pressure-driven membrane process designed to
remove dissolved salts, contaminants, and
microorganisms from water by passing it through a
semi-permeable membrane that permits the
passage of water molecules while restricting larger
solutes such as salts, organic compounds, and
microbes [[19], [20], [21]]. This technology is
extensively employed for desalination, water
purification, and industrial fluid separation. In
reverse osmosis, the natural osmotic flow is
counteracted by applying pressure exceeding the
osmotic pressure, thereby enabling the selective
removal of impurities. But solvent extraction
transfers a solute from one liquid phase (typically
aqueous) to another immiscible phase (usually
organic) based on solubility differences. Because of
operational and financial concerns, it is rarely
utilised in wastewater treatment, even though it
enables the recovery of important species. Because

a liguid membrane permits targeted solute
movement between two aqueous phases,
combining solvent extraction and membrane

separation with a membrane can increase selectivity
[[18], [19], [20]]. The electrolysis process is a
significant electrochemical technique that utilises
electrical energy to drive non-spontaneous chemical
reactions, commonly for the decomposition of
compounds or extraction of elements. It plays an
essential role in fields such as metallurgy, water
splitting, and electroplating. Electrolysis operates by
passing a direct electric current through an
electrolyte a medium containing free ions which
induces chemical changes at the electrodes and
facilitates the extraction of heavy metals [[22], [23],
[24], [25]].

Common methods for removal silica from
industrial waste. Lime Softening

By introducing lime (calcium hydroxide), which
increases the pH and causes magnesium to
precipitate as magnesium hydroxide, the lime
softening method eliminates silica from water.
During water softening, silica may be removed via
precipitation with calcium carbonate or by
adsorbing onto solids [26] . This precipitate adsorbs
dissolved silica, and both are then removed via
sedimentation and filtration. The effects of MgO
slaking on silica removal and the mechanisms by
which MgO removes silica were investigated [26]. At
different pH levels (8.0-11.3), doses (100-1000
ppm), and contact periods (15-120 min),
experiments were conducted to assess the silica
removal efficiency of slaked and nonslaked MgO

under warm lime sodtening operating temperatures
(65—85 °C). There are two competing methods for
removing silica: adsorption onto process-formed
Mg(OH), or precipitation as magnesium silicate
complexes. Slaked MgO showed a lower percentage
of silica removal under WLS conditions than
nonslaked MgO, which was explained by higher silica
adsorption on Mg(OH); after slaking. According to
research, the amount of magnesium in the water
affects how well silica is removed by precipitation
processes [27]. Furthermore, silica solubility can be
impacted by temperature, pH level, salt
concentration, silica concentration, and pressure
[28]. The hot lime process has been shown to
effectively remove both water hardness and silica.
Additionally, studies indicate that lime softening can
reduce silica content even when performed at
ambient temperatures. Three chemical treatments
lime-soda softening, sodium aluminate addition,
and magnesium oxide for reducing silica in water
purification systems were examined. Jar-tester
experiments measured the effect of varying doses
on silica concentrations. Magnesium oxide was the
most cost-effective option for treating 30,000 cubic
meters of water, possibly saving around USS$S1.8 - 2.1
million annually [29].

lon exchange

By applying an anion exchange resin, which
makes it easier for silica ions to be replaced with
hydroxide ions and is regenerated using caustic
agents like sodium hydroxide, ion exchange
efficiently eliminates dissolved ionic silica from
wastewater. Although this technique is quite
effective at removing reactive silica, it needs to be
treated first to transform the silica into its ionic form
since ion exchange cannot deal with colloidal or
particulate silicon. However, silica solubility is
influenced by a range of factors, including
temperature, pressure, pH, and ionic strength. For
pH values below 9, solubility remains relatively
constant; however, at higher pH levels, solubility
increases as silicate ions form in addition to the
monomer, which is in equilibrium with the solid
phase. Salts lower silica solubility by increasing ionic
strength [30]. Silica removal from hydrated lime was
tested using ion exchange and uv
spectrophotometry. By combining 10 mL of 2 M
NaOH with 15 mL of 0.1 M HCI, the ideal technique
reduced silica to 0.0054%. Sodium hydroxide
reduces silica concentration and can limit silica
accumulation on tube surfaces during water
treatment [31]. The ideal conditions for silicon
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removal from simulated wastewater were
determined to be pH 6, a reaction time of 20
minutes, a current density of 27 mA/cm?, and a
temperature of 35 °C, based on single-factor and
orthogonal experiments. Under the conditions of pH
8.0, reaction time of 20 minutes, current density of
27.2 mA/cm?, and a temperature of 35 °C, the silicon
concentration in Hongshan OQilfield wastewater
decreased from 76.22 mg/Lto 10.75 mg/L, achieving
a silicon removal rate of 85.90% with an electrode
mass loss of 0.0209 g. Calcium and magnesium ions
greatly improve silica removal at pH 8. These
findings inform industrial use of electrocoagulation
to remove silicon from oilfield wastewater [1]. The
removal of silica from water using the electro-
Fenton (EF) advanced oxidation process was
systematically evaluated. Experimental
investigations varied several parameters, including
pH, current density, reaction duration, monopolar
versus bipolar system configurations, and inter-
electrode distance. Results demonstrated that up to
95% silica removal was achieved after 40 minutes of
operation at near-neutral pH utilizing a bipolar
electrode arrangement. The extent of desilication
increased proportionally with higher applied current
densities. Optimal silica removal consistently
occurred at near-neutral pH values [32]. The
separate pretreatment of removing silica was
explored using several methods. Testing was done
on precipitation using Fe(OH)s, AlI(OH)s, silica gel,
and a strongly basic anion (SBA) exchange resin.
While some aluminium remained and
aluminosilicate colloids were not eliminated, Al(OH);
was the most successful, removing nearly all the
dissolved silica. With a silica removal rate of up to
94%, the SBA resin also demonstrated good
performance [33].

Reverse osmosis for silica removal

A semipermeable membrane is used in the
popular water purification process known as reverse
osmosis (RO) to eliminate impurities. Nevertheless,
silica cannot be successfully removed by RO alone;
pretreatment and scale control are required to
avoid silica fouling. The many types of silica
dissolved, colloidal, and particulate present
difficulties for RO membranes. Although some
particle silica is eliminated by RO, dissolved reactive
silica frequently gets through and may subsequently
result in chronic scaling. Pretreatment strategies for
silica removal from reverse osmosis (RO) feed water
encompass softening and coagulation, seed

precipitation and aggregation, tight ultrafiltration,
ion exchange, adsorptive media, and
electrocoagulation. To mitigate RO membrane

fouling under silica-rich conditions, common
approaches include antiscalant dosing, pH
optimization, and intermediate concentrate

softening [[33], [30]]. Examined were the behaviour
of silica scaling and its elimination in RO membrane
processes, paying special emphasis to the gallic acid
(GA)-based cleaning mechanism. Even at the lowest
starting concentrations of silicic acid, silica scale
accumulation caused a steady drop in membrane
flow over time. Nonetheless, GA was quite
successful in cleaning silica-fouled RO membranes;
in the first half hour, it removed 81.87% of the silica
scale, recovering 89.7% of the initial flow. GA's
ability to clean is ascribed to its ability to adsorb
onto silica scale particles, creating a surface
complex that changes into a 1:3 complex that
dissolves in water. Silica deposits on the membrane
surface are gradually broken down by this contact.
These results enhance knowledge of the
relationships between GA and silica scaling and
provide important information for creating effective
silica scale cleaning methods [34]. As feed water
concentration rises, increasing osmotic pressure
limits water recovery in reverse osmosis. However,
this restriction has no effect on membrane
distillation (MD), a thermally driven membrane
desalination method. This study examined pH
adjustment to reduce silica scaling in the MD
process. When feed water pH was below 5 or above
10, negligible scaling occurred at silica
concentrations up to 600 mg/L, whereas scaling
peaked at neutral pH (6—8). The study also evaluated
cleaning techniques; performance was momentarily
restored by dissolving some silica scale with NaOH
solutions that had a pH higher than 11. Re-exposed
to supersaturated silica, however, caused quicker
scaling than with fresh membranes because residual
silica remained on membrane surfaces [35]. The
electromagnetic field (EMF) influenced the
performance of the RO system by reducing
membrane scaling, altering the characteristics of the
formed scales, and lowering the rate at which
normalized water permeability declined. EMF
treatment demonstrated efficacy in removing pre-
existing scales and precipitates from water pipelines
and storage tanks. It was only partially successful in
getting rid of existing scaling on RO membranes,
though. According to membrane autopsy, the scales
that developed on the membrane surface when
exposed to an electromagnetic field (EMF) had a
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soft, powdery texture that made it easy to remove
them with a simple water rinse. After examining the
many ways that EMF impacted the RO membrane,
the magnetohydrodynamic effect was shown to be
the main one. This study presents EMF as a
chemical-free method for controlling membrane
scaling and maintaining RO performance during
brackish groundwater desalination, providing
detailed discussion on mechanisms and future
perspectives [36].

