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PR-GPR approach for modeling of

carbon dioxide capture using deep eutectic
solvents†

Iman Salahshoori,abc Alireza Baghban *d and Amirhosein Yazdanbakhshe

In recent years, deep eutectic solvents (DESs) have garnered considerable attention for their potential in

carbon capture and utilization processes. Predicting the carbon dioxide (CO2) solubility in DES is crucial

for optimizing these solvent systems and advancing their application in sustainable technologies. In this

study, we presented an evolving hybrid Quantitative Structure-Property Relationship and Gaussian

Process Regression (QSPR-GPR) model that enables accurate predictions of CO2 solubility in various

DESs. The QSPR-GPR model combined the strengths of both approaches, leveraging molecular

descriptors and structural features of DES components to establish a robust and adaptable predictive

framework. Through a systematic evolution process, we iteratively refined the model, enhancing its

performance and generalization capacity. By incorporating experimental CO2 solubility data in varied

DES compositions and temperatures, we trained the model to capture the intricate solubility behaviour

precisely. The analytical capability of the evolving hybrid model was validated against an extensive

dataset of experimental CO2 solubility values, demonstrating its superiority over individual QSPR and

GPR models. The model achieves high accuracy, capturing the complex interactions between CO2 and

DES components under varying thermodynamic conditions. The versatility of the evolving hybrid model

was highlighted by its ability to accommodate new experimental data and adapt to different DES

compositions and temperatures. The proposed QSPR-GPR model presented a powerful tool for

predicting CO2 solubility in DES, providing valuable insights for designing and optimizing solvent systems

in carbon capture technologies. The model's remarkable performance enhances our understanding of

CO2 solubility mechanisms and contributes to sustainable solutions for mitigating greenhouse gas

emissions. As research in DESs progresses, the evolving hybrid QSPR-GPR model offers a versatile and

accurate means for predicting CO2 solubility, supporting advancements in carbon capture and utilization

processes towards a greener and more sustainable future.RACTE
D

1. Introduction

Carbon dioxide (CO2) plays a substantial role in generating
greenhouse gases, contributing to global warming.1–3 To
address the urgent issue of global warming, scholars have
focused on understanding and reducing CO2 emissions.4–6 Up
until now, a multitude of methodologies, including detention,
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operation, and trap, have been devised to decrease CO2 emis-
sions.7 Various CO2 capture technologies, including chemical-
solvent scrubbing or physical and pressure-swing adsorption,
are under investigation. However, these technologies oen face
challenges such as high energy demands, elevated costs, and
secondary pollution due to gas complexity.8–10 Consequently,
developing new capture technologies is urgently required,
which could involve designing novel processes and solvents.
Ionic liquids (ILs) have gained signicant attention as possible
solvents for CO2 removal thanks to their distinctive and
appealing characteristics.11 While the surprising properties of
ILs have made them highly sought-aer solvents, their expen-
sive nature poses a signicant challenge. The complex synthesis
and purication processes involved in IL production require
specialized equipment and expertise, increasing the overall
expense. Additionally, the raw materials used in IL synthesis
can be costly. These factors limit the widespread adoption of
ILs, especially in large-scale industrial applications.12 Deep
eutectic solvents (DESs) have emerged as promising substitutes
RSC Adv., 2023, 13, 30071–30085 | 30071
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for ILs across multiple areas of investigation and industries.13

Their eco-conscious nature, cost-efficiency, and adaptability
render them alluring choices for applications like CO2 separa-
tions, biomass utilization, nanoscience, extraction methodolo-
gies, electrochemical processes, and catalytic reactions.14–16

DESs possess unique characteristics that set them apart. These
include reduced vapour pressure and enhanced stability by
lowering volatility and evaporation. DESs also exhibit high
conductivity for efficient charge transfer, high thermal and
chemical stability, ensuring structural integrity in various
conditions, non-combustibility for re safety, non-toxicity for
human and environmental well-being, and compatibility with
a wide range of solutes. Compared to ILs, DESs offer advantages
such as simplied and economical synthesis without additional
purication steps, reducing costs, and improving production
efficiency.16,17 The structural multiplicity of DESs arises from the
arrangement of hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA) components. The resulting mixture
undergoes a phase transition, forming a liquid phase driven by
intermolecular solid interactions between HBA and HBD.18,19

Additionally, DESs have the potential to utilize cost-effective
and renewable compounds, aligning with sustainability prin-
ciples in green chemistry by optimizing resources and mini-
mizing environmental impact, contributing to the development
of eco-friendly and economically viable chemical processes.20

DESs demonstrate promising potential as solvents for the
separation of CO2.21–23 However, experimental methods have
been limited to studying only a small set of potential DES
options. This restriction exists because DESs come in a wide
range of structures, making it possible to consider around ten
combinations that could improve CO2 capture. However, testing
all these combinations in real-life experiments is practically
impossible.24 Consequently, a surging interest in developing
computational models arises, aiming to predict CO2 solubilities
within DESs. These models present a cost-effective and time-
efficient approach to identifying efficacious solvent systems
for carbon capture and utilization. By simulating CO2-DES
interactions, researchers can effectively screen and identify
promising candidates.25 Computational models provide valu-
able insights into how molecules interact, aiding in a more
profound comprehension of solvation mechanisms and the
variables that impact CO2 adsorption.26 Moreover, these models
allow for an extended exploration of DES compositions and
structural variations that surpass the experimental realm.
Virtual screening techniques facilitate the identication of DES
combinations endowed with amplied CO2 adsorption capac-
ities and selectivity. The development of dependable computa-
tional models for predicting CO2 solubilities in DESs stands as
an increasing and highly coveted area of research, as these
models expedite the discovery and optimization of DES-based
solvent systems, propelling the development of efficient and
sustainable solutions for CO2 emissions mitigation.27–29

