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ABSTRACT

This study investigates fluoride loss in a mixture of mineralized mass (MM) extracted from the
Central Kyzylkum phosphorite deposits and acidic wastewater (AWW) generated by the fat-and-
oil industry. The research aimed to evaluate fluoride release and its retention stability under
various conditions. Experimental trials were conducted using AWW:MM mass ratios ranging from
100:10 to 100:40. The experiments were carried out at 333 K for 30 minutes, employing ionometric
analysis. The theoretical fluoride content varied from 1.23 g to 4.90 g, while the experimental
values ranged from 0.88 g to 3.68 g. The lowest fluoride loss was observed at the 100:20 ratio,
amounting to 0.34 g. The highest loss, 1.22 g, was recorded at the 100:40 ratio. The 100:25 ratio
(pH 5.90), with a fluoride loss of 0.40 g and an experimental retention of 2.66 g, was identified as
optimal. At pH values between 6.33 and 7.30, fluoride levels stabilized between 3.08 g and 3.68 g.
An exponential regression model demonstrated a high degree of correlation (R? = 0.9767). The
standard deviation ranged from +0.002 g to +0.008 g. lons in AWW (SO4%": 48,145 mg/L and CI™:
38,116 mg/L) significantly accelerated fluoride volatilization. The emission of HF gas contributed
to atmospheric pollution; however, the 100:25 ratio minimized environmental impact. The results
aligned with literature-reported fluoride loss ranges of 0.3-1.5 g. This research contributes to the
development of effective and environmentally safe approaches to waste reutilization.

Keywords: fluoride loss, pH value, lonometric analysis, exponential regression, mineralized mass,
acidic wastewater.
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Introduction

rather extended period of time. Acid wastewater
from the fat and oil industry is highly ionized,

Extensive mining and processing of phosphorite  creating a real danger of pollution of soils and water
rock produce a substantial amount of waste. This  sources. If the wastewater and mineral waste are
waste material also has strong biological capacity = separated, the interaction of the combined chemical
and does not convert into a passive substance fora  properties of the two is not understood. This
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approach to waste utilization is presently changing
in the direction of processing individual wastes
together in order to be able to treat the interaction
of the two. It is important to investigate the amount
of fluoride fixed and liberated into the combined
waste products. The physicochemical properties of
fluoride are highly sensitive to the components of
ionic agents and pH conditions [[1], [2], [3], [4], [5]].

The Central Kyzylkum phosphorite ores have
been generating significant low-grade phosphorite
waste over the years. Although these wastes appear
to be physically stable, they still contain reactive
substances such as fluoride, sulfates, and
carbonates that can potentially vary through natural
weathering. Reaction to rainwater, wind, and solar
exposure alters the topological geochemistry of the
waste, and geochemical analysis has shown that the
concentration of fluoride is high around the waste
storage areas [[6], [7], [8], [9]]. Moreover, the
presence of finer dust particles in dry environments
leads to aerial suspension of the dust particles that
is potentially inhalable by the nearby population.
These waste substances should therefore not be
classified as non-reactive but as potentially reactive
technogenic waste that warrants regulation and
follow-up treatment strategies [[10], [11], [12]].

In the processes of neutralization and
saponification, the fat and oil industry produces a
strongly acidic soapstock wastewater (AWW), which
always has a pH level below 4 [[13], [14], [15]] The
resulting wastewater is rich in anions (SO4%-, CI-,
NOs~) and cations (Na*, Mg?*, NH,*, Ca?*), a fact that
makes it a complex electroactive solution [[16], [17],
[18]]. Due to its acidity and higher ions
concentration, AWW strongly reacts with other
wastes rich in phosphates: lon exchange,
dissolution, and surface-related adsorption
phenomena can release fluoride ions, which were

acidic
. solution
Fluorapite

unavailable prior to the interaction [[19], [20], [21]].
Generally, the soapstock wastewater can be seen as
a reactive effluent rather than a passive one, and it
can alter the physicochemical conditions of other
wastewaters produced by the industry. In fact, a
comprehensive understanding of the soapstock
wastewater chemistry is very important for the
precise modeling of the behavior of the complex
samples of industrial wastes [[22], [23]].

