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Abstract

General Background: The tourism sector increasingly relies on strategic alliances to address
competitive challenges and share resources in dynamic markets. Specific Background: In this
context, human resource management practices, particularly recruitment and training strategies, are
central to building the competencies required for managing partnerships among tourism companies in
Baghdad. Knowledge Gap: Despite the growing importance of alliances, many organizations
emphasize legal and financial aspects while overlooking the role of qualified human capital in
managing cooperative relationships. Aims: This study aims to analyze the relationship between
recruitment and training strategies and the efficiency of strategic tourism alliances. Results: Using a
descriptive-analytical approach and survey data from 93 respondents, the findings reveal a significant
positive relationship between recruitment and training strategies and alliance efficiency, with a
correlation coefficient of 0.800 and an explanatory power of 63%. Technical and behavioral training
emerged as the most prominent dimension, while all dimensions showed statistically significant
contributions. Novelty: The study integrates human resource management functions with strategic
alliance performance in the tourism sector within the Baghdad context. Implications: The findings
suggest that adopting competency-based recruitment and specialized training programs supports
cooperation, reduces organizational conflicts, and contributes to achieving shared objectives in
tourism alliances.

Highlights:

- Recruitment Practices Based on Competencies Support Alignment of Shared Goals

« Training Programs Strengthen Cooperation and Reduce Organizational Conflicts

« Technical and Behavioral Skills Show the Strongest Contribution to Alliance Performance

Keywords: Recruitment Strategies, Training Programs, Strategic Alliances, Tourism Companies,
Human Resource Management.
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Introduction

Rapid growth in carbon dioxide emissions since the industrial revolution has been an important proposer for disruption of
global warming and climate. Carbon capture and storage (CCS) technologies have attracted a lot of interest in their ability
to counteract it by removing CO2 from the atmosphere [1]. The CCs traditionally capture CO2 produced from a large point-
givash fuel power plant and industrial facilities, and either store it in geological structures or use it for favorable products.
However, traditional carbon capture approaches have serious boundaries. In particular, amin (ie mono -daisted, etc.) is known
for carrying out energy -intensive and expensive chemical absorption processes [2].

An important part of the production of the power plant (quoted to be about 20-30% of the power generated) can be used to reproduce
AMIN solvents and compress CO2, resulting in "energy deed" which limits the future implementation on a large scale. In
addition, traditional methods suffer from problems such as a decline in solvent, corrosion of equipment and efficiency with
low catch over time [3, 4]. Zeolites or activated carbon (active carbons) provide an alternative using solid sorbents via
physical adsorption, however these transfer materials also show very limited capacity at ambient conditions and are possibly
demanding high regeneration temperatures for desorption. Recently, a shift in trend has been towards using nanotechnology in
order to improve carbon capturing efficiency and overcome the challenges presented by traditional carbon capture techniques
Nanostructured materials are able to provide a large surface area to enable high loading of active sites, with tunable surface
chemistry and frequently show improved mass transfer, making nanomaterials ideal next- gen sorbents and catalysts for CO2
capture [5-7]. Nanomaterials such as carbon nanotubes (CNTs) and graphene sheets offer large surface areas and a porous
structure, which can bind a large amount of gas molecules Similarly, ultra-porous nanomaterials such as metal-organic frameworks
(MOFs) have reached CO2 storage capacities orders of magnitude higher than known conventional materials; one MOF (Mg-
MOF-74) has been reported to adsorb ca 8 moll CO2 per gram under ambient conditions[8, 9]. Crucially, most of these
interactions are mainly physisorption (binding through physical forces), meaning that the expulsion of the captured CO2 (sorbent
regeneration) will not require nearly as much energy as breaking the strong chemical bonds formed in amine scrubbing[10,
11]. The role of nanotechnology in carbon capture is not only with solid adsorbents [12]. In addition, there have been
developments in liquid absorbents and membrane separations. Nanofluids, which involve diffusing nanoparticles into liquid
solvents, with the aim of enhancing the properties of bulk solvents, such as their CO2 uptake rates and their thermotransfer
capabilities[13, 14]. Likewise, membranes created from graphene or MOF—polymer composites at the nanoscale are designed
for high CO2 selectivity and permeability beyond the upper limits of commercial polymer membranes[15]. These advances
point to a future in which carbon capture systems could be smaller, more energy-efficient and more versatile than they are
now[16]. Importance of this review: There are many reviews of carbon capture, but this work is focused primarily on recent
nanotechnology developments for the process (2018—-2025) and is presented in Arabic-English to make this updated scientific
knowledge available to a wider audience[17, 18]. This covers latest developments for example carbon-based nanomaterials-
MOFs, nanofluids, and nano enhanced membranes and multiple applications with respect to their performance comparison in
comparison with conventional methods[19]. The review aims to bridge knowledge gaps on the market feasibility of these nano-
solutions for practical applications[20].