Ultrafiltration (UF)

Ultrafiltration (UF) is a membrane-based
separation technology extensively utilised in
industrial water treatment processes, particularly
for silica removal. This technique uses semi-
permeable membranes that function at low to
moderate pressures (1-10 bar) and have pore
diameters that are normally between 0.01 and 0.1
microns. UF may be used to remove particulate and
colloidal silica, but it cannot extract dissolved
(reactive) silica because it efficiently separates
suspended solids, colloidal particles, and high-
molecular-weight solutes from water. Several
factors influence the efficacy of ultrafiltration,
including pH which affects silica speciation and
membrane charge; temperature which impacts
viscosity and flux; transmembrane pressure where
higher levels increase flux but may also promote
fouling; and crossflow velocity which plays a crucial
role in reducing concentration polarization and
fouling [[37], [38]]. Feed solution pH significantly
affects electrodialysis with ultrafiltration (EDUF)
using polyethersulfone (PES) membranes by altering
membrane  selectivity through electrostatic
interactions with peptides. These effects can cause
high molecular weight peptides to accumulate
softly. EDUF at pH 9 efficiently isolates cationic
peptides (<400 Da) in KCl and restricts anionic
peptide variety in KCl 1. A two-step UF-EDUF
method using UF permeate as feed is being tested to
better understand the influence of high molecular
weight peptides [39]. The role of solution chemistry
in PES ultrafiltration membrane fouling by silica
nanoparticles and natural organic matter was
assessed under controlled pH, ionic strength, and
calcium conditions. The Lifshitz—van der Waals,
electrostatic, and acid—base interactions were
measured using the Extended Derjaguin—Landau—
Verwey—Overbeek (xDLVO) theory. The main force
behind adhesion and cohesion was found to be
acid—base attraction, and fouling rose with
decreasing pH, increasing ionic strength, and
increasing calcium. In complicated colloidal systems,

the inverse relationship between estimated
interaction energy and fouling potential highlights
the usefulness of xDLVO theory in forecasting
membrane behaviour [[40], [41]]. To investigate
how adding and then removing silica (SiO,)
nanoparticles affected the membrane's shape,
hydrophilicity, and separation performance, an
ultrafiltration membrane based on polysulfone (PSf)
was designed. Three types of membranes were
prepared pristine PSf, PSf/SiO, composite, and acid-
washed PSf/WSiO, and characterized systematically.
Pure water flux tests showed that the PSf/WSiO,
membrane had higher permeability compared to the
other samples, while the PSf/SiO, membrane had
lower fouling during bovine serum albumin
filtration. These findings indicate that introducing
and subsequently removing sacrificial fillers can
influence transport properties and performance in
PSf-based ultrafiltration membranes [42]. Silica was
eliminated using a semi-batch adsorption method
that included hollow fibre ultrafiltration membranes
and iron oxy/hydroxide agglomerates (IOAs).
Adsorbent dose, residence period, and silica content
were the main factors investigated. Maximum
adsorption occurred within 15 minutes, matching
batch results. Higher silica concentrations increased,
while greater adsorbent dosages decreased,
adsorption capacity. The ultrafiltration membrane
separated loaded adsorbent without significant
fouling before breakthrough. A simple model
accurately predicted breakthrough curves [43].

Electrocoagulation for Silica Removal

Electrocoagulation (EC) uses a direct electric
current to dissolve metal electrodes usually
aluminum or iron which release ions that bind with
and remove silica from water. This chemical-free
procedure minimises sludge and eliminates the need
for additional chemicals by forming solid floc that is
easy to remove, making it an effective substitute for
conventional industrial and geothermal water
treatment techniques [[44], [45]]. An
electrochemical reaction serves as the foundation
for the electrocoagulation (EC) process. The anode,
such as aluminium, oxidises and dissolves when a
direct current is supplied, releasing metal ions into
the water. Water reduction results in the production
of hydroxide ions at the cathode, which causes
hydroxide creation. The metal ions released from
the anode subsequently react with these hydroxide
ions to form metal hydroxides, such as aluminum
hydroxide. These metal hydroxides function as
coagulants, aggregating with dissolved silica to
produce stable hydroxy-aluminosilicate polymers
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and other flocs. Because of their size, these flocs can
be eliminated by filtering or sedimentation
procedures [[44], [45], [46]]. The following elements
affect the EC process: iron is good for both silica and
sulphide, whilst aluminium is good for silica; Results

are influenced by electrical factors, including
voltage, time, and current density; Flow rate
reducing power consumption and increasing

efficiency by optimising flow rate and electrode
spacing; and Conductivity and pH in water chemistry
affect treatment efficacy and cost. [47], [44], [48],
and [49]. Electrocoagulation is an effective and
energy-efficient approach for removing silica and
hardness from oil-sands produced water. Key
operating parameters including charge loading,
current density, flow rate, and polarity reversal
period significantly influence removal efficiency and
system performance. Over 80% silica removal was
made possible under ideal circumstances (8 mA
cm™2 current density and 1000-1500 C L™ charge
loading), with aluminium electrodes surpassing iron
in terms of pollutant reduction and operating costs.
Extended polarity reversal intervals further
enhanced removal efficiency while reducing energy
consumption and cell voltage. These findings
highlight the potential of EC, particularly Al-based
systems, as a scalable and cost-effective solution for
silica-rich industrial wastewater treatment [48].
Meanwhile, the aluminium electrode is frequently
used in electrocoagulation (EC) to remediate
wastewater that contains SiO,. The effectiveness of
Si0O2 removal using iron was increased by
methodically optimising the current density, plate
spacing, plate-to-water ratio, and electrode
passivation control. A multiphysical field linked
simulation model was also used to examine the
temperature field, velocity, concentration, and
electricity distributions inside the silica removal
system. An optimal silica removal rate of 97.4% was
achieved with a theoretical iron consumption of
0.251 g Fe/L, an adsorption capacity of 660 mg
Si02/(g Fe L), and electricity usage of 0.312 Wh/L.
Simulation results demonstrated that EC promotes
mass and heat transfer within the cell, and anodes
featuring square holes are more effective in
enhancing the iron corrosion rate [49]. Fouling and
scaling from silica are major challenges in membrane
desalination. Studies of pretreatment and SDI tests
found silicate salts stay insoluble in brackish and
seawater, and fouling does not relate to silica levels
between 15-200 mg/L. Electrocoagulation using AlI>*
is more effective than Fe*, reaching 90.2% silica
removal efficiency for brackish water containing
roughly 28 mg/L silica [50]. The use of hybrid

coagulants composed of polyaluminum nitrate
sulfate (PANS) and three polyamines (PAs) with
different molecular weights for silica removal was
investigated. For each polymer, four hybrids with
varying PANS-to-polyamine ratios (5-20%) were
examined at five doses (500-2,500 mg/L) and two
beginning pHs (8.4 and 10.5). In terms of silica
removal, all hybrids performed better than PANS at
pH 8.4; they needed lower doses (500 vs. 2,500
mg/L) and were best at 5% polyamine (over 50% vs.
PANS's 30%). At pH 10.5, all products removed up to
90% of the material with no variation in efficiency.
Generally speaking, hybrids eliminated more COD
than PANS, particularly at higher pH values. While PA
molecular weight did not affect silica removal,
higher weights improved COD removal. Mechanism
analysis indicated that PANS promoted sweep
flocculation, whereas hybrids combined sweep
flocculation with patch formation [51]. The influence
water quality affects dissolved silica removal using
electrocoagulation with aluminum electrodes was
studied. Experiments were performed on
replacement water (RW) and cooling tower
blowdown water (CTBW), both assessed at a small
pilot scale with a continuous flow system including
electrocoagulation, flocculation, sedimentation, and
sand filtration. Key variables evaluated included
silica removal efficiency, aluminum usage, head loss,
and voltage. Treatment costs for all water types
were considered. The Al**/silica removal ratio
ranged from 1.09 to 1.33 for RW and was 0.85 for
CTBW [52].

Adsorption for removal silica

An effective method for removing silica from
water is adsorption, which makes use of substances
like silica-based adsorbents, activated alumina, and
iron-based compounds. Activated alumina's
remarkable selectivity and regeneration capabilities
make it particularly beneficial. Additionally,
composite materials, including magnetic iron—
aluminum hydroxide nanoparticles, provide the
benefit of magnetic separation, facilitating
straightforward recovery processes [[53], [54], [55],
[56]]. Absorbent materials include activated
alumina, which is a commonly used and well-
researched adsorbent, particularly for complex
industrial wastewaters, due to its selectivity for silica
and capacity for regeneration. Although they are
also used, iron-based absorbents such iron (lll)
hydroxide and similar substances have the potential
to create deposits that make regeneration
procedures more difficult. To improve stability and
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adsorption performance, a variety of silica-based
materials are used, such as mesoporous silica and
silica aerogels, occasionally with additional metal
oxides. To make separation and reuse easier,
composite materials like magnetic iron-aluminum
hydroxide nanoparticles combine silica adsorption
capabilities with magnetic qualities [[57], [58], [59],
[60], [61]]. Surface contacts, pH, and the chemical
affinity of silica species for the adsorbent are all
factors that affect adsorption. Strong pH
dependence characterises the adsorption process;
for example, adsorption onto activated alumina is
pH-dependent, whereas iron-based adsorbents
work best at pH 9. As shown with gallic acid-
modified resins, chemisorption—the formation of
chemical bonds between silica and the adsorbent
occurs sometimes [[53], [57], [62], [63]]. Adsorption
and chemical precipitation were used to study the
removal of reactive silica from synthetic solutions
and industrial anodising waste streams. Seven
precipitants and twelve commercial adsorbents
were evaluated. Ferrolox (based on iron (lll)
hydroxide) was the most effective adsorbent,
particularly at pH 9, producing 16.22 mg/g for
synthetic solutions and 11.25 mg/g for wastewater.
According to molecular modelling, Ferrolox and
silica species formed a hydroxo-complex during the
silica removal process. Magnesium chloride was
removed up to 87% in precipitation, and the most
important factor was found to be pH (variance value
81.42) [57]. The effectiveness of boehmite (y-
AIOOH) as an adsorbent for silica removal was
assessed. Both chemical and physical adsorption
processes were shown by kinetic analysis, and the
pseudo-second-order model suggested the
existence of chemisorption. At concentrations more
than 50 mg/L, the silica adsorption isotherm
complied with the Freundlich model, and
mesoporous structures facilitated silica adsorption
in tap water. According to this study, y-AIOOH can
be used as an adsorbent to alleviate silica-related
issues in a variety of sectors [56]. At a SiO,
concentration of 200 mg/L, with a dosage of 0.10
g/L, pH 10.5, and temperature of 303 K, integrated
chemical precipitation using Fennofix type FF40 and
evaporation achieved 96% silicon removal. This
result is marginally higher than reported silicon
removal rates for precipitation using CaO (93%) and
electro-coagulation  (95%) at  initial  SiO;
concentrations of 954 mg/L and 250 mg/L,
respectively. Both chemical precipitation and

evaporation were able to treat thermo-mechanical
pulping (TMP) whitewater of varying strengths, as
the treated effluents complied with the regulatory
silicon limit of less than 50 mg/L [63]. Magnesium
oxide effectively removes soluble silica from water
via adsorption, especially when combined with hot-
process lime-soda softening, without increasing lime
or soda ash usage. The process aligns with Langmuir
and Freundlich isotherms and reduces the solids
content of treated water, unlike chemical reagents
such as ferric sulphate. While final traces of silica are
hardest to eliminate, practical applications have
shown reductions from 6.3 ppm to 0.6 ppm and from
56 ppm to 1 ppm in full-scale and natural water
treatments, respectively [64]. Core-shell composite
magnetic  Al(OH);@Fes0;, nanoparticles were
created as adsorbents to extract silica from brackish
water. Silica adsorption is made possible by the
AI(OH)s shell, while magnetic separation is made
simple by the Fe304 core.