Currently, diverse thermodynamic models comprising UNI-
QUAC Functional-group Activity Coefficients (UNIFAC),30

UNIversal QUAsi Chemical (UNIQUAC),31 and Non-Random
Two-Liquid (NRTL),32 in conjunction with an equation of state
techniques like Peng–Robinson state equation (PR-EoS),33

RETR
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Cubic-Plus Association (CPA),34 so-SAFT,35 and perturbed
chain statistical associating uid theory (PC-SAFT),36 have been
effectively employed to estimated gas solubility in systems
including DESs. These thermodynamic models offer valuable
tools for estimating gas solubility in DES-containing systems.
The NRTL, UNIQUAC, and UNIFAC models, which rely on
calculations of activity coefficients, provide insights into the
behaviour of DESs in the presence of gases. Conversely,
equation-of-state methods such as PC-SAFT, so-SAFT, CPA,
and PR-EoS employ equations representing the system's inter-
molecular interactions to predict gas solubility in DESs.
Researchers can derive informed gas solubility predictions in
DES-containing systems using these models.

However, these methods require access to experimental data
to calibrate mixing parameters and detailed binary interaction
at the molecular level. This requirement imposes limitations on
the applicability of these methods, mainly when dealing with
innovative solvent systems like DESs and ILs. In recent times,
there have been a signicant researches focus on employing
molecular dynamics (MD), Monte Carlo (MC), and quantum
chemical (QC) methods to explore the molecular simulation
characteristics of CO2 within the structures of ILs37–40 and deep
DESs.25,41–43 These computational techniques offer valuable
insights into the behaviour and interactions of CO2 molecules
within the intricate frameworks of ILs and DESs. However, the
convergence of issues related to the creation of force eld
parameters and the substantial computational resources
demanded for MD, MC, and explicit QC calculations places
signicant constraints on the practicality of performing exten-
sive simulations for DESs and emerging ionic combinations.
Consequently, researchers oen focus on specic systems or
resort to simplied models and approximations to explore the
behaviour of CO2 in ILs and DESs. Fortunately, researchers have
extensively employed a pioneering thermodynamic framework
derived from a quantum chemical principles model called
COnductor, like Screening MOdel for Real Solvents (COSMO-
RS). This model has exhibited its signicance as an essential
instrument for evaluating solvents and predicting gas solubil-
ities with acceptable precision.44,45 COSMO-RS operates on the
principles of QC and statistical thermodynamics to calculate the
solvation properties of molecules in a solvent.46–50 It utilizes QC
descriptors to characterize solute and solvent molecules' elec-
tronic structure and charge distribution. By considering these
factors, COSMO-RS can estimate solvation energies and predict
the solubility of gases in various solvents, including ILs and
DESs. While COSMO-RS calculations generally require only
molecular structure information and offer a convenient
approach to predicting solubilities, recent studies have revealed
limitations in accurately predicting gas solubilities in DESs.42,51

The complex structures and interactions within DESs challenge
the assumptions of the COSMO-RS model, resulting in over- or
under-predictions. Nonetheless, these investigations over-
looked the consideration of HBA and HBD conformers in their
COSMO-RS predictions. In contrast, MD and MC simulations
have proven to be dependable computational approaches for
forecasting thermodynamic and phase equilibrium character-
istics, encompassing gas solubility in solvents.25,52 However, it is
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worth noting that these techniques come with a substantial
computational cost, rendering them less feasible for addressing
the extensive range of solvent-gas variations encountered in
DESs.

A promising approach to evaluating CO2 solubility and DES
properties lies in developing machine learning (ML) models
derived from quantitative structure–property relationships
(QSPR).53 These models offer the potential for accurate and cost-
effective assessment, accompanied by insightful observations
on molecular–level interactions. These models' continuous
evolution and improvement are promising for industries,
including those involved in CO2 capture and utilization. By
leveraging the capabilities of ML, scientists and professionals
can advance our understanding of solubility phenomena, ne-
tune the properties of DESs, and pave the way for innovative
approaches to tackle environmental and industrial issues.24

Meeting specic prerequisites is essential to ensure the efficacy
of QSPR models. Among these requirements, COSMO-RS-based
descriptors assume great signicance, mainly the region of
charge distribution termed the Sigma prole (Ss-prole). This
descriptor depicts the likelihood distribution of a molecular
surface segment characterized by a particular charge density. Its
reliability has been established in accurately predicting solvent
properties, including those of ILs and DESs, making it
a dependable molecular-specic input feature for QSPRmodels.
To create an ML model capable of envisaging density, aqueous
solubility and refractive index, the input variables consisted of
Ss-prole features derived from COSMO-RS calculations.
Lemaoui et al. undertook an in-depth exploration wherein they
utilized the Ss-prole regions derived from COSMO-RS as essen-
tial input parameters for developing QSPR forms. These models
aimed to predict a range of thermodynamic characteristics,
including pH, electrical conductivity, surface tension, viscosity,
density and, with a specic focus on DESs.54,55 Additionally,
Nordness et al. established an ML framework to estimate the IL
thermophysical characteristics.56 The model effectively utilized
Ss-prole as input features, demonstrating their prociency in
capturing the necessary data to achieve accurate predictions.
This study constitutes a signicant advancement in ML
approaches to property prediction in ILs, consequently high-
lighting the pivotal role of Ss-prole as indispensable descriptors
in such modelling endeavours.

