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Abstract. This study investigates the temperature-dependent solubility of three
inorganic salts—KCI, BaCl,, and NiCl>—using two machine learning regression
algorithms: Random Forest and Gradient Boosting. Experimental data were collected
for solubility at various temperatures and compared to model predictions to assess
the accuracy and reliability of each algorithm. Random Forest demonstrated higher
predictive accuracy for KCI and BaClz, particularly due to its robustness to data
variance and capability to capture physical-chemical patterns. In contrast, Gradient
Boosting showed better performance in modeling non-linear dependencies, although it
exhibited lower accuracy at lower temperatures, especially for NiCl.. This discrepancy
is likely due to the omission of chemical factors such as ionic strength, pH variation,
and complex formation, which significantly influence NiCl. solubility. For BaCl,
both models yielded high R? values, indicating strong predictive performance due
to the linear nature of solubility changes. KCI predictions were more accurate with
Random Forest, while Gradient Boosting produced larger errors in low-temperature
zones. NiCl: posed the greatest challenge, as its solubility is governed by multiple
physicochemical parameters beyond temperature. These findings emphasize the
importance of incorporating chemical context when applying data-driven models to
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solubility prediction. Further improvements may be achieved by expanding the feature
set with thermodynamic, structural, and kinetic descriptors. This study contributes to
the growing field of Al-assisted chemistry and provides insights for enhancing model
interpretability in complex solution systems.

Key words: solubility, chlorides, temperature dependence, machine learning,
Random Forest, Gradient Boosting
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Annorauus. byn 3eprreyne KCl, BaClz sxone NiCl: Ty3aapbiHbIH TemMmeparypara
toyenai  epirimriri  Random Forest xone Gradient Boosting wMammHaIbIK
OKBITY MOJENbAEPl apKblUIbl OOJDKay HETi3iHAE 3epTTeial. 3epTxXaHaia allbIHFaH
SKCIIEPUMEHTTIK JIepeKTep OpTYpJl TeMIeparypaiapiarbl epiriliTiKke KaTbICThI
YKMHAKTAJbIIN, MOJeNbAepMeH canblcThipbulabl. Random Forest oamici KCI sxone BaCl.
YLLIH 5KOFaphbl JOJAIK KOPCETTi, OyJ1 OHBIH MAJIIMETTEPCT] aybITKYJIapFa TO3IMALTIriMEeH
XKoHE (PHU3MKa-XUMHSIIBIK 3aHIbIIBIKTApAbI )KAKChI CUMATTay KalineTiMeH OaiIaHbICTHI.
Gradient Boosting omici OEWCHI3BIK TOyCIAUTIKTEpAl OoJkKayna THIMJII OOJIFaHBIMEH,
TeMeH TemIieparypana, acipece NiClz yiriH, HaKThl MOHAEP/CH ayBbITKYIap OalKanIbl.
Byn NiCl. Ty3bIHBIH epirimTirine temmneparypanaH OeJeK HMOHIBIK KYII, KelleH
Ty3inyl koHe pH CcHSKTBI KochIMIa (hakTOpiapAblH 9cep €TyiMeH TYCiHIipiieni.
BaCl: Ty3bI ywiH eki Mozenb jae korapbsl R? xepcerkimrepine kerti, cededi OHbBIH
epirimTiri ce3bIKTH ©3repin oTbipaabl. KCl ymin Random Forest nHakTbIpak 6omxkam

185



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

Oepce, Gradient Boosting TemeH Temmeparypaja YIKEH KaTeJiKTepre >koi Oepai.
NiCl: eH kypaeni OomkaHaThIH Ty3 OOJBIN WIBIKTHL. by 3epTTey Oomamakra MOHABIK
Kyu, pH oHe KOMIJIEKCTY3y CEeKiIIl KOChIMIIa MapaMeTpiepai MOAENbre eHIi3yIiH
MaHBI3ABUIBIFBIH KopceTeni. COHBIMEH KaTap, OYJ1 KYMBIC €pITilITiK CUSKTHl KypAeni
(u3NKa-XUMUSUIIBIK TPOIIECTEPre )KacaH bl HHTEIUIEKT SAICTEPiH KONJaHyAbIH dJIeyeTiH
KepceTei.