When mineralized mass (MM) and AWW are
combined, an intensely reactive dispersion is
formed, wherein chemical transformations proceed
rapidly. The high acidity of AWW—driven by ions
such as H*, SO,%7, and Cl~—can disrupt the ionic
balance of structurally bound inorganic fluoride
compounds in MM. Fluoride in MM typically exists
in relatively stable crystalline phases, such as
fluorapatite and cryolite, but their stability
decreases sharply at low pH. Under protonation
conditions, fluoride minerals undergo partial
decomposition, thereby facilitating the conversion
of fluoride into ionic or gaseous forms such as HF
[[6], [12]] (Figure 1).

This process is kinetically governed by acidity
level, temperature, and the ionic strength of the
reactive medium. Notably, the ion-exchange
capacity and complexation potential of sulfate and
chloride anions significantly enhance the system’s
reactivity. The mineralized structure of the MM
(mineralized mass) undergoes transformation in
acidic environments, particularly in terms of porosity
and surface activity. Under such conditions, fluoride
components dissociate from the crystalline lattice
and transition into mobile forms. The phase
recrystallization and surface ion migration induced
by interaction with AWW directly influence the
residual fluoride content in the final product. In such

2+ /Qj = i
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POs* H
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Figure 1 - The decomposition process of fluorapatite (Cas(POa)sF) in acidic solution
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mixed systems, the retention or mobilization of
fluoride depends functionally on ionic strength, pH
of the medium, and reaction duration.
Mathematical modeling enables theoretical
interpretation of these conditions and introduces a
predictive approach to managing the transformation
process. Furthermore, the reactions occurring in
AWW-MM mixtures should not be viewed as simple
physical interactions, but rather as complex,
thermodynamically and kinetically controlled phase
transformations. The portion of fluoride retained in
the product—without volatilizing into the gaseous
phase—can be determined based on mass changes,
pH gradients, and the kinetics of dissociation. Such
combined systems transition waste into an activated
reactive structure, thus enabling controlled
environmental risk management. The reactive
integration of MM and AWW represents a
scientifically  grounded direction for the
development of alternative waste neutralization
technologies [[24], [25], [26], [27]].

The primary objective of this study was to
experimentally determine the amount of fluoride
retained in the final product derived from MM and
AWW mixtures, and to evaluate its loss by
comparing experimental results with theoretical
calculations. The theoretical amount of fluoride was
calculated from the original chemical composition of
the waste, and the gap between this value and the
measured content in the final product indicated the
degree of fluoride release or transfer. In the
experiments, mixtures of mineralized mass (MM)
and acidic wastewater (AWW) were exposed to
controlled conditions of temperature, duration, and
mass ratio to reproduce a reactive environment.
After processing, the fluoride concentration in the
material was determined through analytical
techniques and used as a key parameter in
modeling. This approach made it possible to identify
the main chemical factors influencing whether
fluoride was retained or lost in the system. Within
the modeling framework, variations in fluoride
levels were mathematically related to pH, ionic
strength, and mixing proportions. The findings
offered a clearer understanding of how fluoride-
containing waste undergoes reactive
transformations under environmentally relevant
conditions.

This research systematically examined ion
exchange, phase structure alteration, and
component mobility within a reactive medium
generated through combined treatment of
industrial waste streams. The methodology was

grounded in a concept of transforming dual-source
waste into an environmentally safe form via
chemically activated transformation. This approach
redefined the waste materials not as passive inert
residues but as chemically reactive substrates. The
behavior of fluoride-containing compounds—
particularly the dynamic changes arising from pH
gradients and ionic strength—was mathematically
described through modeling. The methods of
conversion of stable fluoride forms into free ions and
further retention or release of the ions within the
system have been examined using analytical
methods. Thus, it has become possible to develop a
model based on the physicochemical properties of
the substance in relation to ecological risk levels to
make technological waste management even more
sustainable.

Experimental part

The main focus of this study was on industrial
wastes  characterized by varied chemical
compositions and a high tendency to react.