It provides researchers and decision-makers a deep insight of nano-enabled carbon capture and potential applications for
global climate change mitigation efforts[21, 22].0Overview of Comparisons for CO2 Capture Technologies Based on published
data and recent research, the table and chart below show how conventional and nanotechnology-based methods differ in
their ability to capture CO2. Adsorption capacity, regeneration energy consumption, selectivity, and operational stability are
important parameters[23-26]. Table 1 shows a comparative summary based on key performance parameters [47], also
Figure 1.

Table 1 shows a comparative summary based on key performance parameters [47].

Technology CO2 Capture | Energy Requirement for | Selectivity Stability under Real Conditions
Capacity Regeneration
(mmol/g)

Amine-based Chemical | 1.5 Very High (120-150°C) | Moderate Moderate

Absorption (Degradation/Corrosion)

Zeolites / Activated | 2.5 High Low Low at Ambient

Carbon

Carbon Nanotubes | 4.5 Low High Moderate

(CNTs)

Graphene Sheets 3.8 Low Moderate High

Metal-Organic 8.0 Very Low Very High Moderate

Frameworks (MOFs)

Nanofluids 2.5 Low High Moderate

Nano-Membranes 3.5 Low Very High High

(Graphene/MOF-

polymer)
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Figure 1 illustrates CO2 adsorption capacity across different nanomaterials based on reported data.
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Methodology

In order to review literature on nanomaterial-based carbon capture methods comprehensively and reliably, a systematic
approach was taken to retrieve and appraise literature believed to be relevant. The primary steps are described below:Scope of
review The reviewed scope was defined to be focused around CO2 capture using nano-scale materials and technologies[27].
These include nano-adsorbents (nanotubes, Metal-Organo Frameworks (MOFs), zeolites with nano- structured
enhancements), nano-enhanced absorbents (nanoparticle-infused solvents, colloquially known as nanofluids) and
nanostructured membranes for CO2 separation[28]. Studies describing only traditional approaches (i.e., a design of better
amine solvents without any aspect of nanomaterials) or focusing on CO2 use (CO2 conversion into fuels/chemicals) were not
considered unless they contained a separate section describing the capture of CO2 using the promising aspect of
nanotechnology [6, 29]. This focuses on the review of catches (the first phase of CCS), instead of the use of downstream.

Method: A systematic review was done using a scientific database to identify recent development [30]. The database used
includes the Web of Science, Scope, Science and Google Scholars. For open wheat articles on related topics, Pubmed
Central was also used. Search expressions included the words that were in the form of carbon capture nanotechnology,
nanopacans CO2 -absorbent and CO2 catch MOF etc.

Relevant articles for reference lists (snowballing) were also scanned to identify multiple studies [31]. Literature searches to
incorporate the latest development was mainly focused on publications from (to the beginning of 2025). We also included a

journalist reviewed journal articles (in favor of review and high-effect research articles), conference negotiations and
relevant reports or book chapters, if they informed the process in a creative way. Studies were included that directly
compare nanobased approaches to traditional methods or that report quantitative performance measurements (eg absorbency,
energy consumption) for nano perspective systems. All sources Scientific reliability was intended to secure, stop some reports
from Industry/Agency for Relevant Data on Traditional Technology Line Lines[32].

Methods: Literature snowballing was conducted to identify relevant papers, which were organized and qualitatively analyzed.
We first classified identified results into groups according to nanotechnology type as follows: (1) carbonaceous nanomaterials
for adsorption, (2) MOFs and other ultra-porous frameworks, (3) inorganic/metal oxide nanoparticles for CO2 capture, (4)
nanofluid absorbents, and (5) nano-membranes[33]. according to Table 2: showing classification of nanotechnology categories,
example materials, and their primary mechanism. The comparative performance of representative studies by condition (e.g.,
COz2 concentration, temperature, pressure, presence of competing gases, etc.) was then reviewed for each category. We then
assessed the strengths (e.g., capacity, selectivity, energy efficiency) and weaknesses (e.g., stability, cost, complexity) of
each approach. Some data were tabulated, where possible, e.g. a list of various materials and their CO2 capacities, to
enable comparison. Table 3: comparing CO2 capture performance of different nanotechnology categories]. However, due to
the narrative nature of this review, most comparisons are presented in-text with citations to the data sources.

Quality Control: Interpretations, as well as results from multiple sources, were cross-validated to ensure accuracy. When a
certain claim (e.g., very high adsorption capacity) featured, we checked other works that either backed up this claim or
conflicted it. We scrutinized the methods of the experiments (was the capacity measured in real-life or pristine lab conditions,
for instance?) to contextualize the results. Discrepancies or debate in the literature are mentioned in the discussion section
.References were organized using a reference management software (e.g. EndNote or Mendeley) to ensure all relevant
sources were cited and no omissions occurred [34]. Based on the methodology set out above more than

100 relevant sources were reviewed and key information synthesized. The subsequent Results and Discussion sections comprise
the aggregated findings, organized by the key strands of nano-enabled carbon capture pathways and then discuss their
implications in terms of conventional pathways [35].
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The methodical approach used to examine recent developments in CO2 capture technologies based on nanomaterials is
presented in this section. The scope excluded non-nano or post-capture utilization and was restricted to nano-enhanced capture

techniques (adsorbents, absorbents, and membranes). Below is a summary of how different nanotech categories are classified
and how their performances compare[25, 36, 37]. Figure 2: flowchart showing research steps used in the review process].

