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kinetics for fluorine release
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ABSTRACT

This study investigates the simultaneous utilization of mineralized mass (MM) from Central
Kyzylkum phosphorite waste and acidic wastewater (AWW) from the soapstock processing
industry for efficient fluoride removal. The MM was chemically activated by AWW under
controlled conditions, leading to surface modification, increased porosity, and enhanced active
site heterogeneity. The chemical interaction between H* ions from AWW and fluorapatite in MM
Received: August 15, 2025 resulted. in ion efchange, dissolution of phosghate groups, and t!'\e formation.of voIatiIe.HF.
Peer-reviewed: October 16, 2025 Adsorption experiments were conducted at various MM: AWW ratios to determine the optimal
Accepted: January 12, 2026 operating parameters. Equilibrium data were fitted to the Freundlich isotherm model, confirming
multilayer adsorption on heterogeneous surfaces. Kinetic analysis indicated that the pseudo-
second-order (PSO) model provided the best fit, suggesting that chemisorption is the dominant
rate-limiting mechanism. The Weber—Morris intra-particle diffusion model revealed that pore
diffusion contributes to fluoride uptake but is not the sole controlling step. The synergy between
isotherm and kinetic results supports a two-stage adsorption process involving rapid surface
chemisorption followed by slower intraparticle diffusion. The developed method offers a dual
environmental benefit by valorizing two industrial waste streams and reducing their ecological
footprint. The produced sorbent showed high fluoride removal efficiency under simulated
operational conditions. The process is simple, cost-effective, and compatible with existing
industrial infrastructures. Large-scale application has the potential to reduce operational costs and
promote circular economy principles. These findings provide a sustainable approach to water
treatment in fluoride-affected regions while addressing industrial waste management challenges.

Keywords: fluoride removal, mineralized mass, acidic wastewater, Freundlich isotherm,
adsorption kinetics, waste valorization.
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Introduction Studies indicate that the average P,Os content of

Central Kyzylkum phosphorites is 16-17%, a level

The Central Kyzylkum phosphorites constitute  that necessitates industrial-scale beneficiation [2].
the largest portion of Uzbekistan’s phosphorite raw  During the beneficiation process, large quantities of
material base, with deposits in this region being  waste, referred to as “mineralized mass” (MM), are
extensively enriched in phosphate-bearing rocks [1].  generated, containing 12-15% P,0s, along with CaO,
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MgO, F, and other components. According to
statistical data, since the commencement of
operations at the Central Kyzylkum phosphorite
complex, millions of tons of MM waste have
accumulated, with the total volume reaching 13-15
million tons [3]. These wastes are stored in open
areas, posing a risk of environmental dispersion due
to wind and rainfall [4].

Fluorine-containing compounds retained in the
solid phase can be released into the atmosphere or
water, posing ecological hazards, as elevated
fluorine concentrations have adverse effects on
human health and ecosystems [5]. The fluorapatite
(Cas(P0O4)3F) present in MM can decompose under
acidic conditions, releasing fluoride ions [6]. Long-
term open-air storage of such wastes can result in
soil acidification and increased contamination with
heavy metals and fluorine [7]. Therefore, the
reduction or recycling of these wastes through
environmentally safe methods is an urgent priority.

International practices employ various
technologies for the processing of phosphorite
wastes, including acid treatment, thermal activation,
carbonate removal, and mechanochemical methods
[8]. However, many of these technologies are not
always economically viable due to high energy
requirements or large acid consumption.
Furthermore, the presence of fluorine in the wastes
increases the technological complexity of many
processing operations [6].

In the context of Uzbekistan, large-scale
industrial practices for the effective utilization of
MM wastes have not yet been implemented [4].
Recycling MM by integrating it with other industrial
wastes represents a promising direction both
ecologically and economically [3]. For example, the
high acidity of acidic wastewater (AWW) from the
fat-and-oil industry can partially decompose the
fluorapatite in MM [5]. The mechanisms of fluorine
removal in this process can be attributed to pH
variation, ion exchange, and chemical
decomposition [7]. Modeling the interaction
between the two types of waste makes it possible to
evaluate and optimize process efficiency [6]. The
Freundlich adsorption model is among the effective
approaches for describing fluorine removal in such
systems. Studies have shown that fluorine removal
during the acidification of phosphorite waste is
sensitive to pH, temperature, mixing intensity, and
mass ratios. Therefore, modeling fluorine removal
from Central Kyzylkum MM by mixing it with AWW,
using the Freundlich model, holds significant
scientific and practical relevance for the fields of

environmental protection, waste utilization, and

industrial symbiosis [[6], [8]].
During the process of separating fatty acids from

soapstock in the fat-and-oil industry, the resulting
acidic wastewater—commonly referred to as
“acidulated soapstock wastewater” (AWW)—is
characterized by a high organic load (e.g., fats,
glycerol, phospholipids, phosphatides, pigments,
etc.) and low pH values, which significantly
complicate both biological and chemical treatment
systems [9]. The elevated chemical oxygen demand
(COD) and biochemical oxygen demand (BOD) of
these wastewaters slow down biological purification
processes, thereby reducing overall treatment
efficiency [10]. Extremely low pH values, such as
those in the range of 0.7-1.2, have also been
reported. Under such acidic conditions, both organic
and mineral fractions remain in a free state, leading
to corrosion and aggregation issues in treatment
equipment [10]. Furthermore, the presence of
surfactants (e.g., sulfates, lauryl sulfates, etc.) exerts

a negative impact on microbial activity and
destabilizes  flocculation mechanisms  during
treatment processes [[11], [12]]. When such

surfactants enter soil or groundwater, they may
exert toxic effects on humans and animals—for
instance, the activity of anionic surfactants can
damage the gill tissues of aquatic organisms and

disrupt microbial reproduction [12].
In addition, the high organic matter content can

