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ABSTRACT

The process of capturing carbon dioxide (CO,) emissions from the industrial sector or directly from the atmosphere is receiv-
ing substantial global attention. This is due to profound global alterations in the climate and ecosystems that are hazardous to
human life and well-being. It is essential to understand the mechanisms and thermodynamics of carbon capture applications.
Lower CO, emissions have been achieved through the application of CO, capture techniques. Herein, we review and compare the
CO, sources, as well as the advantages and disadvantages of various options for CO, capture technology. This is done to aid the
development of new technologies and opportunities to accelerate their scale-up. This review found that adsorption technology
promises long-term protection against pollutants and moisture. This approach efficiently and dependably manages heat condi-
tions using oxygen-containing compounds. Adsorption technology using polymer-based adsorbents employed in CO, capture
is examined. Polymer-based materials are of particular interest due to their structural tunability, chemical functionality, and
potential for cost-effective, scalable deployment. Additionally, the utilization of natural rubber for efficient carbon capture is
reviewed. The last section provides an analysis indicating that adsorption technology is a promising technique for polymer-based
adsorption suitable for further development in CO, capture.

1 | Introduction

The substantial rise in carbon dioxide (CO,) levels in the at-
mosphere is the primary driver of climate change [1]. This
phenomenon results in global warming. From the start of
the Industrial Revolution in the 18th century to 2022, the
concentration of atmospheric CO, increased from about 280
to 417 ppm [2]. The primary cause of climate change and the
yearly 1-3mm rise in sea levels is the unprecedented amount

© 2026 Wiley Periodicals LLC.

of atmospheric CO,. Additionally, it is believed that animals
and ecosystems are impacted by CO,-driven ocean acidifica-
tion [3, 4]. Due to economic expansion and population growth,
global energy demand will continue rising. It is expected to
increase to 800-1000 EJ (EJ=exajoule =10'%J) by 2050 [5].
Climate change impacts social and environmental factors af-
fecting everyone's health. These factors include the availability
of unpolluted air, secure sources of drinking water, adequate
food supplies, and appropriate housing. Climate change is
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TABLE1 | Global export value and quantity of polyamine and acyclic polyamines [39].

Year
Polymer type 2018 2019 2020 2021 2022
Polyamine Value (USD thousands) 464,891 269,658 237,605 69,915 95,383
Quantity (tonnes) 174,190 153,065 112,892 64,381 26,867
Acyclic polyamines Value (USD thousand) 889,714 829,272 779,663 1,049,779 1,385,934
Quantity (tonnes) 274,504 269,637 241,719 274,205 285,260

forecast to result in approximately 250,000 deaths per year
between 2030 and 2050, primarily due to factors such as fam-
ine, malaria, diarrheal diseases, and heat-related health issues
[6]. Air pollution, an important global health issue, has a wide
range of negative effects on both people and societal health [7].
The World Health Organization (WHO) has reported that air
pollution annually accounts for almost 7 million premature
deaths. These fatalities are a result of diverse health ailments
that include heart failure, stroke, chronic bronchitis, lung
cancer, and acute respiratory illnesses, such as pneumonia.
Children in countries with low or middle incomes are dispro-
portionately affected by the detrimental effects of air pollution
[8]. Air pollution poses a significant risk to the global econ-
omy, resulting in healthcare costs that account for 6.1% of the
global gross domestic product (approximately USD 8 trillion
in 2019) [8]. Furthermore, a United Nations organization, the
Intergovernmental Panel on Climate Change (IPCC), was
founded to evaluate the scientific aspects of climate change
and report on the subject. The IPCC's Sixth Assessment re-
port, released in 2021, concluded that human activities have
caused an approximate 1.1°C temperature increase in the
Earth's climate from 1850 to 2005, primarily due to the re-
lease of heat-trapping gases [9]. In the coming decades, it is
projected that this average global temperature increase will
reach or exceed 1.5°C. This temperature increase will have a
global influence [10].

However, in September 2015, the United Nations General
Assembly endorsed their 2030 Agenda, which sets forth an
ambitious plan for radical transformation by 2030 to attain
a more sustainable future [11]. The 2030 Plan of Action for
Environmental Sustainability is operationalized through the
17 global Sustainable Development Goals (SDGs). They signify
a new age of collective endeavors by the international commu-
nity to achieve this comprehensive strategy for the betterment
of humanity, the environment, and economic well-being. Under
the 17 SDGs, carbon capture is the emphasis of Goal 13; it is par-
ticularly important. Its objective is to actively combat climate
change. SDG 13 aims to integrate environmental-friendly ac-
tions into national plans and policies, monitor advancements on
climate funding pledges, and strengthen capabilities to address
climate change. It also accounts for both adaptation and mitiga-
tion [12]. Raising awareness of CO, reduction or elimination is
a crucial step in promoting sustainable development in the con-
text of mitigating climate change.

Frequently, the terms CO, capture, utilization, and sequestra-
tion (CCUS) are used in the context of managing carbon emis-
sions and combating climate change [13]. The main fields of

research have been carbon capture and storage (CCS) or utiliza-
tion (CCU) [14-17]. Geological storage of CO, is the goal of CCS
[18]. In contrast, CCU refers to trapping CO, as a carbon source
for chemical raw materials, such as fuels and fine chemicals [19].
These processes utilize captured CO, as a sustainable source of
carbon, which is then transformed into useful goods [20, 21].
Methods of carbon capture in both the industrial and academic
sectors include absorption-based CO, capture [22-25], mem-
brane separation [26-29], CO, collection via adsorption [30, 31],
chemical looping for CO, capture [32, 33], direct capture of CO,
from air [34-36], and CO, capture by hybrid processes [37, 38].
Carbon capture products are now available on the market.
However, as this is a new area of development involving consid-
erable innovation, there is extensive new research on polymer
capture of CO,, but few commercially available products. Based
on information from the International Trade Centre [39] two
types of polymers can be utilized in CO, capture, polyamine and
acyclic polyamines. Polymeric amines can aid in the adsorption
of CO,. Table 1 shows the decreased global export quantity and
value for polyamine. However, the export quantity and value of
acyclic polyamines remained high from 2018 to 2022.

In this review, we elucidate the potential mechanism and ther-
modynamics involved in CO, capture processes. Application
of computer models to carbon capture is also discussed. We
summarize and compare the major CO, capture technologies.
This section covers the benefits and drawbacks of all carbon
capture technologies. Finally, we conclude that utilization of
polymer-based composite materials for CO, collection appears
promising, highlighting remarkable polymers, their applica-
tions, and their carbon capture capabilities. Natural rubber and
biomaterial polymers can capture carbon as well [39]. Hence,
the objective of this review is to scrutinize and compare carbon
capture technologies, as well as to discuss the challenges and
future potential of using polymers to manage CO,. This article
summarizes the details of CO, capture and presents ideas for
applications to reduce CO,. Thus, this review is beneficial for
individuals wanting to make informed decisions regarding the
development of carbon capture.

2 | Mechanisms and Thermodynamics of CO,
Capture

2.1 | Mechanism

Recently, there has been much effort in the development of

polymer-based CO, capture [40]. The principal polymeric
materials include porous organic and porous coordination

20of 25

Journal of Applied Polymer Science, 2026

85U8017 SUOWILLIOD 8A11E81D) 3|qeo![dde 8Ly Aq peusenob afe sejoie VO ‘88N JO Sa|nJ o} Akeid18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIB)/LIO" A IM ARIq Ul UO//:SdNL) SUORIPUOD PUe SWe | 8U18eS *[9202/20/90] Uo ARiqiauluo A ‘(pue|ey 1) IHOHO VaS Ad o0 dde/z00T 0T/10p/wod As | Akeiqjeul|uo//sdny wo.j pepeojumod ‘0 ‘829%260T



Carboxylic
functionalizatioL
CO;,: e -COOH : Hydrogel bond:

FIGURE1 | Mechanism by which hydrogel absorbs CO,. Reproduced with permission [47]. Copyright 2021, Elsevier. [Color figure can be viewed

at wileyonlinelibrary.com]
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FIGURE2 | Interaction between CO, and primary/secondary amines through a zwitterion mechanism, while reaction between CO, and tertiary
amines takes place via an acid-base reaction. Reproduced with permission [51]. Copyright 2018, Elsevier.
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FIGURE 3 | Interaction between CO, and a tertiary amine tak-
ing place via acid-base reaction. Reproduced with permission [51].
Copyright 2018, Elsevier.

polymers [41], microporous organic polymers [42], and amine-
functionalized porous polymers [43, 44]. Polymeric amines have
many derivatives, such as polyethylenimine (PEI), polypropyl-
enimine (PPI), poly(acrylic acid) (PAA), polyaniline, amino den-
drimers, and hyperbranched polyamines [45]. One illustrative
example of polymeric amines utilized for CO, capture (which
serves to elucidate its underlying mechanism) involves the uti-
lization of a polyimide aerogel adsorbent that incorporates car-
boxyl groups inside the polymer backbone [46]. The polymer
under consideration has the capability to absorb CO, due to the
carboxyl groups and electron-rich heteroatoms inside its poly-
imide systems [47], as depicted in Figure 1. The efficacy of CO,
capture is altered by factors such as microporosity, surface area,
and the chemical composition of the aerogel. Addition of certain
structural groups, such as amino, sulfonate [48], and hydroxyl
groups [49] enhances the adsorption of CO,.

The important functional group for CO, uptake is the amine
group. The polymer backbone can also be varied, for example,
changed to cellulose [50]. A mechanism for CO, capture by an
amine group [51] is presented in Figure 2.

Amines containing a nitrogen atom with an unshared pair of
electrons, both primary and secondary, have nucleophilic charac-
teristics and function as Lewis bases. These amines engage in an
attack on the electrophilic carbonyl group of CO,, resulting in the
formation of a zwitterion. This zwitterion undergoes quick depro-
tonation by another amine molecule, leading to the creation of a
more stable carbamate ion. This reaction results in the formation
of 2mol of amine for each molecule of CO,, as shown in Reaction
(1) of Figure 2. Under acidic conditions, water molecules can un-
dergo hydration with a carbamate species, leading to the creation
of bicarbonate and the liberation of a free amine (Reaction (2) of
Figure 2) [52]. The hydration reaction rate is reduced because of
the inherent stability of the carbamate structure. Tertiary amines
differ from primary and secondary amines in that they solely dis-
play Bronsted base characteristics. This means that they effec-
tively counteract the formation of carbonic acid resulting from the
reaction between CO, and water (as depicted in Figure 3). This
chemical reaction entails the utilization of 1 mol of amine per mole
of CO,. The aforementioned reaction is sluggish because of the
gradual generation of carbonic acid [53].
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The interaction mechanisms illustrated in Figures 1-3 are
not universally applicable to all polymeric materials. These
mechanisms primarily describe CO, capture in hydrophilic
polymers and amine-functionalized systems, where chemical
interactions such as zwitterion formation, carbamate forma-
tion, and acid-base reactions dominate the adsorption pro-
cess [51-53]. In contrast, hydrophobic polymers or polymers
lacking amine or other CO,-philic functional groups gener-
ally capture CO, through physical adsorption mechanisms,
mainly governed by van der Waals forces, pore confinement
effects, and quadrupole-dipole interactions rather than chem-
ical bonding [40, 41]. Furthermore, the polymer architecture,
including crosslinking density, porosity, surface area, and
pore size distribution (PSD), plays a crucial role in determin-
ing CO, diffusion, accessibility of active sites, and overall
adsorption performance [42, 46, 47]. Highly crosslinked poly-
mer networks may restrict gas transport, whereas enhanced
microporosity and well-distributed functional groups can sig-
nificantly improve CO, uptake [43-45]. Therefore, the mech-
anisms discussed herein are primarily applicable to hydrogels
and amine-based polymers, while other polymeric systems
may follow different CO, capture pathways depending on
their chemical composition and structural characteristics.

2.2 | Thermodynamics of Carbon Dioxide Capture
Polymers

Ideal gases provide a reasonable approximation for the compo-
sition and properties of air. The free energy of mixing of 1 mol
each of two gases can be determined by referring to research
work on the subject [54, 55].

Gpix = RTxIn x + (1 — x) In (1 — x)) @®

The variable x represents the proportion of the main element
in the mixture. It is notable that the free energy of mixing for
the remaining air components, specifically nitrogen and oxy-
gen, does not need integration. It can be assumed that these
components are already blended. The computation of the
Gibb's energy of mixing alone accounts for the additional free
energy arising from combining CO, with an existing air mix-
ture. Through a comprehensive assessment of the factors in-
fluencing the free energy of mixing in a multi-gas system, the
incremental change in free energy resulting from the addition
of another component is independent of the initial mixture's
composition [56, 57].

The minimum work required to extract 1mol of CO, from an
unlimited source of an ideal gas mixture, characterized by a
temperature T and pressure P, with a partial pressure of CO,
represented as P, is:

W =RT[In (P, /P,)] )

Attaining the minimal free energy value is contingent upon the
percentage of CO, collected being exceedingly minute. An alter-
native is to consider the entropy of mixing beginning with the
required free energy for a sorbent process.

Let AG,, represent the change in free energy of a mixture under
standard conditions of pressure (P,) and temperature, and that CO,
can be modeled as an ideal gas. Then, the change in the free energy
of mixing is directly influenced by the pressure (P) of CO, [57].

AG = AG, —RT In(P/P,) 3)

In a system where the change in Gibbs free energy (AG) is min-
imized, the sorbent reaction exhibits reversibility when the exit
pressure of the separating chamber (P,) is reached. By imposing
this limitation, we achieve:

AG, =RT In(P,/P,) @

Equation (4) represents the least amount of energy needed for
the sorbent reaction to reach an exit pressure of P,. When P, is
equal to P,, the absorption process does not result in a reduced
CO, level in the stream. However, when the sorbent is loaded,
the reaction can still take place irreversibly. If P, is less than P,,
the reaction is irreversible. Furthermore, the degree of irrevers-
ibility is directly proportional to the reduction in the ratio of P,
to P,. Consequently, the amount of energy required for adsor-
bent renewal will exceed the energy needed for the extraction
procedure.

The concept of combined free energy provides a theoretical
framework for determining the optimal conditions for sepa-
ration of CO, from air. Nevertheless, incorporating the irre-
versibility of a practical sorbent process into the study of a
sorbent-based system would typically result in a more accu-
rate and realistic assessment of the process [58], as shown in
Figure 4. Equation (4) is used to calculate the sorbent strength
required to produce the desired decrease in CO, content of the
gas, bringing it to the appropriate concentration at the end of
a single operational stage. Sorbent-based systems can reduce
the amount of free energy required per mole of CO, removed
by utilizing different sorbent strengths throughout the vari-
ous phases of the sorption process. One potential approach to
partially reduce the CO, concentration of the input gas stream
involves utilization of a sorbent that is partially saturated
and has a lower free energy of sorption compared to an un-
used sorbent. To achieve a complete reduction in the partial
pressure to P,, it is necessary to utilize a fresh sorbent. This
contrasts with a stable chemical sorbent exhibiting consistent
chemical reactivity. The lowest amount of energy necessary
for a specific sorbent is defined by the free energy of mixing,
which sets a lower bound. The upper bound is determined
by the single sorbent limit. As depicted in Figure 5A, in CO,
capture from air, the disparity between the two limitations is
negligible. The limit imposed on a single sorbent offers a fair
approximation, even in cases when the ratio of (P,~P,) to P, is
almost equal to 0.5 [57].

Considering a solid sorbent process with an activity that re-
mains unaffected by its loading state can have advantages.
This analysis offers significant insights into the inefficiencies
in real-world implementations. Below, the phrase “single sor-
bent system” is employed to refer to a system of that nature.
Within the realm of single sorbent systems, it is possible to
determine a theoretical maximum level of effectiveness that
cannot be exceeded within the limitations of these proce-
dures. If the sorbent is regenerated under ideal conditions, the
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oms of polymers, (c) overlay of CO, diffusion in P2, and (d) CO, diffusion in P6. Reproduced with permission [58]. Copyright 2017, John Wiley and

Sons. [Color figure can be viewed at wileyonlinelibrary.com]

extra energy added to the sorption cycle is equal to the energy
required for sorption of the material at standard temperature
and pressure.