Tyiiin ce3mep: epirimTik, XJOpUATEp, TeMIlepaTypara TOYEIATK, MalluHaIbIK
okbITy, Random Forest, Gradient Boosting
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Annorauus. B nanHoii paGore paccMOTpeHO NPOTHO3MPOBaHHME TEMIEparypbl-
3aBucuMoil pactBopumocTH xjopuno kanus (KCl), 6apus (BaClz) n auxenst (NiClz) ¢
HCTIOJIb30BaHUEM METOAO0B MaIIMHHOTO 00y4yenusi: Random Forest u Gradient Boosting.
Hnst mocTpoeHusi mMonenedl ObLIM HCIOJIB30BaHBl AKCIIEPUMEHTAJIbHBIE JaHHBIE O
pPacTBOPUMOCTH TIPU Pa3IUUHBIX Temieparypax. AnroputM Random Forest mokasan
BbICOKYtoTOuHOCThITpeackazanuii s KCluBaClz, uto 00ycrnoBiaeHo eroycToiunBOCTbIO
K LIyMY B JaHHBIX U CIIOCOOHOCTBIO YIaBIUBATh PU3UKO-XUMUYECKHE 3aKOHOMEPHOCTH.
Gradient Boosting oxazancst Oonee 3(p(eKTUBHBIM MpH MOAETMPOBAHHM CIIOKHBIX
HEJIMHEWHBIX 3aBUCHMOCTEH, OJHAKO Ha HU3KHUX TemIieparypax (ocodenHo mis NiClz)
TOYHOCTb CHIKAJIACh. DTO CBSI3aHO C TEM, UTO MOJIEIIb HE YUUTHIBACT TaKKe apaMeTphl,
Kak MOHHAs cuiia, ypoBeHb pH 1 crocoOHOCTh K KOMIUIEKCOOOPa30BaHUIO, UTPAIOLIIHE
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KITtoueByto poiib B pactBopumMoctd NiClz. [{ns BaCl: 06e Mmopenu mponeMOoHCTpHpOBan
BbICOKME 3HaueHus R? Omaromapsi ero JMHEHHON 3aBUCHMMOCTH PAacTBOPHUMOCTH OT
temneparypsl. B ciiyuae KCIl moznens Random Forest mokaszana myuiine pe3ynbraTsl,
torga kak Gradient Boosting naBas 3HaunTEIbHBIE OMIMOKU PY HU3KUX TEMIleparypax.
HauOonpmyto TpyaHocTs mpenckazanusi coctaBusl NiCla, pacTBOPpUMOCTH KOTOPOTO
3aBUCUT OT MHOXecTBa (pakTopoB. McciemoBaHue MOAUEPKHUBACT HEOOXOAMMOCTD
BKITIOUEHHS TOTIOTHUTENBHBIX XUMHUUECKUX IECKPUIITOPOB B MOJIENH, YTOOBI IIOBBICUTD
TOYHOCTb IpeicKkazanuii. Takke OHO JEMOHCTPUPYET MEPCIIEKTUBHOCTD UCTIONB30BAHUS
HCKYCCTBEHHOTO HMHTEJUIEKTa B 3ahadax (DU3MKO-XUMHUYECKOTO MOICTUPOBAHUS H
MpeacKa3aHusi CBOMCTB PaCTBOPOB.