The first object was MM obtained from the
phosphorite deposits of the Central Kyzylkum
region. Its composition includes 15.09% P,0s,
43.17% CaO0, 1.22% Al,0s, 1.34% Fe,03, and 1.21%
MgO. Additionally, the material contains 1.7%
fluoride, 14.01% carbonate compounds, and 2.17%
sulfates. The fluoride is primarily bound in the form
of fluorapatite, which is highly reactive in acidic
environments [[15], [16], [17], [18], [19]].

The second object was AWW generated from
technological processes at the “Urganch yog-moy”
JSC. The AWW contained 100 mg/L H*, 43,158 mg/L
Na*, 38,116 mg/L Cl, 48,145 mg/L SO427, 1,824 mg/L
Mg?*, and 300 mg/L Ca®*. In addition, it included
20.01 mg/L NO,, 840 mg/L NOs™, 3,446 mg/L HCOs",
100 mg/L NH4*, 30 mg/L Fe?*, and 0.3 mg/L Fe3*. This
solution formed a strongly acidic medium with a
total ionic strength of 2,148.08 mg-equiv/L and a pH
range of 2.1-2.5. The ionic composition of AWW
triggers stepwise ion-exchange reactions with the
structurally bound fluoride in MM [[15], [16], [17],
(18], [19]].

Mixtures of AWW and MM were prepared in
mass ratios ranging from 100:10 to 100:40, mixed
under a reaction medium at 333 K for 30 minutes.
Each mixture was subsequently dried at 353 K to
form a solid phase, crushed into powder, and
analyzed for residual fluoride content. The
interaction of acidic ions with fluoride components
in MM promotes fluoride migration and
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decomposition in  the reactive medium.
Furthermore, the increase in pH from 4.10 to 7.30
following the reaction indicates the occurrence of
partial neutralization. Owing to their chemical
complexity and high reactivity, these two waste
streams serve as an excellent laboratory model
system for studies on waste recycling,
environmental safety, and mathematical modeling.
Within such systems, fluoride transformation
behavior, decomposition kinetics, and ion
equilibrium  parameters can be thoroughly
investigated.

After drying, the residual fluoride content in
powder samples of AWW-MM mixtures was
measured using an ion-selective electrode method
with a portable ionometer device, calibrated in
accordance with the manufacturer’s instructions
(produced in the Russian Federation).

To enable solubilization of fluoride ions, each
powder sample was extracted in a 1:10 ratio with
distilled water. The prepared solutions were kept at
20-25 °C for a minimum of 30 minutes to allow the
ion balance to reach stability. Subsequent
measurements were performed in a buffered
medium with a pH of about 5.0-5.5, ensuring that
only free and reactive forms of fluoride were
detected. The ionometer was calibrated prior to
each measurement using standard fluoride solutions
of 0.1, 1.0, and 10 mg/L concentrations.

During  analysis, the actual fluoride
concentration in mg/L was displayed directly on the
device screen. Each sample was measured in
triplicate, and the arithmetic mean was calculated
along with standard deviation to assess analytical
precision.

To complete the fluorine material balance and
experimentally confirm the transition of fluoride
into the gas phase, an additional set of experiments
was conducted using a gas absorption method. The
experimental setup was supplemented with a
fluoride gas trapping system designed to capture
hydrogen fluoride (HF) released during the
interaction between acidic wastewater (AWW) and
mineralized mass (MM).

The reaction was carried out in a sealed glass
reactor equipped with a gas outlet. The outlet was
connected to a two-stage absorption unit. The first
absorber contained 0.1 M NaOH solution, intended
for quantitative absorption of HF according to the
reaction:

HF + NaOH - NaF + H,0

The second absorber contained distilled water
to capture residual fluoride species and possible

aerosol-bound fluorine. All connections were made
using chemically resistant tubing to prevent fluoride
losses.

Blends of AWW and MM were also synthesized
at mass ratios of 100:10 to 100:40. These mixtures
were then allowed to react for 30 minutes at 333 K,
the same as those in the main experiment. During
the reaction process, the gas produced was
channeled through the absorption system under
natural gas pressure without forced gas flow. Once
the experiment was completed, the absorber
solution was allowed to stabilize for 30 minutes
under room temperature.