There are several options available for measuring the energy ef-
ficiency of removing CO, from a gas stream by reducing its par-
tial pressure from P, to P,. This creates a CO, product stream at
pressure P ;. One method involves comparing the actual amount
of free energy used to extract CO, with the theoretically neces-
sary amount at a partial pressure of P,. This rationale is logical
when P, remains constant, but it appears arbitrary in the context
of CO, capture from air, as the selection of P, is influenced by
cost or efficiency factors. An alternative approach could involve
contemplating elimination of all CO, as a reference point, by
comparing it to the threshold of P,=0. Nevertheless, utilization
of partial scrubbing systems could potentially result in efficien-
cies surpassing 100%, an undesirable condition. Therefore, the
definition of efficiency involves comparing the least quantity
of free energy required to capture 1mol of CO, and the actual
amount of free energy consumed in a process to capture the
same amount of CO, [59]. Equation (1) provides the free energy
associated with the sorbent, which is the most optimal choice
for the process.

Based on other research, 21.86kJ/mol CO, is the smallest
amount of work necessary in a thermodynamic process for
division of a stream containing 400 ppm of CO, into two sep-
arate streams. The resulting streams consist of one with a low
CO, content and the other composed of CO, (99% purity). In
contrast, when the initial feed contains a CO, concentration of
12%, the smallest amount of work needed in a thermodynamic
process for separation is 7.58 kJ/mol CO,. Based on the dis-
parity in energy levels, it is more advantageous to extract CO,
from a localized source than from the Earth's atmosphere.
Figure 5B illustrates the lowest required thermodynamic
work or the separation of Co, from three distinct sources: air,
exhaust gases produced by a combined cycle power plant that
runs on natural gas, and exhaust gas from pulverized coal
combustion. These results are depicted as a function of both
CO, recovery and purity [34]. The data indicate that the small-
est amount of work necessary in a thermodynamic process for
separation of CO, from air is higher compared to its division
from an exhaust gas. These values exceed 20kJ/mol CO,, es-
pecially when aiming for higher CO, purities and recoveries.
The minimum effort necessary for direct air capture (DAC)
[60] is 8-10kJ/mol CO,, which is comparable to the energy
needed for separating CO, from power plant exhaust gas with
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FIGURE 5 | (A) The free energy required to separate CO, from air as a function of pressure at the system exit. Total pressure P,=100kPa, tem-
perature T=300K. The bottom line in the plot corresponds to the free energy associated with a mixing process, while the upper line shows the free
energy associated with a sorbent reaction that can reduce pressure to match the exit pressure. Sorbent energy deviates as the exit pressure approaches
zero. Halfway, characterized by a 20kPa exit pressure, there is a 4% disparity between the free energy of a single sorbent and the free energy result-
ing from a mixing process. When the ratio of (P,~P,) to P, equals 0.5, the skimming limit from P, to P, can be considered a reliable approximation.
Reproduced with permission [57]. Copyright 2013, Elsevier. (B) Minimum thermodynamic work of CO, separation from (a) air, (b) natural gas
combined cycle flue gas and (c) pulverized coal combustion flue gas. Reproduced with permission [34]. Copyright 2022, MDPI. [Color figure can be

viewed at wileyonlinelibrary.com]

a 90% recovery rate at 90% and 95% purities [61]. This applies
specifically to cases where CO, purities and recoveries are
below 10% and 60%, respectively. Additionally, CO, adsorp-
tion is influenced by temperature and pressure. CO, adsorp-
tion processes are enhanced by temperatures and pressures,
especially for mesoporous polymers [62, 63].

Equations (1-4) are derived using ideal gas assumptions to
define the theoretical minimum work and Gibbs free energy
change for CO, separation, serving as a universal thermody-
namic benchmark. While non-ideal effects such as humidity
are not explicitly modeled, their practical impact is partially
addressed through the reviewed experimental studies on
waste-derived sorbents. For instance, modified cigarette fil-
ter (CF)-based adsorbents [64] were evaluated under realistic
conditions and inherently reflect non-ideal gas-solid interac-
tions. The results showed that the modified filter fibers show
an excellent CO, adsorption capacity, 1.93 mmol/g. Therefore,
the ideal gas-based results should be interpreted as lower-
bound estimates, with explicit quantitative deviation or error
analysis under non-ideal conditions identified as an important
direction for future work.

3 | Computer Modeling
There are various approaches to computer modeling, depending

on the desired scope. For example, at the microscopic scale, a
density-functional theory (DFT) approach has been applied to

investigate the chemical stability of atomic clusters and nan-
onization on the physical attraction of CO, [65]. The operating
parameters for CO, capture, pressure, temperature, and particle
size were experimentally explored using response surface meth-
odology (RSM). Accordingly, analysis of isotherm modeling
showed that the Hill model provided an excellent fit to the ex-
perimental data, as evidenced by its high R? value, close to unity.
Furthermore, the kinetics model demonstrated that the process
involved chemical adsorption and followed a second-order
model. Thermodynamic analysis indicated that the adsorption
of CO, was both spontaneous and exothermic. Molecular dy-
namics (MD) was used to study the potential of 6FDA/BPDA-
DAM polymers [66, 67], which are membrane materials, for CO,
separation and capture based on pyrolysis.

These polymers have outstanding specificity and the capabil-
ity to dissolve CO, gas molecules because they have extremely
small pores. An adapted Dreiding force-field coupled with MD
yielded valuable data on the configuration of pores in a lique-
fied form. The CO, adsorption isotherm of the polymer matrix,
considering the effects of matrix swelling, was determined
by an isothermal isobaric molecular dynamics simulation.
Consequently, the solvent-accessible surface area of different
types of atoms, which comprise the pore interiors, showed that
methyl carbon atoms and exposed oxygen have a stronger at-
traction to CO,. Additionally, Monte Carlo (MC) techniques and
MD can be combined to study the plasticization properties of
polymers [68] for gas separation and capture. Considering poly-
mer relaxation, the structural characteristics were significantly
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Computer modeling on CO, capture from polymers

o
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= Density-Functional Theory (DFT)
= Molecular Dynamics (MD)
= Monte Carlo (MC) Technique

Macroscopic Simulation

= Machine Learning (ML) for
Optimization and Adjustment

FIGURE 6 | Computer modeling flowchart of microscopic and macroscopic simulations. [Color figure can be viewed at wileyonlinelibrary.com]

modified, particularly by CO, and CH,. Microscopic simulation
has paved the way for designing polymers that effectively cap-
ture CO, [69, 70], suggesting that enhancing the generated po-
rous polymer by incorporating different functional groups onto
its structure may enhance its effectiveness as an adsorbent for
capturing CO, from the atmosphere. There are many functional
monomers available for selecting and modifying polymer par-
ticles, which can enhance the affinity of composite nanostruc-
tures toward CO,. Additionally, this research illustrated that
utilizing DFT simulations helped to identify the optimal func-
tionalization of composite materials for targeted CO, capture.

On the macroscopic scale, machine learning (ML) has played
a role in developing and optimizing these materials. As previ-
ously reported [71], artificial intelligence (AI) and ML have
promising applications in separation technologies and efficient
carbon capture. This work reported the automated discovery
of complex materials via inverse molecular design informed by
process figures-of-merit and meso-scale target features lacking
in existing computational frameworks. The current work pro-
vides a computational screening option before laboratory vali-
dation. Additionally, another study [72] used an ML algorithm,
with a topological, path-based hash of the polymer repeating
unit, to design exceptional gas-separation polymer membranes.
This ML technique has been trained using limited experimen-
tal data, providing an innovative approach for investigating
polymer membrane design that can be applied to CO, capture.
Additionally, Basdogan et al. introduced a ML-based genetic ap-
proach to address the design challenge of polymer membranes
for separating CO, from N, and O, [73]. Their approach gener-
ated numerous ML models using various fingerprinting featur-
ization techniques. Through such ML models, the system could
suggest novel polymer membranes that showed potential for
separating CO,/N, and CO,/O,. Computer modeling on CO,
capture from polymers was summarized, as shown in Figure 6.

However, a comprehensive, critical overview of the technical
considerations utilized ML-based methods for CO, capture [74].
The primary issues identified from the preceding discussions
are (1) establishment of cohesive and unified databases, (2) pru-
dent digitization of intrinsic material characteristics, and (3)
verification of the precision of ML-generated outcomes in real-
world situations. Another work [75], described a versatile, pre-
cise machine-learning approach for identifying novel polymers
that exhibited optimal performance. Additionally, the gas per-
meabilities predicted by ML for the promising candidates were
confirmed using high-fidelity molecular dynamics simulations,

indicating that these predictions can be successfully applied in
practice. Therefore, microscopic and macroscopic simulations
can be integrated in multiple-scale models. However, DFT re-
sults provide the atomic and molecular properties at the quan-
tum level and use them as the initial parameters of the MD
method. The collective trajectories of MD simulation provide
the interaction and dynamic information between molecules.
Both these microscopic computations can be mapped onto ML's
topological features and used to validate ML models. For exam-
ple, Basdogan et al. provide a cross-scale validation [73].

Figure 7a illustrates the initial step of the model training pro-
cess. It entails utilizing the SMILES string of the repeating
unit of each polymer and its accompanying gas permeabilities.
Figure 7b indicates the retrieval of pertinent substructures and
molecular descriptors of each polymer, which are utilized as
chemical inputs for training the ML model. In Figure 7c, the
models of multitask ML and ensembles are trained to predict gas
permeabilities. By utilizing the SHapley Additive exPlanations
values of these models, it is possible to derive valuable physical
insights. Figure 7d shows the models used to estimate the per-
meability of hypothetical polymers and known chemistries in
an enlarged chemical space, with a focus on high-throughput
analysis. Finally, Figure 7e shows high-fidelity molecular dy-
namics simulations conducted to validate the membrane perme-
abilities and selectivity of the most promising polymer choices
[75]. In Figure 7, the training data source, model hyperparam-
eters, and validation method are provided as a reference [76].
Reported prediction errors on the test data and MD confirma-
tion indicate that this ML model is sufficiently robust and less
prone to overfitting.

The permeability of polymer membranes is determined by the
diffusivity and solubility of gas molecules. These properties can
be assessed by analyzing the ML frameworks [77]. Permeability
values are affected by electrostatic interactions and the presence
of free-volume components. The findings support the growing
trend in polymer research toward investigating non-planar
structures to increase their microporosities. Such structures
include kink, spiro, cardo, and pendant groups (such as -CF,),
as well as bulky and flexible groups (such as -O-), or multiple
spatial linking arrangements employed in polyimides [78, 79].
ML models have demonstrated that SHAP value measurements
indicate the presence of some substances, such as polyimides,
ladder polymers, and poly (ethylene oxides). These moieties have
a more significant detrimental effect on the permeability of N,
and CH, compared to O, and CO, [80]. So, enhancing selectivity
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can be achieved by expanding the permeability gap between
specific gas pairs, which is advantageous in gas separation. This
validates a well-established principle in membrane engineering,
that the selectivity of membranes toward CO, can be improved
by enhancing the solubility of CO, through integration of oxy-
gen atoms into polymer membranes [80, 81].

Experimentally validated molecular dynamics simulations
confirmed the predicted capabilities of the leading candidates.
Several polymers in screening datasets have permeabilities
anticipated to be higher than the Robeson upper bound. These
polymers have the potential to be transformed into mem-
branes with extraordinary separation properties. Applicable
ML models can effectively identify polymers with great po-
tential and superior performance. These models can identify
thousands of potential candidates that surpass the upper limit
established by the Robeson upper bound [82]. Furthermore,
ultrahigh permeability polymers would enable unprecedented
gas separation in industrial applications, achieving better
throughput while preserving exceptional selectivity. With the
ongoing progress of using machine-learning techniques cou-
pled with growing computational capacity, it is anticipated
that ML-assisted design frameworks will become more widely
used, contributing to the discovery of materials for promising
technologies.

4 | CO, Capture Technologies

Capture techniques to lower CO, emissions have advanced over
the past few decades, although they are still in the preliminary
stages of adoption. Currently, there are few operational carbon
capture techniques [83]. However, several new techniques are

Adsorption
A 1’

CO, capture technologies
4 =
Chemical looping
Hybrid process
FIGURE 8 | Summary of CO, capture technologies. [Color figure

can be viewed at wileyonlinelibrary.com]

being researched [84]. As technology progresses, carbon cap-
ture will assume a prominent role in the global transition to
low-carbon activities. Carbon capture technology is part of the
worldwide endeavor to alleviate the effects of global warming
and meet climate commitments. Fossil fuels remain the pre-
dominant energy resource, although their utilization is detri-
mentally affecting the environment. Nonetheless, while the use
of renewable energy has grown rapidly, it has not yet reached
widespread adoption to reduce harmful environmental impacts.
Carbon capture technology merits investigation as it can be em-
ployed to absorb carbon emissions before they reach the atmo-
sphere. Figure 8 illustrates several carbon capture methods that
have been extensively investigated in recent years and will be
explained in the subsequent section.

4.1 | Absorption

Absorption technology utilizes water solutions containing
hydroxide sorbents with a strong affinity for CO,. These sor-
bents are strong bases, including sodium hydroxide (NaOH)
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[22], potassium hydroxide (KOH) [23], and calcium hydroxide
(Ca(OH),) [24, 85]. However, the oil and chemical industries
use absorption as the most advanced method of separation, em-
ploying chemical or physical solvents [47]. Absorption processes
consist of both physical and chemical processes. In the context
of physical processes, absorption refers to the phenomenon by
which a substance or material assimilates another substance or
energy. This corresponds to Henry's Law [31] when CO, is se-
questered in an absorption process. This phenomenon happens
when the gas is exposed to high-pressure and low-temperature
conditions. Conversely, desorption, the release of CO,, occurs
when the pressure is reduced and the temperature is increased
[31]. This method has been extensively utilized in several indus-
trial processes, such as the production of natural gas, synthe-
sis gas, and hydrogen, which often have high CO, levels [86].
Additionally, traditional chemical absorption processes com-
prise an absorber and a stripper, wherein the absorbent under-
goes heat regeneration. In a chemical absorption process, a flue
gas containing CO, is introduced into a packed bed absorber.
Within the absorber, the flue gas encounters a CO,-lean absor-
bent in a counter-current manner. After the absorption process,
the absorbent enriched with CO, is moved toward a stripper
unit for thermal regeneration [31]. Following a regeneration
process, the absorbent with reduced CO, levels is subsequently
returned to the absorber for reuse in a cyclic process. Chemical
absorption technology is a well-established and mature method
for CO, capture. This technology has been successfully imple-
mented in several industries for decades. However, it has not yet
been extensively utilized for CO, capture from electricity gen-
eration facilities. One additional benefit of this technology is its
ease of retrofitting to pre-existing power facilities. Table 2 pro-
vides a complete summary of absorption technologies that have
been intensively researched in both corporate and educational
organizations.

4.2 | Membrane Applications

Membrane-based CO, separation is often conducted in a con-
tinuous and steady-state manner. The permeation process is
driven by a pressure difference across the membrane. This
technology has been implemented in several commercial con-
texts, such as air separation for the acquisition of nitrogen or
oxygen-enriched air of technical quality, extraction of CO,
from CH, in natural gas, and separation of gas in well opera-
tions [26, 28, 97]. Additionally, various studies investigated the
application of membrane separation techniques to remove CO,
from flue gas streams of power plants [27, 98-101]. Utilization
of membrane technology for CO, capture presents major chal-
lenges. Recently, bipolar membranes have been of considerable
interest [102-104]. This involves a novel type of ion exchange
membrane that can separate water into OH™ and H* during
electrolysis [105]. The biopolymer membrane (BPM) comprises
an anion exchange layer, a cation exchange layer, and a cata-
lytic layer (such as AI(OH),) sandwiched between them [106].
Upon charging, the water molecules in the BPM undergo disso-
ciation at the active sites of the catalytic layer, resulting in the
formation of H* and OH™ ions. A strong electric field propels
the H* ions toward the cathode via the cation exchange layer,
while the OH™ ions are directed toward the anode through the
anion exchange layer.