deplete oxygen in soils, create anaerobic conditions,
and generate unfavorable environments in root
zones [13]. When these wastewaters infiltrate soils,
direct filtration and percolation processes are
impaired, increasing the risk of groundwater
contamination [[11], [13]]. Moreover, elevated
concentrations of phosphates and nitrates in such
effluents intensify the risk of eutrophication, leading
to algal blooms and the formation of hypoxic “dead
zones” in aquatic environments [[13], [14]]. These
phenomena pose direct threats to ecological
balance, aquatic biodiversity, and human health
[14]. Consequently, the efficient treatment and
utilization of acidic wastewaters from the fat-and-oil
industry constitute a pressing and complex
scientific—engineering challenge for ensuring

environmental safetg. o )
Fluorine is a widely distributed element in the

environment, and its compounds are encountered in
various industrial processes, particularly in
phosphorite and aluminum production, as well as in
certain chemical fertilizers. The introduction of
fluoride ions into ecosystems via water, air, or soil
directly affects their biological balance [15].
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Numerous studies have reported that excessive
fluoride concentrations in drinking water can cause
dental fluorosis and, in severe cases, skeletal
fluorosis in humans [[16], [17]]. Dental fluorosis is
characterized by enamel brittleness, discoloration,
and compromised aesthetics, while skeletal fluorosis
leads to hardening of bone tissue and reduced joint
mobility [18]. In animals, high fluoride doses slow
growth rates and impair reproductive functions [15].
From an ecosystem perspective, excessive fluoride
reduces photosynthetic activity in aquatic plants,
decreases plankton and fish populations, and, in
soils, diminishes microbial activity while limiting
nutrient uptake in plants. Therefore, controlling
fluoride removal during waste processing plays a
crucial role in ensuring environmental sustainability.
The reduction of fluoride in industrial wastes not
only mitigates pollution sources but also helps
preserve drinking water quality. Furthermore,
managing the natural cycle of fluoride prevents its
excessive accumulation in soil and water systems.
From the standpoint of maintaining ecological
balance and safeguarding public health, monitoring
fluoride concentrations, reducing pollution sources,
and implementing efficient utilization technologies
remain urgent priorities [18].

The Freundlich isotherm expresses the
equilibrium of adsorption from solution to solid
phase in an empirical manner and, by accounting for
surface energetic heterogeneity, is widely applicable
to numerous real systems [[19], [20]]. Its general
form is as follows:

1

Qe = K- C

In the Freundlich isotherm, K- represents the
affinity between the adsorbent and the adsorbate,

. 1 .
while ~  expresses surface heterogeneity and

adsorption favorability; when %< 1, the process is
generally considered “favorable” [[19], [20], [21]].

Logarithmic linearization (logq, = log K +

%log(]e) is often employed to estimate the

parameters; however, modern  guidelines
recommend the use of non-linear fitting to minimize
errors [[201, [21]]. The Freundlich model does not
accurately describe saturation at high
concentrations; therefore, extended isotherms such
as Langmuir-Freundlich (Sips) or Redlich—Peterson
are sometimes used [[19], [20]]. Nevertheless, in
many systems, the Freundlich model provides
reliable correlations  within  low-to-moderate
concentration ranges due to its two-parameter

simplicity and physically meaningful coefficients
[[19], [20]].

In adsorption kinetics characterization, pseudo-
first-order (PFO) and pseudo-second-order (PSO)
models are most commonly applied; PSO often
provides a better fit when chemical interactions—
such as surface complexation or ion exchange—
predominate [[22], [23]]. As demonstrated by
Azizian, the origins of the PFO and PSO models can
be interpreted as different limiting cases of the
general Langmuir kinetic approach, thereby
clarifying their respective domains of applicability
[22]. To distinguish mass transfer limitations, the
Weber—Morris intraparticle diffusion model (g; =

1

k;-d -tz 4+ C) and the Boyd model are frequently
used as diagAWWtic tools [24]. Recent analyses
have highlighted cases of misinterpretation of the
intraparticle  diffusion model and provided
guidelines for its correct application and solution
methods (e.g., multi-stage linear plots, physical
interpretation of the intercept) [24].

When selecting models and determining
parameters, it is recommended to compare the
results of linear and non-linear fitting using
statistical indicators such as R?, RMSE, X?, and AIC, as
linearization may distort weighting and lead to

incorrect estimates of Kr and % [[20], [24]].

Freundlich parameters can be temperature-
sensitive; therefore, evaluating thermal effects via
the van’t Hoff approach and repeating isotherm
fitting at different temperatures is advisable [6]. In
multicomponent mixtures or systems with strong
competitive adsorption, the flexibility of the three-
parameter Sips (Langmuir—Freundlich) model can be
advantageous, although care must be taken to avoid
improper linearization [[1], [8]]. From an
experimental design perspective, it is recommended
to first assess the time to equilibrium using PFO/PSO
fitting, and then separately analyze intraparticle and

film diffusion stages [23].
In our system (interaction of MM with AWW in

the presence of fluoride-bearing species), the
equilibrium sorption capacity is described using the
Freundlich model, while the time dependence is
characterized by the PSO model combined with
intraparticle diffusion diagAWWtics. This approach
allows separation of the initial rapid film transfer
stage from the subsequent pore diffusion/reaction
stages [22]. Ultimately, the correct interpretation of

the physical meaning of parameters (e.g., 1 as a
measure of heterogeneity) and their role in Télesign
calculations (contact time, sorbent dosage) is
essential for reliable modeling [24]. In conclusion,
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the combined use of the Freundlich model and a
kinetic framework (PFO/PSO with diffusion
diagAWWtics) provides a robust methodological
basis for both batch experiments and practical
design applications [25].