Considering the limitations of multilinear and linear
models, which oen struggle to accurately characterize the
complex and non-linear behaviour of various thermophysical
properties,57 there has been a growing trend toward utilizingML
algorithms. These traditional models may fail to capture intri-
cate relationships within data, especially when dealing with
nonlinearity, high dimensionality, or intricate dependencies. By
contrast, ML algorithms offer a more exible and data-driven
approach, making them increasingly appealing for tackling
such challenges in thermophysical property modelling.58 These
algorithms have gained popularity as they offer the ability to
construct more intricate non-linear QSPR models, enabling the
prediction of various physicochemical and phase equilibrium
properties with enhanced accuracy. This shi towards ML-
based approaches signies the recognition of the need for

RETR
© 2023 The Author(s). Published by the Royal Society of Chemistry
more sophisticated and exible models to capture the
complexities inherent in these properties. Articial neural
networks (ANNs) are materialized as practical resources for
simulating various phenomena, making them highly promising
in modelling complex processes.59–66 Extensive literature reports
substantiate ANN models' consistent demonstration of partic-
ular accuracy in predicting thermodynamic properties based on
molecular descriptors.67,68 This extensive body of evidence
highlights the ability of ANNs to effectively capture the intricate
correlations between molecular features and thermodynamic
properties, solidifying their position as a valuable approach for
achieving precise property predictions. Ghareh Bagh et al.
studied phosphonium and ammonium salt-based DES elec-
trical conductivity.69 An ANN model successfully predicted the
conductivity, yielding a Normalized Mean Square Error of
0.0010 and conrming the model's reliability with a 4.40%
absolute relative deviation. Adeyemi et al. considered three
amine-based DESs with varying choline chloride-to-amine
molar ratios. Experimental measurements were taken for
thermal stability, surface tension, pH, conductivity, viscosity,
and density. Density predictions using conventional methods
showed high deviations, but the bagging ANN approach ach-
ieved better accuracy with normalized mean square errors of
5.820 × 10−4 and 2.799 × 10−7 for conductivity and density,
respectively.70 The commendable performance of ANN-based
models in predicting thermodynamic properties has been
well-documented. However, there is a dearth of research on
developing an ANN model exclusively for predicting CO2 solu-
bility. Consequently, an extensive and systematic exploration of
a diverse range of DESs is essential to facilitate the creation of
a wide-ranging ANN model tailored to predict CO2 solubility
accurately.

In this investigation, a four-kernel algorithm for Gaussian
process regression (i.e., rational quadratic, Matern, squared
exponential and exponential) was formulated to accurately
estimate the solubility of CO2 within a diverse array of DESs
across wide temperature and pressure ranges. The solubility
was estimated according to descriptors obtained from COSMO-
RS approach and operational parameters (temperature and
pressure) by Gaussian process regression strategy. It is crucial to
highlight the specic focus on CO2 solubility within physically
driven DESs. In these systems, the capacity for CO2 adsorption
aligns with selectivity and Henry's constant, intricately associ-
ated with the structure of the HBD and HBA. An exhaustive
inspection was carried out to analyze the available experimental
outcomes concerning the solubility of CO2 in various physical-
based DESs under particular experimental situations. Model-
ling based on COSMO-RS, a DES's CO2 solubility was compu-
tationally determined, and the resultant values were then
juxtaposed with the complementary experimental CO2 solubil-
ities. Furthermore, the COSMO-RS calculations enabled the
extraction of Ss-prole descriptors corresponding to the HBA and
HBD moieties within the DESs. The abovementioned ML algo-
rithm was developed and validated by incorporating data from
DES's input features derived from the COSMO-RS literature
database. Leveraging this model, novel combinations of HBAs
and HBDs are suggested to enhance the DES's CO2 solubility.
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2. Methodology
2.1. Gaussian process regression (GPR)

A highly inuential managed ML algorithm, GPR, has emerged
as a formidable model with probabilistic and nonparametric
abilities. Its extraordinary ability to model intricate non-linear
problems positions it as a potent tool applicable across
various domains.71 The GPR method leverages the Gaussian
process to conduct regression analysis. This approach is
particularly appealing due to its inherent exibility in charac-
terizing uncertainty, which stands as one of its primary advan-
tageous features.72 In the context of GPRmodelling, as a general
practice, we consider two sets of data: one for testing (T) and
another for training (L). These data sets, T and L, are selected
randomly and consist of pairs {xL,i,yL,i}i=1

n, and {xT,i,yT,i}i=1
n

respectively, where x represents the input variables, and y
represents the corresponding outcome variables. The GPR
modelling initiates by considering the following equation as its
foundation:

yL,i = f(xL,i) + 3L,i, i = 1,2,3,.,n (1)

3 ∼ N(0,snoise
2In) (2)

In this context, xL represents the independent variables, while
yL denotes the outcomes associated with the training data
points. Additionally, the observation noise is denoted by 3,
while the variance of the noise is indicated by snoise

2, In is the
unit array. Likewise, we can express the following for the test
data set:

yT,i = f(xT,i) + 3T,i, i = 1,2,3,.,n (3)

The symbols uphold the identical interpretations as previ-
ously dened, albeit about the test data set. Consequently, the
Gaussian noise model establishes a linkage between each
calculated outcome (y) and the corresponding function under
consideration, f(x). Following the GPR model, the function f(x)
is considered a random function or a stochastic, characterized
by its associated mean m(x) and covariance k(x,x′) (commonly
referred to as the kernel) functions.

f(xL,i) ∼ GP(m(x)$k(x,x′)) (4)

The determination of the mean function m(x) could be
accomplished by utilizing explicit basis functions; nevertheless,
for simplication and ease in calculations, it is frequently
assumed to be zero.73

f(xL,i) ∼ GP(0,k(x,x′)) (5)

The y distribution could be obtained by combining eqn (1)
and (5).

y ∼ N(0,k(x,x′) + snoise
2In) (6)

Based on the aforementioned criteria and variables, the
following can be inferred:

RETR
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64 fL
!
fT
!