At 2 g L% these nanomaterials removed
approximately 95% and 80% of silica from solutions
with initial concentrations of 0.5 and 2 mM,
respectively. After four cycles, regeneration with
0.05 M NaOH retained reusability and removal
effectiveness of around 40%. The presence of silica
polymerisation on the AI(OH); shell during
adsorption was verified by spectroscopic
investigations. Utilising these nanoparticles in
reverse osmosis showed decreased silica scaling and
enhanced water recovery, suggesting that they
might be used for effective brackish water
treatment and inland desalination [[65], [66]]. Ferric
hydroxide (Fe(OH)s) and ferric chloride (FeCls) were
investigated for the removal of silica from integrated
circuit (IC) effluent. Fe(OH)s; absorbed 94.6% of
reactive silica in less than 60 minutes, whereas
optimised FeCl; decreased turbidity by 97.2%.
Adsorption was modelled using PHREEQC and suited
the Langmuir  isotherm, showing  silica
polymerisation on iron surfaces. Silica may be
effectively removed from industrial effluent by using
both FeCls and Fe(OH)s [67].

Conclusions

Removing silica from industrial water is vital for
preventing membrane fouling and maintaining
efficiency. In addition to their advantages,
traditional techniques including electrocoagulation,
ion exchange, reverse osmosis, ultrafiltration, and
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lime softening have disadvantaged such high
chemical usage, high energy costs, and restricted
compatibility. The selective removal of reactive and
colloidal silica using adsorption, particularly with
improved materials, requires less energy and
produces less sludge. Research on enhanced
adsorbents via regeneration, porous architectures,
and surface modification is essential to creating
scalable and cost-effective  solutions. The
development of efficient and sustainable water
treatment systems for silicon management can be
facilitated by incorporating these developments.
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a4icTepi TaNKblnaHaabl.

KpemHesemmeH nactaHy membpaHanbiK TasapTy KyWenepiHiH, TMiMAiniri meH y3ak mepsimai
6epikTiriH TOeMeHAeTeAi, an OHEepKaCINTIK Cy afblHAAPbIHAA KPEMHUWAIH 60aybl TypaKTbl
nanganaHy KesiHge eneyni KMbIHAbIKTAP TyAblpaabl. byl makanaga KpeMHUIA] KeTipyaiH, - MOH
anmacy, kepi ocmoc (KO), yabtpadunbtpaums (YO), anektpokoarynaums (IK), agcopbums kaHe
9KMEeH YYMCapTy CWAKTbl HEerisri TexHoNoruanapbiHa ONapAblH, XKYMbIC icTey npouecTepi,
KEeMLUINiKTepi MeH apTypAai KpemHesem TypsepiHe KONAaHblAy epeKLlenikTepi TypFblCbiHAH
casibICTbipMasibl Tangay XKyprisineai. Onap aMTapabikTa Meswepae XMMUANbIK 3aTTapapl aHe pH
6aKblNayblH KaXeT eTce fe, 9KNeH KYMCapTy KaHe MOH anmacy aicTepi epireH KpemHesemai
KeTipyae tmimai. Kepi ocmoc KeH, aykbimapl 6eny KabineTiHe ue 6GonfaHbiMeH, angplH ana
OaMbIHABIKTbI KAXKeT eTefi XaHe KpemHeseM TyHbacbIHbIH, Ty3inyiHe 6eitim. YnbTpadunbtpaums
KONINOUATbI KaHEe AWUCNepCTi KpemMHesemAai TUiIMA[ KoAaabl, AereHMeH, 01 MOHOMepAi Typsepre
KaTbICTbl TUIMCI3. DNIEKTPOKOAryNALUA INEKTPOXUMUANDBIK TYPAKCbISAAHABIPY MEH KpuUcCTanaaHy
NPOLLECTEPIHIH, YNnecyi HaTUXKeCIHAE a3 KeseMzi Waam Ty3e OTbIPbIN, *KOFAPbl KO TUIMAINITIH
KamTamacbi3 etegi. Aacopbuus aaici acipece 6enceHaipinreH ranMHosemai, Temip OKcuai
HerisiHaeri Kantamanapgpl KaHe OQYHKUMOHaNAaHAbIPbIAFAH rMBpUATEp CUAKTbI apHalibl
maTepuangapabl NnakfanaHfaH Karganaa aiHbIManbl CENEKTUBTINIIKKE, TOMEH SHEPrua TyTbIHYFa
JKoHe MeMOpaHanblK JKyWenepMeH »Kakcbl yihnecimginikke ue. COHbIMEH KaTap, Kypaeni
OHEPKICINTiK Cy MaTpuLanapbiHaH KpeMHe3eMaji KeTipy a4icTepiH KEHENUTYAiH Heri3ri TeXHUKaNbIK,
JKOHEe 3KOHOMMKA/bIK acrekTinepiH TandaymeH KaTap, mMakanaga apcopbeHTTi obanaypafbl
COHFbl XKETICTIKTEP, Mbicanbl, 6eTTiK moandUKaLma, nepapxuaNbIK KEYEKTINIK KaHe pereHepauus

TyliiH ce30ep: KPEMHWI ANOKCU A, OHEPKICINTIK, aFbiHAbI Cyaap, TasapTy, aacopbums.
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AHHOTAUMA

3arpsasHeHne KpemHe3emMOoM CHUXKaeT 3GPEeKTUBHOCTb M AONrOBEYHOCTb MEMBPAHHbIX cucTem
OYUCTKM, A NPUCYTCTBUE KPEMHMA B MPOMBbILLIEHHbIX BOAHbIX MOTOKAX CO3AAET MOCTOAHHbIE
3KCMyaTaLMOHHble Npobnembl. B LaHHOM CTaTbe NPOBOAUTCA CPABHUTE/IbHBIN aHaIN3 OCHOBHbIX
TEXHONOTUI  yAaNeHus KpemHe3ema - MWOHHOro obmeHa, obpaTHoro ocmoca (0O),
ynbTpadunbtpaumm (YO), anektpokoarynaumm (3K), agcopbumm u ymardeHusa wu3BecTblo - C
AKLEHTOM Ha UX MEXaHM3Mbl, HELOCTAaTKM M NPUMEHUMOCTb K Pa3/IMiHbIM GOpMam KpeMHesema.
Mocrynuna: 27 okms6ps 2025 HecmoTps Ha HeobXO4MMOCTb WCMO/b30BAHMA 3HAYMTENIBHOTO  KOIMYECTBA  XMMMYECKMUX
PewueH3upoBaHMe: 24 HoABps 2025 peareHTOB M KOHTPO/IA pH, M3BECTKOBOE YMATYEHME U MOHHbIN 06MeH 3GdEeKTUBHbI ANA yaaneHUs
MNpuHATa B NevaTs: 26 Hoa6pA 2025 pacTBOpéHHOro KpemHesema. OO TpebyeT TwaTteNbHOW NpeABapUTEIbHOW MOAFOTOBKM, HO
obecrneunBaeTr LWMPOKWUIN [Mana3oH pasgeneHus, XoTa W noagep)KeH o06pa3oBaHWIO OCAfKOB
KpemHesema. YP 3dPeKTUBHO yaanseT KOANOUAHbIM M YACTUYHO AWUCNEPCHbLIA KpeMHeseMm,
0HAKO He CnpaBAseTca C MOHOMEPHbIMKU dpopmamu. DK AEMOHCTPMPYET BbICOKME MoKasaTenu
yAaneHus npuv  MeHbliem o0b6bEéme ocagka 6narofapa COYETAHMIO  31EKTPOXMMMUYECKOM
Jectabunmsaumm M Kpuctaaamsauuu.  Aacopbums  XapaKTepusyeTcs  NepemeHHoM
CENIEKTUBHOCTbIO, HWM3KMM 3HepronotpebieHMemM W COBMECTMMOCTbIO C  MeMBPaHHbIMU
cucTeMamu, OCOBEHHO MNPW  UCMONBb30BaHWM CMELMaNbHO pPa3paboTaHHbIX MaTepuanos -
aKTMBMPOBAHHOTO  OKCMAA  aNlOMMHMA, MOKPbITUIA Ha OCHOBE OKCMAa Kenesa w
bYHKUMOHANN3MPOBaAHHbIX TMBpMaoB. NOMMMO aHanM3a K/YEBbIX TEXHUKO-3KOHOMMUYECKUX
aCMeKToB MacWTabupoBaHUA METOAOB YAANEHUA KPEMHE3EMA W3 CAOXKHbIX MPOMbILLIEHHbIX
BOZHbIX MaTpuL, B CTaTbe TaKXKe PacCMaTPMBAlOTCA MOCNEAHME AOCTMNKEHMA B obnactu
NPOeKTUpPoBaHMA aacopbeHTOB, TakMe Kak MoaudUKaumsa MOBEPXHOCTM, Mepapxuyeckas
MOPUCTOCTb M METOAbI PEreHepaLmu.