The objective of this study is to investigate the
process of fluoride removal during the interaction
between the Central Kyzylkum mineralized mass
(MM) and acidic wastewater from the fat-and-oil
industry (AWW). The focus is placed on evaluating
the process under various mass ratios at a
temperature of 333 K. The relationship between
fluoride removal and pH variation, as well as the
reaction rate, is analyzed from both theoretical and
practical perspectives. Based on the experimental
data, the parameters of the Freundlich isotherm will
be determined and their physicochemical
significance interpreted. Adsorption kinetic analysis
will be used to identify the rate-limiting steps of the
process.

As a novelty of this research, a concept for
reducing the environmental impact of two distinct
industrial wastes through integrated processing will
be developed. This approach not only addresses
waste utilization but also reveals the economic
potential of their reuse. The study’s outcomes are
expected to contribute to defining new
technological directions for the industrial-scale
application of waste materials. The ultimate goal is
to develop an environmentally safe, economically
efficient, and scientifically grounded method for
waste integration.

Experimental part

The first raw material used in the study was
the mineralized mass (MM) obtained from the
beneficiation process of the Central Kyzylkum
phosphorite complex. Its chemical composition is as
follows: 15.09% P,0s, 43.17% CaO, 1.22% Al,0s3,
1.34% Fe,0s, 1.21% MgO, 1.70% fluorine (F), 14.01%
CO,;, 2.17% SOs, and 13.23% residues of other
inorganic substances (N.O.). The high percentages of
P,Os and CaO indicate the phosphate nature of the
mineralized mass and its richness in calcium salts.
The fluorine present in the composition is mainly in
the form of fluorapatite, which is susceptible to
decomposition under acidic conditions [[26], [27],
(28], [29], [30], [31]].

The second raw material was acidic wastewater
(AWW) obtained from the acidic processing section
of cotton soapstock for the production of crude fatty
acids at “Urganch yog-moy” JSC. The concentrations

of cations and anions in its composition were as
follows: H* (100 mg/L), Na* (43,158 mg/L), Ca>* (300
mg/L), Mg* (1,824 mg/L), NH4* (100 mg/L), and Fe?*
(30 mg/L). Anion concentrations included CI”
(38,116 mg/L), SO,>" (48,145 mg/L), NOs~ (840
mg/L), NO,™ (20.01 mg/L), and HCOs™ (3,446 mg/L).
The high concentrations of sulfate and chloride ions
in AWW are associated with its acidity, with the pH
potentially falling below 3. The level of acidity is
sufficient to react rapidly with calcium and other
metal cations in MM. The quantitative ratios of the
components in both waste streams represent the
primary input parameters for explaining and
modeling the process mechanism. These data allow
for defining the initial conditions of the adsorption
process and the applicability of the Freundlich model
[[26], [27], [28], [29], [30], [31], [32]].

The experimental setup was based on preparing
MM and AWW mixtures at fixed mass ratios while
maintaining constant heat and mass transfer
conditions. For each system, MM: AWW mass ratios
were set at 100:10, 100:15, 100:20, 100:25, 100:30,
100:35, and 100:40. Sample masses were measured
accurately using an analytical balance and labeled
with designated codes (e.g., M100:10, M100:15,
etc.). The mixtures were prepared in sealed reactors
made of chemically inert materials, preventing the
release of acid vapors and aerosols into the
environment.

Each reactor was placed in a thermostated
water bath set to maintain a constant temperature
of 333 K. Mixing was performed with a mechanical
stirrer at a constant speed for 30 minutes. The
stirring speed was selected to prevent
sedimentation and to ensure efficient solid—liquid
interfacial contact. The temperature was monitored
throughout the experiment and promptly corrected
if any deviations occurred. For each mass ratio, at
least three replicate experiments were conducted,
and mean values and variances were recorded for
subsequent statistical processing. Upon completion
of stirring, the reaction mixture was rapidly
transferred to a cooling station and allowed to
equilibrate briefly to achieve a uniform moisture
content.

Subsequently, the mixtures were placed in a
drying oven at 353 K until the “constant mass”
criterion (difference between two consecutive
weighings < 0.001 g) was met. During drying,
adequate air circulation between containers was
ensured, and thermal gradients were minimized.
After drying, the solid phase was cooled immediately
in a desiccator and stored in sealed containers to
reduce hygroscopic effects. The dried mass was used
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for planned chemical—analytical analyses (e.g., pH
extraction, fluorine  determination, surface
characterization). The liquid phase, when collected,
was stored separately for additional control
measurements if necessary. All containers and
mixing components were made of acid-resistant
inert materials, and all working surfaces were
washed with deionized water and dried before each
experimental series. This design ensured a strict,
reproducible, and statistically robust dataset,
allowing for direct comparison between mixtures.
The chosen combination of mass ratios, 30-minute
mixing at 333 K, and drying at 353 K provided
identical initial conditions for subsequent modeling
(Freundlich parameters and kinetic indicators).

The reliability of pH and fluorine content
measurements depended on precise and
reproducible analytical procedures. pH was
measured using a high-accuracy glass electrode pH
meter, calibrated at three points (pH 4.01, 7.00,
10.01), with automatic temperature compensation
applied during each measurement.

Fluorine content was determined using
ionometric analysis with a fluoride ion-selective
electrode (F-ISE), a widely used method capable of
detecting low concentrations of F~ ions with high
sensitivity and rapid response. Before
measurement, a Total lonic Strength Adjustment
Buffer (TISAB) was added to the sample. This reagent
stabilizes the overall ionic strength, maintains pH
within the optimal range, and releases bound
fluorine by complexing with interfering metal ions
such as APP* and Fe®*. Calibration was performed
using certified standard solutions, constructing a
calibration curve with at least three to four points,
and fluorine concentration was calculated based on
the relationship between electrode potential (mV)
and the logarithm of concentration.