3
75 � N

 
0;

"
kðxL; xLÞ kðxL; xTÞ
kðxT; xLÞ kðxT; xTÞ

#!
(7)

"
3L
!
3T
!
#
� N

 
0;

"
snoise

2In 0

0 snoise
2In

#!
(8)

In addition to the latest two equations, the subsequent
Gaussian expression can be derived:2
4 yL
�!
yT
�!

3
5 � N

 
0;

"
kðxL; xLÞ þ snoise

2In kðxL; xTÞ
kðxT; xLÞ kðxT; xTÞ þ snoise

2In

#!

(9)

The variable yT distribution can be attained by applying the
conditioning principle of Gaussian:

(yTjyL) ∼ N(mT$ST) (10)

ST = k(xT,xT) = k(xT,xT) + snoise
2In − k(xT,xL)(k(xL,xL)

+ snoise
2In)

−1k(xL,xT) (11)

mT ¼ m
�
yT
�!� ¼ kðxT; xLÞ

�
kðxL; xLÞ þ snoise

2In
��1

yT
�! (12)

The covariance (ST) and mean value (mT) have their respec-
tive roles in this context. The strength and resilience of the
predictive capability of the ultimate GPR model can be altered
by the choice of a kernel function that incorporates a symmetric
invertible matrix. In order to determine the optimal kernel
function, four distinct choices, including rational quadratic,
Matern, squared exponential, and exponential, have been
made. The presentation of the chosen kernel functions is
provided below:

Rational quadratic kernel function:

kRQ

�
x; x

0� ¼ s2

 
1þ x� x02

2a‘

!�a

(13)

Matern kernel function:

kM
�
x; x

0� ¼ s2 2
1�v

GðvÞ
� ffiffiffiffiffi

2v
p x� x0

‘

	v

Kv

� ffiffiffiffiffi
2v

p x� x
0

‘

	
(14)

Squared exponential kernel function:

kSE
�
x; x

0� ¼ s2 exp

 
� x� x02

‘2

!
(15)

Exponential kernel function:

kE
�
x; x

0� ¼ s2 exp

�
�x� x

0

‘

	
(16)
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Within this framework, the variables a, s, s2, and ‘ signify scale-
mixture, amplitude, variance, and length scale, respectively.
Moreover, the Kv, G, and v symbols denote the modied Bessel
function, gamma function, and a positive parameter,
respectively.

2.2. COSMO-RS approach

To evaluate the CO2 solubility in DESs, COSMO-RS computa-
tions were performed. The Avogadro soware74,75 was utilized to
create the molecular geometries of all the examined species,
including cations of salts, anions, and CO2. The molecular
structures under investigation underwent widespread optimi-
zation using the Gaussian09 soware suite.76–78 This detailed
optimization procedure, conducted at the B3LYP level of theory
with the 6-311++G(d,p) basis set, accurately determines the
most energetically favourable conformations. QC calculations
were performed on triethylene glycol to compare the single-
point energies obtained from the B3LYP/6-311++G(d,p) calcu-
lations. The calculations were conducted using a theory level of
B3LYP, incorporating the Grimme empirical dispersion GD3BJ
correction and basis set 6-311++G(d,p). Detailed results of this
comparison can be found in the ESI.† The energy comparison
between the B3LYP and B3LYP-D3 principles yielded no
substantial deviation. This implies that the two approaches
produced similar results. Moreover, the ESI† contains all
molecules' adjusted geometry coordinates considered in this
report, including HBDs, HBAs, and CO2, supporting a detailed
representation of their spatial arrangement. The generation of
the COSMO les was accomplished by implementing the “scrf=
COSMORS” keyword and employing a basis set and theories
such as BVP86, TZVP, and DGA1.79 In order to investigate HBD
and HBA conformational spaces, a detailed analysis was per-
formed utilizing the BIOVIA COSMOconfX2022 package and
Turbomole soware.80 These soware tools incorporate
advanced algorithms designed to automatically detect and
select relevant conformers, which are then utilized in subse-
quent COSMO-RS computations. This systematic approach
ensures an inclusive exploration of molecular exibility and
aids in achieving accurate solvation predictions. Steady COSMO
conformers were obtained through COSMO computations
employed within COSMOConf via the basis set and BP-TZVP
approach. Following the creation of COSMO conformers,
these conformers were effectively employed as input within the
COSMOtherm package, which was executed using the
BP_TZVP_19 parametrization. This package included in-depth
calculations to determine HBD and HBA Ss-prole. Further-
more, the DESs' CO2 solubility and activity coefficient (g) were
accurately computed, providing valuable insights into their
solvation behaviour.81 Following is an equation that determines
the gas's solubility.82

pj = p0j × xj × gj (17)

In the given scenario, ‘pj’ signies a compound ‘j’'s partial
pressure, while ‘p0j ’ represents the pure compound's vapour
pressure. Additionally, the mole fraction or solubility of CO2 in
the liquid phase is denoted by ‘xj’, and the activity coefficient is

RETR
© 2023 The Author(s). Published by the Royal Society of Chemistry
referred to as ‘gj’. The activity coefficient (g) of component ‘j’
can be attributed to the chemical potential gj, and the subse-
quent equation can mathematically describe it:

gj ¼ exp

 
mj � m0

j

RT

!
(18)

The given equation incorporates the chemical potential
(m0j ) of the pure component ‘j’, with T denoting the absolute
temperature and R representing the value of the real gas
constant. Fig. S1 and S2† depict HBDs and HBAs chemical
structures utilized in this study. In order to generate COSMO
les for all the molecules under investigation, we meticulously
followed the procedural guidelines presented in the introduc-
tory paragraph of Section 2.2. ED
3. Model development
3.1. Data collection