Table 2 Classification of Nanotechnology Categories[33]

Nanotech Category Example Materials Primary Mechanism
Carbonaceous Nanomaterials Carbon Nanotubes, Graphene Physisorption

Metal—-Organic Frameworks (MOFs) Mg-MOF-74, ZIF-8 Physisorption / Chemisorption
Metallic/Oxide Nanoparticles MgO, Ca0, Fez04 Chemisorption / Catalysis
Nanofluid Absorbents Nano-Al203 in MEA Enhanced Absorption
Nano-Membranes Graphene Oxide, ZIF-MMM Selective Permeation

Table 3 Comparing the CO2 Capture Performance of Different Nanotechnology Categories [33]

Nanotech Category CO2 Capacity Energy Requirement Stability Cost
(mmol/g)

Carbon Nanomaterials | 4.5 Low Moderate Moderate

MOFs 8.0 Very Low Moderate High

Metallic Nanoparticles | 5.0 Moderate High Moderate

Nanofluids 2.5 Low Low to Moderate | Low

Nano-Membranes 3.5 Low High Moderate

Figure 2 The Great Research Steps series flowchart.[33]

Define Scope
{Mano-C0Oz Capture)

i

Literature Search
(Web of Science, Scopus, etc.)

i

Screen & Select
Relevant Studies

i

Classify Studies
by Nanotech Type

i

Compare Performance
{Capacity, Stability...)

i

Cross-Validate &
Assess Quality

Synthesize Results
& Report Findings

Results

We focused on applications of nanotechnology for carbon capture, and through our extensive literature review found substantial
advancements in this area. The findings are categorized under three broad technical headings: (1) nano- structured solid
adsorbents, (2) nano-enhanced liquid absorbents (nanofluids), and (3) nano-enabled membranes for gas separation. For each
category, we summarize the performance of these new techniques compared to traditional methods based on representative
studies from 2018-2025.[38].CO2 Capture by Nano-Structured Solid Adsorbents.

1.1 Carbon-based nanomaterials: These include ingredients such as nanoscale active carbon, carbon nanotub (CNT) (single
wall, multi-wall) and graphin and its derivatives (eg graphin oxide). Carbon -based nanomaterials contain exceptionally high
specific surface regions and tuned porcity, which provides a great ability to absorb CO2. These materials have been shown
excellent CO2 utility performance, which often performs better than traditional sorbet under similar conditions. For
example, some diagrams from biomass-ritual nano-enabled carbon perform a hierarchical micropor and mesopor-oriented
POR structure (ultralo compared to CO2 under the partial pressure-AKA aka aka atmospheric CO2 capture conditions) [39,
40]. Although pristine CNTs exhibit excellent intrinsic CO2 adsorption capacity (around few mmol CO2/g at 1 atm, similar to
activated carbon) when CO2 are physisorbed on the CNT surface through Farrelow mechanism, such adsorption is
inefficient and has low capacitive effect; the CO2

1.2 Ultraporous Nanomaterials — Metal-Organic Frameworks (MOFs) and analoguesMetal—organic frameworks (MOFs):
are a prime example of ultraporous crystalline nanomaterials. They are composed of nodes of metal ions interconnected
by organic linker molecules, creating open frameworks with nanoscale pores. POFs possess ultrahigh surface areas (typically >
5,000 m2/g) and adjustable chemistry in the same manner as MOFs. These features have led to significant interest in the use
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of MOFs for CO2 capture. Recent findings show that many MOFs have high capacities for CO2 adsorption. More specifically,
Mg-MOF-74, a magnesium-based MOF, has demonstrated a very high CO2 uptake of 8.0 mmol/g at 1 bar and room
temperature, and is well above that of traditional zeolites or activated carbons under the same ambient conditions. This
excellent performance is ascribed to open metal sites (OMSs) in its structure that strongly interact with CO2 molecules
(through Lewis acid-base interactions and quadrupole interactions), leading to a high CO2 loading capacity of the
material[42]. Furthermore, MOFs can be chemically modified after synthesis — such as by grafting on amine groups or other
functional moieties onto the walls of the pores — to increase further CO2 affinity and selectivity. Composite MOFs have already
been reported, with nanoparticles or functional polymers introduced into the MOF pores achieving the high storage capacity of
MOFs with additional