Recently, thin-film composite membranes, including poly-
propylene (PP) [107, 108], polyamide (PA) [109, 110], poly(eth-
ylene glycol) (PEG) [111], polyvinylidene fluoride (PVDF) [108],
polytetrafluoroethylene (PTFE) [112], polydimethylsiloxane
(PDMS) [113], polyether sulfone (PES) [113], and polyacryloni-
trile (PAN) [114] have attracted research attention. Their popu-
larity is due to the cost-effective approach applied in the design
of thin-film composite membrane structures. Multilayer com-
posites weighing only 1-2g/m? are employed, which is in con-
trast to typical asymmetric membranes weighing 50g/m? [115].

Gas is transferred through a membrane by the process of
solution-diffusion, which is driven by a differential in the pres-
sure between the feed and permeating sides of the membrane.
Then, gas molecules undergo an adsorption process onto a mem-
brane surface, followed by dissolution into the interior of the
membrane, and subsequent diffusion through the membrane.
Finally, the gas molecules are desorbed from the opposite side
of the membrane [115].

4.3 | Adsorption

Adsorption processes rely on the chemical or physical attachment
of CO, using specialized sorbents, such as amine-functionalized
sorbents, metal-organic frameworks, zeolites, and other mate-
rials [30, 31]. Polymers or solid-based polymers are appealing
sorbents. Several researchers have attempted to apply organic
and inorganic polymers for CO, capture [116-119]. Shao et al. de-
scribed the synthesis of N-enriched porous carbons (NPCs) from
inexpensive, triazine-based, porous organic polymers, utilizing
KOH as an activating agent in the presence of nitrogen gas (N,),
as shown in Figure 9a [120]. Sorbents with ultra-micropores, hav-
ing diameters <0.8nm, have been very effective in CO, capture.
Therefore, CO, absorption was analyzed in relation to cumulative
ultra-micropore volume (V). It is noteworthy that CO, absorp-
tion had a similar trend to that of V., (Figure 9b). Specifically,
NPC-4-600, having the highest V. value, 0.20cm?/g, also had
the highest CO, absorption (207mg/g). Conversely, NPC-1-500,
with the lowest V,,, value, 0.10cm?/g, had the lowest CO, up-
take, 120mg/g. The R? value was 0.9118 (Figure 9¢), providing
further evidence of the key role played by V.., in CO, adsorption.
Additionally, Patel et al. introduced covalent organic polymers
(COPs) for adsorption, which are a novel group of porous poly-
mers with a high CO, capturing capacity [117]. Their findings
indicated that the COPs had CO, adsorption capacities of up to
5616 mg/g, measured at a 200-bar pressure.

Additionally, these COPs could operate at industrially useful
temperatures, as high as 65°C [117]. The stability of COPs in boil-
ing water was maintained for a minimum of 1week, and they
exhibited extremely high selectivity for CO,/H, [117]. Similarly,
the COP-2 material (i.e., polymer synthesis from the monomers
tris(4-bromophenyl) amine) had an H, uptake of 1.74wt% at
77K and 1bar. This level of uptake is one of the highest reported
among microporous organic polymers under comparable condi-
tions. Additionally, the material had CO, and methane (CH,) ad-
sorption capabilities of 594 and 78 mg/g, respectively, at 298 K and
18bar [116]. This adsorption technique is suitable for CO, capture
owing to its reversible nature, high adsorption capacity, low-cost
materials, easy regeneration, and low production cost [121].
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TABLE 2 | Absorption technologies reported in various studies for CO, capture.

Absorption technology Highlights References
Amine based
Synthesis of amine hybrid silsesquioxane aerogel CO, adsorption capabilities of AHSA in a 1% CO, [87]
(AHSA) was achieved using a sol-gel technique environment are significantly greater than those
followed by supercritical drying in a single step. of other porous adsorbents based on amines,
which have been generated utilizing a gas
mixture with a 1% or greater level of CO, gas.
This process involves incorporation of This novel material has a significantly enhanced [88]
commercially available hydrogels into organic capacity for CO, capture, surpassing that of
amine solutions, resulting in formation of amine- conventional aqueous amine solutions when
infused hydrogels. subjected to comparable experimental conditions.
Alkaline solutions
NaOH and KOH were used at 30wt% in H,O to A highly alkaline solution can decrease the concentration [89]
capture CO, in the presence of potassium (K*), of CO, by facilitating the formation of carbonates,
sodium (Na%), and calcium (Ca?*) ions. specifically sodium bicarbonate (NaHCO,), sodium
carbonate (Na,CO,), and potassium carbonate (K,CO,).
Use of NaOH water solutions for CO, capture. Initially, CO, is collected using NaOH within an [90]
absorber, resulting in the production of Na,CO,. This
mechanism occurs via an exothermic reaction under
typical temperature and pressure conditions. In a second
cycle, known as the regrowth cycle, the regeneration
process for NaOH takes place in a causticizer/precipitator.
This involves a reaction between Na,CO, and Ca(OH),,
resulting in the production of NaOH and CaCO,.
KOH can be used to capture CO,. This results in formation of potassium carbonate [91]
(K,CO,) and/or bicarbonate (KHCO,). These
compounds are used extensively as cleaning agents and
emulsifiers as well as in various other applications.
Tonic liquids
A study examined CO, absorption in various The poly(ionic liquid) P[[VBTMA][PF]] exhibited [92]
imidazolium-based ionic liquids (ILs), pyridinium- significant CO, absorption, surpassing other ionic
based ionic liquids, and a tetraalkylammonium- liquids. Additionally, the monomer showed a greater
based poly(ionic liquid) (PIL), specifically CO, capacity compared to alternative ionic liquids.
poly[(p-vinylbenzyl) trimethylammonium
hexafluorophosphate] P[VBTMA][PF,].
Polyurethane-based poly(ionic liquid)s (PILs) are Polyol (polycarbonate) with phosphonium (PILPC-TBP) [93]
being investigated as promising materials for CO, showed a superior capacity for CO, sorption (21.4mg
collection. CO,/g at 303.15K and 0.08 MPa) compared to PILs.
Ammonia
Examination and economic evaluation of a new Modeling results suggest that the existing system has [94]
carbon capture technology that uses ammonia to significant efficiency in capturing carbon, 95.5%.
produce ammonium bicarbonate.
Enhancement of CO, absorption can be improved The absorption rate of CO, is positively correlated with [95]
through the combination of poly(ethylene glycol) the mole fraction of the polymer in the liquid mixture.
dimethyl ether and ammonium-based ionic liquids.
Physical absorption
Examination and comparison of the solubility Polyethylene glycol dimethyl ethers, as well [96]

of CO, in 14 different physical solvents and
two commonly utilized solvents in industrial
applications, namely Selexol and sulfolane.

as mixtures containing these solvents, are
highly effective solvents for CO, removal.
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Waste has been utilized as a raw material for manufacturing
carbon capture compounds [64, 122-125]. In a recent study, an
innovative method was presented for conversion of waste CFs,
one of the primary ocean pollutants. The objective of this tech-
nique was to transform CFs into high-efficiency triboelectric
nanogenerators (TENGs) and effective CO, adsorbents. Targeted
modification was applied to discarded CFs to create CO, adsor-
bents [64], as depicted in Figure 10. The empirical findings re-
vealed that an adsorbent consisting of modified fibers exhibited
a significantly enhanced CO, absorption, 1.93mmol/g. This is
approximately 9.2 times greater than the CO, uptake of the un-
modified fibers (0.21 mmol/g) [64], as shown in Figure 11. The
study demonstrated a methodology for achieving a sustainable
ecosystem by implementing intelligent recycling techniques for
the management of waste CFs. Study findings suggested that
this approach holds promise for addressing challenges related to
CO, mitigation and global warming, especially in geographical
regions near the ocean [64]. Furthermore, utilization of waste
eggshells has been explored as a primary resource for manufac-
turing calcium oxide-based sorbents [122]. This is an alterna-
tive to commercially available calcium carbonate. A calcined
eggshell (CES) sorbent had a greater capacity for CO, capture
than the commercially available CaCO, sorbents [122]. This dis-
covery suggests that the CES had favorable qualities as a CO,
sorbent, primarily due to its relatively low cost, environmentally
friendly characteristics, and its capacity for CO, capture.

In absorption processes, a solvent can be presented in concen-
trations of up to 30% by weight, which constrains the extent of
interactions with CO, [126]. Conversely, in adsorption, a base is
introduced to the sorbent, which is a more restricted state. This
allows for a higher weight percentage of the base to be loaded,
thereby enhancing interaction with CO,.

4.4 | Chemical Looping

Chemical-looping combustion and chemical-looping reform-
ing are potentially cost-effective techniques for capturing CO,
while minimizing energy losses. This is because these proce-
dures intrinsically separate both CO, and H,O from flue gas
[32, 33]. This obviates the necessity for energy-intensive sepa-
ration procedures and supplementary apparatus. Such technol-
ogy utilizes a metal oxide (Fe, Cu, Co, Mo, Mn, Cr, or Ce) as an
oxygen carrier. It is used to move oxygen from the combustion
air to the fuel, thereby avoiding direct contact with the ambi-
ent air and fuel [32]. Figure 12 displays a diagram illustrating
the fundamental chemical looping reforming (CLR) process
[127]. Introduction of compressed air into the oxidation reactor
enables a reaction with a metallic oxygen carrier, resulting in
the production of an oxidized metallic oxygen carrier and an air
stream depleted of oxygen (N,-rich stream). The oxidized metal-
lic oxygen carrier reacts with natural gas in the fuel reactor, in
the presence of steam, to produce syngas. The oxygen-depleted
transporter gas is brought back to the oxidation reactor. A mix-
ture of FeO and Fe,O, was hypothesized as an oxygen trans-
porter in the analysis. The excess oxygen carrier is circulated
between two interconnected reactors to improve the heat trans-
fer from the oxidation reactor to the fuel reactor for endother-
mic reactions. The entire process is self-sustaining and does not
require heating. The CLR often operates at pressures higher
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FIGURE 11 | (a) Weight gain from CO, adsorption for pristine CFs
and 10PAL-20T-CF adsorbents based on thermogravimetric analysis
(TGA) results. This diagram depicts a chemisorption process involved
in adsorption of CO,, (b) comparison of CO, adsorption capacity of sev-
eral adsorbents, (c) study on reusability and cyclic stability of 10PAL-
20T-CF adsorbent. The inset displays adsorption-desorption cycles.
Reproduced with permission [64]. Copyright 2022, ACS. [Color figure
can be viewed at wileyonlinelibrary.com]

than atmospheric levels. The understanding of high-pressure
circulating reactor operation has been acquired by operating a
power plant that employs a pressurized fluidized combustion
bed at Virtan, Sweden [128].
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4.5 | Direct Air Capture

Direct air capture captures CO, from air. This approach en-
compasses various technologies, including absorption, adsorp-
tion, ion transfer resins, substance carbonation, membranes,
photosynthesis, frozen segregation, electronics, and electricity.
Absorption, adsorption, and membrane processes are discussed
above. DAC offers several additional benefits. Specifically, the

Oxygen

Depleted Air

(sl Steam
Stream
Me+MeO
F———
Syngas
Oxidation Fuel
Reactor Reactor
Me
—
Air Natural Gas

FIGURE 12 | Diagram depicting a chemical looping reforming pro-
cess. Reproduced with permission [127]. Copyright 2018, MDPI.

location of the CO, source does not affect the DAC process as CO,
is evenly distributed throughout the atmosphere. Consequently,
if the capture plant is situated close to a consumption or stor-
age site, the transportation costs for CO, are either negligible or
non-existent [129]. Startups invest heavily in DAC due to its sub-
stantial cost reduction potential and superior overall efficiency
in capturing CO, [35, 36].

4.6 | Hybrid Processes

Hybrid separation processes are promising for capturing CO,.
They are cost-effective, energy-efficient, and scalable using
hybrid separation consisting of multiple capture subsystems.
A single process for CO, capture either uses excessive energy
or is more expensive. Hybrid technology integrates diverse
approaches to mitigate the specific drawbacks [130, 131].
Zeng et al. reported an enhanced efficiency of capturing and
separating CO, when membranes were used in conjunction
with ionic liquids. This improvement is due to the use of
carbonate and bicarbonate, which can be easily regenerated
[132]. In their study, Scholes et al. used hybrid hollow fiber
membrane-MEA technology for post-combustion CO, capture
[133]. This technique offered significant advantages in terms
of CO, capture, energy consumption, and cost. A new hybrid
system was developed by American Air Liquide. This system
has the potential to save energy and involves capturing CO,
at sub-ambient temperatures, between 20°C and 50°C, using
a combination of a membrane and cryogenic distillation [37].

TABLE 3 | Comparison of the advantages and disadvantages of various technologies.

Polymer—Technology Source of CO,

Advantages Disadvantages

PILs—Absorption

PP—Membrane

COPs—Adsorption

Chemical looping

AHSA—Direct air capture

Hybrid

Industrial processes,
such as the production
of natural gas, synthesis
gas, and hydrogen

Flue gas, Power plants

Gas streams in
various industries

Flue gas

Flue gas, Power plants

Flue gas, Power plants

Very efficient separation
method that is mature and
well-established, with a
high capture efficiency

Utilization of membranes in
gas-separation applications
is a potential avenue with
enhanced energy efficiency and
environmental sustainability
compared to alternative
separation methods

Ensuring stability against
contaminants and moisture
over an extended period,
Endures heat conditions

Highly effective and reliable
oxygen-carrying substances

Independent of CO, source location

Improved collaboration and
streamlining of processes,
Energy and capital costs of the
capture process decrease

A considerably elevated
energy penalty is incurred,
mostly due to the substantial
energy demands associated
with solvent regeneration

Increased costs due to
challenges associated with
the aging and plasticization

of membrane materials

Corrosion of equipment
Environmental impact

Complex reactor design

Energy intensive

Complicated process
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FIGURE 13 | X-ray diffraction (XRD) patterns of (a) NRAC-KOH-x, (b) NRAC-NaOH-x (where x=1, 2, 3, 4) are related to the relative mass ratio
of activators, (c) correlation of XRD patterns between NRC, NRAC-KOH-4, and NRAC-NaOH-4, and (d) Raman spectra of NRC, NRAC-KOH-4, and
NRAC-NaOH-4. Reproduced with permission [141]. Copyright 2023, Elsevier. [Color figure can be viewed at wileyonlinelibrary.com]

Additionally, Dai et al. created hybrid membranes by com-
bining Nafion and PEG dimethyl ether (PEGDME) [38]. The
membranes demonstrated a significant degree of permeabil-
ity and the capability to dissolve CO, in PEGDME, resulting
in enhanced CO, permeability compared to membranes em-
ploying a PEG supplement. The presence of water vapor in
the gaseous streams further enhances the CO, permeability
and CO,/N, selectivity, reaching a value of 446 Barrer and
37, respectively [38]. Future research should prioritize hybrid
methods that either incorporate CO,-capture subsystems or
apply simultaneous collection and utilization methodologies.
Thermodynamic evaluations of these systems have proven
their high energy performance and efficiency in terms of cost,
suggesting decreased capital and operational expenses.

The advantages and disadvantages of all CO, capture tech-
niques, including adsorption, membrane separation, absorption,

DAC, chemical looping, and hybrid processes were summarized
in Table 3.