The primary focus of this investigation was to explore the
solubility characteristics of CO2 in an extensive selection of 132
physically-based DESs.25,34,83–99 A meticulous data collection
process was conducted to achieve this goal, acquiring 1973 data
points from relevant literature sources. The collected data
covered a wide range of experimental conditions, including an
extensive temperature range spanning from 293.15 K to 348.15
K. Additionally, the investigation considered a broad pressure
range, ranging from 26.3 kPa to 7620 kPa, allowing for the
inclusion of various pressure conditions. The molar ratios,
ranging from 1 : 1 to 1 : 16, also exhibited variations, enabling
an extensive examination of the solubility behaviour of CO2 in
DESs. Fig. S1 and S2† comprehensively summarize all the
constituents involved in the DESs, including 25 HBDs and 23
HBAs. These gures offer an overview of the different compo-
nents of the DESs studied. For a more in-depth analysis, Table
S1† contains detailed information on temperatures, DES
compositions (molar ratios, HBD, and HBA), CO2 solubility
data, pressures, and the corresponding references. Researchers
interested in exploring the specics of this study are encour-
aged to refer to the ESI,† where inclusive data and references
can be found.

ACT

3.2. COSMO-RS-derived molecular descriptors

The COSMO-RS theory employs a virtual conductor method-
ology to predict thermodynamic characteristics. This technique
involves generating a virtual conductor around each molecule
and conducting calculations to determine the wide-ranging
analysis involved in the assessment of two critical parameters
for each segment residing on the conductor's surface: the
surface area, which quanties the extent of exposure to the
surrounding environment, and the screening charge density,
which characterizes the charge distribution and interactions at
the molecular level. The Ss-prole, which depicts the charge
distribution, are derived using these computations.100 As eluci-
dated in Section 2.2, the molecules under investigation under-
went the generation of COSMO les, which were subsequently
RSC Adv., 2023, 13, 30071–30085 | 30075
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employed to calculate thermodynamic properties. HBDs and
HBAs were calculated based on their polarity distributions (Ss-
prole) using COSMOthermX,82 utilizing the created molecular
surfaces. At the core of molecular analysis lies the Ss-prole,
a pivotal statistical distribution that signicantly contributes to
quantitatively evaluating the probability of each molecular
surface segment possessing a specic screening charge
density.101 As an outcome, Ss-proles cumulative area can be
employed to provide an account of the molecular surface,
commonly known as Ss-prole. The Ss-proles factor in QC char-
acterizes atom concentration and types within a s-range,
offering insights into spatial distribution and chemical identity.
Refer to Torrecilla et al.102 for complete information on its
signicance in understanding molecular properties. Signicant
differences are observed in the distribution patterns of Ss-prole
within the regions of hydrogen bond donors and acceptors,
along with variations in the areas covered by the Ss-prole. These
ndings underscore each molecule's individual and character-
istic Ss-prole properties.103 Within molecular surface analysis,
the Ss-prole undergo a thorough partitioning process, classi-
fying them into three distinct regions. The rst region, char-
acterized as non-polar, encompasses molecular surface
segments with charge densities between −1e nm−2 and +1e
nm−2. The second region, involving hydrogen bond donors,
comprises segments with charge densities below −1e nm−2,
while the third region, housing hydrogen bond acceptors,
comprises segments with charge densities above 1e nm−2. To
dene Ss-prole input descriptors for the ML models, a segmen-
tation process was applied to the Ss-prole of the constituents
within DESs. This involved dividing the Ss-prole into ten frac-
tions, labelled as S1 to S10, by performing integrations of the Ss-
prole P

x (s) across the entire range of screening charge density,
s. The segmented fractions that emerge offer an improved
depiction of how electric charges are distributed among the
components of DESs. These fractions can be employed as input
descriptors for ML models, enhancing their ability to make
more precise predictions regarding specic properties or
behaviors. These proles undergo thorough analysis, leading to
their classication into ve distinct classes based on the
screening charge densities they exhibit. The classication is as
follows: (1) the strong donor region, encompassing segments
denoted as S1 and S2, characterized by substantial charge
densities indicative of signicant donor properties; (2) the weak
donor region, represented by segment S3, featuring charge
densities associated with relatively feeble donor characteristics;
(3) the non-polar region, containing segments S4, S5, S6, and S7,
characterized by charge densities suggesting non-polar inter-
actions; (4) the weak acceptor region, represented by segment
S8, featuring charge densities corresponding to relatively feeble
acceptor attributes; and nally, (5) the strong acceptor region,
encompassing segments denoted as S9 and S10, with charge
densities signifying potent acceptor properties. This all-
inclusive classication scheme supports researchers in
discerning distinct molecular interactions, providing valuable
insights into the charge distributions and functional charac-
teristics of various molecular segments, paving the way for
advanced research in various scientic applications. This

RETR
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classication allows for a thorough characterization of the
charge density distributions within the Ss-proles, enabling
a better understanding of the molecules under investigation's
hydrogen bonding capabilities and non-polar characteristics. In
order to characterize the Ss-prole of the modelled DESs,
a fundamental step involves calculating the molar weighted
average of their constituent molecules. This approach, widely
accepted and applied in the scientic literature, provides
a standard method for dening the Ss-prole of DESs.104–108 By
incorporating the contributions of each constituent in
a weighted manner, the resulting Ss-prole offers insights into
the DES system's collective charge distribution and solvation
behaviour.54 The equation is formulated in the following
manner:

SDES
i;s-profile ¼

X10
i¼1

h
xHBA;i:S

HBA
i;s-profile; xHBD;i:S

HBD
i;s-profile

i
¼
�
xHBA;1:S

HBA
1;s-profile; xHBD;1:S

HBD
1;s-profile

�
þ
�
xHBA;2:S

HBA
2;s-profile; xHBD;2:S

HBD
2;s-profile

�
þ.