functionalities such as catalytic conversion of CO2 or improved moisture stability[43].The MOF family is not alone: related
classes of materials (e.g., covalent organic frameworks (COFs) and porous organic polymers) exist that offer similarly high
surface areas and that have been investigated for CO2 capture. For example, porous polymers have achieved moderate CO2
recording with the advantage of increased stability compared to MOF. Such a rare cheap ingredients are Geolithic Imidazolate
Frame (ZIF), a subcontinent of MOF showing mixed properties between MOF and Zeolits, and also promised (eg heat), as an
example, emphasized a study that interactions in MOF -74 are mainly physically physically physical with a smaller input of
heat. SOX/NOx species 464 that can damage some MOF (for example, 445 containing alkali metals 464 or soft ligaments), to
cope with this challenge, workers work through the use of more stable MOF (ZR or Al-based groups. View polymer coatings).
Another hurdle is the cost and complexity of MOF synthesis at scale, although advances are being made in greener and more
scalable production processes[44]. To conclude, ultraporous nano-adsorbents such as MOFs offer extraordinary CO2 capacities
and tunable properties, rendering them some of the most powerful potential materials for future carbon capture systems, if
stability and cost problems can be overcome.

1.3 Metallic Nanoparticles and Oxides: This class refers to nanoparticles of metals or metal oxides (or chemisorption solid
carbonates), which is a chemical reaction used in CO2 capture. As an example, the CO2 capture can be performed by
nanoparticles of MgO or CaO. The high surface area and short diffusion lengths of nanoscale particles greatly increase the rate
of these carbonation reactions. Nanosizing MgO enhances its reactivity with CO2 in comparison to bulk MgO, and decreases
the temperature at which carbonating performed to a significant extent, as recently discussed in a review on MgO- based
nanomaterials for CO2 capture[45]. Likewise, CaO nanoparticle studies have been performed in cyclic carbonate looping
processes in which enhanced reactivity may enable more CO2 capture per cycle prior to deactivation from sintering.

In addition, metal nanoparticles can act as catalytic promoters in CO2 capture. As an example, the loading of nanoscale copper
or nickel to solid sorbents can enhance the adsorption process or the subsequent CO2 conversion blurr into CCU - carbon
capture and utilization. However, in pure capture aspect, a strategy has been to embed these reactive nanoparticles in some
porous supports to prepare hybrid systems[46]. One such approach is to embed MgO nanoparticles into a porous carbon matrix:
the carbon matrix acts as a high surface area scaffold with better access to gas, while the MgO actively chemisorbs CO2.
According to studies, these MGGO-I-carbon or MGO-I-silicatic composites have a better CO2 recording and cyclical stability of
MGOs, which may be asked for support that can be called to support the reactive phase that prevents particle sealing and aids
to spread the reactive phase. Amin-functionized nanoparticles of amalgaming of of the use of merging amalgamating. It is a
case of magnetic iron oxide nanoping coated with amin -rich polymer (eg polyethylinimin, Pei). These particles act as a solid
Amin sorbant for CO2 capture through carbamate formation, as is the case for liquid amine resolution that allows easy
separation from mixture of a magnetic field application when applying a magnetic field.[47]. Another study was able to achieve
high CO2 capture efficiency from a gas stream using PEI-coated Fe_30_ 4 nanoparticles, which were subsequently magnetically
recovered and thermally regenerated for reuse, with little loss in capacity over multiple cycles.Conclusively, metal and metal
oxide nanoparticles diversify carbon capture by providing chemisorptive processes, which act to immobilize CO2 in more stable
forms like carbonates, or by improving the existing performance of sorbents via catalysis. They proved particularly valuable for
applications such as pre-combustion capture (where CO2 is at greater pressure and temperature, more suitable for
chemisorption) or capture-conversion integrated processes[48]. Key results in this area illustrate the benefit of pairing
nano-scale reactants with supports or functional groups to maximize capacity and reversibility simultaneously nanofluids
and Improved CO2 Absorption. Apart from solid sorbents, a notable progress in utilizing liquid absorbents for CO2 capture
through nanotechnology has been carried out. Nanofluids — injecting nanoparticles into liquid solvents — is a promising
technique to boost CO2 absorption systems performance. The basic concept is that the nanoparticles will improve mass transfer
and change fluid properties to increase CO2 solubility into the liquid phase[49]. The outcome of many studies suggests that the
incorporation of nanoparticles (metallic, metal oxides, carbon nanomaterials, etc.) to traditional amine solvents or other CO2-
reactive liquids was reported to enhance both the rate of instantaneous CO2 absorption and often the cumulative amount
absorbed within a certain time frame. There are several reasons:

Nanoparticles greatly increase the interfacial surface area and introduce turbulence at the gas—liquid interface that favors CO2
diffusion into the liquid. They also enhance the thermal conductivity of the solvent, dissipating absorption heat (as CO2 in
amines is an exothermic process), thus circumventing local saturation and higher absorption driving force[48]. For instance, it
was reported based on an experimental study that the addition of approximately 0.5 wt% of nano-Al203 in a MEA solution
could increase the CO2 absorption rate under flue gas conditions about 15% compared to MEA. A different work based on a
bubble column absorber demonstrated that the addition of the silica nanoparticles to the water of the bubble column increased
the surface renewal rate of the bubbling process (the interface refresh rate), resulting in the absorption of more CO2 per given
amount of time. These advances essentially mean reaching a target level of capture with a smaller absorber or capturing more
with existing equipment[50]. An especially unique proposal regarding the subject of nanofluids is the formation of CO2
bubbles called nano-bubbles or the CO2 hydrate. Some nanocations worked to make small bubbles or even CO2 hydrates under
specific conditions such as nuclear agents for CO2 gas, which are largely expanded by the GAS

-Facial Substance Area. Although it is still developed, it has the ability to achieve phase change in the frequency that CO2
can be dissolved in liquid[51]. Nanofluides, for their share, also promise; However, on stability, they are mainly faced with
challenges. Nanoparticles can go out or go out over time, especially under tough conditions such as industrial absorbents (high
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temperatures, continuous currents). For example, Agloma reduces the effective surface area, which can fight dishonesty
equipment along with the benefits of nanofluid. To solve this problem, studies have discovered various stable methods: using
surface active agents or disasters to maintain suspended particles, to retrieve each other, functionalization

of the surface of Nanokhanas (eg. A second problem is nanoparticle recovery — at some point, the solvents will have to be
replaced or cleaned, and nobody wants to waste expensive nanoparticles along with the spent solvent. The cutters can also
be removed by magnetically retrievable particles, as previously noted, or through filtration techniques. Indeed, magnetically
susceptible nanofluids have been proposed where the particles can be recovered by magnets and re-introduced, minimizing
loss[52]. Thus, nanofluids can be regarded as a complementary addition to the conventional absorption-based CO2 capture
systems. They can be implemented in retrofitting or upgrading existing solvent systems with only a jar of proper
nanoparticle suspension added to the solvent without hidden modification of the hardware. So far, performance has improved
with better kinetics and capacity but ensuring long-lasting stability and practical handling of these nanofluids is an active area
of development. Even if these challenges are addressed, indeed,

nanofluid technology could be adapted to large-scale CCS where it would improve the efficiency of amine plants, carbonate
loops, or novel solvent systems such as ionic liquids and amino-acid solutions[53].Nanostructured Membranes for Carbon
Dioxide Separation, Another CO2 capture approach is membrane separation, which exploits selective permeation of CO2
through a membrane material in order to separate it from other gases (like N2). Traditional membranes, primarily composed
of polymers, struggle with the trade-off between permeability (flux) and selectivity (discrimination between gases).
Nanotechnology has started to reshape this field through membranes breaking through traditional performance barriers.
The advanced membrane fabrication technology was a breakthrough regarding the use of two-dimensional (2D) nanostructured
materials such as graphene and graphene oxide (GO) and MXenes . Graphene-based membranes are atomically thin barriers
with controllable pore structures, or interlayer channels that can be engineered to facilitate gas transport. A GO-based
membrane yields a CO2/N2 selectivity over 30 under humidified surrounding, with CO2 permeance of over 1000 GPU (gas
permeation unit). These are impressive numbers; the high selectivity means that CO2 can be efficiently separated from N2, and
the high permeance means that large volumes of gas can be processed per area of membrane. This performance is excellent
because it is indeed possible to design the nano channels between GO layers to size-sieve gases (by partial reduction, interlayer
cross-linkers, etc.): CO2 (kinetic diameter ~3.3 A) can diffuse through, while larger molecules are impeded[54]. Moreover,
functional groups within GO membranes that preferentially interact with COz2 (e.g., facilitated transport by amine groups) can
further improve selectivity. Crucially, the researchers were able to produce the membranes on high-throughput support (high-
throughput support). To achieve this goal, approaches such as layer-by-layer deposition or printing have been introduced to
develop uniform GO membranes on ceramic or polymer supports measuring from a few square centimeters to square meters,
which is a critical step in industrial scale production. An alternate approach is the design of mixed-matrix membranes (MMMs),
which consist of incorporation of nanoparticles, or porous nano-fillers in a polymer matrix. By embedding nano-sized MOF
crystals into a polymer, the best of both worlds may be achieved: polymers lend mechanical strength and processability , while
the MOF contributes high CO2 affinity and extra transport pathways. For example, MMMS with ZIF-8 (a MOF) in Pebax
polymer exhibited a ~50% improvement in CO2/N2 selectivity compared to the polymer itself . Nano-fillers are more favorable
to larger fillers as they provide even distribution and (thereby reducing defects that can lead to undesirable gas leakage)
CMS (carbon molecular sieve) nanoparticles and porous organic cages fillers have also been proved successful in this
domain[55].0On the nanostructuring front, some researchers for example are developing materials that possess sub-nanometer
porosity via novel routes such as block copolymer self-assembly or track- etching with nanometer accuracy. The outcome is a
membrane with an extremely uniform pore size specifically designed for CO2[56]. For example, one might make a polymer
membrane and then add ~0.4 nm diameter pores (large enough for CO2 to pass but not large enough for bigger N2/02). These
approaches typically utilize nanotechnology to fabricate the units (i.e. using nanostructured templates or etching at the
nanoscale).[57]The outcome from these studies shows that the performance of nano-engineered membranes in different
scenarios is above the Robeson upper bound (the traditional limit of polymer performance). Combining high CO:2
permeabilities with high selectivities requires fewer membranes to achieve the desired separation, and allows COz2 to be
captured at lower pressure differences or at a higher throughput, making membrane systems much more achievable[58,
59].Delivering membranes for post-combustion COz2 capture has long been a challenge of the field: flue gas is at near-
atmospheric pressure, while it remains a mix of a majority of N2 (85%) and 15% COz2 (this is not a favorable scenario for
membranes, i.e., they perform better at higher CO2 partial pressure). So, membranes will possibly outperform in niche or hybrid
roles (e.g., polishing a CO2 stream after a bulk capture by a different method, or in pre-combustion capture where the CO2 may
be of relatively high pressure)[60]. Nanotechnology is leading to membranes that are stronger and more efficient than ever
before. For example, graphin -based membranes that are tolerant of water vapor and contaminants are very important. Further
progress is likely to increase the design demonstration of MOF-on- membrane coating or 2D material laminates. As given above,
the Tech-Hom message is that nanostructuring has captured a relatively high technique from a competitive technique with
relatively high technology to increase or absorb/absorb under specific circumstances.[61].