KiioueBble cjioBa: pacTBOPUMOCTb, XJIOPHIBI, TEMIIEpPATypHAs 3aBHCUMOCTD,
MammHHOe o0y4yenue, Random Forest, Gradient Boosting

Paboma svinonnena npu ghunancosoil noodepoicke Munucmepcemea HAYKU U blCULE2O
obpazosarnus Pecnyonuxu Kazaxcman 6 pamxax epanma AP23487663.

Introduction. The solubility of substances in aqueous systems is a fundamental
parameter that governs the feasibility of chemical reactions, the mobility of compounds
in biological and environmental processes, and the overall efficiency of technological
operations. Processes such as wastewater treatment, pharmaceutical formulation
development, mineral precipitation in geochemical systems, and corrosion in industrial
equipment are directly influenced by solubility characteristics (Ramadam, 2015; Qadir
et al., 2007). In essence, solubility refers to the maximum amount of a substance that
can dissolve in a given volume of solvent under specific conditions. It is affected by a
range of factors, including temperature, pressure, the nature of the solute and solvent,
ionic strength of the medium, and the presence of complexing agents.

Currently, solubility modeling methods are categorized into experimental,
thermodynamic, and regression-based approaches, each with its own strengths and
limitations (Alshahranietal.,2022). Experimental techniques involve direct measurement
under various physical conditions (e.g., temperature, pressure, and composition), but
these require significant time and resources and may lack generalizability to new systems.
Thermodynamic models, such as the Debye-Hiickel equation for dilute solutions or
the Pitzer model for concentrated systems, utilize chemical equilibrium principles to
estimate solubility based on Gibbs free energy, ion activity, and interaction parameters.
However, their precision decreases in multicomponent and highly concentrated systems
where molecular interactions and complex formation play a more prominent role (Ben-
Naim, 2013).

Regression models—including linear and polynomial types—allow for empirical
fitting of solubility data as a function of selected variables such as temperature or
pressure. In recent years, machine learning approaches like Random Forest and
Gradient Boosting have gained attention for their high predictive accuracy and ability
to identify hidden patterns without relying on strict assumptions about the underlying
data structure (Ghazwani & Begum, 2023; Bentejac et al., 2021). The Random Forest
algorithm generates an ensemble of decision trees, each trained on random subsets of
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data, making the model robust to noise and outliers (GeeksforGeeks, 2025). Gradient
Boosting, on the other hand, minimizes the prediction error iteratively by correcting
previous model residuals, which often leads to improved accuracy in capturing complex
relationships. Both methods can be tailored to specific solution types, offering a versatile
toolset for investigating solubility in diverse aqueous systems (GeeksforGeeks, 2025).

The objective of this study is to develop a temperature-dependent predictive
model of chloride solubility in aqueous systems using Random Forest and Gradient
Boosting algorithms. The methodology involves preprocessing and analyzing available
experimental data on solubility of chlorides such as KCI, BaClz, and NiCls, selecting
optimal features, and constructing a machine learning model capable of accurately
forecasting solubility across a wide temperature range.

The central hypothesis is that ensemble-based machine learning algorithms
can effectively identify nonlinear interactions between temperature, concentration,
and solubility, providing higher predictive performance than classical empirical or
thermodynamic approaches.

Materials and Methods

This study utilized laboratory-derived experimental data to investigate the solubility
behavior of chloride salts in aqueous systems. Solubility was examined at 20°C for
the systems H.O-KCl, H.O-BaCl., and H:O-NiCl.. The experimental dataset covers
a broad concentration range, enabling a detailed analysis of system behavior under
varying ionic strengths and potential complex formation conditions.

The studied aqueous electrolyte systems and their corresponding concentration
intervals are summarized below (Table 1):

Table 1 — Concentration Ranges and Temperature Conditions

Aqueous Electrolyte System Concentration Range (mol %) Temperature (°C)
H>0 — KCI 0,03 + 6,00
H,0 - NiCl, 0,01+5,00 20°C
H,O - BaCl, 0,01+3,00

The solubility of chloride salts was determined using a combination of gravimetric
and conductometric techniques. To ensure accuracy, analytical-grade salt samples were
used in solution preparation, and the water employed had an electrical conductivity
below 0.05 puS/cm. Solution temperatures were maintained at 20°C using a thermostatic
bath with a precision of +0.1°C. The ionic concentrations in the solutions were computed
based on conductivity measurements, using pre-determined calibration coefficients for
each system.