(19)

The terms xHBA and xHBD in the equation signify the mole
fractions of the hydrogen bond acceptor (HBA) and hydrogen
bond donor (HBD), respectively. Furthermore, Ss-prole func-
tions imply a sigma-prole descriptor located in the ‘i’ region,
including S1 through S10.CTE

D

3.3. Outlier detection

The disputed or outlier data exhibit dissimilar behaviour
compared to the remaining data points. The emergence of such
data can oen be attributed to errors occurring during the
experimental process or instrumental limitations. Detecting
potentially problematic data within a dataset is vital to prevent
incorrect interpretations of the established model and optimize
its performance. To accomplish this, the leverage method was
implemented, dening the Hat matrix as stated below:

H = U(UTU)−1UT (20)

The matrix U possesses dimensions i × j, wherein i corre-
sponds to the parameter count and j signies the training data
point numbers. A graphical representation called William's plot
is created to evaluate the accuracy of the dataset. This plot
showcases the standardized residuals plotted against the Hat
values. A dened region within this plot is considered reliable,
and any data points located outside this region are regarded as
suspected data. In order to establish a reliable zone, the range of
standardized residuals is constrained from −3 to 3, while the
Hat values are limited from 0 to the critical leverage limit.109,110

H* ¼ 3ðj þ 1Þ
i

(21)

The crucial threshold, an essential parameter for this calcu-
lation, is derived using the provided formula. This delineation of
the reliable zone aids in identifying the data points that conform
to expected patterns and lie within the boundaries of statistical

A
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Fig. 1 William's plot of the CO2 solubility data bank to find outliers for
Kernel-based GPR model of (a) Matern, (b) exponential, (c) squared
exponential, (d) rational quadratic.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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RETR
reliability, thereby contributing to the accurate assessment and
interpretation of the dataset. Fig. 1 presents William's plot of the
CO2 solubility data bank, offering crucial insights into the reli-
ability of the data points utilized in the analysis. It is evident that
a signicant majority of the data points, out of the total 1973,
exhibit reliability. Specically, a limited number of outliers are
identied: 47 outliers for the GPR-Matern model, 50 outliers for
the GPR-exponential model, 52 outliers for the GPR-squared
exponential model, and 60 outliers for the GPR-rational
quadratic model. These outliers warrant further examination
and consideration due to their deviation from the expected
patterns observed in most of the dataset.

D

3.4. Statistical evaluations

A range of statistical parameters were calculated to determine
the effectiveness of the developed ML models in predicting
outcomes. These parameters included average absolute relative
deviation (AARD), mean absolute error (MAE), root mean square
error (RMSE), and the determination coefficient (R2). Model t
adequacy can be evaluated by considering R2, where a higher R2

value signies a more favourable model t. The AARD, MAE,
and RMSE values, in conjunction with the provided statistical
parameter expressions (eqn (22)–(25)), serve as means to assess
the disparity between experimentally measured and predicted
CO2 solubility in DES. These parameters effectively characterise
actual and predicted solubility deviations, contributing to the
total calculation and assessment of the model's accuracy and
performance.

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

�
ycali � yi

�2
n

vuuut
(22)

MAE ¼
PN
i¼1





ycali � yi

yi






N

� 100 (23)

AARD ¼
PN
i¼1



yi � ycali




N

(24)

R2 ¼
Pn
i¼1

�
yi � ym

�2
�PN

i¼1

�
ycali � yi

�2
Pn
i¼1

�
yi � ym

�2 (25)

In the given equation, N denotes the total data points available.
Within this equation, yi signies the experimental solubility of
CO2 in DES, ym represents the experimental dataset average,
and ycali represents the calculated CO2 solubility derived from
both the ML or COSMO-RS models.

ACTE
4. Results and discussions
4.1. Analysis of sensitivity

To develop an accurate model, it is imperative to ascertain the
impacts of the input variables on the solubility of CO2 in DES.
RSC Adv., 2023, 13, 30071–30085 | 30077
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Fig. 2 The investigation focuses on assessing the sensitivity of input parameters concerning CO2 solubility in DES.
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An inherent requirement for assessing the signicance of
individual input parameters is the implementation of a sensi-
tivity analysis, yielding the relevancy factor, which can be
determined subsequently:

r ¼
Pn
i¼1

�
Xk;i � Xk

��
Yi � Y

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

�
Xk;i � Xk

�2Pn
i¼1

�
Yi � Y

�2s (26)

The variables Xk,i, �Xk, Yi, and �Y are dened as follows: Xk,i
represents the ‘k’-th input, �Xk denotes the average of inputs, Yi

TR
Table 1 The statistical metrics of the GPR models proposed in this stud

Model Group R2

Matern Train data 0.9983
Test data 0.9978
Total data 0.9982

Exponential Train data 0.9981
Test data 0.9975
Total data 0.9979

Squared exponential Train data 0.9963
Test data 0.9958
Total data 0.9962

Rational quadratic Train data 0.9939
Test data 0.9926
Total data 0.9936

30078 | RSC Adv., 2023, 13, 30071–30085

RE
corresponds to the ‘i’-th output, and �Y represents averaging
outputs. A greater ‘r’ value associated with an input parameter
signies heightened effectiveness in inuencing CO2 solubility,
whereas a smaller value indicates reduced impact. In this study,
Fig. 2 offers a visually compelling depiction of great importance,
providing valuable insights into the correlation between the
input variable and the solubility of CO2. Through an in-depth
sensitivity analysis, the pivotal input variables leading to CO2

solubility estimation have been discerned, and the results are
outlined as follows: among the various input factors, the pres-
sure, S5, and S6 exhibit substantial inuence, signifying ‘r’
values of 0.65, 0.41, and 0.38, respectively. An intricate interplay