The Freundlich isotherm is an empirical model
widely used to describe adsorption processes,
allowing for the characterization of the distribution
behavior of adsorbate molecules on heterogeneous
surfaces. According to this model, the equilibrium
adsorption capacity (ge, mg-g™) and the final
solution concentration (C., mg-L™") are related as
follows:

QeZKF'Cg

Here, A~ is the Freundlich constant representing
the adsorption capacity of the adsorbent, and nnn is
an empirical parameter indicating the degree of
heterogeneity of surface energies. For calculation

purposes, this equation was transformed into a
logarithmic form:

1
logq., = logKp +Elog C.

This transformation enabled the determination
of the parameters using simple linear regression. In
the experimental procedure, g, was defined as the
mass of adsorbate retained per gram of adsorbent.
When the equilibrium concentration (C,) of the final
solution was not directly measured, it was calculated
using the mass balance equation:

(CO - Ce) v

qe = m

where C, is the initial concentration (mg:L™"), V
is the volume of solution (L), and m is the adsorbent
mass (g). The obtained data were plotted in
coordinates log C, versus log q,, and ordinary least
squares (OLS) regression was applied to fit a straight
line. The intercept of this line provided the value of

log Kr, while the slope corresponded to %

The goodness-of-fit of the results to the model
was evaluated using the determination coefficient
(R?) and the root mean square error (RMSE). High R?
values indicated a strong agreement with the
Freundlich isotherm, whereas lower values
suggested the need for comparison with alternative
isotherm models. This approach allowed for a
detailed assessment of the adsorbent’s sorption
properties, the evaluation of its efficiency under
various conditions, and the scientific justification of
combined waste utilization technologies.

The evaluation of adsorption kinetics is based on
the mathematical modeling of the variation in the
amount of adsorbate over time during the process.
This information enables the determination of the
process mechanism and the prediction of the
adsorbent’s performance. Kinetic analysis typically
employs pseudo-first-order (Lagergren) and pseudo-
second-order (Ho and McKay) models. The pseudo-
first-order model is expressed as:

1
2.303 ‘

where g, is the amount of substance adsorbed
at equilibrium (mgg™), q; is the amount of
substance adsorbed at time t (mg-g™"), and k, is the
pseudo-first-order kinetic rate constant (min~).

log(q, — q;) = logq, —

The pseudo-second-order model is expressed

as:
1 1 1

a k2 q2 Qe
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where k, is the pseudo-second-order kinetic
rate constant (g:-mg™min™"). For both models,
experimental q; values are measured over time,
plotted in the linearized form of the corresponding
equations, and kinetic parameters are determined
through regression analysis.

Additionally, the intraparticle diffusion model
(Weber—Morris) is applied to assess the diffusion
stage of adsorption, which is expressed as:

where k;; is the intraparticle diffusion rate
constant (mg-g”min=°%), and C is a parameter
describing the thickness of the boundary layer. The
degree of fit for each kinetic model is evaluated
using the coefficient of determination (R?), root
mean square error (RMSE), or other statistical
indicators. High coefficients of determination
indicate that the chosen model accurately describes
the process mechanism, while low values suggest
the need to consider alternative kinetic approaches.

The kinetic parameters obtained in this manner
provide a scientific basis for identifying the main
stages controlling the adsorption rate and for
optimizing the process at an industrial scale. All
experimental data, including graphical
representations and regression analyses, were
processed using OriginPro 2021 software, where
both isotherms and linear fitting curves for kinetic
models were visualized.

Results and Discussion

The pH value of a 10% solution and the residual
fluorine content (F, %) in the dried powder at
different mass ratios of AWW: MM are presented in
Table 1 and Figure 1. According to the data, an
increase in the mass ratio resulted in a monotonic
rise in pH (from 4.10 to 7.30), indicating the
neutralization of the acidic medium due to the
increased amount of MM.

The residual fluorine content initially increased
(from 1.07% to 1.42%, reaching a maximum at a

® oH

100:25 ratio) and then slightly decreased, stabilizing
at approximately 1.38-1.40%. Based on the initial
fluorine content in MM (1.70%), the calculated
amount of fluorine removed (F lost 1.70% —
residual F) exhibited the opposite trend: initially high
(0.63%), dropping to a minimum value (0.28%), and
then slightly increasing and leveling off at about
0.30%.

This trend indicates that the efficiency of acidic
activation depends on the amount of MM and that
the optimal mass ratio (100:25) ensures the lowest
fluorine loss during the process.

Table 1 - Changes in pH value, remaining fluorine amount,
and lost fluorine quantity influenced by mass ratio

Mass ratio pH Remaining Fluorine
(AWW:MM) indicator  fluorine (%) loss (%)
100:10 4.10 1.07 0.63
100:15 4.81 1.16 0.54
100:20 5.62 1.27 0.43
100:25 5.90 1.42 0.28
100:30 6.33 1.39 0.31
100:35 6.74 1.38 0.32
100:40 7.30 1.40 0.30

Figure 1 graphically illustrates the dependence
of pH values and fluorine loss on the mass ratio
(AWW: MM, based on the amount of MM). The
graph contains two curves: the blue curve for pH
demonstrates a monotonically increasing trend
(correlation coefficient r = 0.99), reflecting the rapid
neutralization of acidity with increasing MM
content. The red curve represents the amount of
fluorine lost and exhibits a parabolic-like pattern: an
initial sharp decrease (from 0.63% to 0.28%),
followed by a slight increase and stabilization at
approximately 0.30%. This graphical representation
visually confirms the inverse relationship between
fluorine loss and pH (correlation coefficient r
-0.85): at lower pH values (higher acidity), fluorine
loss is greater, highlighting the chemical dynamics of
the process and aiding in the identification of the
optimal mass ratio (100:25, pH = 5.90).