Discussion

These results indicate significant progress in the ability to use nanotechnology to capture carbon, and the ability to
overcome the challenges with existing traditional methods for CO2 capture. This section considers the general capacity and
effect of these Nano competition approaches, contradictions to traditional techniques and highlights the challenges and future
roads [22].

He compared his methods with traditional techniques and found that the use of nanotechnology produces much more
production in many matrixes. Because of this, even in very low pressure cases, there is a large COz2 capacity for nano- Engineer
adsorbents-one blessing for thorda gas currents or direct air catch scenarios where traditional sorbets are unable to remain
acceptable [27,48,55]. A minimum of air (.0.04% CO2) with carbon-based nanosorbanks and MOFs can be abstract when
traditional amine solutions or geaxes need to be derived to focus equal amounts to focus equal amounts to focus equal amounts
of carbon-based nanosorbanks and mash. [23,24]. In addition, extended mass transfer in nanofluides can lead to
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high mass transfer rates, something [48,53]. From an energy point of view, CO requires low energy input (temperature or
vacuum swing). It directly addresses the high rebels problem related to the Amin-based systems [23,53]. According to an
expense analysis, the replacement of amines with fixed physical adsorbents can reduce the energy required to capture CO with
a very large factor, although details about the details of the material, process design, etc. [47,51]. The second side process is
integration and footprints, an energy efficient and selective Nano-Mambrain system can capture CO in a single- phase process,
where a traditional system undergoes several stages (absorption, stripping, compression). This can help simplify things in
general, which means a low moving portion, and possibly some maintenance of overhead [29,54]. Additionally, nano-impact-
enhanced processes may function at lower-cost conditions (e.g., adsorption near-ambient pressure/temperature cycling),
potentially leveraging waste heat or passive chilling, making them a more seamlessly integrated power plant operation with
minimal disruption [48,51,52]. As shown in the Table 4 for a comparative summary of nanotechnology-based COz2 capture
strategies, their efficiencies, and challenges .

Table 4 Nanotechnology CO2 Capture Summary [51]

Nanotech Strategy COz2 Capture Efficiency High selectivity (>30), High | Challenges
permeance (>1000 GPU)

1 | Carbon-based High (2—8 mmol/g) High surface area, tunable, cheap, | Low physisorption energy unless
Nanomaterials durable functionalized

2 | Metal-Organic Very High (>8 mmol/g) Ultra-high porosity, tunable, scalable | Moisture sensitivity, high cost
Frameworks (MOFs)

3 | Metallic Nanoparticles and | Moderate—High Chemisorption, catalytic  roles, | Sintering, cost of metal NPs
Oxides recyclable

4 | Nanofluids Enhanced absorption rate (10— | Improved mass transfer, thermal | Stability, aggregation, recovery

20%) control

5 | Nanostructured High selectivity (>30), High | High permeability & selectivity, | Fabrication scale-up, pressure