Knrouesble cnoe8a: ANOKCUA KPEMHUA, NPOMbILIAEHHbIE, CTOYHbIE BOAbI, O4MCTKA, a,u,cop6u,v1ﬂ.
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ABSTRACT

The article presents the second stage of the investigate the effect of the modified additive on the
strength characteristics of foam concrete. This work describes a method for manufacturing foam
concrete samples, selects a modifying additive composition with different percentages of
components, and analyzes their strength characteristics. The purpose of introducing plasticizing
additives (post-alcohol bard) in foam concrete D600 to reduce water consumption and the
expected increase in strength. To evaluate the changes in strength, samples were made and tested
in compression at the age of 3, 7, 14, and 28 days of normal moisture curing. According to research
results, the use of such additives can significantly reduce formwork removal times, increase the
load-bearing capacity of structures, and expand the scope of application of foam concrete—even
to structural and thermal insulation products. Additives improve not only strength but also
structural uniformity, reducing the number of macropores and increasing the density of the
material.

Keywords: cement paste, post-alcohol bard, modified additive, compressive strength, plasticizer,
foaming agent.
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Introduction

In Kazakhstan, the concentration of the
workforce in large cities has led to the widespread
construction of apartment buildings and high-rise

Among such building materials is foam concrete
— a lightweight, porous material with excellent
thermal and sound insulation properties,
distinguished by its economic efficiency and
environmental safety, which makes it highly

buildings, as well as the dynamic development of the
construction industry. In addition, based on the
“Nurly Zher” housing and utilities development
program for 2020-2025 and the “7-20-25” program,
extended until 2029, it is necessary to use building
materials with low raw material consumption to
provide the population with quality housing in the
shortest possible time [[1] [,2]].

demanded in modern construction [3].

Currently, various methods of improving the
efficiency of foam concrete are of particular interest.
Research into the strength characteristics of foam
concrete, research into the resistance of foam
concrete to chemical and physical aggressive
factors, and research into the use of various binders
in the production of foam concrete are of great
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importance. In addition, the use of foam concrete
significantly reduces the cost and duration of
construction, which is important in modern
conditions for solving housing problems [[4], [5], [6],
(711.

Also, due to the thermal insulation properties of
foam concrete, it saves energy and is an effective
material that can be used in construction in regions
with a harsh continental climate. This material can
be obtained from a mixture of cement, sand, and
foam [[8], [9], [10], [11]].

Since it is an inexpensive building material that
saves energy spent on heating buildings and
consumes less raw materials, its improvement with
the addition of modern additives allows for the
production of foam concrete with a specified
structure.

In modern concrete technology, various organic
and inorganic additives are widely used, which
significantly affect the physical and chemical
processes of cement hardening and modify the
structure of concrete, ensuring its strength and
durability. An analysis of technical literature shows
that among the additives wused, plasticizing
additives—thinners that significantly reduce the
water demand of concrete mixtures without
reducing their mobility—are of great importance.
Surface-active  substances, either specially
synthesized or by-products of various industries,
many of which are environmentally unsafe, are
widely used as plasticizers for cement mixtures [[12],
[13], [14]].

The main objective of our research work is to
develop a technology for producing non-autoclaved
thermal insulation foam concrete from industrial
waste. In this article, we must investigate the effect
of the modified additive on the strength
characteristics of foam concrete.

In this research work to accomplish the
objective, the following tasks were carried out:

1. The optimal formulation of the additive was
selected based on varying percentages of its
components.

2. Samples with different additive compositions
were prepared under laboratory conditions.

3. The physical and mechanical properties of the
experimental samples were investigated in the
laboratory.

Materials and methods of research

In order to successfully achieve the set goals
and objectives of this study, as well as to ensure the
reliability and accuracy of the experimental results,
construction materials that fully comply with current
technical standards and regulatory requirements
were selected and applied.

Cement — As the primary binding material,
Portland cement of grade M400 was used. This type
of cement is widely recognized for its high strength
characteristics and consistent performance in
construction applications. Its use ensured the
structural integrity and uniformity of the test
samples throughout the experiment.

Modified additive — The key component of the
modified mixture was post-alcohol bard, a liquid by-
product derived from ethyl alcohol production. This
organic waste product was introduced into the
cement mixture in varying dosages of 2.5%, 5.0%,
7.5%, and 10%, with 2.5% intervals, in order to
assess its effect on the properties of the resulting
material. The bard was supplied in liquid form by the
Idabul Distillery (JSC "Idabul Distillery"), ensuring
consistent quality and composition for laboratory
use.

Post-alcohol bard is used as a plasticizing
additive and is supplied in liquid form from JSC
Aydabul Distillery. In Kazakhstan, the largest
producers of ethyl alcohol are several companies,
including Talgar-alcohol (Talgar), Adil JSC (Ust-
Kamenogorsk), Altyn Omir (Kostanay region), etc.
Ethyl alcohol is sold on the Kazakh market mainly
through domestic trade. Currently, most bardu
distilleries are processed in one way or another,
mainly for feed. At the same time, 10-15 liters of
bard per 1 liter of alcohol, depending on the
technology [[15], [16]].

3. As a hardening accelerator, gypsum was
introduced into the cement mixture to intensify the
setting and early strength development processes.
This additive was applied in varying dosages —
specifically 1.0%, 1.5%, 2.0%, and 2.5% of the total
mass of cement — with increments of 0.5%. The use
of gypsum in these proportions made it possible to
evaluate its influence on the rate of hardening and
overall physical-mechanical characteristics of the
resulting material.

The incorporation of gypsum as a hardening
accelerator in foam concrete enhances the cement
hydration process, resulting in improved structural
uniformity, increased early strength, and reduced
setting time [[17], [ 18]].

The synthetic foaming agent ‘Neoplast, art. 55’
meets the requirements of TU 2381-008-90275031-
2011. It is used to produce thermal insulation
(pave=400-500 kg/m3) and thermal insulation-
structural (pa.=600-900 kg/m3) foam concretes
based on cement binder using the ‘dry
mineralisation’ method of foam production. The
foaming agent is a pore former that provides a
cellular structure for concrete, as well as helping to
reduce its density, improve its thermal and sound
insulation properties, and facilitate the laying and
moulding of mixtures [19].
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Figure 1 — Raw materials for foam concrete

Figure 2 — Samples of the foam concrete D600: The process of foam concrete sample preparation (a), Prepared foam
concrete samples (b), Compression test of samples (c)

Figure 1 illustrates several construction
materials used in the experiment, while Figure 2
shows the process of sample preparation and
testing.

The foam formed by adding a foaming agent is a
key factor in foam concrete production technology.
Its multiplicity determines the structure of the
material, having a significant impact on its porosity,
density, and strength characteristics.

The optimal ratio of the modifier additive to
cement was evaluated in stages as part of the study.
At the initial stage of the research, attention was
focused on examining how the composition of the
modifying additive influences the setting time of the
cement paste. This allowed for the identification of
optimal component ratios that contribute to more
efficient hardening processes [18]. In the

subsequent stage, a series of experiments was
conducted to determine the compressive strength
of foam concrete samples. These tests were
performed in relation to varying concentrations of
the modified additive introduced into the mixture,
enabling an assessment of its impact on the
mechanical performance of the final product.

For each type of sample, cubes measuring
10x10x10 cm were made. The compressive limits
were determined in accordance with GOST 10180-
2012 "Concrete. Methods for determining strength
using control samples" at 3, 7, 14, and 28 days using
press equipment. The subject of this study was a
foam concrete, prepared using M400-grade cement
and the synthetic foaming agent Neoplast. The
mixtures were produced both without any additives
and with the inclusion of post-alcohol bard, utilizing
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Table 1 — Composition of compared samples of the foam concrete D600

Number | Type of sample Cement, g Sand,g | Gypsum, g Post-alcohol | Foaming Water, g
bard, g agent, g
1 Type 1 200 - - 1.25 230
400
Reference sample

2 Type 2-1 397 200 3 7.5 1.25 222.5
3 Type 2-2 397 200 3 15 1.25 215
4 Type 2-3 397 200 3 22.5 1.25 207.5
5 Type 2-4 397 200 3 30 1.25 200
6 Type 3-1 395.5 200 4.5 7.5 1.25 222.5
7 Type 3-2 395.5 200 4.5 15 1.25 215

8 Type 3-3 395.5 200 4.5 22.5 1.25 207.5
9 Type 3-4 395.5 200 4.5 30 1.25 200
10 Type 4-1 394 200 6 7.5 1.25 222.5
11 Type 4-2 394 200 6 15 1.25 215
12 Type 4-3 394 200 6 22.5 1.25 207.5
13 Type 4-4 394 200 6 30 1.25 200
14 Type 5-1 392.5 200 7.5 7.5 1.25 222.5
15 Type 5-2 392.5 200 7.5 15 1.25 215
16 Type 5-3 392.5 200 7.5 22.5 1.25 207.5
17 Type 5-4 392.5 200 7.5 30 1.25 200

polyfractional sand. The sand was pre-measured and
packaged in 200-gram portions to ensure
consistency across all test samples.

The study focused on evaluating the impact of a
modified additive, introduced in varying
percentages, on the strength properties of foam
concrete. To achieve this, the preparation of the
foam concrete mixture was carried out in two
distinct stages. In the first stage, all mineral
components—such as cement and sand—were
thoroughly mixed to form a homogeneous dry
mixture. In the second stage, foam was saturated
with air and turned into a persistent fine bubbly
foamin in the foam generator and then carefully
integrated into the mineral mixture. This stepwise
approach ensured uniform distribution of the foam
throughout the mass, contributing to the
consistency and reliability of the resulting material's
properties.

The compressive strength of foam concrete was
assessed using six different mixture compositions,
comprising a total of 17 test samples. Each
composition included a combination of mineral
components, modified additives, foam, and water.
Among these, the reference mixture—designated as
Tvpe-1—contained only cement, gypsum, foam, and
water, without any additive. This control mixture
served as the baseline for comparing the
performance of all other modified formulations.

For each composition, the optimal water-to-
binder ratio was individually determined to ensure
consistency and reliability in test results. To evaluate
the efficiency and compatibility of the modified
additive with Portland cement, a series of mixture
compositions was developed. The detailed
characteristics and component ratios of these
formulations are presented in Table 1.