The concentration of fluoride in the absorption
solutions was analyzed using an ion-selective
electrode analysis technique. Before carrying out
the test, the NaOH absorber solution was first made
to have a pH of 5.0 to 5.5 using a diluted hydrochloric
acid. The calibration was carried out using a
standard fluoride solution with a concentration of
0.1, 1.0, and 10.0 mg/L. The experiment was done in
triple replication.

The amount of fluorine transferred to the gas
phase, Fges, Was calculated using the measured
fluorine concentration, as well as the volume of the
absorption solution. This amount was then
employed to calculate a complete fluorine material
balance via the equation:

Fiotal = Fsotia + Fliquid + F:gas

Where: Fsig = residual fluoride in dried solid
product, Fiquie = fluoride in liquid phase, Fgos =
fluoride captured in absorption system.

This allowed an experimental distinction to be
made between loss of fluoride due to volatilization
of HF gas and losses retained within the solid phase
or carrier liquid. In addition, gas absorption, as a
quantitative gas capture process, ensured that gas
phase fluoride was quantified accurately, and this
had an impact on improving calculations related to
fluorine balance.

This method is distinguished by its rapidity,
sensitivity, and low measurement error. The ion-
selective electrode approach offers a reliable means
of quantifying reactive fluoride, evaluating its
retention, and assessing ecological risk levels.

The theoretical fluoride content in MM was
calculated based on the mass fraction of structurally
bound fluoride. In this study, calculations were
performed assuming complete presence of fluoride
in the form of fluorapatite (Cas(PQOa4)sF). For each
mixture with a defined mass of MM (muum), the
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theoretical mass of fluoride (mf) was determined
using the following equation:

Wp
mrp = Myym m

Where:

mg — theoretical fluoride mass (g),

mpyy — mass of mineralized mass used in the
mixture (g),

wr — mass fraction of fluoride in the
mineralized mass (%).

The amount of substance (ny) of fluoride
corresponding to the theoretical mass was then
calculated using the molar mass of fluoride:

mpg

Ng = —
Mg

Where:

nr — amount of substance of fluoride (mol),

Myp— molar mass of fluoride (19.00 g/mol).

In all experimental combinations (i.e., varying
AWW:MM mass ratios), the theoretical fluoride
content was calculated individually based on the
above formulas. For each calculation, a reaction
efficiency of 100% was assumed, representing an
ideal condition. Subsequently, to compare with the
experimentally determined values, the mass of
fluoride loss was estimated using the following
relationship:

practical

theoretical __
F F

Amp =m
The above model serves as a basis for
theoretically assessing the probability of fluoride
decomposition, the reactivity level of acidic
components in the environment, and the kinetics of
structural breakdown. This mathematical approach,
developed based on formulas, is used to model the
degree of retention or loss of fluoride in waste
materials.
The degree of fluoride loss is expressed through
a mathematical model based on the difference
between theoretical and practical quantities after
the reaction with the waste mixture. In this case, the
mass of lost fluoride (AF) is determined by the
following equation:

AF = Fipeoretical — Fpractical

Here,
AF — amount of fluoride loss (g or mg),
Fineoreticar — theoretically calculated fluoride
content,
Fpracticar— €xperimentally determined fluoride
content.

To evaluate the loss in percentage terms, the
following expression is used:

AF
Pioss = ( ) -100 =

Ftheoretical

_ (Ftheoretical - Fpractical

Ftheoretical ) 100

Using these formulas, the degree of fluoride loss
for each AWW:MM mass ratio is quantitatively
assessed. Thus, the impact of the acidic medium on
fluoride breakdown, the ionic balance of the reactive
system, and the overall mechanism of fluoride
release can be represented through mathematical
modeling. Thanks to its high sensitivity, this model
provides predictive insights into the process and
serves as a reliable tool for assessing the
environmental risks associated with the waste
system.

