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ABSTRACT

This article investigates the reduction behavior of calcium oxide (CaO) content in mixtures of
mineralized mass (MM) from Central Kyzylkum phosphorite and acidic wastewater (AWW) from
the oil and fat industry, using experimental data and a mathematical approach. The study was
conducted at 60°C, with the AWW: MM ratio varying from 100:10 to 100:40. The CaO content in
each mixture was determined and analysed in terms of its mass ratio. Results demonstrated a
systematic decrease in CaO content with an increasing proportion of MM. The initial rate of
decline was rapid and then gradually slowed. An exponential decay model was employed and
characterized by parameters. A first-order differential equation was applied and refined using
experimental data. The initial value and decay constant were found to be Co = 67.39 and k =
0.0401, respectively. The resulting exponential equation showed a high degree of correlation
with experimental points (R? = 0.98). This study offers a structured evaluation of CaO behavior in
complex systems through mathematical modeling, which can be used to control processes in real
technological conditions. The modeling outcomes may serve as a methodological basis for
developing kinetic models involving other ions and components in future research.
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Introduction

Such wastewaters degrade very slowly in nature. In
most cases, they are discharged directly into

Acidic wastewater generated during processing
operations in the oil and fat industry represents
one of the most pressing environmental issues
today. In particular, wastewater produced during
the separation and refining of soapstock contains
high concentrations of ions such as H*, SO4%-, CI-,
Na*, and Mg?*. These chemically aggressive
components significantly disrupt the pH balance in
aquatic environments [[1], [2], [3], [4], [5]]-

This leads to severe damage to natural
ecological systems. It negatively impacts the quality
of groundwater. It disrupts the microbiology of
soils. It reduces biodiversity [[6], [7]]. It also
destabilizes the food chain and natural biocycles.

surface water bodies. This dramatically increases
environmental risk. Industrial facilities often release
these wastes without treatment [[8], [9], [10], [11]].

Such practices contradict global environmental
protection standards. Especially when the
wastewater has a pH below 4, the high acid load
makes neutralization  absolutely  essential.
Neutralization is the chemical conversion of
harmful acidic components into stable,
environmentally safe forms. It is a crucial step in
ensuring ecological safety in industrial processes.
When selecting neutralizing agents, several criteria
must be considered. Economic viability,
environmental safety, technological compatibility,
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and local availability are key among them [[12],
[13], [14], [15], [16]].

Considering these factors, this study selected
the mineralized mass derived from the Central
Kyzylkum Phosphorite Complex as the neutralizing
material. This material is an industrial byproduct
from phosphorite processing. It contains chemically
active oxides such as CaO, MgO, Al,Os, and SiO..
These oxides can react with acidic ions. The
material is natural, locally sourced, cost-effective,
and environmentally safe. It exists in large
guantities as a byproduct and is typically unused
[[13], [14], [15], [16], [17]].

Utilizing it for neutralization offers dual
benefits. First, it helps detoxify acidic industrial
wastewater. Second, it enables the reuse of
industrial mineral waste. This approach aligns with
the concept of waste-from-waste technology.
Additionally, the Central Kyzylkum mineralized
mass demonstrates stable neutralizing behavior
against a variety of ionic contaminants [18]. It
performs consistently under mechanical mixing and
elevated temperature conditions. It does not
generate toxic byproducts, forming inert residues
instead. Previous studies have not sufficiently
evaluated this material's potential. Its kinetic
behavior and consumption rate in neutralization
processes have not been thoroughly analyzed [[19],

[20], [21]]. _
Most earlier studies rely on laboratory

observations without theoretical modeling. This
limits their applicability in real industrial scenarios.
Therefore, the present research focuses on
assessing this material's efficiency in neutralizing
real acidic wastewater. Samples of acidic
wastewater were treated with varying doses of
mineralized mass [[13], [14]]. The decrease in CaO
concentration during treatment was analyzed.
Neutralization efficiency and reagent consumption
were evaluated [[22], [23]]. From a practical
perspective, this approach aids in optimizing

reagent dosage. It also allows for analysis of how
waste composition affects neutralization. The
results guide industrial applications. The findings
help establish a technological basis for achieving
regulatory compliance in wastewater treatment. In
essence, this study offers an effective, sustainable,
and economically feasible solution for neutralizing
acidic industrial effluents. It contributes directly to
environmental protection, resource conservation,
and waste valorization [13].