Results and Discussion

In our research, the selection of additives was
guided by their primary mechanisms of action and
their potential to enhance the performance of the
cementitious material. The modified additive used in
this study is a combination of gypsum and post-
alcohol bard — a by-product of ethyl alcohol
production that also serves as a plasticizer. The
experimental results demonstrated that the
simultaneous application of gypsum and post-
alcohol bard has a synergistic effect, significantly
improving the physical and mechanical properties of
the cement mixture. This combined use enhances
the setting behavior, workability, and overall
strength development of the material, making it a
promising solution for foam concrete production.

Experimental results revealed that foam
concrete samples containing the modified additive
(post-alcohol bard) maintained their integrity and
did not degrade when exposed to water. This
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observation confirms the effectiveness of the
additive as a water-resistant modifier. A key
component of post-alcohol bard is casein—a natural
protein — which undergoes polymerization upon
interaction with the fine aggregates in the concrete
mix. This reaction leads to the formation of
additional contact films within the structure, which
enhance the cohesion between particles and
significantly improve the material’s overall water
resistance.

Studies have shown that the strength of foam
concrete with additives at 3 days of age and beyond
is higher than that of foam cement mixture without
additives (Type 1). In samples with additives, the
intensive hardening period lasts up to 28 days,
thereby achieving greater strength.

The degradation or failure of foam concrete is
closely related to the degree of structural integrity
and the quality of the bonds between its cellular
elements. The more uniform and well-formed these
internal connections are, the greater the material's
resistance to external stresses and long-term
durability [20].

It is well established that the strength of foam
concrete is a complex, integrated property
influenced by a variety of interrelated factors. These
include the quality and characteristics of the raw
components, the precise formulation of the mixture,
the consistency and workability (fluidity) of the foam
concrete, the molding techniques employed during
sample preparation, and the specific conditions
under which the hardening and curing processes
take place. Each of these factors plays a critical role
in determining the final mechanical performance of
the material.

Figure 3 shows the compressive strength of
D600 foam concrete. It compares the control sample
(without additives) with samples containing a
modified additive. Tests were done on days 3, 7, 14,
and 28 to see how strength developed and how the
additive affected the results.

Figure 3 presents a graph illustrating the
variation in compressive strength of the samples
over the curing period.

The Type 1 reference samples (without
additives) exhibited the Ilowest compressive
strength values at all curing stages (3, 7, 14, and 28
days), with average strength ranging from 0.61 to
2.20 MPa.

Type 2-1 samples demonstrated slightly higher
strength than the Type 1 reference samples by 1.6%
in 3 days, 3.2% in 7 days, 7.5% at 14 days, and 2.3%
at 28 days. However, their strength remained lower
than that of the Type 2-2 samples by 11.4%, 3%,

1.71%, and 6.25% in the corresponding curing
periods. The average compressive strength of Type
2-1 samples ranged from 0.62 to 2.25 MPa.

Samples of Type 2-2 demonstrated compressive
strength values exceeding those of the Type 1
reference samples by 14.7% on day 3, 6.4% on day
7, 9.3% on day 14, and 9.1% on day 28. However,
their strength was lower than that of Type 2-3
samples by 7.1% (day 3), 2.9% (day 7), 1.13% (day
14), and 2.8% (day 28). The average compressive
strength of Type 2-2 samples ranged from 0.7 MPa
to 2.4 MPa over the 28-day curing period.

Samples of Type 2-3 showed even greater
strength improvements compared to the reference
(Type 1) samples, with increases of 22.9% (day 3),
9.6% (day 7), 10.6% (day 14), and 12.2% (day 28).
However, their strength remained lower than that of
Type 2-4 samples by 5.1% (day 3), 6.8% (day 7), 4.3%
(day 14), and 3.9% (day 28). The average strength
values for Type 2-3 samples ranged between 0.75
MPa and 2.47 MPa throughout the hardening
period.

Samples of Type 2-4 exhibited compressive
strength values significantly higher than those of the
Type 1 reference samples, with increases of 26.5% at
3 days, 17.6% at 7 days, 15.6% at 14 days, and 16.8%
at 28 days. However, compared to Type 3-1 samples,
their strength values were 2.5% (3 days), 7.5% (7
days), 7.03% (14 days), and 3.4% (28 days) lower.
The average compressive strength of Type 2-4
samples ranged from 0.79 MPa to 2.57 MPa during
the 28-day curing period.

Samples of Type 3-1 showed even more
pronounced strength gains over the Type 1
reference mix, exceeding it by 32.7% on day 3, 27.2%
on day 7, 24.3% on day 14, and 20.9% on day 28.
However, when compared to the Type 3-2 samples,
their strength values were slightly lower by 4.7% (3
days), 0.6% (7 days), 5.2% (14 days), and 7.6% (28
days). The average strength for Type 3-1 samples
ranged from 0.81 MPa to 2.66 MPa throughout the
testing period.

Samples of Type 3-2 demonstrated noticeably
higher compressive strength values compared to the
Type 1 reference samples, with increases of 39.3% at
3 days, 28.0% at 7 days, 31.25% at 14 days, and
30.9% at 28 days. However, when compared to Type
3-3 samples, their strength values were lower by
6.6% (3 days), 5.3% (7 days), 5.8% (14 days), and
2.7% (28 days). The average compressive strength of
Type 3-2 samples ranged from 0.85 MPa to 2.88 MPa
over the curing period.
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Samples of Type 3-3 showed even greater
improvements in strength relative to the reference
Type 1 mix, with increases of 49.2% (3 days), 35.2%
(7 days), 39.3% (14 days), and 34.5% (28 days).
Nevertheless, they showed slightly lower values
compared to Type 3-4 samples—by 3.2% (3 days),
5.6% (7 days), 3.9% (14 days), and 9.7% (28 days).
The average compressive strength for Type 3-3
samples ranged from 0.91 MPa to 2.96 MPa.

Samples of Type 3-4 exhibited a significant
increase in compressive strength over the Type 1
reference samples: 54.1% at 3 days, 43.2% at 7 days,
45.0% at 14 days, and 49.1% at 28 days. However,
these results were still slightly below those of the
Type 4-1 samples—by 2.1% (3 days), 2.2% (7 days),
10.0% (14 days), and 2.4% (28 days). The average
compressive strength of Type 3-4 samples ranged
from 0.94 MPa to 3.28 MPa.

Samples of Type 4-1 demonstrated significant
increases in compressive strength compared to the
Type 1 reference samples—57.4% at 3 days, 46.4%
at 7 days, 61.25% at 14 days, and 51.3% at 28 days.
Despite this, their strength values were slightly
lower than those of Type 4-2 samples, with
differences of 1.03% (3 days), 3.7% (7 days), 1.9% (14
days), and 5.9% (28 days). The average strength
values for Type 4-1 ranged from 0.96 MPa to 3.33
MPa.

Samples of Type 4-2 exhibited even greater
improvements over the Type 1 reference mix, with
compressive strength increases of 59.0% (3 days),
52.0% (7 days), 64.3% (14 days), and 61.0% (28
days). However, when compared to Type 4-3
samples, their strength values were lower by 6.7% (3
days), 16.3% (7 days), 5.7% (14 days), and 32.3% (28
days). The average strength for Type 4-2 samples
ranged from 0.97 MPa to 3.54 MPa.

Samples of Type 4-3 showed particularly high
compressive strength, outperforming the Type 1
reference samples by 70.5% at 3 days, 81.6% at 7
days, 74.3% at 14 days, and 70.4% at 28 days.
Nonetheless, their strength remained slightly below
that of Type 4-4 samples—by 4.6% (3 days), 0.87%
(7 days), 5.1% (14 days), and 6.0% (28 days). The
average strength values for Type 4-3 ranged from
1.04 MPa to 3.75 MPa.

Samples of Type 4-4 demonstrated considerable
improvements in compressive strength compared to
the Type 1 reference samples, with increases of
78.6% at 3 days, 83.2% at 7 days, 83.7% at 14 days,
and 81.1% at 28 days. However, their strength
values were slightly lower than those of Type 5-1
samples—by 2.7% (3 days), 4.2% (7 days), 5.8% (14
days), and 5.0% (28 days). The average compressive

strength for Type 4-4 samples ranged from 1.09 MPa
to 3.99 MPa.

Samples of Type 5-1 outperformed the Type 1
reference mix with compressive strength increases
of 83.6% (3 days), 91.2% (7 days), 95.0% (14 days),
and 90.0% (28 days). When compared to Type 5-2,
however, they showed slightly lower strength
values—by 1.7% (3 days), 0.4% (7 days), 1.6% (14
days), and 1.2% (28 days). The average strength
ranged from 1.12 MPa to 4.20 MPa.

Samples of Type 5-2 showed further increases in
compressive strength relative to Type 1, with gains
of 86.8% (3 days), 92.0% (7 days), 98.1% (14 days),
and 93.2% (28 days). Nevertheless, they were
slightly outperformed by Type 5-3 samples—by 4.2%
(3 days), 0.8% (7 days), 0.6% (14 days), and 2.7% (28
days). The average strength values for Type 5-2
ranged from 1.14 MPa to 4.25 MPa.

Samples of Type 5-3 displayed a nearly twofold
increase in compressive strength compared to the
reference Type 1 samples, with increases of 95.1% (3
days), 93.6% (7 days), 99.3% (14 days), and 98.6%
(28 days). However, their values were slightly lower
than those of Type 5-4—by 1.6% (3 days), 2.8% (7
days), 0.6% (14 days), and 0.7% (28 days). The
average compressive strength of Type 5-3 samples
ranged from 1.19 MPa to 4.37 MPa.

Samples of Type 5-4 exhibited the highest
compressive strength values among all tested
compositions. Compared to the Type 1 reference
samples, the strength of Type 5-4 samples increased
by 98.4% at 3 days, 99.2% at 7 days, and reached a
full 100% improvement at both 14 and 28 days.
These results indicate a doubling of strength relative
to the control mixture. The average compressive
strength of Type 5-4 samples ranged from 1.21 MPa
to 4.40 MPa, confirming the superior effectiveness
of this composition in enhancing the mechanical
performance of foam concrete.