5 | Utilization of Polymer-Based Adsorbents for
CO, Capture

5.1 | Adsorption Technology Is an Intriguing Area
of Study

This can be attributed to its capability to significantly decrease
the overall rate of CO, emissions arising from its low energy
demand, cost efficiency, substantial CO, adsorption capability,
straightforward regeneration process, and adaptability to various
temperature and pressure conditions [121, 134]. There has been
extensive study of the adsorption efficiency of polymers, such
as natural rubber (NR), polyurethane (PU), polyethylenimine
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NaOH-x (x=1, 2, 3, and 4, related to the mass ratio of activator) and pore characteristics of (c) NRAC-KOH-x and (d) NRAC-NaOH-x. Reproduced
with permission [141]. Copyright 2023, Elsevier. [Color figure can be viewed at wileyonlinelibrary.com]

(PEI), polyamide (PA), polypropylene (PP), and poly-ethylene gly-
col (PEG) [50, 63, 84, 93, 121]. Polymers have been studied and
applied in many different applications [135-140]. Utilization of
polymer-based materials with diverse sizes, shapes, and morphol-
ogies has been done in several biological and industrial contexts.
Recently, porous carbon was synthesized from NR. The resulting
material, referred to as NR derived-activated carbon (NRAC),
was produced through chemical stimulation involving potassium
hydroxide (KOH) and sodium hydroxide (NaOH). The objective
of this process was to enhance the efficacy of CO, capture. X-
ray diffraction results for the crystalline phase of NRC, as well
as all alkaline-treated NRACs (NRAC-KOH-1, NRAC-KOH-2,
NRAC-KOH-3, NRAC-KOH-4, NRAC-NaOH-1, NRAC-NaOH-2,
NRAC-NaOH-3, and NRAC-NaOH-4) are visually presented in
Figure 13a-c. Experimental findings revealed the presence of
two distinct diffraction peaks at 22° (002) and 43° (100), which
can be attributed to the amorphous nature of the carbon materials
[142]. There was no change in peaks as the concentration of KOH
and NaOH increased. It is noteworthy to mention that alkaline
treatment of NRACs resulted in the shift of the amorphous car-
bon peak from 26:22° to 26:25° (Figure 13c). The findings pre-
sented in this study were consistent with the outcomes reported
[143], which investigated the production of activated carbon from
camellia pollen grains. Raman spectral analysis was used to de-
termine the graphitization degree of the carbon structure before
activation (NRC) and following activation (NRAC-KOH-4 and
NRAC-NaOH-4), as depicted in Figure 13d. The carbon samples
displayed two identifiable peaks at 1348 and 1584 cm™! related to

the D- and G-bands, respectively. These findings indicated the
presence of a characteristic amorphous carbon structure. The D-
band is associated with carbon structures that lack order, whereas
the G-band indicates the presence of sp? stretching vibrations in
graphitic carbon layers [142].

The demand for porous materials as prospective adsorbents has
greatly increased because of their substantial surface area, poros-
ity, remarkable heat and chemical resistance, and cost-efficient
manufacturing methods [144, 145]. Nurfarhana et al. [141] found
that the precise measurement of the surface areas, total pore vol-
ume, and basicity linearly increased with the NRAC-to-activator
mass ratio. N, adsorption-desorption isotherms were used to ex-
amine the surface area and pores of the carbons. The PSD of the
NRACs was determined using a Barett-Joyner-Helenda (BJH)
method. These results are given in Figure 14a,b. The adsorbed
volume of N, (measured in cm?/g) for all NRACs treated with
alkali increased as the relative pressure (P/P,) approached 0.1,
suggesting the presence of microporosity. Figure 14c,d display
specific surface areas (Sy;), total pore volume (VT), and aver-
age pore diameter (Da). The findings indicate a direct correla-
tion between Sg.. and the concentration of KOH used in the
experiment. The specific surface area increased when an exces-
sive amount of activator was used. This is because the activa-
tion agent penetrated the NRC. Such penetration led to creation
of pores and linked channels within the carbon matrix [146].
NRAC-NaOH-4 had the highest CO, adsorption capacity, up to
2.98 mmol/g under a pressure of less than 1bar at 25°C.
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NR has been extensively studied [147-150]. NR foam and NR/sil-
ica foam composites have been used as adsorbents for CO, cap-
ture [84, 151]. The chemical makeup of NR latex was modified
by adding diallylamine. Silica particles underwent modification
using (3-aminopropyl)trimethoxysilane, N-[(3 trimethoxysi-
lyDpropyl]ethylenediamine, or N-[(3-trimethoxysilyl)propyl]
diethylenetriamine (mono-, di-, and tri-amines) to enhance the
CO, capture capability of a modified natural rubber (MNR)
material. NR foam had an adsorption capacity of 0.79 mg/g of
adsorbent, while MNR foam exhibited a 1.6-fold higher value
(1.26 mg/g of adsorbent) compared to other samples. This was
attributed to more amine groups within the MNR structure
that enhanced the selectivity for CO, [84]. The CO, adsorption
mechanism reported in the MNR foam composite involved a
synergistic combination of physisorption and chemisorption,
as depicted in Figure 15. Physisorption occurs in the pores
of the MNR foam or modified silica particles. Chemisorption
resulted from reactions between CO, molecules and amine

groups inside the MNR structure or on the surface of the mod-
ified silica particles. Inclusion of silica particles treated with
3-aminopropyltrimethoxysilane in the composite material,
consisting of NR/silica foam, resulted in notably increased CO,
adsorption capacity, from 1.81 to 6.71 mg/g [151].

It may be possible to reuse the NR/silica foam composite. For
commercial applications, the importance of the adsorbent ma-
terial lies in its high adsorption capacity and in its ability to be
effectively reused in cyclical adsorption-desorption processes.
Figure 16 illustrates the CO, adsorption capacity of the NR/sil-
ica foam composites over many adsorption-desorption cycles.
The initial adsorption cycles have a substantial capacity for
CO, adsorption due to the uniform distribution of solid sorbent
loaded during its manufacture. Due to the notable decrease in
CO, adsorption capacities, the NR foam could be reused for a
maximum of seven cycles, whereas the NR/silica foam com-
posite containing unaltered or altered silica particles could be
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reused for over 10cycles. The increased reusability of the NR/
silica foam composites can be attributed to inclusion of unmod-
ified or modified silica particles. These particles enhance the
thermal and mechanical properties of the NR foam composite,
leading to increased stability [152, 153].

The adsorption experiments were conducted at moderate tem-
peratures (approximately 25°C-50°C) at a lbar pressure. In
terms of sorbent stability, the adsorption-desorption cycling re-
sults (Figure 16) indicate a gradual decrease in CO, adsorption
capacity, which can be attributed to thermally induced structural
changes in the NR-based composites. As CO, adsorption is an
exothermic process, repeated heat generation and dissipation
during cyclic operation may affect polymer chain mobility and

filler-matrix interactions. Incorporation of silica fillers, particu-
larly modified silica (NSi), enhances the thermal stability of the
NR matrix, as reflected by the upward shift of the degradation
temperature by approximately 15°C-20°C compared to neat NR
[151]. This is due to the improved heat absorption and transfer ca-
pability of the silica phase [153]. At elevated temperatures, the or-
ganic modifier chains grafted onto the NSi surface become more
flexible, leading to reduced chain entanglement and chain ex-
pansion, which increases the accessibility of active amine groups
for CO, capture [154]. While this mechanism contributes to im-
proved adsorption capacity at higher temperatures, repeated ther-
mal cycling may progressively induce structural rearrangements
and partial deactivation of active sites, resulting in the observed
performance degradation. Although the present study provides
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temperature-dependent adsorption behavior that offers mecha-
nistic insight into sorbent stability, extended long-term cycling
tests and post-cycling physicochemical characterization are re-
quired to fully elucidate the long-term durability of the modified
NR sorbents under industrially relevant operating conditions.

All the results reviewed herein indicate that NR has the poten-
tial as an effective adsorbent for CO, in porous materials. An
overview of polymer-based adsorbents that have been investi-
gated is provided in Table 4.

6 | Conclusions and Outlook

This brief overview presents an analysis and discussion of CO,
capture, which is essential due to increased pollution. The initial
section of this review provided a concise summary of the genesis
of carbon capture, specifically addressing the issues and conse-
quences of climate change, SDGs, and current advancements in
CO, management, utilizing carbon capture products available
in the market. The 2022 export data for carbon-absorbent mate-
rials revealed the importance of polyamines in CO, adsorption.
The mechanisms and thermodynamics of CO, capture were re-
viewed to show that the effectiveness of CO, capture is impacted
by microporosity, surface area, and the chemical composition of
an aerogel. Adding specific functional groups, such as amino,
sulfonate, and hydroxyl groups, increases CO, adsorption capa-
bility. The reviewed data demonstrated that the minimal thermo-
dynamic work necessary for CO, extraction from the atmosphere
was greater compared to exhaust gas. Furthermore, the adsorp-
tion isotherm of CO, in the polyimide polymer, which considers
the cause of polymer swelling, was determined using isothermal
isobaric molecular dynamics modeling. That study showed that
the solvent-accessible surface area of various atom types inside
the pores, indicating that methyl carbon atoms and exposed ox-
ygen had a higher affinity for binding CO,. Additionally, CO,
capture techniques have been developed that involve adsorption,
membrane separation, absorption, DAC, chemical looping, and
hybrid processes. This paper outlines the benefits and drawbacks
of different carbon capture systems. The review highlighted that
adsorption technology shows promise for providing prolonged
defense against contaminants and moisture. This method ef-
fectively and reliably regulates thermal conditions by utilizing
oxygen-carrying substances.

An assessment was conducted on the application of adsorption
technology for CO, capture using polymer-based adsorbents.
The use and carbon capture effectiveness of natural rubber
were specifically examined, given its remarkable properties
as a biologically generated product. NR can function as a reli-
able adsorbent for CO,. The chemical makeup of NR latex was
modified by introducing diallylamine. Additionally, the silica
particles underwent modification using (3-aminopropyl)trime-
thoxysilane, N-[(3-trimethoxysilyl)propyl]ethylenediamine, or
N-[(3-trimethoxysilyl)propyl]diethylenetriamine (mono-, di-,
and tri-amines) to enhance the CO, adsorption capability of
the MNR material. The natural rubber foam's adsorption ca-
pacity was 0.79 mg/g of adsorbent. Concurrently, MNR foam
demonstrated a 1.6-fold adsorption increase (1.26 mg/g) com-
pared to other samples. The increased abundance of amine
groups in the MNR structure was responsible for enhancing its

selectivity for CO,. Polymer-based adsorption is a very effec-
tive technique that is well-suited for advancing carbon capture
technology.

Future research on CO, capture should focus on developing ad-
vanced adsorbent materials. These materials should have higher
efficiency, stability, and regeneration capacity. Researchers
should also explore hybrid technologies that combine adsorption
with other methods. Such methods include membrane separa-
tion or chemical looping. The goal is to reduce overall energy
demands.

Author Contributions

Hassarutai Yangthong: data curation (lead), investigation (lead),
visualization (lead), writing - original draft (lead). Phakamat
Lim-arun: data curation (supporting), investigation (supporting).
Siriwan Jansinak: data curation (supporting). Supitta Suethao: in-
vestigation (supporting), visualization (supporting). Jirasak Wong-
ekkabut: writing - original draft (supporting). Sutee Boonchui:
writing - original draft (supporting). Pornsiri Kaewpradit: writing
- review and editing (equal). Pairote Jittham: writing - review and
editing (equal). Sedthawatt Sucharitpwatskul: writing - review
and editing (equal). Karine Mougin: supervision (equal), writing
- review and editing (equal). Arnaud Spangenberg: supervision
(equal), writing - review and editing (equal). Antoine Le Duigou:
supervision (equal), writing — review and editing (equal). Wirasak
Smitthipong: conceptualization (lead), supervision (lead), writing —
review and editing (lead).

Acknowledgments

The authors appreciate the support of the Visiting Research Scholar
(VRC)fund from the Faculty of Science at Kasetsart University, Bangkok,
Thailand. Additionally, we express our gratitude to the Franco-Thai
Cooperation Programme in Higher Education and Research (Franco-
Thai Mobility Programme/PHC SIAM) Year 2024-2025. Kasetsart
University Research and Development Institute (KURDI) and Hub of
Talents in Natural Rubber, the National Research Council of Thailand
(NRCT), provided assistance with publication.

Funding

This work was supported by Visiting Research Scholar (VRC) fund from
the Faculty of Science at Kasetsart University. Franco-Thai Cooperation
Programme in Higher Education and Research (Franco-Thai Mobility
Programme/PHC SIAM) Year 2024-2025.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. L. H. U. W. Abeydeera, J. W. Mesthrige, and T. I. Samarasinghalage,
“Global Research on Carbon Emissions: A Scientometric Review,”
Sustainability 11, no. 14 (2019): 3972, https://doi.org/10.3390/sulll
43972.

2.Z.Xing-Yun, Q. Jun-Long, W. Jian, H. E. Qing-Yan, W. Zu-Liang, and
C. Cheng-Zhong, “Using a Tree Ring §13C Annual Series to Reconstruct

Journal of Applied Polymer Science, 2026

19 of 25

85U8017 SUOWILLIOD 8A11E81D) 3|qeo![dde 8Ly Aq peusenob afe sejoie VO ‘88N JO Sa|nJ o} Akeid18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIB)/LIO" A IM ARIq Ul UO//:SdNL) SUORIPUOD PUe SWe | 8U18eS *[9202/20/90] Uo ARiqiauluo A ‘(pue|ey 1) IHOHO VaS Ad o0 dde/z00T 0T/10p/wod As | Akeiqjeul|uo//sdny wo.j pepeojumod ‘0 ‘829%260T


https://doi.org/10.3390/su11143972
https://doi.org/10.3390/su11143972

Atmospheric CO, Concentration Over the Past 300 Years,” Pedosphere 16,
no. 3 (2006): 371-379, https://doi.org/10.1016/S1002-0160(06)60065-9.

3. H. Kawahata, K. Fujita, A. Iguchi, et al., “Perspective on the Response
of Marine Calcifiers to Global Warming and Ocean Acidification
Behavior of Corals and Foraminifera in a High CO, World “Hot House”,”
Progress in Earth and Planetary Science 6, no. 5 (2019): 1-37, https://doi.
0rg/10.1186/s40645-018-0239-9.

4.M. Tresguerres and T. J. Hamilton, “Acid-Base Physiology,
Neurobiology and Behaviour in Relation to CO,-Induced Ocean
Acidification,” Journal of Experimental Biology 220, no. 12 (2017): 2136-
2148, https://doi.org/10.1242/jeb.144113.

5.P. Moriarty and D. Honnery, “What Is the Global Potential for
Renewable Energy?,” Renewable and Sustainable Energy Reviews 16, no.
1(2012): 244-252, https://doi.org/10.1016/j.rser.2011.07.151.

6. W.H. Organization, “2021 WHO Health and Climate Change Survey
Report,” 2021, https://shorturl.asia/cEaog.

7. H. Chu, Y. Liu, N. Xu, and J. Xu, “Concentration, Sources, Influencing
Factors and Hazards of Heavy Metals in Indoor and Outdoor Dust: A
Review,” Environmental Chemistry Letters 21, no. 2 (2023): 1203-1230,
https://doi.org/10.1007/s10311-022-01546-2.

8. WHO, “WHO Launches Groundbreaking Air Pollution Training for
Health Workers on International Day of Clean Air,” 2023, https://www.
who.int/news/item/05-09-2023.

9. V. Masson-Delmotte, P. Zhai, A. Pirani, et al., “Climate Change 2021:
The Physical Science Basis. Contribution of Working Group I to the
Sixth Assessment Report of the Intergovernmental Panel on Climate
Change,” 2021, https://www.ipcc.ch/report/ar6/wgl/.

10. E. Bevacqua, C.-F. Schleussner, and J. Zscheischler, “A Year Above
1.5°C Signals That Earth Is Most Probably Within the 20-Year Period
That Will Reach the Paris Agreement Limit,” Nature Climate Change
15, no. 3 (2025): 1-4, https://www.nature.com/articles/s41558-025-
02246-9.

11. B. X. Lee, F. Kjaerulf, S. Turner, et al., “Transforming Our World:
Implementing the 2030 Agenda Through Sustainable Development
Goal Indicators,” Journal of Public Health Policy 37 (2016): 13-31,
https://doi.org/10.1057/s41271-016-0002-7.

12. B. M. Campbell, J. Hansen, J. Rioux, C. M. Stirling, and S. Twomlow,
“Urgent Action to Combat Climate Change and Its Impacts (SDG 13):
Transforming Agriculture and Food Systems,” Current Opinion in
Environmental Sustainability 34 (2018): 13-20, https://doi.org/10.1016/j.
cosust.2018.06.005.

13. A. Al-Mamoori, A. Krishnamurthy, A. A. Rownaghi, and F. Rezaei,
“Carbon Capture and Utilization Update,” Energy Technology 5, no. 6
(2017): 834-849, https://doi.org/10.1002/ente.201600747.

14. L. Mikhelkis and V. Govindarajan, “Techno-Economic and Partial
Environmental Analysis of Carbon Capture and Storage (CCS)
and Carbon Capture, Utilization, and Storage (CCU/S): Case Study
From Proposed Waste-Fed District-Heating Incinerator in Sweden,”
Sustainability 12, no. 15 (2020): 5922, https://doi.org/10.3390/sul21
55922.