Experimental part

The AWW sample was collected from an oil and
fat processing plant in Uzbekistan. Preliminary
chemical analysis revealed a pH = 2.8 and high
concentrations of SO,2~ (1190 mg/L), CI~ (2120
mg/L), Na*, Mg?*, and H* ions [[13], [14], [15], [16]].
The chemical composition of acidic wastewater
produced during the process of extracting fatty
acids from soapstock is presented in Table 1.

MM was obtained from Central Kyzylkum’s
limestone-rich deposits and contained CaO
(43,17%), CO, (14,01%), P,Os (15,09%), and SOs;
(2,17%). Samples were mixed at 60 £1°C in the
following mass ratios: 100:10, 100:15, 100:20,
100:25, 100:30, 100:35, and 100:40.

Each sample consisted of 100 g AWW and the
corresponding MM amount. They were stirred for
30 minutes at 400 rpm. CaO content was
determined from the dry residue using gravimetric
methods. Each experiment was repeated three
times, and average values were recorded. Based on
the data, a mathematical model was constructed to
describe CaO decrease with increasing MM.

Modeling was conducted in Origin 2021 Pro
using scatter plots and exponential regression:

C(x) = CO . e'kx

Table 1 - Chemical composition of acidic wastewater (AWW) produced during the process of extracting fatty acids

from soapstock

Cations mg/| meq / | % -eq/ | Anions mg/| meq / | %-eq/|
H* 100 100 81 cl 38114 1073 50
Na* 431560 1876.41 11 SO4* 48165 1003.13 46
K* - - - NO2 20.11 - -
NH4* 99 5.44 - NOs 842 13.65 -
Ca%* 299 11 1 COs - - -
Mg?* 1831 151 7 HCO3" 3447 55.18 4
Fe3* 0.4 0.03 - Total 2148.08 100
Fe2* 32 1.08 -
Total 2144.96 100
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Modeling was performed using the "Nonlinear
Curve Fit" function based on the sample function
“ExpDecl”.

The initial values of the parameters Co and k
were automatically determined, and their optimal
values, along with confidence intervals, were
provided.

Based on the modeling results, the coefficient
of determination (R?) was found to be higher than
0.98, indicating a strong fit of the exponential
model.

All graphs were plotted using the Origin 2021
Pro software environment.

Model-predicted CaO (%) values were
calculated using the exponential equation above.

Absolute deviation (A) was calculated as the
difference between modeled and experimental CaO
values [[24], [25]]:

A= Chrogel — Cexperimental

Relative error (%) was determined using the

formula:

A
Relative error =

Cexperimental

Results and Discussion

The CaO content in the resulting products was
determined experimentally by preparing mixtures
of acidic wastewater and mineralized mass in
different mass ratios.

The experiments were conducted at a
temperature of 60°C, with each trial repeated
three times, and average values were calculated.
The mass ratios of AWW: MM (Acidic Wastewater:
Mineralized Mass) were gradually increased from
100:10 to 100:40.

The results indicate that as the proportion of
MM increases, the percentage of CaO in the
mixture decreases sharply.

This can be explained by the reaction of CaO
present in the MM with H* ions and other acidic
ions found in the AWW, leading to its gradual
reduction.

Table 2 and Figure 1 below show the AWW:
MM ratio and the corresponding observed CaO
content (%).

Table 2 - CaO content in mixtures at increasing AWW:MM ratios

Ne AWW:MM Ratio CaOo (%)
1 100:10 46.52
2 100:15 36.49
3 100:20 28.98
4 100:25 23.39
5 100:30 18.94
6 100:35 17.65
7 100:40 16.17
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Figure 1 - Exponential decrease in CaO content in the mixture depending on the increase in the AWW:MM ratio
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In the sample with a mass ratio of 100:10, the
CaO content was 46,52%, whereas at the 100:40
ratio, it dropped to 16,17%. A sharp decline in CaO
content was observed during the initial three stages
-from 100:10 to 100:25-indicating that reactive CaO
actively participated in neutralization reactions
with the acidic components of the AWW. This range
represents the zone of highest neutralization
efficiency for CaO, where the most significant
changes occurred. From 100:25 to 100:40, the
decrease became more gradual, suggesting that the
remaining CaO content declined slowly due to
residual reactions.