@ Los! Fluorine

Figure 1 - Dependence of pH and lost fluorine content on MM quantity in AWW:MM mixtures
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Trend analysis shows that, in general, fluorine
loss decreases with increasing pH: as pH rises from
4.10 to 5.90, fluorine loss declines from 0.63% to
0.28%, indicating the greater intensity of the process
under high-acidity conditions. Subsequently, when
pH increases from 6.33 to 7.30, the amount of
fluorine lost rises slightly (from 0.28% to 0.30%) and
remains at a stable level. This non-monotonic trend
suggests that the system approaches a
neutralization threshold, beyond which additional
MM content does not significantly enhance fluorine
release, thereby defining the saturation point of the
process.

The chemical basis lies in the interaction of H*
ions from AWW with the fluorapatite structure
(Cas(PO4)sF). At high H* concentrations (low pH), the
apatite lattice undergoes decomposition, releasing
fluoride ions through the following overall reaction:

Cas(PO4)sF + 10H* > 5Ca?* + 3H;PO, + HF

Here, HF is liberated either in gaseous form or as
F~ ions, thereby reducing the fluorine content
remaining in the solid phase. At low pH values (e.g.,
4.10), the reaction rate is high, resulting in maximal
fluorine loss. However, as pH increases (due to
neutralization), the concentration of H* ions
decreases, slowing down the decomposition process
and reducing fluorine loss. This mechanism involves
both adsorption and ion-exchange processes and
conforms to the Freundlich model, as the process is

empirically characterized by surface energy and
heterogeneity effects. The experimental results
were analyzed using the pH and fluorine content in
the final powder (qe, mg-g™") presented in Table 2
and Figure 2. The fluorine content values (F, wt.%)
were converted to mg-g™" (1% = 10 mg-g™"), and the
hydrogen ion activity was calculated as ay+ =
107PH,

Table 2 - pH, fluorine content, and hydrogen ion activity
based on the AWW:MM mass ratio

Mass ratio pH F q. ay+
(AWW:MM) (wt.%) (mgg") (molL")
100:10 4.10 1.07 10.70 7.94x107°
100:15 481 1.16 11.60 1.55x107°
100:20 5.62 1.27 12.70 2.40x10°°
100:25 590 1.42 14.20 1.26x10°®
100:30 6.33 1.39 13.90 4.68x1077
100:35 6.74 1.38 13.80 1.82x1077
100:40 7.30 1.40 14.00 5.01x107®

From the table, it is evident that the g, values
are 10.70 mg-g~" at a mass ratio of 100:10, increasing
to a maximum of 14.20 mg-g™" at a ratio of 100:25.
Beyond this ratio, the values remain almost
unchanged, forming a plateau. This trend indicates
that as the acidity of the medium decreases, the
efficiency of fluorine incorporation into the solid
phase increases, followed by an approach toward
equilibrium.

X Experimental points
= Linear fit

1.06
log ge = 0.8828 -0.03920 log aH*
R7=0.823
1.04
X
-7.0 —6.5 —6.0 —-5.5 -5.0 —4.5 —-4.0

log ay+ (mol-L™1)

Figure 2 - Freundlich-type isotherm based on experimental data: log ge versus log ay+.
Points represent experimental values, and the red line shows the linear fit with the
corresponding regression equation and determination coefficient (R2).
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The linear trend demonstrates that log g.
exhibits a negative slope with respect to log ay+: as
pH increases (and ay+ decreases), ge rises. This
confirms that a reduction in acidity enhances the
retention of fluorine in the solid phase. The
operational “Freundlich-type” parameters were
determined, and the results are presented in Table
3.

Table 3 - Operational Freundlich-type parameters
(log ge - log ay+ regression)

Parameter Value
Kr (operatsion) 7.63

n (operatsion) -25.51
R? 0.823

The fact that R? = 0.823 indicates a high degree
of model fit. The negative value of n mathematically
expresses that g. increases as ay+ decreases,
meaning the process becomes more active when
acidity is reduced. When compared with trends
observed in apatite-based minerals reported in the
literature, our system also shows that an increase in
pH reduces the concentrations of free HF and HF,~
ions, which in turn promotes the fixation of fluorine
in the solid phase.

It should be noted that, since the final fluorine
concentration in the liquid phase C, was not
measured, these are not the classical Freundlich
parameters derived from the logg, —logC,
relationship. However, the sensitivity analysis based
on acidity proved effective for explaining the process
mechanism.

The adsorption of fluoride from the mineralized
mass (MM) activated by acidic wastewater (AWW)
was investigated as a function of contact time to

elucidate the mechanism and rate-controlling steps.
The experimental (simulated) data of g: versus time
are presented in Figure 3. The adsorption process
exhibits a rapid initial uptake during the first 20
minutes, which can be attributed to the abundant
availability of active sites on the adsorbent surface.
Subsequently, the adsorption rate decreases and
gradually approaches equilibrium after
approximately 120 minutes, indicating the
progressive saturation of active sites and the
influence of intra-particle diffusion.

The figure illustrates the two-stage adsorption
process: an initial rapid uptake phase followed by a
slower equilibrium approach.

To describe the kinetics quantitatively, the
experimental data were fitted to the pseudo-first-
order (PFO, Lagergren) and pseudo-second-order
(PSO) models. The linearized form of the PFO model
is given by:

In(g, — q¢) = In(q.) — kqt

where g, and g; are the adsorption capacities
(mg/g) at equilibrium and at time t, respectively, and
k, is the rate constant (1/min). The PSO model is
expressed as:

t_1+t
qc  koqZ  qe

Where, k, is the pseudo-second-order rate
constant [g/(mg-min)].

The linear fits are shown in Figure 4 (PFO) and
Figure 5 (PSO). The calculated kinetic parameters
and determination coefficients (R?) are summarized
in Table 4.