15. Y. Wang, Z. Wen, M. Xu, and V. Kosajan, “The Carbon-Energy-Water
Nexus of the Carbon Capture, Utilization, and Storage Technology
Deployment Schemes: A Case Study in China's Cement Industry,”
Applied Energy 362 (2024): 122991, https://doi.org/10.1016/j.apenergy.
2024.122991.

16. H. Chu, Z. Huang, Z. Zhang, X. Yan, B. Qiu, and N. Xu, “Integration
of Carbon Emission Reduction Policies and Technologies: Research
Progress on Carbon Capture, Utilization and Storage Technologies,”
Separation and Purification Technology 343 (2024): 127153, https://doi.
org/10.1016/j.seppur.2024.127153.

17. T. Otsuki, Y. Shibata, Y. Matsuo, H. Obane, and S. Morimoto, “Role
of Carbon Dioxide Capture and Storage in Energy Systems for Net-Zero

Emissions in Japan,” International Journal of Greenhouse Gas Control
132 (2024): 104065, https://doi.org/10.1016/].ijjggc.2024.104065.

18. M. E. Boot-Handford, J. C. Abanades, E. J. Anthony, et al., “Carbon
Capture and Storage Update,” Energy & Environmental Science 7, no. 1
(2014): 130-189, https://doi.org/10.1039/c3ee42350f.

19. M. A. M. Valderrama, R.-J. van Putten, and G.-J. M. Gruter, “The
Potential of Oxalic-and Glycolic Acid Based Polyesters (Review).
Towards CO, as a Feedstock (Carbon Capture and Utilization-CCU),”
European Polymer Journal 119 (2019): 445-468, https://doi.org/10.
1016/j.eurpolymj.2019.07.036.

20. E. Kawai, A. Ozawa, and B. D. Leibowicz, “Role of Carbon Capture
and Utilization (CCU) for Decarbonization of Industrial Sector: A Case
Study of Japan,” Applied Energy 328 (2022): 120183, https://doi.org/10.
1016/j.apenergy.2022.120183.

21.J. Liu, Q. Zhang, H. Li, S. Chen, and F. Teng, “Investment Decision
on Carbon Capture and Utilization (CCU) Technologies—A Real
Option Model Based on Technology Learning Effect,” Applied Energy
322 (2022): 119514, https://doi.org/10.1016/j.apenergy.2022.119514.

22. B. Sun, M. Sheng, W. Gao, et al., “Absorption of Nitrogen Oxides Into
Sodium Hydroxide Solution in a Rotating Packed Bed With Preoxidation
by Ozone,” Energy & Fuels 31, no. 10 (2017): 11019-11025, https://doi.
org/10.1021/acs.energyfuels.7b01417.

23.A.-H. M. Aya, A. F. Mohammad, A. H. Al-Marzouqi, M. H. El-
Naas, M. H. Al-Marzougqi, and M. Altarawneh, “CO, Capture and Ions
Removal Through Reaction With Potassium Hydroxide in Desalination
Reject Brine: Statistical Optimization,” Chemical Engineering and
Processing Process Intensification 170 (2022): 108722, https://doi.org/10.
1016/j.cep.2021.108722.

24.S.-J. Han, M. Yoo, D. W. Kim, and J. H. Wee, “Carbon Dioxide
Capture Using Calcium Hydroxide Aqueous Solution as the Absorbent,”
Energy & Fuels 25, no. 8 (2011): 3825-3834, https://doi.org/10.1021/
ef200415p.

25.D. Wang, L. Liu, J. Xie, Y. Yang, H. Zhou, and X. Fan, “A Coupling
Calculation Method of Desorption Energy Distribution Applied to CO,
Capture by Chemical Absorption,” PRO 12, no. 1 (2024): 187, https://doi.
0rg/10.3390/pr12010187.

26. A. Mehrdad and N. Noorani, “Permeability Behavior of Polyvinyl
Chloride-Tonic Liquid Tonomer for CO,/CH, Separation,” Separation
and Purification Technology 226 (2019): 138-145, https://doi.org/10.
1016/j.seppur.2019.05.086.

27.C. E. Powell and G. G. Qiao, “Polymeric CO,/N, Gas Separation
Membranes for the Capture of Carbon Dioxide From Power Plant Flue
Gases,” Journal of Membrane Science 279, no. 1-2 (2006): 1-49, https://
doi.org/10.1016/j.memsci.2005.12.062.

28. M. J. Raaijmakers, W. Ogieglo, M. Wiese, M. Wessling, A. Nijmeijer,
and N. E. Benes, “Sorption Behavior of Compressed CO, and CH, on
Ultrathin Hybrid Poly (POSS-Imide) Layers,” ACS Applied Materials &
Interfaces 7, no. 48 (2015): 26977-26988, https://doi.org/10.1021/acsami.
5b08286.

29.J. Pohlmann, M. Bram, K. Wilkner, and T. Brinkmann, “Pilot
Scale Separation of CO, From Power Plant Flue Gases by Membrane
Technology,” International Journal of Greenhouse Gas Control 53 (2016):
56-64, https://doi.org/10.1016/j.ijggc.2016.07.033.

30. X. Shi, H. Xiao, H. Azarabadi, et al., “Sorbents for the Direct
Capture of CO, From Ambient Air,” Angewandte Chemie International
Edition 59, no. 18 (2020): 6984-7006, https://doi.org/10.1002/anie.
201906756.

31. C.-H. Yu, C.-H. Huang, and C.-S. Tan, “A Review of CO, Capture by
Absorption and Adsorption,” Aerosol and Air Quality Research 12, no. 5
(2012): 745-769, https://doi.org/10.4209/aaqr.2012.05.0132.

32. M. M. Hossain and H. I. de Lasa, “Chemical-Looping Combustion
(CLC) for Inherent CO, Separations—A Review,” Chemical Engineering

20 of 25

Journal of Applied Polymer Science, 2026

85U8017 SUOWILLIOD 8A11E81D) 3|qeo![dde 8Ly Aq peusenob afe sejoie VO ‘88N JO Sa|nJ o} Akeid18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIB)/LIO" A IM ARIq Ul UO//:SdNL) SUORIPUOD PUe SWe | 8U18eS *[9202/20/90] Uo ARiqiauluo A ‘(pue|ey 1) IHOHO VaS Ad o0 dde/z00T 0T/10p/wod As | Akeiqjeul|uo//sdny wo.j pepeojumod ‘0 ‘829%260T


https://doi.org/10.1016/S1002-0160(06)60065-9
https://doi.org/10.1186/s40645-018-0239-9
https://doi.org/10.1186/s40645-018-0239-9
https://doi.org/10.1242/jeb.144113
https://doi.org/10.1016/j.rser.2011.07.151
https://shorturl.asia/cEaog
https://doi.org/10.1007/s10311-022-01546-2
https://www.who.int/news/item/05-09-2023
https://www.who.int/news/item/05-09-2023
https://www.ipcc.ch/report/ar6/wg1/
https://www.nature.com/articles/s41558-025-02246-9
https://www.nature.com/articles/s41558-025-02246-9
https://doi.org/10.1057/s41271-016-0002-7
https://doi.org/10.1016/j.cosust.2018.06.005
https://doi.org/10.1016/j.cosust.2018.06.005
https://doi.org/10.1002/ente.201600747
https://doi.org/10.3390/su12155922
https://doi.org/10.3390/su12155922
https://doi.org/10.1016/j.apenergy.2024.122991
https://doi.org/10.1016/j.apenergy.2024.122991
https://doi.org/10.1016/j.seppur.2024.127153
https://doi.org/10.1016/j.seppur.2024.127153
https://doi.org/10.1016/j.ijggc.2024.104065
https://doi.org/10.1039/c3ee42350f
https://doi.org/10.1016/j.eurpolymj.2019.07.036
https://doi.org/10.1016/j.eurpolymj.2019.07.036
https://doi.org/10.1016/j.apenergy.2022.120183
https://doi.org/10.1016/j.apenergy.2022.120183
https://doi.org/10.1016/j.apenergy.2022.119514
https://doi.org/10.1021/acs.energyfuels.7b01417
https://doi.org/10.1021/acs.energyfuels.7b01417
https://doi.org/10.1016/j.cep.2021.108722
https://doi.org/10.1016/j.cep.2021.108722
https://doi.org/10.1021/ef200415p
https://doi.org/10.1021/ef200415p
https://doi.org/10.3390/pr12010187
https://doi.org/10.3390/pr12010187
https://doi.org/10.1016/j.seppur.2019.05.086
https://doi.org/10.1016/j.seppur.2019.05.086
https://doi.org/10.1016/j.memsci.2005.12.062
https://doi.org/10.1016/j.memsci.2005.12.062
https://doi.org/10.1021/acsami.5b08286
https://doi.org/10.1021/acsami.5b08286
https://doi.org/10.1016/j.ijggc.2016.07.033
https://doi.org/10.1002/anie.201906756
https://doi.org/10.1002/anie.201906756
https://doi.org/10.4209/aaqr.2012.05.0132

Science 63, no. 18 (2008): 4433-4451, https://doi.org/10.1016/j.ces.2008.
05.028.

33. M. Johansson, T. Mattisson, M. Ryden, and A. Lyngfelt, “Carbon
Capture via Chemical-Looping Combustion and Reforming,” 2006,
http://www.entek.chalmers.se/~anly/CO_2/60MarcusRio.pdf.
Commercial reproduction prohibited; OSTI as DE20923614.

34.G. Leonzio, P. S. Fennell, and N. Shah, “Analysis of Technologies
for Carbon Dioxide Capture From the Air,” Applied Sciences 12, no. 16
(2022): 8321, https://doi.org/10.3390/app12168321.

35. C. Breyer, M. Fasihi, C. Bajamundi, and F. Creutzig, “Direct Air
Capture of CO,: A Key Technology for Ambitious Climate Change
Mitigation,” Joule 3, no. 9 (2019): 2053-2057, https://www.cell.com/ac-
tion/showPdf?pii=S2542-4351%2819%2930413-1.

36. D. W. Keith, G. Holmes, D. S. Angelo, and K. Heidel, “A Process for
Capturing CO, From the Atmosphere,” Joule 2, no. 8 (2018): 1573-1594,
https://www.cell.com/joule/fulltext/S2542-4351(18)30225-3?s£210
261288=1.

37.D. Hasse, J. Ma, S. Kulkarni, et al., “COZ Capture by Cold Membrane
Operation,” Energy Procedia 63 (2014): 186-193, https://doi.org/10.
1016/j.egypro.2014.11.019.

38.Z. Dai, H. Aboukeila, L. Ansaloni, J. Deng, M. G. Baschetti, and L.
Deng, “Nafion/PEG Hybrid Membrane for CO, Separation: Effect of
PEG on Membrane Micro-Structure and Performance,” Separation and
Purification Technology 214 (2019): 67-77, https://doi.org/10.1016/j.sep-
pur.2018.03.062.

39. T. Map, “Export Value and Quantity of Polyamine and Acyclic
Polyamines in the World 2023,” 2023, https://wits.worldbank.org/trade/
comtrade/en/country/ALL/year/2023/tradeflow/Exports/partner/
WLD/product/292129.

40. A. Modak and S. Jana, “Advancement in Porous Adsorbents for Post-
Combustion CO, Capture,” Microporous and Mesoporous Materials 276
(2019): 107-132, https://doi.org/10.1016/j.micromeso.2018.09.018.

41.R.A. Agarwal and N. K. Gupta, “CO, Sorption Behavior of Imidazole,
Benzimidazole and Benzoic Acid Based Coordination Polymers,”
Coordination Chemistry Reviews 332 (2017): 100-121, https://doi.org/10.
1016/j.ccr.2016.11.002.

42.C. Xu and N. Hedin, “Microporous Adsorbents for CO, Capture-A
Case for Microporous Polymers?,” Materials Today 17, no. 8 (2014): 397-
403, https://doi.org/10.1016/j.mattod.2014.05.007.

43. A.J. Emerson, A. Chahine, S. R. Batten, and D. R. Turner, “Synthetic
Approaches for the Incorporation of Free Amine Functionalities
in Porous Coordination Polymers for Enhanced CO, Sorption,”
Coordination Chemistry Reviews 365 (2018): 1-22, https://doi.org/10.
1016/j.ccr.2018.02.012.

44.C. Xu, G. Yu, J. Yuan, M. Stremme, and N. Hedin, “Microporous
Organic Polymers as CO, Adsorbents: Advances and Challenges,”
Materials Today Advances 6 (2020): 100052, https://doi.org/10.1016/j.
mtadv.2019.100052.

45. A. M. Varghese and G. N. Karanikolos, “CO, Capture Adsorbents
Functionalized by Amine-Bearing Polymers: A Review,” International
Journal of Greenhouse Gas Control 96 (2020): 103005, https://doi.org/10.
1016/j.ijggc.2020.103005.

46.Y. Chen, G. Shao, Y. Kong, X. Shen, and S. Cui, “Facile Preparation
of Cross-Linked Polyimide Aerogels With Carboxylic Functionalization
for CO, Capture,” Chemical Engineering Journal 322 (2017): 1-9, https://
doi.org/10.1016/j.cej.2017.04.003.

47. A. Sattari, A. Ramazani, H. Aghahosseini, and M. K. Aroua, “The
Application of Polymer Containing Materials in CO2 Capturing via
Absorption and Adsorption Methods,” Journal of CO2 Utilization 48
(2021): 101526, https://doi.org/10.1016/j.jcou.2021.101526.

48.Y.Yang, Q. Zhang, Z. Zhang, and S. Zhang, “Functional Microporous
Polyimides Based on Sulfonated Binaphthalene Dianhydride for Uptake

and Separation of Carbon Dioxide and Vapors,” Journal of Materials
Chemistry A 1, no. 35 (2013): 10368-10374, https://doi.org/10.1039/
C3TA11621B.

49. R. Dawson, D.J. Adams, and A. I. Cooper, “Chemical Tuning of CO,
Sorption in Robust Nanoporous Organic Polymers,” Chemical Science 2,
no. 6 (2011): 1173-1177, https://doi.org/10.1039/C1SC0O0100K.

50.X. Chen, J. Lin, H. Wang, et al., “Epoxy-Functionalized
Polyethyleneimine Modified Epichlorohydrin-Cross-Linked Cellulose
Aerogel as Adsorbents for Carbon Dioxide Capture,” Carbohydrate
Polymers 302 (2023): 120389, https://doi.org/10.1016/j.carbpol.2022.
120389.

51.Y. Han and W. W. Ho, “Recent Advances in Polymeric Membranes
for CO, Capture,” Chinese Journal of Chemical Engineering 26, no. 11
(2018): 2238-2254, https://doi.org/10.1016/j.cjche.2018.07.010.

52.P. Danckwerts, “The Reaction of CO, With Ethanolamines,”
Chemical Engineering Science 34, no. 4 (1979): 443-446, https://doi.org/
10.1016/0009-2509(79)85087-3.

53. P. V. Kortunov, M. Siskin, L. S. Baugh, and D. C. Calabro, “In Situ
Nuclear Magnetic Resonance Mechanistic Studies of Carbon Dioxide
Reactions With Liquid Amines in Aqueous Systems: New Insights on
Carbon Capture Reaction Pathways,” Energy & Fuels 29, no. 9 (2015):
5919-5939, https://doi.org/10.1021/acs.energyfuels.5b00850.

54.]. P. O'Connell and J. M. Haile, Thermodynamics: Fundamentals for
Applications (Cambridge University Press, 2005).

55.M. B. Haider, D. Jha, B. M. Sivagnanam, and R. Kumar,
“Thermodynamic and Kinetic Studies of CO, Capture by Glycol
and Amine-Based Deep Eutectic Solvents,” Journal of Chemical &
Engineering Data 63, no. 8 (2018): 2671-2680, https://doi.org/10.1021/
acs.jced.8b00015.

56. S. Page, A. Williamson, and I. Mason, “Carbon Capture and Storage:
Fundamental Thermodynamics and Current Technology,” Energy
Policy 37, no. 9 (2009): 3314-3324, https://doi.org/10.1016/j.enpol.2008.
10.028.