The exponential decay behavior observed in
the graph was confirmed by the model, and the
high R? wvalue (0,9807) indicates excellent
agreement between the model and the
experimental data.

The trajectory of CaO reduction was accurately
described by the following model:

Cixy = 67,39 - ¢700401x

In this case, C(y) -represents the percentage of
Ca0 depending on the amount xxx of mineralized
mass (MM); 67,39 is the initial maximum reactive
capacity (i.e., the CaO value when the MM amount
is close to zero); 0,0401 is the decay coefficient.

According to the graph analysis, the functional
decrease of CaO corresponds to the characteristics
of a classical kinetic model. This behavior reflects
similar reactivity trends observed during the
neutralization of real industrial wastewater. The
values given in the table are very close to the
results of the mathematical model, with an average
relative error of approximately 3-4%. Such
closeness demonstrates the reliability of the model
and enables the identification of optimal
technological regimes for various AWW: MM
(Acidic Wastewater Mineralized Mass) mass
ratios.

Based on these observations, it was determined
that applying CaO in a calculated dose allows
effective adjustment of the mixture to meet
regulatory pH levels. The decreasing trend of CaO
percentage in AWW: MM mixtures was described
using an exponential regression model based on
experimental data. In this model, the independent
variable is the amount of MM (g), while the
dependent variable is the CaO percentage (%). As a

result of exponential regression performed in
Origin 2021 Pro, the following mathematical model
equation was obtained.

The model’s goodness-of-fit is represented by
the value:

R? = 0,9807

which indicates a strong correlation between
the experimental results and the model.

The linearized graph generated from the model
nearly fully encompasses the experimental data
points, visually confirming the high degree of
conformity.

The high rate of decrease in the initial stages
suggests that CaO acts more actively as a
neutralizing agent during the early increases in MM
quantity.

Using the model equation, one can calculate in
advance either the required amount of MM for
neutralizing AWW or the residual CaO percentage.
This enables the optimization of reagent
consumption, technological process control, and
effective adjustment of waste to meet pH
standards in practical applications. The exponential
nature of the model reflects the progressively
slowing behavior of the process, which may be
attributed to the gradual depletion of reactive
components.

The mathematical analysis also provides
theoretical justification for the dynamic decrease of
CaO content depending on the AWW:MM ratio.
This mathematical approach enables digital control,
optimization, and forecasting of reagent
requirements in the neutralization process.

Table 3 presents the experimentally
determined CaO percentages for various AWW:MM
mass ratios, as well as the values calculated based
on the exponential model.

As shown in Table 3, the relative error in most
cases does not exceed 5-7%, indicating high model
accuracy. In particular, for MM amounts between
10-30 g, the model closely matches the
experimental data. Although deviations slightly
increase at 35-40 g, the overall trend remains
consistent. These results confirm the reliability of
the model and its practical predictive value.
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Table 3 - Experimental vs. modeled CaO content and relative errors

AWW:MM Exp. CaO (%) Model CaO (%) A (%) Rel. Error (%)
100:10 46.52 45.13 +1.39 2.99
100:15 36.49 36.93 -0.44 1.20
100:20 28.98 30.22 -1.24 4.28
100:25 23.39 24.73 -1.34 5.73
100:30 18.94 20.24 -1.30 6.85
100:35 17.65 16.56 +1.09 6.17
100:40 16.17 13.56 +2.61 16.14
As observed from the table, the CaO theoretical predictions. The difference between

percentages calculated using the model closely
match the experimental values. For each data
point, both the absolute difference in CaO content
and the relative error are indicated separately. In
most cases, the relative error remains below 5%,
demonstrating the high accuracy of the model. Only
at the MM ratio of 40 g does the relative error
reach approximately 16%, which may be attributed
to possible experimental uncertainties or secondary
influencing factors in the reaction process. Overall,
the modeled CaO reduction closely follows the
trajectory of the experimental values, indicating
high reliability of the developed exponential model.
This table was provided to verify the agreement
between the results of mathematical modeling and
empirical data, assess the level of accuracy, and
justify the applicability of the model in industrial
practice. Furthermore, the table facilitates
forecasting of CaO consumption and supports
technological planning  through analytical
interpretation of experimental results.

The column labeled "Difference (A)" in the table
represents the direction of deviation between the
model and actual measurements (+/-), helping
identify whether the model underestimates or
overestimates the values. Such a table enhances
the scientific credibility of the analysis results and
plays an important role in documenting the
modeling process.