The analysis of the experimental results
indicates that for sample types 2-1 through 5-4, the
compressive strength at 28 days ranges from 2.25
MPa to 4.40 MPa, whereas the reference sample
(Type 1) demonstrated a strength of 2.20 MPa. This
means that in the most effective cases, the
compressive strength nearly doubles compared to
the control sample.

The data also show that the hardening process
occurs not only during the early stages but continues
progressively over time, with a steady increase in
strength. This consistent development of
mechanical properties suggests that the use of a
plasticizing additive contributes significantly to the
long-term structural performance of foam concrete.
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Overall, the incorporation of the modified additive
positively influences both early and late strength
gain, enhancing the material's durability and
reliability.

It has been established that all the additives
studied have a positive effect on compressive
strength, starting from the early stages of hardening
(3 days) and especially by 28 days.

The most intense increase in strength is
observed between 14 and 28 days, which indicates
the prolonged action of the additives and
improvement of cement hydration processes in the
cellular structure of foam concrete.

Samples of types 2-1 to 3-2 showed a moderate
increase in strength, ranging from 2.3% to 30.9% on
day 28 compared to the reference sample. This
indicates an initial positive effect of the additives,
but without a radical change in the structure of the
material.

Starting with samples of type 3-3 and above, the
increase in strength became more pronounced,
which is associated with the use of more effective or
combined modifying compositions.

Type 5-4 samples demonstrated the highest
strength — up to 4.40 MPa on day 28, which is 100%
higher than the reference samples (2.20 MPa). This
result indicates the high effectiveness of complex
additives in improving the structure and density of
foam concrete.

By the third day, strength had increased from
1.6% to 98.4%, confirming the accelerated
hardening of foam concrete in the presence of active
additives.

On the 7th day, an increase from 3.2% to 99.2%
was observed, and on the 14th day, from 7.5% to
100%, reflecting the gradual strengthening of the
structure and the completion of the main hydration
processes.

Maximum strength values are reached on day
28, with an increase from 2.3% to 100%, depending
on the type of sample. The kinetics of foam concrete
hardening were studied, and it was found that the
modifying additive accelerates the hardening of
foam concrete.

Conclusion

The results obtained from the study support the
recommendation of incorporating effective complex
additives—particularly those used in sample types 4-
3 through 5-4—into the production of non-
autoclaved foam concrete with a density of D=600.
The use of these additives has been shown to

significantly enhance the strength and long-term
durability of the material.

One of the key factors contributing to this
improvement is the reduction in the water-cement
ratio, made possible by the hydrophilic properties of
the modifying additive. This leads to a denser and
stronger concrete matrix. At the same time, the
hydrophobic action of the additive reduces the
material’s water absorption capacity, thereby
improving its resistance to moisture and increasing
its durability under service conditions.

The integration of such additives into foam
concrete mixtures not only improves mechanical
performance but also offers important practical
advantages: it enables faster formwork removal,
increases the load-bearing capacity of structural
elements, and broadens the range of possible
applications for foam concrete—including its use in
both structural and thermal insulation products.

Additives improve not only strength but also
structural uniformity, reducing the number of
macropores and increasing the density of the
material.

The analysis showed that correctly selected and
dosed modifying additives can significantly improve
the strength characteristics of non-autoclaved foam
concrete grade D=600, in some cases almost
doubling them. This makes the material more
competitive and expands its application in modern
construction, including energy-efficient building
envelopes.
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MopgudukaumanaHFaH KOCNaHbIH KO6iKTi 6eTOHHbIH, 6epiKTiK

cunaTtramanapbiHa 3cepiH 3epTrey
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TYRIHAEME

Makanaga mognduKaumanaHFaH KocnaHblH KebiKTi 6ETOHHbIH BepiKTiK cunaTTamanapbiHa acepiH
3epTTeyAiH eKiHWi Ke3eHi ycbiHbINFaH. byn KymbicTa KebiKTi 6eToH yarinepiH gainbiHaay agici
CUNaTTanNbIN, SPTYPAI NAbI3AbIK KyPamaafbl KOMNOHEHTTEPMEH MOANDUKALMANAYLLBI KOCMAHbIH,
Kypambl TaHZanbin, onapapiH, 6epikTik cunatramanapbiHa Tangay »Kyprisingi. D600 mapKanbi
KebiKTi 6eToHFa nnacTUdMKATOPAbIK Kocna (cnupTTeH KeliHri 6apaa) eHrisyaiH makcatbl — cy
LbIFbIHbIH @3alTy »KaHe bepiKTIKTI apTTbipy. bepikTik e3repicTepiH 6afanay ywiH 3, 7, 14 kaHe 28
TOYNIKTE KanbINTbl bINFANAAHABIPY KaFAaMblHA@ KbICy CbIHAKTapblHa apHanfaH yarinep
JaibiHaanabl. 3epTrey HaTuxKenepi 6oMbiHWA MyHAAN Kocnanapabl KOAgaHy KanbintaH 6ocaTy
YaKbITbIH aTap/bIKTal KbICKAPTYFa, KOHCTPYKUMANAPAbIH, KeTeprill KabineTiH apTTbipyFa KaHe
KebiKTi 6eTOHAbI KONAAHY aACblH KeHeWnTyre — TinTi KOHCTPYKUMANBIK XaHe Kbly OKLuaynaFbi
byibiMaap yWiH Ae — MYMKIHAIK 6epeTiHi aHbikTanabl. Kocnanap Tek GepiKTiKTi faHa emec,
COHbIMEH KaTap KypblabIMHbIH, BipTeKTiNIrH Ae KakcapTafbl, MaKpOKeyeKTep CaHblH asaiTagbl
KOHE MaTepuanablH TbIFbI3AbIFbIH apTTbipaabl.
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AHHOTAUMA
B cTaTbe npeacTaBieH BTOPOW 3Tan MUCCAEfOBaHWUA BAUAHUA MOAMOULMPOBAHHOM A06aBKM Ha

NPOYHOCTHbIE XapaKTEPUCTUKM neHobeToHa. B AaHHOM paboTe onucaH cnocob M3rotoBieHus
0b6pasyos neHobeToHa, nogobpaH coctaB moaubuumpylowein A06aBKM € PasAUYHbIM
NPOLEHTHbIM COepXKaHMeM KOMMNOHEHTOB M NPOBEAEH aHaNN3 UX MPOYHOCTHbIX XapaKTepUCTUK.
Llenb BBegeHus naactuonumpyrowmx aobasok (nocnecnuprosoit 6apabl) B neHobetoH D600 -
CHWXKEHME pacxoZa BOAbl U OXMAAEMOE MOBbIWEHMNE NPOYHOCTU. YTOObI OLLEHUTb U3MEHEHUA B
NPOYHOCTH, BbIIM U3roTOBAEHbI 0O6Pa3Lbl U UCMbITaHbl HA CXKaTue B Bo3pacTe 3, 7, 14 v 28 aHel
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npyu HOPManbHOM yB/aXKHeHUWU. COrNIacHO pesy/bTaTamM UCCAEA0BAHWI, UCMO/Ib30BaHME TaKMX
[06aBOK MO3BONAET 3HAYUTE/IBHO COKPATUTb CPOKM  pacmasybku, MOBbICUTb  HECYLLYIO
CMOCOBHOCTb KOHCTPYKLMI M paclumputb cdepy npumeHeHus neHobeToHa - Aaxe Anas
KOHCTPYKLMOHHbIX ¥ TEMIOM30AALMOHHBIX U3aennit. [Jo6aBKM yayyLLaloT He TONbKO MPOYHOCTD,
HO W OAHOPOAHOCTb CTPYKTYPbl, YMEHbLUas KONMYECTBO MaKpOMnop M MoBbIWas MIOTHOCTb
maTepuvana.
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NPOYHOCTb Ha CKaTue, naactnuduKkaTop, neHoobpasosaTesb.
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ABSTRACT

This article investigates the physicochemical properties of water-soluble sodium silicate
synthesized from modified raw materials. During the research process, several compositions of
soluble glass samples were prepared, and their structural characteristics were analyzed using
infrared (IR) spectroscopy. In addition, X-ray fluorescence (XRF) analysis was employed to
determine the chemical composition of the products and the distribution of their components.
The results demonstrated that two of the studied compositions are considered promising in terms
of technological and physicochemical parameters. In particular, the third composition provided
the most optimal outcome, exhibiting superior stability, structural homogeneity, and practical
applicability of the soluble glass. The findings of this study highlight the potential for developing
energy-efficient technologies for the production of water-soluble sodium silicate based on local
and modified raw materials. The results of infrared spectroscopic analysis showed that the BMK-3
sample exhibited significantly more stable and intense Si-O—Na bonds compared to other analyzed
samples and compositions. This phenomenon is explained by the structural uniformity of the
composition, the balance of cation—anion interactions, and the strength of the glass network
structure. Therefore, the third composition is recommended as the most promising sample.

Keywords: water-soluble sodium silicate, modification of raw materials, IR analysis, X-ray
fluorescence, optimal composition, physicochemical properties.
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Introduction

method of production, type of cation,
concentration, or polymeric structure of silica [[1],

Water-soluble sodium silicates belong to the
group of alkali metal silicates and are primarily
obtained from a mixture of silicon dioxide and
sodium oxide. Many researchers believe that the
terms “soluble glass” and “liquid glass” are
interchangeable. However, the concept of “liquid
glass” is much broader, as it refers to all aqueous
solutions of alkali silicates, regardless of their

[2]].

While soluble glass serves as a raw material for
the production of liquid glass, the latter can also be
synthesized through the dissolution of silica in
alkalis, as well as by dissolving amorphous or
crystalline, hydrated or anhydrous powdered alkali
silicates. Liquid glass may be potassium-based,
sodium-based, lithium-based, or ammonium-based.
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Both substances are considered large-tonnage
products of inorganic synthesis [[3], [4], [5], [6]].