57.K. S. Lackner, “The Thermodynamics of Direct Air Capture of
Carbon Dioxide,” Energy 50 (2013): 38-46, https://doi.org/10.1016/j.en-
ergy.2012.09.012.

58. A. Yassin, M. Trunk, F. Czerny, et al., “Structure-Thermodynamic-
Property Relationships in Cyanovinyl-Based Microporous Polymer
Networks for the Future Design of Advanced Carbon Capture
Materials,” Advanced Functional Materials 27, no. 26 (2017): 1700233,
https://doi.org/10.1002/adfm.201700233.

59.L. Kollias, D. Zhang, S. I. Allec, et al., “Advanced Theory and
Simulation to Guide the Development of CO, Capture Solvents,” ACS
Omega 7,n0. 15 (2022): 12453-12466, https://doi.org/10.1021/acsomega.
1c07398.

60. M. Zeeshan, M. K. Kidder, E. Pentzer, R. B. Getman, and B.
Gurkan, “Direct Air Capture of CO,: From Insights Into the Current
and Emerging Approaches to Future Opportunities,” Frontiers in
Sustainability 4 (2023): 1167713, https://doi.org/10.3389/frsus.2023.
1167713.

61.K. Z. House, A. C. Baclig, M. Ranjan, and H. J. Herzog, “Economic
and Energetic Analysis of Capturing CO, From Ambient Air,”
Proceedings of the National Academy of Sciences 108, no. 51 (2011):
20428-20433, https://doi.org/10.1073/pnas.101225310.

62.J. Wang, C. S. Jia, C. J. Li, X. L. Peng, L. H. Zhang, and J. Y. Liu,
“Thermodynamic Properties for Carbon Dioxide,” ACS Omega 4, no. 21
(2019): 19193-19198, https://doi.org/10.1021/acsomega.9b02488.

63.J. Al-Marri, K. Al-Saad, M. A. Saad, D. J. Cortes, and M. M.
Khader, “Thermodynamics of CO, Adsorption on Polyethyleneimine
Mesoporous Silica and Activated Carbon,” Journal of Physical Chemistry
and Biophysics 7, no. 1 (2017): 1000239, https://doi.org/10.4172/2161-
0398.1000239.

Journal of Applied Polymer Science, 2026

21 of 25

85U8017 SUOWILLIOD 8A11E81D) 3|qeo![dde 8Ly Aq peusenob afe sejoie VO ‘88N JO Sa|nJ o} Akeid18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIB)/LIO" A IM ARIq Ul UO//:SdNL) SUORIPUOD PUe SWe | 8U18eS *[9202/20/90] Uo ARiqiauluo A ‘(pue|ey 1) IHOHO VaS Ad o0 dde/z00T 0T/10p/wod As | Akeiqjeul|uo//sdny wo.j pepeojumod ‘0 ‘829%260T


https://doi.org/10.1016/j.ces.2008.05.028
https://doi.org/10.1016/j.ces.2008.05.028
http://www.entek.chalmers.se/~anly/CO_2/60MarcusRio.pdf
https://doi.org/10.3390/app12168321
https://www.cell.com/action/showPdf?pii=S2542-4351%2819%2930413-1
https://www.cell.com/action/showPdf?pii=S2542-4351%2819%2930413-1
https://www.cell.com/joule/fulltext/S2542-4351(18)30225-3?sf210261288=1
https://www.cell.com/joule/fulltext/S2542-4351(18)30225-3?sf210261288=1
https://doi.org/10.1016/j.egypro.2014.11.019
https://doi.org/10.1016/j.egypro.2014.11.019
https://doi.org/10.1016/j.seppur.2018.03.062
https://doi.org/10.1016/j.seppur.2018.03.062
https://wits.worldbank.org/trade/comtrade/en/country/ALL/year/2023/tradeflow/Exports/partner/WLD/product/292129
https://wits.worldbank.org/trade/comtrade/en/country/ALL/year/2023/tradeflow/Exports/partner/WLD/product/292129
https://wits.worldbank.org/trade/comtrade/en/country/ALL/year/2023/tradeflow/Exports/partner/WLD/product/292129
https://doi.org/10.1016/j.micromeso.2018.09.018
https://doi.org/10.1016/j.ccr.2016.11.002
https://doi.org/10.1016/j.ccr.2016.11.002
https://doi.org/10.1016/j.mattod.2014.05.007
https://doi.org/10.1016/j.ccr.2018.02.012
https://doi.org/10.1016/j.ccr.2018.02.012
https://doi.org/10.1016/j.mtadv.2019.100052
https://doi.org/10.1016/j.mtadv.2019.100052
https://doi.org/10.1016/j.ijggc.2020.103005
https://doi.org/10.1016/j.ijggc.2020.103005
https://doi.org/10.1016/j.cej.2017.04.003
https://doi.org/10.1016/j.cej.2017.04.003
https://doi.org/10.1016/j.jcou.2021.101526
https://doi.org/10.1039/C3TA11621B
https://doi.org/10.1039/C3TA11621B
https://doi.org/10.1039/C1SC00100K
https://doi.org/10.1016/j.carbpol.2022.120389
https://doi.org/10.1016/j.carbpol.2022.120389
https://doi.org/10.1016/j.cjche.2018.07.010
https://doi.org/10.1016/0009-2509(79)85087-3
https://doi.org/10.1016/0009-2509(79)85087-3
https://doi.org/10.1021/acs.energyfuels.5b00850
https://doi.org/10.1021/acs.jced.8b00015
https://doi.org/10.1021/acs.jced.8b00015
https://doi.org/10.1016/j.enpol.2008.10.028
https://doi.org/10.1016/j.enpol.2008.10.028
https://doi.org/10.1016/j.energy.2012.09.012
https://doi.org/10.1016/j.energy.2012.09.012
https://doi.org/10.1002/adfm.201700233
https://doi.org/10.1021/acsomega.1c07398
https://doi.org/10.1021/acsomega.1c07398
https://doi.org/10.3389/frsus.2023.1167713
https://doi.org/10.3389/frsus.2023.1167713
https://doi.org/10.1073/pnas.101225310
https://doi.org/10.1021/acsomega.9b02488
https://doi.org/10.4172/2161-0398.1000239
https://doi.org/10.4172/2161-0398.1000239

64.S. Roy, T. Das, B. D. Ghosh, K. L. Goh, K. Sharma, and Y. W. Chang,
“From Hazardous Waste to Green Applications: Selective Surface
Functionalization of Waste Cigarette Filters for High-Performance
Robust Triboelectric Nanogenerators and CO, Adsorbents,” ACS
Applied Materials & Interfaces 14, no. 28 (2022): 31973-31985, https://
doi.org/10.1021/acsami.2c06463.

65. M. Ahmadi, A. Ghaemi, and M. Qasemnazhand, “Lithium Hydroxide
as a High Capacity Adsorbent for CO, Capture: Experimental, Modeling
and DFT Simulation,” Scientific Reports 13, no. 1 (2023): 7150, https://
doi.org/10.1038/s41598-023-34360-z.

66. P. K. Roy, K. Kumar, F. M. Thakkar, A. D. Pathak, K. G. Ayappa,
and P. K. Maiti, “Investigations on 6FDA/BPDA-DAM Polymer
Melt Properties and CO, Adsorption Using Molecular Dynamics
Simulations,” Journal of Membrane Science 613 (2020): 118377, https://
doi.org/10.1016/j.memsci.2020.118377.

67.Z. Wang, F. Yan, L. Bai, X. Zhang, X. Liu, and X. Zhang, “Insight Into
CO,/CH, Separation Performance in Ionic Liquids/Polymer Membrane
From Molecular Dynamics Simulation,” Journal of Molecular Liquids
357 (2022): 119119, https://doi.org/10.1016/j.molliq.2022.119119.

68.G. Kupgan, A. G. Demidov, and C. M. Colina, “Plasticization
Behavior in Polymers of Intrinsic Microporosity (PIM-1): A Simulation
Study From Combined Monte Carlo and Molecular Dynamics,” Journal
of Membrane Science 565 (2018): 95-103, https://doi.org/10.1016/j.mem-
$ci.2018.08.004.

69. Z. Farakiand M. A. Bodaghifard, “Design and Synthesis of Nitrogen-
Rich Imine-Based Porous Organic Polymer as an Efficient Adsorbent
for CO, Capture,” Journal of Materials Science 58 (2023): 14587-14596,
https://doi.org/10.1007/510853-023-08938-x.

70. B. Stankovic, I. Barbarin, O. Sanz, R. Tomovska, and F. Ruiperez,
“Experimental and Theoretical Study of the Effect of Different
Functionalities of Graphene Oxide/Polymer Composites on Selective
CO, Capture,” Scientific Reports 12, no. 1 (2022): 15992, https://doi.org/
10.1038/541598-022-20189-5.

71.R. Giro, H. Hsu, A. Kishimoto, et al., “AI Powered, Automated
Discovery of Polymer Membranes for Carbon Capture,” npj
Computational Materials 9, no. 1 (2023): 133, https://doi.org/10.1038/
$41524-023-01088-3.

72.J. W. Barnett, C. R. Bilchak, Y. Wang, et al., “Designing Exceptional
Gas-Separation Polymer Membranes Using Machine Learning,” Science
Advances 6, no. 20 (2020): eaaz4301, https://doi.org/10.1126/sciadv.
aaz430110.1126/sciadv.aaz430.

73.7Y. Basdogan, D. R. Pollard, T. Shastry, M. R. Carbone, S. K. Kumar,
and Z. G. Wang, “Machine Learning-Guided Discovery of Polymer
Membranes for CO, Separation With Genetic Algorithm,” Journal of
Membrane Science 712 (2024): 123169, https://doi.org/10.1016/j.memsci.
2024.123169.

74.Z. Yang, B. Chen, H. Chen, and H. Li, “A Critical Review on
Machine-Learning-Assisted Screening and Design of Effective Sorbents
for Carbon Dioxide (CO,) Capture,” Frontiers in Energy Research 10
(2023): 1043064, https://doi.org/10.3389/fenrg.2022.1043064.

75.]. Yang, L. Tao, J. He, J. R. McCutcheon, and Y. Li, “Machine
Learning Enables Interpretable Discovery of Innovative Polymers
for Gas Separation Membranes,” Science Advances 8, no. 29 (2022):
eabn9545, https://doi.org/10.1126/sciadv.abn9545.

76.J. Yang, PolymerGasMembraneML (1.0) [Data Set] (CaltechDATA,
2022), https://doi.org/10.22002/D1.20048.

77.R. M. Venable, A. Kramer, and R. W. Pastor, “Molecular Dynamics
Simulations of Membrane Permeability,” Chemical Reviews 119, no. 9
(2019): 5954-5997, https://doi.org/10.1021/acs.chemrev.8b00486.

78.B. S. Ghanem, R. Swaidan, E. Litwiller, and I. Pinnau, “Ultra-
Microporous Triptycene-Based Polyimide Membranes for High-
Performance Gas Separation,” Advanced Materials 26, no. 22 (2014):
3688-3692, https://doi.org/10.1002/adma.201306229.

79. T. H. Kim, W. J. Koros, G. R. Husk, and K. C. O'brien, “Relationship
Between Gas Separation Properties and Chemical Structure in a Series
of Aromatic Polyimides,” Journal of Membrane Science 37, no. 1 (1988):
45-62, https://doi.org/10.1016/S0376-7388(00)85068-1.

80.J. Liu, X. Hou, H. B. Park, and H. Lin, “High-Performance Polymers
for Membrane CO,/N, Separation,” Chemistry-A European Journal 22,
no. 45 (2016): 15980-15990, https://doi.org/10.1002/chem.201603002.

81. H. Lin and B. D. Freeman, “Gas Permeation and Diffusion in Cross-
Linked Poly (Ethylene Glycol Diacrylate),” Macromolecules 39, no. 10
(2006): 3568-3580, https://doi.org/10.1021/ma0516860.

82. L. M. Robeson, “The Upper Bound Revisited,” Journal of Membrane
Science 320, no. 1-2 (2008): 390-400, https://doi.org/10.1016/j.memsci.
2008.04.030.

83. R. Allam, S. Martin, B. Forrest, et al., “Demonstration of the Allam
Cycle: An Update on the Development Status of a High Efficiency
Supercritical Carbon Dioxide Power Process Employing Full Carbon
Capture,” Energy Procedia 114 (2017): 5948-5966, https://doi.org/10.
1016/j.egypro.2017.03.1731.

84.D. Tumnantong, K. Panploo, B. Chalermsinsuwan, P.
Prasassarakich, and S. Poompradub, “Carbon Dioxide Adsorption of
Diallylamine-Modified Natural Rubber With Modified Silica Particles,”
Express Polymer Letters 15, no. 9 (2021): 899-909, https://doi.org/10.
3144/expresspolymlett.2021.72.

85. M. Mel, W. Noorlaili, W. Muda, S. Thsan, A. Ismail, and S. Yaacob,
“Purification of Biogas by Absorption Into Calcium Hydroxide Ca(OH),
Solution,” in Persidangan Kebangsaan Kedua Program Pemindahan
Ilmu Kedua (Ktp02) (Putrajaya, 2014).

86. A. A. Olajire, “CO, Capture and Separation Technologies for End-
of-Pipe Applications-A Review,” Energy 35, no. 6 (2010): 2610-2628,
https://doi.org/10.1016/j.energy.2010.02.030.

87.Y. Kong, X. Shen, M. Fan, M. Yang, and S. Cui, “Dynamic Capture
of Low-Concentration CO, on Amine Hybrid Silsesquioxane Aerogel,”
Chemical Engineering Journal 283 (2016): 1059-1068, https://doi.org/10.
1016/j.cej.2015.08.034.

88.X. Xu, C. Heath, B. Pejcic, and C. D. Wood, “CO, Capture by Amine
Infused Hydrogels (AIHs),” Journal of Materials Chemistry A 6, no. 11
(2018): 4829-4838, https://doi.org/10.1039/C8TA00602D.

89.S. Park, K. Song, and H. Jo, “Laboratory-Scale Experiment on a
Novel Mineralization-Based Method of CO, Capture Using Alkaline
Solution,” Energy 124 (2017): 589-598, https://doi.org/10.1016/j.energy.
2017.02.100.

90. R. Baciocchi, G. Storti, and M. Mazzotti, “Process Design and
Energy Requirements for the Capture of Carbon Dioxide From Air,”
Chemical Engineering and Processing: Process Intensification 45, no. 12
(2006): 1047-1058, https://doi.org/10.1016/j.cep.2006.03.015.

91.J. A. Ober, “Mineral Commodity Summaries 2018,” US Geological
Survey (2018): 39-121, https://doi.org/10.3133/70194932.

92. S. Supasitmongkol and P. Styring, “High CO, Solubility in Tonic
Liquids and a Tetraalkylammonium-Based Poly (Ionic Liquid),” Energy
& Environmental Science 3, no. 12 (2010): 1961-1972, https://doi.org/10.
1039/c0ee00293c.

93. F. L. Bernard, L. M. dos Santos, M. B. Schwab, B. B. Polesso, J. F. do
Nascimento, and S. Einloft, “Polyurethane-Based Poly (Ionic Liquid) s
for CO, Removal From Natural Gas,” Journal of Applied Polymer Science
136, no. 20 (2019): 47536, https://doi.org/10.1002/app.47536.

94. K. H. Al-Hamed and I. Dincer, “Analysis and Economic Evaluation
of a Unique Carbon Capturing System With Ammonia for Producing
Ammonium Bicarbonate,” Energy Conversion and Management 252
(2022): 115062, https://doi.org/10.1016/j.enconman.2021.115062.