Conclusion

The research findings confirmed that the
decrease in CaO content within AWW and MM
mixtures exhibits an exponential trend. As the
AWW:MM mass ratio increased, a consistent
reduction in CaO percentage was observed, which
is explained by the complete reaction of the
reagent with the acidic environment. The
coefficient of determination (R?) of the model was
found to be 0,9807, indicating a high degree of
agreement between experimental results and

modeled and experimental values ranged between
3-6 %, with the relative error remaining minimal.
The analytical table visually and quantitatively
confirms the discrepancy between the model and
actual measurements. Based on this model, it is
possible to pre-calculate the required amount of
MM or CaO for neutralizing industrial wastewater,
optimize reagent consumption, and bring the pH of
the effluent to regulatory levels. The high initial
reactivity of CaO and the subsequent slowdown
observed in the later stages of the neutralization
process are well reflected in the model, further
demonstrating that exponential regression
accurately represents real chemical-technological
behavior. The model’s simple structure allows for
its practical application in rapid calculations in
industrial settings. This scientific approach helps fill
the existing gap in mathematical modeling for
acidic wastewater neutralization. The study enables

a deeper understanding of the interaction
mechanism between industrial effluents and
neutralizing reagents, with validation and

prediction supported by empirical data. Moreover,
the findings lay a scientific foundation for the
development of cost-effective and efficient
neutralization methods utilizing MM-containing
technogenic waste materials.
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Optanbik Kbi3binkym ¢ochopuTiHeH anbiHFaH KbIWKbIN aFbIHAbI Cy1ap MeH
MUHepanaaHfaH macca KocnacbiHaafbl CaO KypambiHbIH, ©3repiciH
3KCNOHEeHUuManpabl biablpay MoAeNiHiH Heri3iHAe maTeMaTUKanblK Tanpgay

lOnpawesa A.M., ‘Lamypatos C.X., Kypambaes LLI.P., Papyka6os M.®.

96y PalixaH BupyHU ambiHOGFbI YpeeHiw memaekemmik yHusepcumemi, YpeeHiw, ©36ekcmaH

AHHOTAUMA

Byn makanaga OpTanblk Kpi3blaikym docdopuTiHiH MuHepangaHfaH maccacbl (MM) meH mai
OHEepPKaCIBiHiH, KbIWKbIA afblHAbl cynapbiHbiH, (KAC) KocnanapbiHAafbl Kanbumii okeugi (CaO)
Me/ILEepiHiH, TeMmeHaey YPAICi IKCMepPUMEHTTIK AepeKkTep MeH MaTeMaTUKanbIK dAiCTi KonaaHa
oTbipbin 3epTTeneai. 3eptrey 60°C Temnepatypaga xyprisingi, KAC:MM apa katbiHacbl 100:10-
HaH 100:40-ka aewiH e3repTingi. Op Kocnagafbl CaO menwwepi OHbIH MaccanblK KaTblHACbIHA

Makana kengi: 1 winde 2025 6ainaHbICTbl aHbIKTaNbIN, TangaHabl. Hatuxkenep MM yneci apTkaH caiiblH CaO menwepiHiH,
CapantamagaH eTri: 10 winde 2025 Kyheni Typae asaATbiHbIH KepceTTi. bacTankbiAa TemeHAey KblNgamablfbl Xofapbl 6onbin,
Kabbinganap!: 15 winde 2025 KeiliHHeH 6ipTiHaen 6aAynagpl. DKCMNOHEHUManAbl biabipay MOAENI KOALaHbIAbIM, TUICTI

napameTpnepmeH cunaTTangbl. bipiHWi peTTi andbdepeHumanablk TeHAey IKCNEPUMEHTTIK
[epeKkTep Heri3iHAe KONAAHbINbIN, KEeTiNAipingi. AHblKTanfaH 6actankbl MSH MeH biablpay
TypakTbicbl caiKkeciHwe Co = 67,39 aHe k = 0,0401 60onapl. AnblHFaH 3KCNOHEHUMaNabl TeHaey
SKCMEPUMEHTTIK HYKTENEPMEH KOFapbl Aapexeni KoppenaumaHbl kepcetti (R? = 0,98). byn
3epTTey MaTemaTUKabIK MOAENbAEY apKblibl Kypaeni xyienepgeri CaO apeKeTiH KypblibiMAbIK,
TypFblaaH 6aFanayabl YCbiHaAbl, OHbl HAKTbl TEXHONOTUANBIK, Kafdanapaa npouecrepai 6ackapy
yWwiH KongaHyra 6onaapl. Mogenbaey HaTuxenepi 6onawak 3eptreynepae 6acka MoHAAp MeH
KOMMOHEHTTEPA] KAMTUTbIH KMHETUKA/bIK MOAENbAEPAi 93ip/ieyre MeTOAO0NOMMANbIK Heri3 6ona
anagpl.