To further assess the scale of fluoride release
and the ion balance in AWW:MM mixtures, a
modeling approach incorporating differential
analysis, empirical coefficients, and regression
methods was applied. The decline in fluoride
concentration within the mixtures was described as
a function of the AWW:MM mass ratios.This
relationship was further clarified using an
exponential regression model. The general
mathematical expression adopted for the modeling
is as follows [[28], [29], [30]]:

CF == CO : e_kx

Here,

Cr — final fluoride concentration in the dried
powder sample (% or mg/g),

C, — initial (theoretical) fluoride concentration,

k — exponential decay coefficient of the
reaction (experimentally determined),

x — mass of mineralized mass (MM) in the
AWW:MM ratio (g or %).

In this model, the value of kkk is determined
from actual experimental results, and its fit is
statistically evaluated using the coefficient of
determination R?.  Additionally, changes in
equilibrium caused by ionic interactions in the
reactive medium are assessed using the Le Chatelier
principle. The dynamic equilibrium shift AQ is
modeled according to the following equation:

AQ = f (Cy+,Cr-,pH, t)
Here,

Cy+,Cg- — concentrations of key ions
(hydrogen and fluoride) in the reaction medium,
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pH — the acidity level of the reaction
environment,

t — temperature in Kelvin (K).

Furthermore, an Excel-based graphical analysis
was performed to illustrate the differences between
the theoretical and experimental values of fluoride
content at each test point. From these results, a
correlation model with high accuracy was
constructed. This mathematical framework makes it
possible to explore the reaction mechanisms in the
AWW:MM system in detail, supports predictive
modeling of fluoride loss, and provides a
guantitative basis for evaluating the ecological

impact of the resulting waste mixtures.
Results and Discussion

In this study, the efforts were directed towards
investigating the release and loss of fluoride in the
mixture of mineralized mass (MM with 1.7% of
fluoride content), mined at the Central Kyzylkum
phosphorite deposits and the acidic wastewater
(AWW of the fat and oil industry), as well as
discussing environmental issues associated with
them. Experimental tests were conducted at
AWW:MM mass ratios of 100:10 to 100:40 at 333 K
for 30 minutes. Tests of the solid residues obtained
were conducted through the ionometric method.

* In addition, gaseous fluoride released during
the interaction was experimentally captured using
an absorption system, allowing the completion of a
full fluorine material balance across solid, liquid, and
gas phases.

In this chapter, results are presented with
supporting tables and figures, together with
statistical analysis and a discussion of the involved
aspects of the loss of fluoride and relevant scientific
observations and recommendations for further
studies [[31], [32], [33], [34]].

The results provided data about the theoretical
and experimental values of fluoride content in
grams, as well as the amount of fluoride loss. Table
1 summarizes the values obtained for each
AWW:MM mass ratio (100:10-100:40), showing
that the theoretical fluoride content ranged from
1.23 g to 4.90 g, while the experimental values
ranged from 0.88 g to 3.68 g. The lowest fluoride loss
(0.34 g) was recorded at the 100:20 ratio, whereas
the highest loss (1.22 g) occurred at the 100:40 ratio.

Table 2 presents pH values (4.10-7.30) and
practical fluoride amounts (0.88 g-3.68 g). The
highest amount was observed at pH 5.90 (2.66 g),
while at pH 6.33-7.30, it stabilized in the range of
3.08-3.68 g. The standard deviation varied from
+0.002 g to +0.008 g.

Table 1 - Theoretical and practical fluoride quantities and fluoride losses in AWW:MM mixtures

AWW:MM mass  Theoretical fluoride Practical fluoride Fluoride loss (g) Standard
ratio amount (g) amount (g) deviation (g)
100:10 1.23 0.88 0.35 +0.002
100:15 1.84 1.42 0.42 +0.003
100:20 2.45 2.11 0.34 +0.004
100:25 3.06 2.66 0.40 +0.005
100:30 3.68 3.08 0.60 +0.006
100:35 4.29 3.39 0.90 +0.007
100:40 4.90 3.68 1.22 +0.008

Table 2 - pH and fluoride content in AWW:MM mixtures

AWW:MM mass ratio pH Practical fluoride amount (g) Standard deviation (g)
100:10 4.10 0.88 +0.002
100:15 4.81 1.42 +0.003
100:20 5.62 2.11 +0.004
100:25 5.90 2.66 +0.005
100:30 6.33 3.08 +0.006
100:35 6.74 3.39 +0.007
100:40 7.30 3.68 +0.008

— 100——
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Figure 3 - The relationship between pH and fluoride content

Figure 2 (line graph), comparing the theoretical
and practical amounts of fluoride, showed the
highest practical amount (2.66 g) at a ratio of 100:25.