Membranes permeance (>1000 GPU) compact design limits

Figure 3 CO2capture efficiency of various Nanotech strategies
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But comparing them must also take into account how mature and reliable they each are. For example, conventional amine
scrubbing is a mature commercial technology with decades of operating experience; its pitfalls are well-known, and
numerous engineering solutions have been developed to address the present problems (e.g., anti-corrosion treatments, solvent
additives to prevent degradation, etc.)[23,47]. In contrast, many of the nanotech-based solutions are still only laboratories or
pilot projects[55,58]. An adsorbent that works excellently in lab conditions may have problems and challenges working in a
real power plant flue gas system — it can be poisoned (SOx, NOx, O2 etc..), or lose activity over time due to minor
transformation[48,56]. A review earlier this year observed that, although CO2 capture on different nanomaterials has been
demonstrated in a lab setting, translating that success to the scale of billions of tons of CO2 still poses big challenges[60].
One difficulty noted was that capacity might still be limited in absolute terms — while a material might have a high capacity
per kg, capturing billions of tons would require the manufacture and handling of immense amounts of that material, which
pose logistical or environmental difficulties[59,60]. The other one is regeneration and cyclic stability — some tests in a lab only
perform a few cycles; in reality, you need hundreds or thousands of cycles a year, and materials may fail or degrade unless they
are extremely rugged[57,58].

In addition to technical performance, cost and economic viability for all carbon capture technology, economic viability and
technology preparedness are necessary. Although many applications of new materials refer to dull economic words such as "low
costs", itis just as acute than reality when it comes to complex nanoma patras that are still expensive to synthesize in bulk. MOF
may require expensive ligands and solvents, and often long crystallization process [25,55]. A detailed economic analysis often
shows that sorbent cost must decrease by a large amount to compete on a per-ton CO2 captured basis with amines[47,51,52].
There are activities in scaling up production — e.g. continuous flow reactors for MOFs, manufacturing MOFs with less expensive
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precursors — and some progress is being made (some MOFs at kg scale, with the promise of tonnage scale within years)[25,55].

An additional economic consideration is the durability of the material. A very effective but very short-lived sorbent might not
be practical due to the replacement costs outpacing any efficiency gains[52,56]. If a nanomaterial can last 5+ years in operation,
one may be willing to pay a premium; if it lasts for only 3 months, however, it would probably be too expensive. Thus, proof of
sustained stability for a longer duration is just as relevant as proving effective initial performance. This upscaling challenge is
particularly relevant to materials such as MXANES or HIGH-end membrane [29,30,54]. A piece of opinion asked if it is better
to spend money on scaling new materials (for example, MXES) that are now expensive to synthesize and even unknown
environmental effects, or can improve existing, cheap solutions. This decision can balance its own interests based on the field,
available resources and political incentives [51,52]. Stability and decline are special concern: e.g. Nanofluide stability (as
discussed) requires constant energy and attention. Similarly, aging of the membrane or faizing can cause the dropout to
perform; In a dirty gas environment, the membrane can be stopped, or if adequate pursuing procedures are not followed
[48,53]. All of these factors mean that the raw performance number is to be seen in light of the real world's terms [54].

Environmental and safety ideas: The distribution of nanomaterials with large -scale brings with other ideas besides CO2
capture. It is necessary to confirm that these new nanomaterials do not harm the environment or human health. Workers
can be subjected to inhalation, for example if fine nanoporors are produced or manipulated and not erected. If the nanopes are
issued in wastewater or in the environment, they may have unfortunate effects. Many carbon capture systems are attached and
can be designed to limit such liberation, but a complete life cycle analysis of nanomaterials (synthesis, use and disposal) is
required [52,59]. The opposite is that many of the questions (carbon, metal oxide, etc.) are not naturally toxic, only that their
nanospeciality can interact in unknown and potentially harmful ways in the ecosystem. [52,60].

Regulatory intelligent; Any catch can imagine rules for plants, which are necessary for Nanotech that they have nanopartic
management plans, as well as how they can safely familiarize themselves with sorbet for filtration on any ventilation and
protocol. These are not unsafe problems but they are another factor that requires planning [47,25,61].

Roll in mitigation and policies for climate change: Given the big picture, better carbon capture technologies, including
nanocapable people, will be required to reach climate goals. The current global capacity to capture CO is in millions of
tonnes per year, while emissions are tens of billions [49]. To be part of the CCS solution, capacity must expand dramatically
(EU, for example, calculates hundreds of crores of tons that will be required by 2050To be part of the CCS solution, capacity
must expand dramatically (EU, for example, calculates hundreds of crores of tons that will be required by 2050 [50]. No

scales are required only with traditional CCs alone at favorable cost points to limit climate change; Plasma success (and yet
unpredictable) can make these interval bridges. If it is said that a Nano-Adsorbent system can reduce catching costs from ~
$ 50-60/ton to $ 20/ton, it becomes economically viable in more scenario, potentially enables Gigon-scale Perpanio regions.
[47,51].

However, these technologies get their ability, depending on politics and economic drivers. CCS will require a market
required by strong carbon prices or rules that will attract investments in nanotek solutions. Otherwise, these new
approaches may be re-set for demo or educational studies. [47,51].