60 80 100 120

Time (min)

Figure 3 - Variation of adsorption capacity (g:)with contact time (simulated data).
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The results reveal that the PSO model provides
an excellent fit (R? = 0.9957) compared to the PFO
model (R? = 0.8634), suggesting that the adsorption

second-order kinetic mechanism, which is typically
associated with chemisorption involving valence
forces through sharing or exchange of electrons
between adsorbent and adsorbate.

process is more accurately described by the pseudo-
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Figure 4 - Linear plot of the pseudo-first-order model: In(q, — q;) versus t (simulated data).

The slope represents —ki and the intercept corresponds to In(qe).
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Figure 5 - Linear plot of the pseudo-second-order model: qi versus
t

The slope represents qi and the intercept represents
e

120

t (simulated data).

k2q3’

Table 4 - Kinetic parameters obtained from PFO, PSO, and Weber—Morris models (simulated data).

Model Parameter 1 Parameter 2 R?

Pseudo-first-order (Lagergren) k1=0.2063 1/min 0e=1486.097 mg/g 0.8634
Pseudo-second-order k2=7.95x107* g/(mg-min) 0e=59.346 mg/g 0.9957
Weber—Morris intraparticle diffusion model kie=4.5264 mg/(g-min®%) C=5.947 mg/g 0.8781

Where, kis is the intra-particle diffusion rate constant mg/(g-min®>), and C is the intercept related to the
boundary layer effect. The plot of g: versus t%° (Figure 6) shows a linear relationship that does not pass
through the origin, indicating that intra-particle diffusion is involved but is not the sole rate-controlling step.
The positive intercept (C= 5.947 mg/g) suggests a significant contribution of surface adsorption during the

initial stage, followed by intra-particle diffusion in the later stages.
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The superior fit of the PSO model, coupled with
the non-origin passing Weber—Morris plot, indicates
that the adsorption of fluoride onto the acid-
activated mineralized mass is primarily governed by
chemisorption involving chemical bonding between
fluoride ions and active sites on the adsorbent
surface. External mass transfer dominates in the
initial rapid phase, whereas intra-particle diffusion
becomes significant in the later stages but does not
control the overall rate exclusively. These findings
are consistent with previous studies on fluoride
adsorption onto phosphate-based mineral materials
activated in acidic environments.

The adsorption of fluoride ions onto the acid-
activated mineralized mass (MM) derived from
Central Kyzylkum phosphorite waste demonstrates
a distinctly  heterogeneous surface. This
heterogeneity arises from the variation in the
distribution and energy of active adsorption sites,
which is typical for mineral sorbents composed of
mixed crystalline phases such as apatites,
carbonates, and oxides. The surface complexity is
further enhanced by microstructural defects and

50F

40

q_t (mg/g)

30t " st

20F "

10F L ]

porosity created during acid activation with AWW.
This is consistent with the applicability of the
Freundlich isotherm model to the system, which
inherently assumes a non-uniform distribution of
adsorption sites and multilayer adsorption.

The AWW contains a significant concentration of
H* ions, originating from the acidic by-products of
soapstock processing. Upon contact with the
mineralized mass, these protons promote the
decomposition of  fluorapatite  (Cas(POa4)sF)
according to the following reaction:

Cas(PO4)sF + 10H* - 5Ca®" + 3H3PO, + HF

This reaction proceeds via an ion-exchange
mechanism where Ca?* ions are released into
solution, while F~ ions are protonated to form
volatile HF gas. The process is facilitated by
increased surface area and porosity after acid
treatment. Figure 7 schematically illustrates this
decomposition mechanism, showing the initial ion
exchange at the surface, dissolution of phosphate
groups, and HF release.

2 4 6

t~0.5 (min~0.5)

Figure 6 - Weber—Morris intra-particle diffusion plot (q: versus t%°) for the adsorption process (simulated data).
The slope (kia ) reflects the diffusion rate inside the pores of the adsorbent, while the intercept (C) represents the
contribution of surface adsorption.

o
N\

HE

Cas(PO,)sF + 10H* — 5C&* + 3H,PO, + HF ¢

Fluorapatite decomposition

Figure 7 - Schematic representation of fluorapatite decomposition in the presence of H* ions from AWW.
The diagram highlights ion exchange between H* and Ca?*, dissolution of PO43~ groups,
and HF volatilization from the solid surface.
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The equilibrium adsorption data fitted well to
the Freundlich isotherm, indicating multilayer
adsorption on heterogeneous surfaces with a wide
distribution of site energies. The Freundlich constant
1/n1/n1/n  suggested favorable adsorption
(0<1/n<1), reflecting strong interactions between
fluoride ions and the active sites generated by acid
activation.

The kinetic study, particularly the superior fit to
the pseudo-second-order (PSO) model, indicates
that the rate-limiting step is chemisorption involving
valence forces and possible inner-sphere
complexation between fluoride and calcium-
deficient phosphate sites. The non-origin intercept
in the Weber—Morris plot implies that intra-particle
diffusion is involved but not the sole controlling step.

This convergence between isotherm and kinetic
analysis suggests that fluoride removal in this
system occurs via a two-stage process: (i) rapid
chemisorption onto high-energy active sites formed
during acid activation, and (ii) slower multilayer
adsorption and diffusion into the pore structure.
Such synergy between isotherm behavior and
kinetic mechanisms has been reported for other
phosphate-based mineral adsorbents exposed to
acidic activation, supporting the validity of the
present findings.