The resulting experimental data were used to train machine learning models designed
to predict solubility across varying concentrations. Two algorithms were implemented:
Random Forest and Gradient Boosting, both of which are capable of capturing nonlinear
concentration—solubility relationships in aqueous systems.

The Random Forest model is based on an ensemble of decision trees, where each tree
performs binary splits of the input data to minimize prediction error (Nadkarni et al.,
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2023). The final prediction is the average output from all individual trees, as expressed
in Equation (1):

¥y =3L A 00), (1

where: f/(X) —is the prediction from the ith tree given input features XXX, and NNN
is the total number of trees in the ensemble.

In contrast, the Gradient Boosting model builds trees sequentially, with each new
tree trained to reduce the residual errors of the preceding ones using gradient descent
optimization (Abdelbasset et al., 2022). The iterative prediction is refined as shown in
Equation (2):

Fm(x) = Fm—l(x) + ﬂhm(X}’ (2)

where: 7 is the learning rate; 4 (X) is the newly added tree designed to minimize
previous prediction errors.

To evaluate model performance, k-fold cross-validation was employed. In this
technique, the dataset is divided into & subsets: k—/ parts are used for training, and the
remaining one is used for validation. This process is repeated & times, and the average
error is computed. The mean squared error (MSE) is given by Equation (3):

1 - =¥
MSE = ;E:c:j_{}l —%1)7, (3)

This validation strategy minimizes the influence of data-specific noise and improves
the generalizability and robustness of the model predictions (Nadkarni et al., 2023;
Abdelbasset et al., 2022).

Results and Discussion

The solubility of chlorides in aqueous systems is a complex function of both
temperature and solute concentration, which necessitates careful interpretation of
experimental data and the application of robust predictive models. This section presents
both the experimental results obtained for the solubility of NiClz, BaClz, and KCI in
water at 20°C, and the predicted values generated using the Random Forest and Gradient
Boosting algorithms (Table 2).

Table 2 - The temperature-dependent solubility behavior of aqueous systems, highlighting key
patterns and model performance across different concentrations

t,°C KCl BaCl, NiCl,
0 0 0 6,88
10 7,01 2,80 7,11
20 7,67 2,99 7,93
25 7,93 3,11 8,32
30 8,62 3,25 8,59
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40 8,82 3,41 8,91
50 9,62 3,64 9,52
60 9,87 3,86 10,10
70 10,41 4,13 10,21
80 10,89 4,34 10,53
90 11,54 4,62 10,76
100 11,91 4,83 10,81

An analysis of the experimental solubility data for KCI, BaCl., and NiCl: at varying
temperatures reveals distinct temperature-dependent behaviors for each salt. The
solubility of KCI increases steadily from 7.0168 mol % at 10°C to 11.9189 mol %
at 100°C, reflecting a trend typical for alkali metal salts. In contrast, BaCl. exhibits
a significantly slower increase, from 2.8037 mol % at 10°C to only 4.8366 mol % at
100°C, which can be attributed to the greater lattice energy and structural stability of its
crystal form.

NiClz shows intermediate behavior, with solubility rising from 6.8817 mol % at 0°C
to 10.8191 mol % at 100°C. Notably, some nonlinearities in the mid-range temperatures
(25-60°C) suggest the possible influence of ionic strength variations or complexation
phenomena (Huang et al., 2024; Gao et al., 2024; Shultz et al., 2024; Jindal et al., 2024).