Tyiiin ce3dep: CaO, 3KCMOHEHUManAbl bigplpay, MWHepangaHFaH Macca, afblHAbl CYy,
MaTemaTuKabIK moaenbaey, 6omKamaplK yAri.
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AHHOTALMA

B paHHON cTaTbe MccnedyeTcs NOBeAEHUE CHUKEHWS COAep)KaHua okcupa Kanbumsa (CaO) B
CMecAX MUHepanu3oBaHHo maccel (MM) us dpochoputos LieHTpanbHbIx Kbi3bIIKYMOB U KUCABIX
CTOYHbIX BoA, (KCB) MacnoMpoBoi NpOMBbILLIEHHOCTU, UCNO/b3YA SKCNEPUMEHTA/IbHbIE AaHHbIe
M MaTemaTMyeckuin nogxog. MccnepgosaHue nposoaunoch npu Temnepatype 60°C, npu atom
cooTHoweHune KCB:MM Bapbuposanock ot 100:10 o 100:40. CoaepskaHme CaO B KaxKaow cmecu

Noctynuna: 1 utonsa 2025 onpeaensnoch M aHaNM3MPOBaNOCh B 3aBUCMMOCTM OT ee MacCOBOrO COOTHOLWEHMA. PesynbTaThl
PeueHsunposaHue: 10 utonsa 2025 NoKasasM CUCTEMaTUUECKoe CHWKeHMe cogepxwaHua CaO npu ysenuuyeHun ponm MM
MpuHaTa B Nevatb: 15 uron1g 2025 MepBOHaYanbHaA CKOPOCTb CHUMKEHMA Bbina BLICOKOM, a 3aTem MocTeneHHO 3ameananack. [na

XapaKTEepPUCTUKM  NpoLuecca UCMONb30BaNaCb MOAENb  IKCMOHEHUMANbHOro  pacnaga ¢
COOTBETCTBYIOWMUMM NapameTpamu. OuddepeHumanbHoe ypaBHeHMe MepBOro nopsagka 6biio
NPUMEHEHO U YTOYHEHO C MCMNO/Ib30BAaHMEM IKCMEPUMEHTANbHBIX AaHHbIX. HavanbHoe 3HauyeHue
M KOHCTaHTa pacnaga 6biiv onpegeneHbl Kak Co = 67,39 u k = 0,0401 coOTBETCTBEHHO.
MNonyyeHHOE 3KCNOHEHUMANbHOE YypaBHEHWE MPOAEMOHCTPUPOBANO BbICOKYD CTemneHb
KOppenaumm ¢ aKcnepumeHTanbHbiMu Toukamm (R? = 0,98). laHHOe uccnegoBaHue npeanaraet
CTPYKTYPMPOBaHHYIO oueHKy nosegeHMa CaO B CNOXHBIX  CUCTEMAx MNOCPeACTBOM
MaTEMaTUHYECKOrO MOAENMPOBAHUA, KOTOPOE MOMKET bbiTb MCMOAb30BaHO ANA ynpasieHus
npoueccamm B peanbHblX TEXHOJOTMYECKUX YCNoBMAX. Pe3ynbTaTbl MOAENMPOBAHWA MOTYT
CNYXXUTb METOA0/10TMYECKON OCHOBOM AN Pa3paboTKM KUHETMYECKMX MOZEeNen C yvyactuem
APYruxX NOHOB Y KOMMOHEHTOB B ByAyLIUX UCCNeA0BaHUAX.

Kniouesvbie cnoea: CaO, s3KCNOHEHUMANbHbIM pacnag, MMHEPANN30BaHHAA Macca, CTOYHbIE BOAbI,
MaTeMaTMYeCcKoe MOoLe/IMPoBaHNe, NPOrHO3Hasn Moaenb.
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