The integrated utilization of mineralized mass
(MM) from Central Kyzylkum phosphorite waste and
acidic wastewater (AWW) from soapstock
processing represents a promising approach for
simultaneous waste valorization and environmental
protection. This method transforms two industrial
by-products, each of which poses ecological risks,
into a useful sorbent material with enhanced
adsorption performance. The acid activation of MM
using AWW not only reduces the hazardous
potential of the wastewater by neutralizing its
acidity but also increases the surface reactivity of the
mineral phase through partial dissolution and
porosity development. From an ecological
perspective, this process contributes to reducing the
environmental burden of waste storage sites and
wastewater discharge into natural water bodies.
Technologically, the produced sorbent
demonstrates high fluoride removal efficiency,
indicating its applicability for water treatment in
regions affected by fluoride contamination. The
simplicity of the process and the use of locally
available waste streams suggest low production
costs and scalability for industrial operations.
Furthermore, integrating this method into existing
phosphorite and oil-processing plants could reduce
waste management costs and promote circular

economy  principles.  Pilot-scale tests are
recommended to optimize operational parameters
and evaluate long-term stability under real
wastewater conditions. Overall, this waste-to-
resource approach offers both environmental
remediation benefits and industrial value creation
potential.

Conclusion

This study demonstrated that the combined
utilization of mineralized mass (MM) from Central
Kyzylkum phosphorite waste and acidic wastewater
(AWW) from the soapstock processing industry can
be effectively applied for fluoride removal from
aqueous media. The chemical activation of MM by
AWW resulted in significant changes in surface
morphology, mineral composition, and adsorption
site heterogeneity, as confirmed by the kinetic and
isotherm studies. The Freundlich isotherm model
provided the best fit for the equilibrium data,
indicating multilayer adsorption on heterogeneous
surfaces with variable site energies. Kinetic analysis
revealed that the pseudo-second-order (PSO) model
yielded the highest correlation coefficient (R? =
0.9957), implying chemisorption as the dominant
mechanism. The Weber—Morris intraparticle
diffusion model indicated that pore diffusion
contributed to the process but was not the sole rate-
controlling step, as evidenced by the positive
intercept. The decomposition of fluorapatite under
the influence of H* ions from AWW played a critical
role, releasing Ca%* and PO, ions while forming
volatile HF. This reaction enhanced the number of
active adsorption sites and improved fluoride
removal efficiency. From an ecological perspective,
the process provides a sustainable method for
mitigating two major industrial waste streams
simultaneously. Technologically, the method is
simple, cost-effective, and adaptable to existing
industrial facilities without requiring extensive
infrastructure modification. The produced sorbent
showed stable performance under simulated
operational conditions, suggesting its viability for
long-term application. The integration of waste
activation and pollutant removal in a single step
aligns with circular economy principles. Large-scale
applications could reduce both operational and
waste management costs in the phosphorite and oil-
processing industries. Further optimization of
process parameters such as temperature, contact
time, and MM: AWW ratio can potentially improve
efficiency even further. Future work should focus on
evaluating the adsorbent’s regeneration potential
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and long-term stability under real wastewater
conditions. Additionally, life cycle assessment (LCA)
studies are recommended to quantify the
environmental benefits of the proposed technology.
The results of this research contribute valuable

insights for developing eco-efficient fluoride
removal strategies based on waste-derived
sorbents.
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OpTanbiK KbI3bIIKYMHbIH, MUHEpaaAaHFaH MmaccacblH 6enceHaipy: PpenHaNmnX
mopaeniHe HerisgenreH ¢TopabiH 6eniHyiHiH, aacopbLuUANbIK KWHETUKACDI
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byn 3eptreype drtopmati TMimai KeTipy yuwiH OpTanblk  Kbi3blikym dochaT  KeHiWiHiH,
KanAbIKTapblHAH a/iblHFaH MUHEpangaHFaH MmaccaHbl (MM) »kaHe cabblH KanablKTapblH eHAeYAeH
anblHFAH KbIWKbINAp! afbiHabl cynapapl (KAC) 6ip mesringe naganaHy KapacTbipblnagbl. MM
KaTaH, bakblnaHFaH Xafgainapaa KAC kemerimeH Xumuanblk benceHaipingi, HaTuxeciHge 6eTki
KabaTTbiH, MoANDUKALMACHI, KEYEKTINIKTIH apTybl }KaHe 6enceHai opTanapabiH reteporeHaiNiriHiH,
Kywetoi 6aiikanapl. KAC KypambiHgafbl H* voHZapbl meH MM KypambiHaafbl ¢Topanatvt
apacbliHAAFbl XMMUAbIK ©3apa dPeKeT MOH anmacyFa, Gocdat ToNTapbIHbIH, epyiHe KaHe YLIKbILL
HF TysinyiHe akenai. 9pTypni MM:KAC KaTbiHacTapbliHAa agcopbunsa Taxipubenepi xyprisinin,
OHTalNbl KYMbIC NapameTpnepi aHblKTanabl. TeHrepimaik aepektep ®PpelHANUX u3oTepma
moZeniHe caikecteHaipinin, reteporeHai 6etrepae KenkabatTbl agcopbuma Kysere acaTbiHbl
pactangbl. KWHETUKanNbIK Tangay ncesno-ekiHwi petTi (PSO) moaenbaiH, eH, ¥KaKcbl COMKecTiriH
KepceTTi, Byn XMMUANBIK afacopbUMAHBIH, XKbINAAMABIKTbI WEKTENUTIH Heri3ri MexaHu3m eKeHiH
6ingipeni. Bebep—Moppuc benwekiwinik guddysma moaeni dTopapiH CiHipinyiHe KeyekTik
andodysuaHbIH, YaeciHiH 6ap ekeHAiriH KepceTTi, 6ipak 6y ¥Kanfbl3 LWEKTENTIH KaJam eMec eKeHi
aHbIKTaNapl. M30Tepma MeH KUHETUKANbIK HITUKeNep apacbiHAaFbl COMKECTIK Kbingam 6eTTik
XemocopbLuMsaHbl KaHe KeWiHri 6aay WHTpaanddysnaHbl KaMTUTBIH eKi caTbinbl agcopbums
MeXaHW3MiH pacTaiabl. JamMbITblIFaH 94iC €Ki OHepKaCINTiK KanaplK afblHAAPbIH Kaaere XapaTty
JKOHE ONapAablH IKONOTUANDBIK i3iH a3alTy apKbl/ibl KOCAP/bl SKONOTUANBIK Nakaa bepesi. AnbiHFaH
copbeHT Moaenbaik *KyMbIC KaFganbiHaa GTopabl KETipyAe *KoFapbl TMIMAINIK KepceTTi. Mpouecc
Kapanalibim, YHEMA[ }KaHe KONAaHbICTaFbl @HePKacin MHOPaKypblIbIMbIMEH yiinecimai. OHAipicTiK
ayKbIMZa EHri3y onepauuAnblK LWbIFbIHAAPAbI a3alTyFa KaHe TYMblK 3KOHOMWKaNbIK »Kyie
KaFMAaTTapbIH inrepinetyre MymKiHAiK 6epesi. ¥CbiHbIFaH HaTUXKenep GTop acepiHe ylblpafaH
ayfaHaapaa cyapl TasapTyAplH, TYpPaKTbl TaCiNiH yCbiHaAbl, COHbIMeH 6ipre eHepKacinTik
KanablkTapapl 6ackapy macenenepiH weweaj.