A key feature of liquid glass production lies in its
environmental friendliness, the availability of raw
materials, and its low cost. The composition of
soluble glass is expressed as R,0:SiO,. In terms of
physical properties, it exists as silicate lumps (solid
pieces) and as an aqueous solution, which
represents the actual liquid glass. The molar ratio
between alkali metal oxides and silica, known as the
silicate  modulus (n), ranges from 2.0 to 4.0.
Depending on the type of raw material used, soluble
glasses are categorized as soda, soda-sulfate, or
sulfate-based, while by composition they are
classified as sodium, potassium, mixed, or double. In
construction, sodium-based liquid glasses are most
widely applied, followed to a lesser extent by
potassium-based glasses [7].

Liquid glass is classified according to the
following parameters:

1. type of cation: sodium, potassium, lithium,
or organic bases;

2. silicate modulus;

3. absolute content of R0 and SiOy;

4. content of impurities such as oxides of iron,
aluminum, calcium, magnesium, and sulfur;

5. density of the solution.

The density of sodium liquid glass ranges from p
= 1.30-1.60 g/cm?® with a silicate modulus n = 2.0-
3.5, while potassium liquid glass typically has a
density of p = 1.25-1.40 g/cm® and n = 2.8-4.0 [8].
Due to their wide compositional range, liquid glasses
may contain various cations, silicate anions ranging
from monomeric to highly polymerized forms, and
silica in different structural and aggregate states.
Consequently, their properties also vary within a
wide range [9].

A specific feature of soluble glass lies in the
gradual change of its chemical composition during
operation. With decreasing alkalinity,
transformation toward silica sols  occurs,
accompanied by changes in the physicochemical
nature of the solution. Conventional sodium and
potassium glasses occupy only a narrow segment
within this diversity of systems [10].

The process of silicate formation from glass melt
is multistage in nature, proceeding sequentially and
often simultaneously through high-temperature
reactions between components in both solid and
liguid phases. The main transformations occurring
during heating include: removal of hygroscopic
moisture at 110-120 °C; elimination of

crystallohydrate moisture, which may form upon
moistening of the raw mixture, at 200 °C;
polymorphic transitions of sodium carbonate at 235
°C; polymorphic transformations of quartz at 575 °C;
and dissociation of potassium carbonate. At 800—
900 °C, solid-phase silicate formation reactions
begin, while at 855 °C, melting of mixture
components is initiated. In the range of 900-1400
°C, eutectic phases are formed within the R,0-SiO,
system, followed by the melting of alkali-quartz
compounds and the dissolution of silica. At 1400 °C,
glass mass formation occurs, after which the melt
undergoes cooling. In the case of sodium soluble
glass, the reactions typically begin at approximately
380 °C[[11], [12], [13], [14]].
Na,COs + Si0; ® Na,O = nSiO, + CO,. (1)

The complete binding of sodium carbonate is
observed at temperatures of 920-950 °C. During this
process, the product consists of sodium
metasilicate, silica, and alkali silicate, forming a
glass-like  solid structure. With increasing
temperature, this mass undergoes a series of
physicochemical transformations associated with
the dissolution of silica, which leads to an increase in
the melt volume and the formation of an excess
amount of material of up to approximately 30%
[[15], [16], [17]].

The minimum temperature for the formation of
an alkali silicate melt is 780 °C; however, to obtain a
homogeneous melt of industrial composition, a
temperature of 1250 °Cis required. During the glass-
forming process, quartz residues gradually dissolve
in the viscous sodium silicate melt, resulting in the
formation of a zone enriched with SiO,. As
saturation of this zone increases, the solubility of
sand decreases, while the excess amount of silica is
removed through diffusion driven by the
concentration gradient [18].

The diffusion rate determines the rate of glass
formation and depends on temperature, viscosity,
surface tension of the melt, as well as the intensity
of mixing. To clarify the glass mass—removing visible
gas inclusions and achieving homogenization to
obtain a uniform mass—a temperature of 1400 °C is
required [[19], [20]].

Experimental part

In this study, the chemical structure of sodium
silicate samples was investigated using infrared (IR)
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spectral analysis. The analyses were performed on a
Shimadzu Fourier-transform IR spectrometer within
the range of 4000400 cm™, with a resolution of 4
cm™'. Sample preparation was carried out using the
potassium bromide (KBr) pellet technique: pre-dried
and finely ground samples were uniformly mixed
with KBr and compressed into transparent pellets
using a specialized press. The characteristic
absorption bands observed in the spectra were used
to identify functional groups present in the sodium
silicate structure. The elemental composition of the
synthesized glass samples was analyzed using X-ray
fluorescence spectroscopy (XRF). This method
enables the accurate detection of both major and
minor components in glass without destruction of
the sample. The analyses were conducted with a
modern XRF analyzer equipped with an Rh-anode X-
ray tube, operating at 50 kV and 40 mA. The samples
were prepared either in pressed pellet form or fused
with a flux. The identified elements included the
main oxides - SiO,, Na,O, Al,03, Fe,0s, MgO, and
Ca0 - as well as minor components such as K0, TiO,,
and P,0s. The analytical results were presented in
the form of spectra, images, and tables. Data
processing and phase interpretation were carried
out using specialized software packages such as
Spectra Plus and Shimadzu XRF Manager. Calibration
of the instruments was performed using
international standard reference materials (SRM,
NIST). The applied analytical methods demonstrated
several advantages, including rapid analysis, high
accuracy, non-destructive sample preparation, and
broad elemental coverage. These features are of
critical importance for the comprehensive
evaluation of glass composition and the analysis of
technological processes.

Results and Discussion

The infrared spectroscopic (IR) analysis of the
sample was carried out, and the obtained IR spectra
are presented in Figures 1, 2, 3, and 4. In the
spectrum of the sample shown in Figure 1, several
distinct absorption bands were observed. The high-
frequency sharp peaks at 3732, 3691, 3667, and
3610 cm™ correspond to the Si—OH hydroxyl groups.
The broad absorption band in the range of 3519-
3193 cm™ is attributed to hydrogen-bonded —OH
groups and molecular water.

The characteristic deformations related to
silicate structures were identified at 1245 and 1139
cm™, which correspond to Si—O-Si linkages in
sodium silicate. Additionally, the absorption band at
1022 cm™ indicates the presence of Si—-O—Na
vibrational groups coordinated with sodium, which
is a distinctive feature of sodium silicate.

In the spectrum of the sample shown in Figure 2,
a broad absorption band at 3436 cm™ was identified,
corresponding to —OH groups and molecular water,
although present in very small amounts. The
absorption bands at 2361 and 2342 cm™ are typically
associated with the vibrational modes of residual
CO; carbonates, which may indicate that the sample
absorbed CO, from the atmosphere. A strong
absorption peak observed at 1033 cm™ is attributed
to the Si—O-Si stretching vibrations and, to some
extent, to Si-O™—Na vibrations, which are
characteristic for sodium silicate. The band at 912
cm™ corresponds to Si—-O~ groups coordinated with
sodium, confirming features typical of soluble glass.
Furthermore, the absorption peaks at 777 and 687
cm™ represent the bending vibrations of Si—O-Si
bonds, while the bands at 581 and 454 cm™
correspond to the skeletal vibrations of the silicate
framework, indicating the structural stability of the
silicate network.
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Figure 1 - IR spectroscopic analysis of Sample 1 of soluble sodium silicate
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Figure 3 - IR spectroscopic analysis of Sample 3 of soluble sodium silicate

In the spectrum of the sample shown in Figure 3,
a broad absorption band at 3434 cm™ was observed,
corresponding to the —OH groups and molecular
water. The absorption peaks at 2361 and 2336 cm™
are typically attributed to the vibrational modes of
CO; carbonate groups. A strong and sharp band at
1030 cm™ is assigned to the Si—O-Si stretching
vibrations, while the absorption band at 912 cm™
indicates the presence of Si—-O~ groups coordinated
with sodium, a characteristic feature of soluble
glass.

Additionally, the absorption bands at 787 and
719 cm™ correspond to the bending vibrations of Si—
0O-Si bonds, whereas the peaks at 654, 614, and 454
cm™ are associated with the skeletal vibrations of
the silicate framework, reflecting the stability and
integrity of the silicate network structure.

According to the results of the spectrum shown
in Figure 4, the broad absorption bands in the range
3957-3610 cm™ correspond to the O-H stretching
vibrations of hydroxyl groups. The peaks at 2929
cm™ and 2854 cm™ are attributed to the C-H
stretching vibrations of methyl or methylene groups.
The absorption at 2358 cm™ is assigned to CO,
molecules, which may have been absorbed from the

surrounding atmosphere. The band at 1994 cm™ can
be related to complex Si—O-Si vibrations or mixed
vibrational modes.

The absorption range 1732-1566 cm™ indicates
the presence of C=0 groups, which may belong to
carboxyl or carbonate compounds, as well as
possible H-O-H bending vibrations of molecular
water. A very strong absorption band between
1054-995 cm™ is attributed to the Si—O-Si
stretching vibrations of the silicate framework. The
bands at 823-761 cm™ correspond to Si-O
deformation vibrations within the silicate structure,
while the absorptions at 665-472 cm™ are
associated with the Si—-O bending vibrations
characteristic of sodium silicates.

The spectrum clearly demonstrates that sodium
silicate is the main component. The presence of
organic residues (C—H, C=0 bands) suggests that the
sample was derived from a waste-based or mixed
raw material system. In the lower-frequency region
(400-800 cm™), the presence of distinct absorption
bands further confirms the inorganic silicate
network structure. Overall, this spectrum is typical
of soluble sodium silicate synthesized from waste-
containing or mixed-component systems.
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Figure 5 - X-ray fluorescence (XRF) analysis of soluble sodium silicate, Sample 3
Table 1 - Chemical composition of soluble sodium silicate
Sample Oxide content, wt.% LOI Wt.%
. " WTL. 7%
SiO2 Al2Os Fe20s3 Cao MgO K20 Na20 TiO2 P20s ’
Sample - 3 67.9 1.74 1.86 1.77 0.844 1.79 23.0 0.2 0.02 0.876

Based on the results of the IR spectroscopic
analysis, the characteristics of Sample 3 revealed
properties and features typical of soluble glass.