Figure 3 (scatter graph) illustrates the
relationship between pH and the practical amount
of fluoride, showing the highest amount (2.66 g) at
pH 5.90 and stabilization in the pH range of 6.33-
7.30.

In this study, Figure 2 compares the theoretical
(1.23 g-4.90 g) and experimental (0.88 g—3.68 g)

amounts of fluoride at various AWW:MM mass
ratios (100:10-100:40) using a line graph. The
highest experimental fluoride content was observed
at the 100:25 ratio with a value of 2.66 g, while the
lowest was recorded at the 100:10 ratio with 0.88 g.
Fluoride loss ranged from 0.34 g (100:20) to 1.22 g
(100:40). Figure 3 presents a scatter plot of pH
values (4.10-7.30) versus experimental fluoride
content (0.88 g—3.68 g). The peak fluoride retention
occurred at pH 5.90, corresponding to 2.66 g. In the

— 10—
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pH range of 6.33 to 7.30, fluoride levels stabilized
between 3.08 g and 3.68 g. In both graphs, the
standard deviation of ionometric analysis ranged
from +0.002 g to +0.008 g. These graphs clearly
demonstrate the dependence of fluoride content on
both mass ratio and pH, confirming the reliability of
the experimental conditions.

The fluoride loss (0.34-1.22 g) was evaluated
based on a complete fluorine material balance,
including experimentally determined fluoride
contents in the solid and liquid phases as well as
gaseous fluoride captured using an absorption
system, and subsequently analyzed using an
exponential regression model (R = 0.9767).

Each ionometric measurement was repeated
three times, with standard deviations ranging from
10.002 g to £0.008 g. The minimum fluoride loss was
recorded at the 100:20 ratio (0.34 g), and the
maximum at 100:40 (1.22 g). The 100:25 ratio (0.40
g loss and 2.66 g retained fluoride) was identified as
the most balanced condition. The correlation
between pH (4.10-7.30) and experimental fluoride
content (0.88 g-3.68 g) showed a strong
relationship. Statistical results confirmed the
reliability of data obtained at 333 K and a reaction
time of 30 minutes. This analysis allowed accurate
evaluation of fluoride behavior in response to
varying mass ratios and pH values. The low standard
deviation highlighted the high reproducibility of
results. The exponential model effectively explained
the variability in fluoride loss and provided a robust
foundation for subsequent chemical and
environmental discussions.

From a chemical standpoint, fluoride loss (0.34
g-1.22 g) was evaluated as a function of pH. At the
100:10 ratio (pH 4.10), the highest loss (0.35 g) was
attributed to the formation of hydrogen fluoride
(HF) gas. The 100:25 ratio (pH 5.90) provided
optimal conditions with the lowest fluoride loss
(0.40 g) and highest experimental fluoride retention
(2.66 g). In the pH range 6.33—-7.30 (ratios 100:30-
100:40), fluoride content stabilized between 3.08 g
and 3.68 g, attributed to the decreased acidity of the
medium. The high ionic strength of AWW,
particularly SO,%~ (48,145 mg/L) and CI~ (38,116
mg/L), accelerated fluoride release under low pH
conditions. Environmentally, the release of HF gas
(notably at 100:10) contributed to air pollution and
posed health risks. Ratios of 100:20 (0.34 g loss) and
100:25 (0.40 g loss) minimized soil and water
contamination. The treatment of MM and AWW
mixtures promoted stable fluoride retention,

making the process an effective waste neutralization
strategy. The findings demonstrated the significance
of this method in reducing environmental impact
and provided a scientific basis for managing fluoride
behavior and associated ecological risks [[35], [36],
[3711.