95. L. F. Lepre, L. Pison, L. J. A. Siqueira, R. A. Ando, and M. F. C.
Gomes, “Improvement of Carbon Dioxide Absorption by Mixing Poly
(Ethylene Glycol) Dimethyl Ether With Ammonium-Based Ionic

22 of 25

Journal of Applied Polymer Science, 2026

85U8017 SUOWILLIOD 8A11E81D) 3|qeo![dde 8Ly Aq peusenob afe sejoie VO ‘88N JO Sa|nJ o} Akeid18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIB)/LIO" A IM ARIq Ul UO//:SdNL) SUORIPUOD PUe SWe | 8U18eS *[9202/20/90] Uo ARiqiauluo A ‘(pue|ey 1) IHOHO VaS Ad o0 dde/z00T 0T/10p/wod As | Akeiqjeul|uo//sdny wo.j pepeojumod ‘0 ‘829%260T


https://doi.org/10.1021/acsami.2c06463
https://doi.org/10.1021/acsami.2c06463
https://doi.org/10.1038/s41598-023-34360-z
https://doi.org/10.1038/s41598-023-34360-z
https://doi.org/10.1016/j.memsci.2020.118377
https://doi.org/10.1016/j.memsci.2020.118377
https://doi.org/10.1016/j.molliq.2022.119119
https://doi.org/10.1016/j.memsci.2018.08.004
https://doi.org/10.1016/j.memsci.2018.08.004
https://doi.org/10.1007/s10853-023-08938-x
https://doi.org/10.1038/s41598-022-20189-5
https://doi.org/10.1038/s41598-022-20189-5
https://doi.org/10.1038/s41524-023-01088-3
https://doi.org/10.1038/s41524-023-01088-3
https://doi.org/10.1126/sciadv.aaz430110.1126/sciadv.aaz430
https://doi.org/10.1126/sciadv.aaz430110.1126/sciadv.aaz430
https://doi.org/10.1016/j.memsci.2024.123169
https://doi.org/10.1016/j.memsci.2024.123169
https://doi.org/10.3389/fenrg.2022.1043064
https://doi.org/10.1126/sciadv.abn9545
https://doi.org/10.22002/D1.20048
https://doi.org/10.1021/acs.chemrev.8b00486
https://doi.org/10.1002/adma.201306229
https://doi.org/10.1016/S0376-7388(00)85068-1
https://doi.org/10.1002/chem.201603002
https://doi.org/10.1021/ma051686o
https://doi.org/10.1016/j.memsci.2008.04.030
https://doi.org/10.1016/j.memsci.2008.04.030
https://doi.org/10.1016/j.egypro.2017.03.1731
https://doi.org/10.1016/j.egypro.2017.03.1731
https://doi.org/10.3144/expresspolymlett.2021.72
https://doi.org/10.3144/expresspolymlett.2021.72
https://doi.org/10.1016/j.energy.2010.02.030
https://doi.org/10.1016/j.cej.2015.08.034
https://doi.org/10.1016/j.cej.2015.08.034
https://doi.org/10.1039/C8TA00602D
https://doi.org/10.1016/j.energy.2017.02.100
https://doi.org/10.1016/j.energy.2017.02.100
https://doi.org/10.1016/j.cep.2006.03.015
https://doi.org/10.3133/70194932
https://doi.org/10.1039/c0ee00293c
https://doi.org/10.1039/c0ee00293c
https://doi.org/10.1002/app.47536
https://doi.org/10.1016/j.enconman.2021.115062

Liquids,” Separation and Purification Technology 196 (2018): 10-19,
https://doi.org/10.1016/j.seppur.2017.07.010.

96. A. Henni, P. Tontiwachwuthikul, and A. Chakma, “Solubilities of
Carbon Dioxide in Polyethylene Glycol Ethers,” Canadian Journal of
Chemical Engineering 83, no. 2 (2005): 358-361, https://doi.org/10.1002/
cjce.5450830224.

97.R. Abejon, C. Casado-Coterillo, and A. Garea, “Techno-Economic
Optimization of Multistage Membrane Processes With Innovative
Hollow Fiber Modules for the Production of High-Purity CO, and CH,
From Different Sources,” Industrial & Engineering Chemistry Research
61, no. 23 (2022): 8149-8165, https://doi.org/10.1021/acs.iecr.2c01138.

98.T. C. Merkel, H. Lin, X. Wei, and R. Baker, “Power Plant Post-
Combustion Carbon Dioxide Capture: An Opportunity for Membranes,”
Journal of Membrane Science 359, no. 1-2 (2010): 126-139, https://doi.
0rg/10.1016/j.memsci.2009.10.041.

99. A. Skorek-Osikowska, J. Kotowicz, and K. Janusz-Szymanska,
“Comparison of the Energy Intensity of the Selected CO,-Capture
Methods Applied in the Ultra-Supercritical Coal Power Plants,” Energy
& Fuels 26, no. 11 (2012): 6509-6517, https://doi.org/10.1021/ef201687d.

100. S. Japip, H. Wang, Y. Xiao, and T. S. Chung, “Highly Permeable
Zeolitic Imidazolate Framework (ZIF)-71 Nano-Particles Enhanced
Polyimide Membranes for Gas Separation,” Journal of Membrane Science
467 (2014): 162-174, https://doi.org/10.1016/j.memsci.2014.05.025.

101. F. B. Soepyan, M. Habib, Z. Zhang, et al., “Optimization of a
Natural Gas Power Plant With Membrane and Solid Sorbent Carbon
Capture Systems,” Carbon Capture Science & Technology 10 (2024):
100165, https://doi.org/10.1016/j.ccst.2023.100165.

102. R. Sharifian, L. Boer, R. M. Wagterveld, and D. A. Vermaas, “Oceanic
Carbon Capture Through Electrochemically Induced In Situ Carbonate
Mineralization Using Bipolar Membrane,” Chemical Engineering Journal
438 (2022): 135326, https://doi.org/10.1016/j.cej.2022.135326.

103. R. Sharifian, H. C. Van der Wal, R. M. Wagterveld, and D. A.
Vermaas, “Fouling Management in Oceanic Carbon Capture via In-Situ
Electrochemical Bipolar Membrane Electrodialysis,” Chemical Engineering
Journal 458 (2023): 141407, https://doi.org/10.1016/j.cej.2023.141407.

104.J. C.Bui, E. Lucas, E. W. Lees, et al., “Analysis of Bipolar Membranes
for Electrochemical CO, Capture From Air and Oceanwater,” Energy &
Environmental Science 16, no. 11 (2023): 5076-5095, https://doi.org/10.
1039/D3EE01606D.

105.Y. Wang, C. Huang, and T. Xu, “Which Is More Competitive for
Production of Organic Acids, Ion-Exchange or Electrodialysis With
Bipolar Membranes?,” Journal of Membrane Science 374, no. 1-2 (2011):
150-156, https://doi.org/10.1016/j.memsci.2011.03.026.

106. R. Pdrnamde, S. Mareev, V. Nikonenko, et al., “Bipolar Membranes:
A Review on Principles, Latest Developments, and Applications,”
Journal of Membrane Science 617 (2021): 118538, https://doi.org/10.
1016/j.memsci.2020.118538.

107. G. Li, W. Kujawski, K. Knozowska, and J. Kujawa, “Thin Film Mixed
Matrix Hollow Fiber Membrane Fabricated by Incorporation of Amine
Functionalized Metal-Organic Framework for CO,/N, Separation,”
Materials 14, no. 12 (2021): 3366, https://doi.org/10.3390/mal14123366.

108. W. Fam, J. Mansouri, H. Li, and V. Chen, “Improving CO,
Separation Performance of Thin Film Composite Hollow Fiber With
Pebax 1657/Ionic Liquid Gel Membranes,” Journal of Membrane Science
537 (2017): 54-68, https://doi.org/10.1016/j.memsci.2017.05.011.

109. K. C. Wong, P. S. Goh, and A. F. Ismail, “Highly Permeable and
Selective Graphene Oxide-Enabled Thin Film Nanocomposite for
Carbon Dioxide Separation,” International Journal of Greenhouse Gas
Control 64 (2017): 257-266, https://doi.org/10.1016/j.ijggc.2017.08.005.

110. S. Li, Z. Wang, C. Zhang, et al., “Interfacially Polymerized Thin
Film Composite Membranes Containing Ethylene Oxide Groups for

CO, Separation,” Journal of Membrane Science 436 (2013): 121-131,
https://doi.org/10.1016/j.memsci.2013.02.038.

111.J. Kim, Q. Fu, K. Xie, J. M. P. Scofield, S. E. Kentish, and G. G. Qiao,
“CO, Separation Using Surface-Functionalized SiO, Nanoparticles
Incorporated Ultra-Thin Film Composite Mixed Matrix Membranes for
Post-Combustion Carbon Capture,” Journal of Membrane Science 515
(2016): 54-62, https://doi.org/10.1016/j.memsci.2016.05.029.

112. S. D. Bazhenov, I. L. Borisov, D. S. Bakhtin, et al., “High-Permeance
Crosslinked PTMSP Thin-Film Composite Membranes as Supports for
CO, Selective Layer Formation,” Green Energy & Environment 1, no. 3
(2016): 235-245, https://doi.org/10.1016/j.gee.2016.10.002.

113. K. Ramasubramanian, M. A. Severance, P. K. Dutta, and W. S. W.
Ho, “Fabrication of Zeolite/Polymer Multilayer Composite Membranes
for Carbon Dioxide Capture: Deposition of Zeolite Particles on Polymer
Supports,” Journal of Colloid and Interface Science 452 (2015): 203-214,
https://doi.org/10.1016/j.jcis.2015.04.014.

114. S. K. Elsaidi, M. Ostwal, L. Zhu, et al., “3D Printed MOF-Based
Mixed Matrix Thin-Film Composite Membranes,” RSC Advances 11, no.
41 (2021): 25658-25663, https://doi.org/10.1039/D1RA03124D.

115. R. W. Baker and B. T. Low, “Gas Separation Membrane Materials: A
Perspective,” Macromolecules 47, no. 20 (2014): 6999-7013, https://doi.
0rg/10.1021/ma501488s.

116. Z. Xiang, X. Zhou, C. Zhou, et al., “Covalent-Organic Polymers
for Carbon Dioxide Capture,” Journal of Materials Chemistry 22, no. 42
(2012): 22663-22669, https://doi.org/10.1039/C2JM35446B.

117. H. A. Patel, F. Karadas, A. Canlier, et al., “High Capacity Carbon
Dioxide Adsorption by Inexpensive Covalent Organic Polymers,”
Journal of Materials Chemistry 22, no. 17 (2012): 8431-8437, https://doi.
org/10.1039/C2JM30761H.

118. M. A. Fanovich, J. Ivanovic, 1. Zizovic, D. Misic, and P. Jaeger,
“Functionalization of Polycaprolactone/Hydroxyapatite Scaffolds With
Usnea Lethariiformis Extract by Using Supercritical CO,,” Materials
Science and Engineering: C 58 (2016): 204-212, https://doi.org/10.1016/j.
msec.2015.08.024.

119.J. Ivanovic, S. Knauer, A. Fanovich, et al., “Supercritical CO,
Sorption Kinetics and Thymol Impregnation of PCL and PCL-HA,”
Journal of Supercritical Fluids 107 (2016): 486-498, https://doi.org/10.
1016/j.supflu.2015.07.001.

120. L. Shao, Y. Li,J. Huang, and Y. N. Liu, “Synthesis of Triazine-Based
Porous Organic Polymers Derived N-Enriched Porous Carbons for CO,
Capture,” Industrial & Engineering Chemistry Research 57, no. 8 (2018):
2856-2865, https://doi.org/10.1021/acs.iecr.7b04533.

121. F. Hussin and M. K. Aroua, “Recent Trends in the Development of
Adsorption Technologies for Carbon Dioxide Capture: A Brief Literature
and Patent Reviews (2014-2018),” Journal of Cleaner Production 253
(2020): 119707, https://doi.org/10.1016/j jclepro.2019.119707.

122. T. Witoon, “Characterization of Calcium Oxide Derived From
Waste Eggshell and Its Application as CO, Sorbent,” Ceramics
International 37, no. 8 (2011): 3291-3298, https://doi.org/10.1016/j.
ceramint.2011.05.125.

123. X. Yaxuan, S. Li, J. Ren, et al., “Effect of Carbon Capture on
Desulfurization Gypsum/Carbide Slag Phase-Change Composites
for Waste Removal and Renewable Energy Storage,” Journal of
Environmental Chemical Engineering 12, no. 3 (2024): 112484, https://
doi.org/10.1016/j.jece.2024.112484.

124.S. Garcia-Luna and C. Ortiz, “Partial Oxycombustion and
Amines-Driven Waste-to-Methane for Improved Carbon Capture and
Utilization (CCU),” Energy Conversion and Management 302 (2024):
118125, https://doi.org/10.1016/j.enconman.2024.118125.

125. Q. Zhang, S. Deng, H. Yang, et al., “Life Cycle Assessment and
Carbon Neutrality Analysis Of'waste Plastics-Upcycling Plastics'

Journal of Applied Polymer Science, 2026

23 of 25

85U8017 SUOWILLIOD 8A11E81D) 3|qeo![dde 8Ly Aq peusenob afe sejoie VO ‘88N JO Sa|nJ o} Akeid18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIB)/LIO" A IM ARIq Ul UO//:SdNL) SUORIPUOD PUe SWe | 8U18eS *[9202/20/90] Uo ARiqiauluo A ‘(pue|ey 1) IHOHO VaS Ad o0 dde/z00T 0T/10p/wod As | Akeiqjeul|uo//sdny wo.j pepeojumod ‘0 ‘829%260T


https://doi.org/10.1016/j.seppur.2017.07.010
https://doi.org/10.1002/cjce.5450830224
https://doi.org/10.1002/cjce.5450830224
https://doi.org/10.1021/acs.iecr.2c01138
https://doi.org/10.1016/j.memsci.2009.10.041
https://doi.org/10.1016/j.memsci.2009.10.041
https://doi.org/10.1021/ef201687d
https://doi.org/10.1016/j.memsci.2014.05.025
https://doi.org/10.1016/j.ccst.2023.100165
https://doi.org/10.1016/j.cej.2022.135326
https://doi.org/10.1016/j.cej.2023.141407
https://doi.org/10.1039/D3EE01606D
https://doi.org/10.1039/D3EE01606D
https://doi.org/10.1016/j.memsci.2011.03.026
https://doi.org/10.1016/j.memsci.2020.118538
https://doi.org/10.1016/j.memsci.2020.118538
https://doi.org/10.3390/ma14123366
https://doi.org/10.1016/j.memsci.2017.05.011
https://doi.org/10.1016/j.ijggc.2017.08.005
https://doi.org/10.1016/j.memsci.2013.02.038
https://doi.org/10.1016/j.memsci.2016.05.029
https://doi.org/10.1016/j.gee.2016.10.002
https://doi.org/10.1016/j.jcis.2015.04.014
https://doi.org/10.1039/D1RA03124D
https://doi.org/10.1021/ma501488s
https://doi.org/10.1021/ma501488s
https://doi.org/10.1039/C2JM35446B
https://doi.org/10.1039/C2JM30761H
https://doi.org/10.1039/C2JM30761H
https://doi.org/10.1016/j.msec.2015.08.024
https://doi.org/10.1016/j.msec.2015.08.024
https://doi.org/10.1016/j.supflu.2015.07.001
https://doi.org/10.1016/j.supflu.2015.07.001
https://doi.org/10.1021/acs.iecr.7b04533
https://doi.org/10.1016/j.jclepro.2019.119707
https://doi.org/10.1016/j.ceramint.2011.05.125
https://doi.org/10.1016/j.ceramint.2011.05.125
https://doi.org/10.1016/j.jece.2024.112484
https://doi.org/10.1016/j.jece.2024.112484
https://doi.org/10.1016/j.enconman.2024.118125

System Based on Adsorption Carbon Capture,” Journal of Industrial
and Engineering Chemistry 130 (2024): 600-611, https://doi.org/10.
1016/j.jiec.2023.10.014.

126. M. Erans, E. S. Sanz-Pérez, D. P. Hanak, Z. Clulow, D. M. Reiner,
and G. A. Mutch, “Direct Air Capture: Process Technology, Techno-
Economic and Socio-Political Challenges,” Energy & Environmental
Science 15, no. 4 (2022): 1360-1405, https://doi.org/10.1039/D1EEO
3523A.

127. S. M. Nazir, O. Bolland, and S. Amini, “Analysis of Combined Cycle
Power Plants With Chemical Looping Reforming of Natural Gas and
Pre-Combustion CO, Capture,” Energies 11, no. 1 (2018): 147, https://
doi.org/10.3390/en11010147.