To further verify these findings, an X-ray
fluorescence (XRF) analysis was carried out in order
to determine the oxide composition of Sample 3 and
to evaluate its compliance with the requirements of
GOST 13079-2021, as well as to calculate the silicate
modulus (fig. 5 and Tab. 1).

The chemical composition of the obtained
samples was analyzed based on Table 1, and it was
determined that their main components are SiO,,
Na,0, Ca0, Al,0s, and Fe,0s oxides. The SiO, content

of 67.9% plays an important role in ensuring the
structural stability of the glass. Na,O (23.0%) is the
main compound required for the synthesis of soluble
glass. Its sufficient amount accelerates the bonding
process with SiO, and increases solubility. CaO
(1.77%) and MgO (0.844%) serve as additional
modifier oxides that improve the mechanical
strength and thermal resistance of the glass mass.
However, their excessive content may reduce the
solubility of the glass. Fe,O; was found in a
concentration of 1.86%, and a higher amount of this
oxide can negatively affect the quality of the glass.
In addition, other impurities such as CI~ and SO4%, if
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present in significant amounts, can also have a

detrimental effect. Therefore, technological
regulation of their concentration is of great
importance.

Conclusions

In all spectra, broad peaks were observed in the
range of 3200-3600 cm™, indicating the presence of
hydroxyl groups. Higher peak intensity suggests that
the sample has better potential for dissolution
during liquid glass production. Strong Si—O-Si
stretching vibrations were observed in the range of
1000-1200 cm™ across all four spectra. To
determine the most suitable composition, the peaks
should be sharp and well-defined, without
additional side signals, as this indicates a well-
developed silicate network. Si—O bending vibrations
were present in the range of 450-800 cm™ in all
samples. In the spectra of Figures 3 and 4, a distinct
peak around 470 cm™ was observed, confirming the
presence of a fully polymerized silicate structure. In
Figures 2 and 3, weak peaks in the range of 1450—
1500 cm™ were detected, suggesting the presence
of small amounts of carbonates and organic
impurities, which can lower the quality of the
solution. In this study, a peak at 2358 cm™ was
detected, corresponding to absorbed CO,, likely
introduced from the surrounding atmosphere.
Although this can be removed during processing,
excessive amounts may negatively influence product
quality. Based on these observations, the first
sample revealed OH groups but also noticeable
carbonate impurities. The second sample showed
strong Si—0 peaks, but additional signals in the range
of 1400-1500 cm™" were present. The third sample
exhibited distinct silicate peaks, with a strong peak
at 470 cm™, indicating a well-polymerized structure.
The fourth sample contained Si—O peaks but also

CO; traces at 2358 cm™. Overall, the third sample
spectrum was determined to be the most suitable
for liquid glass production. This is attributed to its
sharp and strong Si—O-Si peaks, high degree of
polymerization, lower carbonate (CO,) impurities,
and balanced OH content related to moisture.
Comparative analysis of the chemical composition
confirmed that the third sample was optimal for
liquid glass synthesis. This is due to the balanced
ratio of SiO, and Na,O, along with relatively lower
levels of harmful impurities such as Fe,03 and SO,%".
These findings demonstrate the potential of
producing liquid glass through energy-efficient
technologies based on waste-derived raw materials.
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TYWIHAEME

Makanaga MoANOUKALMANDBIK WWKI3aTTap HerisiHAe CUHTe3AeNreH epuTiH HaTPUI CUIMKATbIHbIH,
YATINepiHiH, GU3NKa-XMMUANBIK KacueTTepi 3epTTenai. 3epTrey 6apbicbiHAA SPTYPAi Kypamaarbl
€PUTIH WbIHbI YArinepi AanbiHAANbIN, OnapAblH, KypblibiMbl MHGPaKpI3bin (MK) cnekTpockonus
o4ici  apkpiibl  TandaHapl. COHbIMEH KaTap, OHIMAEPAIH XMMUANBIK KypambliH KaHe
KOMMOHEHTTEPAiH, TapanyblH aHbIKTay MaKcaTbiHAA peHTreHodyopecueHTTiK (P®) Tanaay aaici
Makana kenai: 9 KipKyliex 2025 KONAaHbINAbI. ANbIHFAH HITUXKeNep 3epTTenreH KypamaapablH, eKeyiHiH TeXHONOTMANbIK XaHe
CapanTamapaH eTri: 17 KasaH 2025 PU3MKa-XMMUANBIK, KepceTKiluTepi GoiblHWa Gonalwarsl 6ap eKeHiH KepceTTi. AN YLiHWI Kypam
Kabeinparavi: 1xenmokcar 2025 €PUTIH WbIHbIHBIH, }XOFapbl TYPAKTbINbIFbIH, KYPbIIbIMABIK KOHCUCTEHLMACBIH KaHe NPaKTUKaNbIK
KON AQHYAaFbl TUIMAINITIH KAMTamacbI3 eTETiH OHTa/Ibl HATUKeNep KepceTTi. 3epTTey HaTUKenepi
JKEPTINIKTI )KaHe MoaMbUKauMANaHFaH WKKI3aT Heri3iHAe epuTiH HAaTPUI CUAMKATbIH OHAIPY YLWiH
SHEpPrua YHeMAENTiH TEXHONOrMANAPAp! 33ipNey MYMKIHAITH aHbIKTanabl. UK-cnekTpocKonuanbIk,
Tanpay HatuKenepi GoMbiHWA YWiHWI YAriHiH, cnekTporpammacbiHaa Si—-O—-Na 6alinaHbicTapbl
6acka 3epTTenreH yarinep meH KypamaapMeH CanbICTbipFaHAa aHafFyp/IbiM TYPAKTbI KaHe XoFapbl
MHTEHCMBTINIK BaiKkanabl. bByn KybblibiC KYPamHbIH, KYpPbIAbIMAbIK 6ipTeKTinirimeH, KaTMOH-aHWUOH
6alinaHbICTapbIHbIH, Tene-TeHAIrMeH XaHe WbIHbl TOPbIHbIH, 6epikTirimeH TyciHaipineai. OcbifaH
6alinaHbicTbl BMK-3 Kypambl eH 60n1alwafbl 30p yAri peTiHAe YCbiHbINAAbI.

TyiiiH ce30ep: epuTiH HaTpWi CUAMKATbI, MOAMPUKAUMANDBIK LWHKKI3aT, UK Tangay, peHTreH
bnyopecueHumA, OHTaNNbI Kypam, U3UKa-XMMUANBIK KAacUeTTep.
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PU3NKO-XMMMUYecKuii aHanns BOAOPACTBOPMMOro CUAMKATA HaTPUA, NONYYEHHOro
u3 MoAUPUKALMOHHOTIO CbipbA

YMagamunos [.K., 2Atawes 3.A., *Matmyportos 5.A.°Pagxa6os 0.6. *Mawapunos P.M.
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AHHOTALUMUA

B AaHHON cTaTbe M3y4yeHbl GpU3MKO-XMMUYECKME CBOMCTBA OOPasLOB PacTBOPUMOrO CU/IMKATA
HaTpWA, CUHTE3UPOBAHHbIX HAa OCHOBE MOAMMUKALMOHHOIO Chipbs. B npouecce uccnenosaHus
66111 NoAroToBAEHbI 06pasLbl PACTBOPUMOrO CTEKNA Pas3/MYHOrO COCTaBa, CTPYKTYpa KOTOPbIX
npoaHanusvMpoBaHa MeTogoM WHPpakpacHoi (MK) cnektpockonun. Kpome Toro, Ansa
onpefeneHna XMMUYECKOro COCTaBa NPOAYKTOB U pacnpeaesieHns KOMNOHEHTOB 6bll NPUMEHEH
Moctynuna: 9 cenmsabpa 2025 MeTOZ, peHTreHodpyopecLeHTHoro (P®) aHanusa. MoayyeHHble pesybTaTbl NOKa3anu, YTo ABa U3
Peuensuposanue: 17 okmabpa 2025 UccnefoBaHHbIX COCTABOB ABAAIOTCA NEPCMEKTUBHBIMU MO CBOUM TEXHOIOrMYECKUM U bGU3nKo-
MpurATa B nevare: 1 dekabps 2025 XMMUYECKMM MOKasaTensm. B 4acTHOCTW, TPeTWit COCTaB MPOAEMOHCTPUPOBAZ ONTUMA/bHbIE
pe3ynbTaTbl, OOecneynmB BbICOKYIO CTabUABHOCTb PACTBOPUMOrO CTEKNA, CTPYKTYPHYIO
COrNMacoBaHHOCTb U 3GGEKTUBHOCTL B NPAKTUYECKOM NPUMEHEHWUU. PesynbTaTtbl UcCnefoBaHuUA
CBUAETENbCTBYIOT O BO3MOXHOCTM pa3paboTKu sHeprocbeperatoLmx TeXHOOornii NPoV3BOACTBA
PacTBOPMMOTO CUIMKaTa HAaTPUA Ha OCHOBE MECTHOTO U MOAUPUKALIMOHHOIO CbipbA. Pe3ybTaTsl
MK-cneKTpoCcKonM4Yeckoro aHaimM3a Nokasanu, 4to B cnekTporpamme obpasua BMK-3 ceasm Si-O—
Na nposBAAtoTca 3HaUNTENbHO 60/1ee YCTOMUMBLIMM U UHTEHCUBHBIMM MO CPABHEHMIO C APYTUMMU
uccnefoBaHHbIMM 0bpasuamu M coctaBamu. [laHHOe sBneHVWEe OOGDBACHAETCA CTPYKTYPHOM
OHOPOAHOCTbIO COCTaBa, CHAaNAHCMPOBAHHOCTbIO KATUOH-aHWOHHBIX B3aUMOAEWNCTBUI 1
MPOYHOCTbIO CTEK/IOCETOUHOM CTPYKTYPbl. B CBA3M C 3TMM TPETUIA COCTaB PEKOMEHAYeTCAa Kak
Hanbonee nepcnekTUBHbLIN 0bpaseL,
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