Conclusion

This study investigated fluoride loss in a mixture
of MM obtained from the Central Kyzylkum
phosphorite deposits and AWW from the fat-and-oil
industry, yielding several significant findings. The
theoretical fluoride content across AWW:MM ratios
(100:10-100:40) ranged from 1.23 g to 4.90 g, while
the experimental content varied from 0.88 g to 3.68
g. The minimum fluoride loss was observed at the

100:20 ratio (0.34 g), whereas the maximum was
recorded at 100:40 (1.22 g). The 100:25 ratio (pH
5.90) demonstrated optimal conditions with only
0.40 g of loss and 2.66 g of retained fluoride. At pH
values between 6.33 and 7.30, fluoride content
stabilized within the range of 3.08 g to 3.68 g.
lonometric analysis showed high reproducibility,
with a standard deviation between +0.002 g and
+0.008 g.

An exponential regression model (R? = 0.9767)
confirmed the reliability of fluoride loss predictions.
High concentrations of ions in AWW (SO42": 48,145
mg/L; Cl™: 38,116 mg/L) accelerated fluoride release.
At a 100:10ratio (pH 4.10), the emission of hydrogen
fluoride (HF) gas contributed to air pollution. In
contrast, the 100:20 and 100:25 ratios effectively
minimized soil and water contamination. The co-
treatment of MM and AWW ensured stable fluoride
retention, supporting its application as a waste-
neutralization strategy. Statistical findings aligned
with literature data indicating fluoride losses in the
range of 0.3-1.5 g. A key limitation of the study was
the inability to directly measure HF gas emissions.
Nevertheless, the results support the strategy's
effectiveness in mitigating environmental risks.
Reducing fluoride loss significantly contributes to

lowering ecological impact and provides a
foundation for developing advanced waste
treatment technologies. These findings offer
practical implications for industrial waste

management and play a critical role in enhancing
environmental safety. Moreover, the study
contributes to the advancement of innovative
approaches in fluoride control.
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AHHOTALMUA

Byn 3epTtrey OpTanbik Kbi3blikym Gocdoput KeH opbiHAAPbIHAH anblHFaH MUHepangaHFaH macca
(MM) meH Mali-KaHe Mali eHepKkacibiHae Ty3ineTiH KbIWKbIA afblHAbl cynapabiH, (KAC)
KocnacbiHAafbl GTOpAbIH, OFanyblH 3epTTeyre bafbiTTanfaH. MyMbICTbIH MaKcaTbl  GTOPAbIH,
6eniHyiH »KoHe OHbIH, TypaKTbl CaKTanyblH JpTypAi KafdahWnapaa 6aranay. DKcnepumeHTTep
KAC:MM macca apakatbiHacbl 100:10-HaH 100:40-Ka geliiHri apanbikTa, 333 K Temnepatypaaa, 30
MUHYT 601bl MIOHOMETPUANBIK TaNAay dAiCiMeH Kyprisinai. Teopuanbik dbTop menwepi 1.23 r-gaH
4.90 r-fa geviiH, an Taxipubenik Hatuxenep 0.88 r-gaH 3.68 r-fra gentin e3srepai. EH, a3 ¢Top
»kofanybl 100:20 KaTbiHacbiHaa — 0.34 1, an eH, *ofapbl )ofanty — 1.22 r — 100:40 KaTbiHacbIHAA
aHbIKTangpl. OnTumangabl xargar 100:25 katbiHacbiHAa (pH 5.90) 6alikanbin, GTOpAbIH, *KOFanybl
0.40 r, an Kanablk menwepi 2.66 r 6onabl. pH 6.33-7.30 apanbifbiHaa ¢Top menwepi 3.08 r—-3.68
r geHreliHae TypakTaHAbl. DKCNOHEHUMaNAbl perpeccusa Moaei }KoFapbl KOppenaLMAHbI KepceTTi
(R? = 0.9767). CraHgapTTbl aybiTKy +0.002 r—aaH +0.008 r—ra aevtiH 6onapl. KAC KypambiHAaFbl
noHaap (S0427: 48145 mr/n, CI™: 38116 mr/n) dTopApbIH, YLYbIH eaayip keaenaetti. HF rasbiHbiH,
6eniHyi aTmocdepaHblH, NacTaHyblHa aKendi, anaiga 100:25 KaTbiHACbl 3KONOTUANBIK acepai
6apbIHLLa a3aiTTbl. ANbIHFaH HaTUXKenep aaebu aepektepaeri GTop xofany aykbimbiHa (0.3-1.5
r) coiikec Kenegi. byn 3epTrey eHepKacinTiK KanAbIKTapAbl TMIMAI 8pi 3KONOrMANbIK Kayincis KanTa
eHAeyre apHaNfaH aHa TaCiNAepAiH AaMyblHa yaec Kocaabl.