128. P. K. Nag, Power Plant Engineering (Tata Mcgraw-Hill Publishing
Company Limited, 2002).

129.S. Elliott, K. S. Lackner, H. J. Ziock, et al., “Compensation of
Atmospheric CO, Buildup Through Engineered Chemical Sinkage,”
Geophysical Research Letters 28, no. 7 (2001): 1235-1238, https://doi.
0rg/10.1029/2000GL011572.

130. C. Song, Q. Liu, N. Ji, et al., “Alternative Pathways for Efficient CO,
Capture by Hybrid Processes—A Review,” Renewable and Sustainable
Energy Reviews 82 (2018): 215-231, https://doi.org/10.1016/j.rser.2017.
09.040.

131.R. Li, S. Lian, Z. Zhang, C. Song, R. Han, and Q. Liu, “Techno-
Economic Evaluation of a Novel Membrane-Cryogenic Hybrid Process
for Carbon Capture,” Applied Thermal Engineering 200 (2022): 117688,
https://doi.org/10.1016/j.applthermaleng.2021.117688.

132. 8. Zeng, X. Zhang, L. Bai, et al., “Tonic-Liquid-Based CO, Capture
Systems: Structure, Interaction and Process,” Chemical Reviews 117, no.
14 (2017): 9625-9673, https://doi.org/10.1021/acs.chemrev.7b00072.

133.C. A. Scholes, S. E. Kentish, and A. Qader, “Membrane Gas-
Solvent Contactor Pilot Plant Trials for Post-Combustion CO, Capture,”
Separation and Purification Technology 237 (2020): 116470, https://doi.
0rg/10.1016/j.seppur.2019.116470.

134. P. D. Dissanayake, S. You, A. D. Igalavithana, et al., “Biochar-Based
Adsorbents for Carbon Dioxide Capture: A Critical Review,” Renewable
and Sustainable Energy Reviews 119 (2020): 109582, https://doi.org/10.
1016/j.rser.2019.109582.

135. M. Lattuada, “Synthesis of Dimpled Polymer Particles and Polymer
Particles With Protrusions-Past, Present, and Future,” Advances in
Colloid and Interface Science 320 (2023): 102998, https://doi.org/10.
1016/j.cis.2023.102998.

136.S. B. Abel, C. A. Busatto, F. Karp, D. Estenoz, and M. Calderdn,
“Weaving the Next Generation of (Bio) Materials: Semi-Interpenetrated
and Interpenetrated Polymeric Networks for Biomedical Applications,”
Advances in Colloid and Interface Science 321 (2023): 103026, https://doi.
org/10.1016/j.cis.2023.103026.

137.S. M. Mousavi, S. Raveshiyan, Y. Amini, and A. Zadhoush,
“A Critical Review With Emphasis on the Rheological Behavior
and Properties of Polymer Solutions and Their Role in Membrane
Formation, Morphology, and Performance,” Advances in Colloid and
Interface Science 319 (2023): 102986, https://doi.org/10.1016/j.cis.2023.
102986.

138. A. H. Anwer, A. Ahtesham, M. Shoeb, et al., “State-of-the-Art
Advances in Nanocomposite and Bio-Nanocomposite Polymeric
Materials: A Comprehensive Review,” Advances in Colloid and Interface
Science 318 (2023): 102955, https://doi.org/10.1016/j.cis.2023.102955.

139. X. Gong, H. Yu, L. Wang, et al., “Recent Progress in the Mechanisms,
Preparations and Applications of Polymeric Antifogging Coatings,”
Advances in Colloid and Interface Science 309 (2022): 102794, https://
doi.org/10.1016/j.cis.2022.102794.

140.V. Arumughan, T. Nypelo, M. Hasani, and A. Larsson,
“Fundamental Aspects of the Non-Covalent Modification of Cellulose

via Polymer Adsorption,” Advances in Colloid and Interface Science 298
(2021): 102529, https://doi.org/10.1016/j.cis.2021.102529.

141. M. Nurfarhana, N. Asikin-Mijan, and S. F. M. Yusoff, “Porous
Carbon From Natural Rubber for CO, Adsorption,” Materials Chemistry
and Physics 308 (2023): 128196, https://doi.org/10.1016/j.matchemphys.
2023.128196.

142. G. Huang, Y. Liu, X. Wu, and J. Cai, “Activated Carbons Prepared
by the KOH Activation of a Hydrochar From Garlic Peel and Their CO,
Adsorption Performance,” New Carbon Materials 34, no. 3 (2019): 247-
257, https://doi.org/10.1016/S1872-5805(19)60014-4.

143. K. Xu, Y. Li, J. Xiong, et al., “Activated Amorphous Carbon With
High-Porosity Derived From Camellia Pollen Grains as Anode Materials
for Lithium/Sodium Ion Batteries,” Frontiers in Chemistry 6 (2018): 366,
https://doi.org/10.3389/fchem.2018.00366.

144.]J. Xu, H. Cui, J. Shi, N. Yan, Y. Liu, and D. Li, “Agar-Derived
Nitrogen-Doped Porous Carbon for CO, Adsorption,” ChemistrySelect
3, no. 39 (2018): 10977-10982, https://doi.org/10.1002/slct.201802031.

145.N. Xu, Z. Liu, X. Yu, J. Gao, and H. Chu, “Processes, Models and
the Influencing Factors for Enhanced Boiling Heat Transfer in Porous
Structures,” Renewable and Sustainable Energy Reviews 192 (2024):
114244, https://doi.org/10.1016/j.rser.2023.114244.

146. C.Ma,J. Bai, M. Demir, X. Hu, S. Liu, and L. Wang, “Water Chestnut
Shell-Derived N/S-Doped Porous Carbons and Their Applications in
CO, Adsorption and Supercapacitor,” Fuel 326 (2022): 125119, https://
doi.org/10.1016/j.fuel.2022.125119.

147.S. Suethao, S. Phongphanphanee, J. Wong-Ekkabut, and W.
Smitthipong, “The Relationship Between the Morphology and Elasticity
of Natural Rubber Foam Based on the Concentration of the Chemical
Blowing Agent,” Polymers 13, no. 7 (2021): 1091, https://doi.org/10.3390/
polym13071091.

148. T. Prasopdee and W. Smitthipong, “Effect of Fillers on the Recovery
of Rubber Foam: From Theory to Applications,” Polymers 12, no. 11
(2020): 2745, https://doi.org/10.3390/polym12112745.

149. T. Prasopdee, D. U. Shah, and W. Smitthipong, “Approaches
Toward High Resilience Rubber Foams: Morphology-Mechanics-
Thermodynamics Relationships,” Macromolecular Materials and
Engineering 306, no. 10 (2021): 2100337, https://doi.org/10.1002/mame.
202100337.

150. S. Limhengha, N. Chueangchayaphan, S. Karrila, N. Madmaeroh,
and H. Yangthong, “Properties and Cost of Natural Rubber Latex Foam
Using Biomass Ash Filler From Agarwood Pellets,” BioResources 18, no.
3(2023): 5585, https://doi.org/10.15376/biores.18.3.5585-5598.

151. K. Panploo, B. Chalermsinsuwan, and S. Poompradub, “Effect of
Amine Types and Temperature of a Natural Rubber Based Composite
Material on the Carbon Dioxide Capture,” Chemical Engineering
Journal 402 (2020): 125332, https://doi.org/10.1016/j.cej.2020.125332.

152. T. Theppradit, P. Prasassarakich, and S. Poompradub, “Surface
Modification of Silica Particles and Its Effects on Cure and Mechanical
Properties of the Natural Rubber Composites,” Materials Chemistry and
Physics 148, no. 3 (2014): 940-948, https://doi.org/10.1016/j.matchem-
phys.2014.09.003.

153. A.Tunlert, P. Prasassarakich, and S. Poompradub, “Antidegradation
and Reinforcement Effects of Phenyltrimethoxysilane-Or N-[3-
(Trimethoxysilyl) Propyl] Aniline-Modified Silica Particles in Natural
Rubber Composites,” Materials Chemistry and Physics 173 (2016): 78—
88, https://doi.org/10.1016/j.matchemphys.2016.01.041.

154. X. Wang, L. Chen, and Q. Guo, “Development of Hybrid Amine-
Functionalized MCM-41 Sorbents for CO, Capture,” Chemical
Engineering Journal 260 (2015): 573-581, https://doi.org/10.1016/j.cej.
2014.08.107.

155. C. Ge, J. Song, Z. Qin, J. Wang, and W. Fan, “Polyurethane Foam-
Based Ultramicroporous Carbons for CO, Capture,” ACS Applied

24 of 25

Journal of Applied Polymer Science, 2026

85U8017 SUOWILLIOD 8A11E81D) 3|qeo![dde 8Ly Aq peusenob afe sejoie VO ‘88N JO Sa|nJ o} Akeid18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIB)/LIO" A IM ARIq Ul UO//:SdNL) SUORIPUOD PUe SWe | 8U18eS *[9202/20/90] Uo ARiqiauluo A ‘(pue|ey 1) IHOHO VaS Ad o0 dde/z00T 0T/10p/wod As | Akeiqjeul|uo//sdny wo.j pepeojumod ‘0 ‘829%260T


https://doi.org/10.1016/j.jiec.2023.10.014
https://doi.org/10.1016/j.jiec.2023.10.014
https://doi.org/10.1039/D1EE03523A
https://doi.org/10.1039/D1EE03523A
https://doi.org/10.3390/en11010147
https://doi.org/10.3390/en11010147
https://doi.org/10.1029/2000GL011572
https://doi.org/10.1029/2000GL011572
https://doi.org/10.1016/j.rser.2017.09.040
https://doi.org/10.1016/j.rser.2017.09.040
https://doi.org/10.1016/j.applthermaleng.2021.117688
https://doi.org/10.1021/acs.chemrev.7b00072
https://doi.org/10.1016/j.seppur.2019.116470
https://doi.org/10.1016/j.seppur.2019.116470
https://doi.org/10.1016/j.rser.2019.109582
https://doi.org/10.1016/j.rser.2019.109582
https://doi.org/10.1016/j.cis.2023.102998
https://doi.org/10.1016/j.cis.2023.102998
https://doi.org/10.1016/j.cis.2023.103026
https://doi.org/10.1016/j.cis.2023.103026
https://doi.org/10.1016/j.cis.2023.102986
https://doi.org/10.1016/j.cis.2023.102986
https://doi.org/10.1016/j.cis.2023.102955
https://doi.org/10.1016/j.cis.2022.102794
https://doi.org/10.1016/j.cis.2022.102794
https://doi.org/10.1016/j.cis.2021.102529
https://doi.org/10.1016/j.matchemphys.2023.128196
https://doi.org/10.1016/j.matchemphys.2023.128196
https://doi.org/10.1016/S1872-5805(19)60014-4
https://doi.org/10.3389/fchem.2018.00366
https://doi.org/10.1002/slct.201802031
https://doi.org/10.1016/j.rser.2023.114244
https://doi.org/10.1016/j.fuel.2022.125119
https://doi.org/10.1016/j.fuel.2022.125119
https://doi.org/10.3390/polym13071091
https://doi.org/10.3390/polym13071091
https://doi.org/10.3390/polym12112745
https://doi.org/10.1002/mame.202100337
https://doi.org/10.1002/mame.202100337
https://doi.org/10.15376/biores.18.3.5585-5598
https://doi.org/10.1016/j.cej.2020.125332
https://doi.org/10.1016/j.matchemphys.2014.09.003
https://doi.org/10.1016/j.matchemphys.2014.09.003
https://doi.org/10.1016/j.matchemphys.2016.01.041
https://doi.org/10.1016/j.cej.2014.08.107
https://doi.org/10.1016/j.cej.2014.08.107

Materials & Interfaces 8, no. 29 (2016): 18849-18859, https://doi.org/10.
1021/acsami.6b04771.

156. C. Chen, S. S. Kim, W. S. Cho, and W. S. Ahn, “Polyethylenimine-
Incorporated Zeolite 13X With Mesoporosity for Post-Combustion CO,
Capture,” Applied Surface Science 332 (2015): 167-171, https://doi.org/
10.1016/j.apsusc.2015.01.106.

157.J. M. Park and S. H. Jhung, “CO, Adsorption at Low Pressure
Over Polymers-Loaded Mesoporous Metal Organic Framework PCN-
777: Effect of Basic Site and Porosity on Adsorption,” Journal of CO2
Utilization 42 (2020): 101332, https://doi.org/10.1016/j.jcou.2020.
101332.

158. A. Heydari-Gorji, Y. Belmabkhout, and A. Sayari,
“Polyethylenimine-Impregnated Mesoporous Silica: Effect of Amine
Loading and Surface Alkyl Chains on CO, Adsorption,” Langmuir 27,
no. 20 (2011): 12411-12416, https://doi.org/10.1021/1a202972t.

159. I. Taniguchi, N. Wada, K. Kinugasa, and M. Higa, “CO, Capture
by Polymeric Membranes Composed of Hyper-Branched Polymers With
Dense Poly (Oxyethylene) Comb and Poly (Amidoamine),” Open Physics
15, no. 1 (2017): 662-670, https://doi.org/10.1515/phys-2017-0077.

Journal of Applied Polymer Science, 2026

250f 25

85U8017 SUOWILLIOD 8A11E81D) 3|qeo![dde 8Ly Aq peusenob afe sejoie VO ‘88N JO Sa|nJ o} Akeid18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIB)/LIO" A IM ARIq Ul UO//:SdNL) SUORIPUOD PUe SWe | 8U18eS *[9202/20/90] Uo ARiqiauluo A ‘(pue|ey 1) IHOHO VaS Ad o0 dde/z00T 0T/10p/wod As | Akeiqjeul|uo//sdny wo.j pepeojumod ‘0 ‘829%260T


https://doi.org/10.1021/acsami.6b04771
https://doi.org/10.1021/acsami.6b04771
https://doi.org/10.1016/j.apsusc.2015.01.106
https://doi.org/10.1016/j.apsusc.2015.01.106
https://doi.org/10.1016/j.jcou.2020.101332
https://doi.org/10.1016/j.jcou.2020.101332
https://doi.org/10.1021/la202972t
https://doi.org/10.1515/phys-2017-0077

Graphical Abstract

Please note that Graphical Abstracts only appear online as part of a table of contents and are not part of the main article (therefore,
they do not appear in the article HTML or PDF files).

( )
Climate change Computer modeling & Thermodynamic
(SDG 13) i

co 0o

| 900

co,— ©O°.0_

Ideal gases co, _:OO_QO.
. T(K) J
CO, capture techniques ( Polymer-based adsorption )

i

CO, adsorption

Direct air capture
)

Amine-based
silica/natural rubber material
7

Overview of the relationship between climate change (SDG 13), computer modeling and thermodynamics, carbon dioxide capture
techniques, and polymer-based adsorption.

8518017 SUOWILIOD 3AIERID 3|qeo!|dde au Aq peusenob 8Je ssole O ‘88N JO S3|ni Joj ARIgIT8UIIUO 8|1 UO (SUORIPUOD-PUe-SWLSHALID A8 | MARIq 1 [euUO//SaNY) SUORIPUOD PUe SR | 3U} 835 *[9202/20/90] Uo Ariqiauliuo A|1m ‘(pPue|ey L) AIHOHO VaS Aq 0ry0L dde/z00T 0T/10p/wo0 A 1m Ateq 1 put|uo//Sdiy Wwo papeojumod ‘0 ‘829260T



	Carbon Dioxide Capture by Polymers: Thermodynamics, Computer Modeling, Technology, and Applications
	ABSTRACT
	1   |   Introduction
	2   |   Mechanisms and Thermodynamics of CO2 Capture
	2.1   |   Mechanism
	2.2   |   Thermodynamics of Carbon Dioxide Capture Polymers

	3   |   Computer Modeling
	4   |   CO2 Capture Technologies
	4.1   |   Absorption
	4.2   |   Membrane Applications
	4.3   |   Adsorption
	4.4   |   Chemical Looping
	4.5   |   Direct Air Capture
	4.6   |   Hybrid Processes

	5   |   Utilization of Polymer-Based Adsorbents for CO2 Capture
	5.1   |   Adsorption Technology Is an Intriguing Area of Study

	6   |   Conclusions and Outlook
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