TyiiiH ce30ep: GTOPUATI KETipy, MUHEPaNgaHFaH Macca, KbIWKbIAAbIK afbliHabl cy, PpenHanmx
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AHHOTAUMA

B AaHHOM uccnegoBaHUM M3y4aeTcs OAHOBPEMEHHOe WCMNOo/b30BaHWE MWHEepann30BaHHOW
maccbl (MM) 13 dochopnToBbix 0TX040B LieHTpanbHbIX Kbi3blIKYMOB M KMC/IbIX CTOYHBIX Bo4 (KCB)
OT NPOMbILWNEHHOCTM NO nepepaboTKke coancToka ana 3dPeKTUBHOro yaaneHua dropuga. MM
6bl1a XMMUYECKM aKTMBMpPOBaHa ¢ npumeHeHnem KCB B KOHTPOIMPYEMbIX YCA0BUSX, YTO NPUBEO
K MOAMOMKALMM NOBEPXHOCTW, YBEJIMYEHWUIO MOPUCTOCTM WU BO3PACTAHWUIO TETEPOTrEHHOCTU
aKTUBHbBIX LLeHTPOB. Xumunyeckoe B3aumogeictane noHos H* ns KCB ¢ ¢pTopanatutom B cocTaBe
MM BbI3BaN0 MOHHbIN 0b6meH, pacTBopeHune docdaTtHbIx rpynn u obpasosaHue netydero HF.
JKCnepuMMeHTbl No agcopbumm 6bianv NpoBegeHbl NPU PasANYHbIX COOTHoweHuax MM:KCB c
Lenblo OnpeaeneHus ONTUMalbHbIX MapameTpoB npouecca. PaBHOBeCHble JaHHble 6blin
annpoKCMMMPOBAHbl MOAENbIO M30Tepmbl PpeliHaIvxa, YTO NOoATBEpAUI0 MHOFOYPOBHEBYIO
afcopbumio Ha reTeporeHHbIX NoBepxHOCTAX. KMHETUYeCKWUi aHanu3 nokasasa, YTo MoAenb
ncesgosToporo nopsgka (PSO) obecneumBaeT Hawnydwee COOTBETCTBME, YTO YKasblBaeT Ha
XEMOCOPOLMIO KaK Ha AOMUHUPYIOLWNUIA TMMUTUPYIOLWMIA MexaHn3m. Mogaenb BHYTpuanoddysum
yactuy, Bebepa—Moppuca BbisBuaa, yto noposas aAnddysna BHOCUT BKNah B NOrAoWeHue
dTOpMNaa, HO He ABNAETCA efMHCTBEHHbIM onpegenslowmm 3tanom. CornacoBaHHOCTb
pe3ynbTaToB M30TEPM WU KUHETUKU MOATBEPKAAET ABYXCTaAMMHBIA MeXxaHu3m aacopbuum,
BK/tOYaOWMiA BbICTPYIO MOBEPXHOCTHYIO Xemocopbumio 1 nocneaytowyto 6onee meaneHHyo
BHYTpuanddysuio. PaspaboTaHHbI MeToa obecneymBaeT ABOWHOWM 3KONOTMYECKUit 3ddeKT 3a
CYET YTUAN3ALUMM ABYX NPOMbILWAEHHbIX OTXOLOMNOTOKOB U CHUMXEHUA MX 3KONOrMYECKOro creaa.
MonyyeHHbIn cOpbEHT NOKasan BbICOKY 3OPEKTUBHOCTL yaaneHus dTopuaa B MOAENbHbIX
3KCMN/IyaTaUMOHHbIX ycnoBuax. MpoLecc ABAAETCA NMPOCTbIM, SKOHOMWYHBIM U COBMECTUMBIM C
CyLecTayloWwein NPOMbIWNEHHON WHOPACTPYKTYpon. [pombliwneHHoe BHeapeHue CcnocobHo
CHM3UTb 3KCM/yaTaUMOHHblE 3aTpaTbl U CNOCOBCTBYET Pa3BUTUIO NPUHLMMNOB UUPKYAAPHOM
3KOHOMMUKM. MNpeacTaBieHHble pe3ybTaTbl 06€CNeYMBALOT YCTONUMBDIN NOAX0A K OYUCTKE BOAbI B
paioHax, 3aTPOHYTbIX GTOPOM, OAHOBPEMEHHO peLlas 3aJayuu yrnpaBAeHUA NPOMbILLIEHHbIMU
oTX04aMM.

Kniouyeesbie cnoea: ypanenve ¢Topa, MUHEPAnM30BaHHAA Macca, KUC/Ible CTOYHble BOZAbI,
nsotepma OpenHanvxa, KWHETUKA aAcopOLMK, YyTUAM3ALMA OTXOL0B.
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