TyiiiH ce30ep: GTOpUATIH KoFanybl, PH KepceTKilli, MOHOMETPUANDIK Tanaay, IKCNOHeHUManabl
perpeccua, MMHepangaHfFaH macca, KbIWKbIAAbl aFbiHAbI Cyap.
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AHHOTALMUA

B HacToAWem uccneaoBaHUM paccMaTpuUBAlOTCA moTepu $Topa B CMECU MUHEepannsoBaHHOM
maccbl (MM), n3BneyéHHoin u3 GocHopUTHBIX MeCTopoKaeHWI LleHTpanbHOro Kbi3blnkyma, u
KMUCABbIX CTOYHbIX BoA, (KCB), 06pasytowmxca B KMPOBOW M MAC/IOXMPOBOM MPOMBbILIIEHHOCTH.
Llenbto paboTbl ABNANACL OLEHKA BbICBOHOXKAEHUA GTOPa M YCTOWYMBOCTU €r0 yAepKaHMA Npu
Pas3INYHbIX YCNOBMAX. IKCMEPUMEHTbI NPOBOAUINCL NPU MACCOBbIX COOTHOWeHnAXx KCB:MM ot
100:10 po 100:40 npu TemnepaType 333 K B TeyeHve 30 MWHYT C WCNO/Nb30BaHMEM
MOHOMETPUYECKOTro aHann3a. TeopeTuyeckoe cogepkaHme gpropa Bapbuposano ot 1,23 r go 4,90
r, TOr4a Kak 3KCNepuMmeHTaNbHble 3HavyeHuA Haxoamnucb B npegenax ot 0,88 r oo 3,68 r.
MuHuManbHble notepu dTopa (0,34 r) Habatoganucb Npu cooTHowweHum 100:20, makcMmanbHble
notepu (1,22 r) — npwu 100:40. ONTUManbHbIM NPU3HAHO cOOTHOWeHue 100:25 (pH 5,90), npu
koTopom notepu coctasuam 0,40 r, a ocTaTouHOe coaepKaHue — 2,66 r. MNpn 3HauyeHuax pH ot
6,33 po 7,30 KoHueHTpauua ¢Topa crabunusmposanacb B npegenax 3,08-3,68 r. Mogenb
JKCMOHEHLMAZIbHOM perpeccMmn Mokasasa BbICOKyl cTerneHb Koppensauuun (R? = 0,9767).
CTaHAapTHOE OTK/IOHeHMe Bapbuposano oT +0,002 r ao +0,008 r. MoHbl B coctase KCB (SO4%:
48145 mr/n v CI™: 38116 mr/n) 3HaunTENbHO YCKOPAAU UcnapeHune ¢Topa. BbigeneHne HF-rasa
cnocobcTBOBaNo 3arpAsHeHUI0 atmocdepbl, 0AHaKO Npu cooTHoweHun 100:25 skonormyeckoe
BO34eiNcTBME BblN0 MUHMMAaNbHLIM. lonyyeHHble pe3ynbTaTbl COrNACYIOTCA C AUTEepPaTyPHbIMU
OaHHbIMM, YKa3blBaOWMMMN Ha AManasoH notepb ¢Topa ot 0,3 o 1,5 r. UccnepoBaHne BHOCUT
BKNAL B pa3paboTKy 3dpdeKTUBHbIX U 3KOMOTMYECKM 6e30nacHbIX NOAXOAO0B K yTUAM3aALUM
NPOMbILWNEHHbIX OTXOA0B.

Kntoueeble cnoea: noteps $¢Topa, 3HaueHne pH, MOHOMETPUYECKWI aHaM3, IKCNOHeHUMaNbHas
perpeccus, MUHepaan30BaHHasA Macca, KUC/ble CTOYHbIE BOAbI.
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