To predict the temperature-dependent solubility behavior of these chlorides, a
Random Forest Regressor machine learning model was employed. This ensemble-
based method is well-suited for capturing nonlinear dependencies while minimizing
the risk of overfitting due to its aggregation of multiple decision trees. The results of
this modeling are presented in Figure 1, demonstrating the method’s effectiveness in
reproducing experimental solubility patterns across the temperature range.

Figure 1 - Experimental (blue dots) and Random Forest model predicted (red dots) solubility values
for KCl, BaClz, and NiCl»

KCI BaClz NiCl2
X X
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11} x Predicted Data x
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The graphs illustrate the outcomes of temperature-dependent solubility modeling
for KCl, BaClz, and NiClz, where blue points represent experimental measurements and
red points denote predictions generated by the Random Forest regression model. For
NiClz, the model slightly overestimates solubility at lower temperatures (e.g., 10°C),
while the discrepancy diminishes at higher temperatures. This pattern may be attributed
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to temperature-sensitive ionic interactions or complex formation involving Ni** ions
(Chialvo, 2023).

According to model evaluation metrics, the coefficient of determination (R?) for
BaCl: reached 0.941, indicating that the model explains 94.1% of the observed variance,
which demonstrates a very high level of accuracy.

In addition to Random Forest, the Gradient Boosting Regressor was employed
to predict solubility trends. This method enhances prediction accuracy by iteratively
correcting residual errors through gradient-based optimization. The results of Gradient
Boosting are shown in Figure 2.

Figure 2 - Experimental (blue dots) and Gradient Boosting model predicted (red dots) solubility
values for KCI, BaCl., and NiCl.
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The plots compare the experimentally measured solubility data and the values
predicted by the Gradient Boosting regression model for the chlorides KCI, BaCl,
and NiCL across a range of temperatures. Blue markers indicate actual laboratory
measurements, while red markers represent model predictions.

For NiCl., the model overestimates solubility at lower temperatures (around 10°C),
but its predictions align more closely with experimental data at higher temperatures
(above 50°C). This deviation may be explained by temperature-dependent phenomena,
such as complex formation, pH variations, or molecular interactions (Lopresti et al.,
2023; Zhou et al., 2022). Among the three salts, NiCl: is the most challenging to model,
likely because its solubility is influenced by a broader set of physicochemical parameters
beyond temperature alone.

Overall, the Gradient Boosting model demonstrated strong predictive performance
for all three systems. However, its limitations at low temperatures, particularly for
NiCl: and KClI, highlight the potential need to incorporate additional descriptors—such
as ionic strength, pH, complexation potential, or intermolecular effects—to further
improve model accuracy.

Conclusion. In this study, the temperature-dependent solubility of KCI, BaCl,
and NiCl. was predicted using two machine learning algorithms: Random Forest
and Gradient Boosting, and the model outputs were compared against experimental
measurements. Overall, the Random Forest model demonstrated higher accuracy,
particularly for BaCl. and KCl, due to its robustness against noise and its ability to
reflect underlying physicochemical patterns in the data.

Gradient Boosting, while better suited for capturing complex nonlinear relationships,
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showed less reliable predictions at lower temperatures, especially for NiCl.. This
discrepancy may be attributed to unmodeled effects such as ionic interactions, complex
formation, and changes in the solution's chemical environment.

For BaCl., both models performed well, largely because its solubility increases
steadily and linearly with temperature, making it easier for machine learning algorithms
to generalize. In the case of KCIl, Random Forest again outperformed Gradient Boosting,
particularly at low temperatures, where the latter exhibited significant errors—likely
due to temperature-dependent variations in ionic strength that were not fully captured
by the model.

NiCl: emerged as the most difficult salt to predict, as its solubility is influenced by
a combination of factors beyond temperature, including complexation behavior, ionic
strength, and solution pH, none of which were explicitly incorporated into the models.
These results highlight the importance of considering additional physicochemical
descriptors in future modeling efforts.
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