A

y

MRE (%) MSE RMSE STD

1.0314 0.0026 0.0505 0.0373
1.0196 0.0035 0.0592 0.0479
1.0285 0.0028 0.0592 0.0402
1.1711 0.0030 0.0545 0.0396
1.1900 0.0040 0.0631 0.0477
1.1758 0.0032 0.0631 0.0418
1.6176 0.0057 0.0754 0.0555
1.5243 0.0068 0.0824 0.0654
1.5943 0.0060 0.0824 0.0582
2.0755 0.0094 0.0969 0.0714
2.1358 0.0119 0.1092 0.0851
2.0906 0.0100 0.1092 0.0750

© 2023 The Author(s). Published by the Royal Society of Chemistry
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exists between the inputs and CO2 solubility, as evidenced by
their direct relationship. It is fascinating to highlight the ‘r’
value corresponding to temperature, which appears relatively
small compared to other input variables.
Fig. 3 Model and experimental outputs of kernel-based GPRmodel of
(a) Matern, (b) exponential, (c) squared exponential, (d) rational
quadratic.

ACTE
D
4.2. Modeling results

A set of matching statistical parameters assumes great impor-
tance in the pursuit of a thorough assessment of the proposed
model's performance. These parameters act as a reliable means
to quantify the level of agreement between the experimentally
measured CO2 solubility values and those predicted by the
model. These factors' values are computed and documented in
Table 1. An insightful evaluation of the GPR models employing
diverse kernel functions has yielded essential R2 values.
Specically, the Matern kernel function exhibits remarkable
performance with an R2 value of 1.00, signifying optimal data-
model t. The exponential kernel function follows with an R2

value of 0.998, underscoring its notable capability to capture the
underlying CO2 solubility behaviour. Furthermore, the squared
exponential and rational quadratic kernel functions both
demonstrate robust performance, exhibiting R2 values of 0.997
each. These high R2 values reect the strong alignment between
the predicted and experimental CO2 solubility values, validating
the efficacy of the respective GPR models.

A broad evaluation of the error parameters, including STD,
RMSE, MSE, and MRE, has provided valuable insights into the
training performance of the proposed GPRmodels. The analysis
reveals that the models have effectively captured the underlying
patterns and trends within the training data, as evidenced by
the acceptable precision reected in these error metrics. In
predictive modelling, evaluating amodel's performance extends
beyond its accuracy in predicting the training data. Equally
crucial is assessing the model's ability to generalize and forecast
CO2 solubility for previously unseen data points. This aspect
assumes particular importance as it reects the model's
capacity to capture underlying trends and patterns in the data
rather than merely memorizing the specic instances from the
training set. To estimate the predictive performance of the
proposed models on unseen data, accurate evaluation was
conducted using the testing dataset. Notably, matern kernel in
the GPR model emerged as the top performer, showcasing
excellent accuracy in forecasting CO2 uptake for previously
unobserved instances. This is evident from the noteworthy
values of various statistical metrics, including a very high R2

value of 0.998, denoting an almost perfect model t to unknown
data. Additionally, the low values of MRE (1.02%), MSE (0.004),
RMSE (0.059), and STD (0.048) further reinforce the model' s
superior predictive capabilities. These metrics indicate minimal
errors and deviations in the model's predictions, underscoring
its robustness and generalization ability beyond the training
data. The exemplary performance of the GPR model with the
exponential kernel function affirms its efficacy in capturing the
underlying complexities of CO2 solubility in DES, thus
promoting its potential applications in carbon capture and
utilization research.

RETR
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Fig. 4 Cross plots of Kernel-based GPR model of (a) Matern, (b)
exponential, (c) squared exponential, (d) rational quadratic.
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In Fig. 3, the predicted and experimental CO2 solubility
values are concomitantly displayed, providing additional vali-
dation of the accuracy achieved by the conrmed models. A
precise examination of the data reveals a remarkable alignment
between the experimental CO2 solubility and the varied GPR
models under consideration. This notable agreement substan-
tiates the models' ability to capture and predict the CO2 solu-
bility behaviour within DES faithfully. A widespread analysis of
the proposed models highlights a striking correspondence
between the predicted CO2 adsorption values and the experi-
mental CO2 solubility. This close agreement stands as a testa-
ment to the exemplary predictive capability of the GPR models
in estimating CO2 solubility within DES. The precise alignment
between the predicted and experimental values underscores the
models' ability to accurately capture the intricate solubility
phenomena, with potential implications in carbon capture,
storage, and utilization applications. GPR models' signicant
performance advances the eld of predictive modelling as
researchers gain condence in employing these models to make
informed decisions and optimize processes related to CO2

solubility.
In Fig. 4, the predicted values for CO2 solubility presentation

are accompanied by the corresponding experimental data
visualization, providing an in-depth overview of the model's
performance. Each data point is accurately plotted, with the
tting lines superimposed to accentuate the correlation
between the predicted and experimental values. Strikingly, all
the predicted CO2 solubility values closely align with their
respective experimental counterparts, leading to tting lines
boasting correlation coefficients surpassing 0.98. This high
level of correlation signies the models' remarkable accuracy in
capturing the intricate solubility behaviours. An inuential
visual representation of the GPR models' predictive perfor-
mance is depicted by the tting lines intersecting with the 45°
line in the graph. This alignment illustrates the models' preci-
sion in predicting the experimental CO2 solubility data, repre-
senting remarkable accuracy. When the predicted values closely
mirror the experimental data along this diagonal reference line,
it implies that the models can precisely capture the underlying
solubility patterns and trends. This alignment supports con-
dence in the model's ability to accurately represent CO2 solu-
bility behaviours in DES, enhancing their applicability in
various scientic and industrial applications, including carbon
capture technologies. As researchers interpret this graph, they
gain valuable insights into the reliability and efficacy of the GPR
models in predicting CO2 solubility, contributing to advance-
ments in the eld and informing decision-making processes in
related research and engineering endeavours. The bisector line,
representing a critical standard for precision in established
models, serves as an essential reference in assessing their
accuracy and predictive capabilities. Among the array of models
under consideration, one model stands out for its unique
precision—the GPR model equipped with the Matern kernel
function. This model attains a correlation coefficient of 1,
indicating a perfect match between the predicted and experi-
mental CO2 solubility values. The impeccable alignment along
the bisector line reects the model's remarkable ability to

RETR
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precisely capture the intricate solubility behaviours, thus pre-
senting an invaluable tool for predicting CO2 solubility within
DES.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 A comparative analysis of the evaluation of the predictive
capabilities of the GPR models employing distinct kernel functions,
namely (a) exponential, (b) Matern, (c) squared exponential, and (d)
rational quadratic, against the experimental data.

Fig. 6 The investigation examines the predicted CO2 solubility in [TBA]
Br-hexanoic acid (1 : 3) concerning pressure variations at different
temperatures.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 30071–30085 | 30081
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Fig. 5 reveals fundamental understandings of the GPR
models' predictive efficacy, prominently exhibiting the relative
disparities between the experimentally measured CO2 solubility
and the estimated values. The visual depiction highlights the
model's accuracy in capturing the actual solubility values, rep-
resented by the absolute deviation points. Notably, the GPR
models employing the exponential, squared exponential, and
rational quadratic kernel functions exhibit remarkable accu-
racy, with the highest level deviation below 30%. This nding
indicates that these models closely match the predicted and
experimental CO2 solubility values, further bolstering their
credibility and reliability for CO2 solubility prediction in DES. In
particular, the Matern kernel function surpasses in accuracy,
showcasing deviation points below 20%, emphasizing its
superior precision in capturing the underlying solubility
behaviour. By providing a wide-ranging assessment of the
model's predictive prowess, these insights guide researchers in
selecting the most suitable GPR models for specic applica-
tions, ultimately supporting advances in carbon capture and
utilization research and enhancing sustainable solutions for
mitigating greenhouse gas emissions.

The assessment of the results reveals the appropriate
performance of the proposed GPR models in predicting CO2

solubility within DES. In addition to other inuential factors,
Fig. 6 highlights the pivotal role of temperature in determining
CO2 solubility within DES. The discovery of a negative correla-
tion between temperature and CO2 solubility is another nding,
as elevated temperatures result in decreased CO2 solubility due
to the exothermic nature of the process. This insight has
important implications for various applications, especially in
carbon capture processes, where temperature control is crucial
in enhancing CO2 solubility efficiency. Interestingly, the
predictive capability of the Matern kernel function stands out
prominently, demonstrating a remarkable tness with the
experimental data. This high level of agreement underscores
the Matern kernel's superior capacity to capture the intricate
solubility variations inuenced by temperature changes. Such
precision is invaluable for researchers and engineers seeking to
optimize carbon capture technologies and improve the overall
performance of CO2 solubility processes.

5. Conclusion

The evaluation of GPR models using various kernel functions
yielded essential R2 values. The Matern kernel function
demonstrated high performance with an R2 value of 0.998,
closely followed by the exponential kernel function with an R2

value of 0.998. The squared exponential and rational quadratic
kernel functions also performed robustly, achieving R2 values of
0.996 and 0.993, respectively. Evaluation of error parameters
(STD, RMSE, MSE, and MRE) conrmed the models' precision
in capturing underlying patterns within the training data. The
Matern kernel function-based GPR model exhibited extraordi-
nary accuracy, with an impressive R2 value of 0.998 and notably
low values for MRE (1.02%), MSE (0.004), RMSE (0.059), and
STD (0.048). These results highlight the model is astonishing
predictive capabilities and potential applicability in carbon
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capture and utilization research. A thorough data analysis
further conrmed a remarkable alignment between experi-
mental CO2 solubility and various GPR models, validating their
faithful prediction of CO2 solubility within DES.

The complete assessment emphasized a striking correspon-
dence between the predicted and experimental CO2 solubility
values, underscoring the exemplary predictive capability of the
models. The precise alignment between predicted and experi-
mental values underscored the models' accuracy in capturing
intricate solubility phenomena, potentially beneting carbon
capture, storage, and utilization endeavours. Among these
models, the GPR model utilizing the Matern kernel function
stood out due to its excellent precision, making it a valuable tool
for predicting CO2 solubility within DES. The visual represen-
tation emphasized the accuracy of GPR models employing
exponential, squared exponential, and rational quadratic
kernels, with deviations from valid solubility values remaining
below 30% at various points. The Matern kernel demonstrated
superior precision with deviation points below 20%, further
accentuating its efficacy. These insights aid in selecting the
appropriate model for specic applications, thereby advancing
carbon capture research and promoting sustainable solutions
for mitigating greenhouse gases. The evolving hybrid QSPR-
GPR model emerges as a versatile and accurate means for pre-
dicting CO2 solubility in DES, playing a pivotal role in
advancements within carbon capture and utilization processes.
Its invaluable contributions steer us towards a greener and
more sustainable future, paving the way for innovative solutions
to address the pressing challenges of greenhouse gas mitiga-
tion. As research in DESs continues to progress, the QSPR-GPR
model remains an essential tool for researchers and engineers
seeking to optimize solvent systems and enhance the efficiency
of carbon capture technologies.
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A. M. da Costa Lopes, A. Silvestre and E. Castro, Bioresour.
Technol., 2023, 369, 128396.

21 C. Ma, S. Sarmad, J.-P. Mikkola and X. Ji, Energy Procedia,
2017, 142, 3320–3325.

22 Y. Gu, Y. Hou, S. Ren, Y. Sun and W. Wu, ACS Omega, 2020,
5, 6809–6816.

23 I. Cichowska-Kopczyńska, B. Nowosielski and
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