Another debate point consists of Nanotech CCS with other strategies. Carbon capture is one of many units that deal with climate
change (renewable energy, energy efficiency, nature -based solutions, etc.). The value of CCS (and therefore nano- cc) is that
it can address emissions that are difficult to decrease in any other way (such as cement production or steel production) [50,51].
When the world strives for net-zero emissions, we can see more and more collaborative CO with a nanomaterial, and then
convert it (perhaps with another nanochetic list) into a useful product (closure of the CCUS loop). [26,28,52], Or employed co
-recovery of oil collection or synthetic fuel to all generations closes or completely renewable or completely renewable [50,52].

Future research instructions: Known challenges provide a roadmap for future R&D. The low hanging fruit here reduces the cost
of nanometric new synthesis methods or different materials (for example, using affordable metals or bio-lines) using cheap
metals or bio-rituals) is another area of attention; For example, researchers use general structures (eg flexibility and cruelty
with a polymer with metal -carbon structure, and uses a durable outer layer to protect an active core) with core -coil
nanopakanas. [25,52,55].

Data Maternities: Possibly play a large part: Scientific materials can use machine learning in the database to estimate which
new materials (many of the theoretical options) will be the best feature of CO2 characteristics and must focus on
experiments faster. Some work has been done, for example, using genetic algorithms with ideal CO2 bonding or using a
nerve network to predict membrane performance [53,55]-

Large pilot projects will also be necessary. A MOF will be precious to test operations from a power plate test, test laboratory
findings and honor engineering design with a graphen membrane. It quickly focuses the partnership between academics and
industry to set these materials through its pace under real circumstances. [29,54,55].

Hybrid solutions are another exciting opportunity: to take advantage of the strength in different approaches. For example,
removing the bulk of COO from exhaust (fast canteix) can use a nanofluid absorber, while a MOF absorption can remove the
most zero (high capacity in thin concentrations) of the remaining COO, and a membrane can only secure the remaining <1%
COA. In this way, each stage addresses CO2 in a part of the area, which can cope with the best, resulting in greater
efficiency than any approach alone. [30,52,54].

Nano competent carbon capture appears to be an active and quickly developed field of research when we think about the future.
Successful experiments to date show that it is a rich landscape for innovation, and with constant interdisciplinary work, some
of these approaches can also become a mainstream practice in the coming decade or two [51,52].
ISSN 3063-8186 (online), https://ijhsm.umsida.ac.id, published by Universitas Muhammadiyah Sidoarjo
Copyright © Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY).
13/18



https://portal.issn.org/resource/ISSN/3063-8186
https://doi.org/10.21070/ijhsm
https://umsida.ac.id/

Indonesian Journal on Health Science and Medicine

Vol. 3 No. 1 (2026): July
DOI: 10.21070/ijhsm.v3i1.422

Conclusions

This study highlights the significant potential of nanomaterial-based technologies in advancing carbon capture systems across
various applications. Nanomaterials such as carbon nanotubes, graphene, metal-organic frameworks (MOFs), porous organic
polymers, and metal oxide nanoparticles have demonstrated superior CO2 capture capabilities due to their high surface area,
tunable surface chemistry, and enhanced interaction with gas molecules. These properties enable them to make them
better than many traditional sorbet in the context of absorbent ability, selection and energy efficiency. Recent innovations,
especially in membrane materials such as graphin oxide (GO), indicate remarkable improvement in permeability and selectivity,
facilitates skilled COO separation from mixed gas currents. Additionally, nano-enhanced adsorption and absorption systems—
such as those employing MOFs or nanofluids—have shown promise in reducing energy consumption during regeneration
phases, especially when compared to traditional amine-based chemical absorption. Nanofluids, in particular, offer improved
mass transfer rates, which could potentially allow for more compact absorption systems and reduce the overall footprint of
capture units. Hybrid configurations that combine nanofluid absorption, MOF adsorption, and membrane separation are
emerging as a promising avenue for maximizing capture efficiency while minimizing operational costs. These integrated
systems demonstrate adaptability to various COz2 sources, including flue gas, industrial emissions, and even ambient air,
thereby expanding the operational scope beyond the limits of conventional technologies. The versatility of nanomaterials
enables their use in both high-pressure pre-combustion and low-concentration direct air capture (DAC) scenarios, underscoring
their relevance to both centralized and distributed emission sources. Nevertheless, several challenges remain. The transition
from laboratory-scale successes to commercial-scale deployment necessitates the development of cost-effective, scalable, and
environmentally sustainable production methods for nanomaterials. Long-term stability, durability under operating
conditions, and potential environmental impacts must be rigorously evaluated. Techno- economic analyses and life cycle
assessments will play a crucial role in validating the practical benefits and identifying trade- offs associated with nano-enabled
carbon capture. Emerging pilot-scale demonstrations and economic simulations suggest that nanomaterial-based systems can
reduce COz2 capture costs substantially. While conventional amine systems incur capture costs of approximately $50—60 per
ton, early results from MOF- and membrane-based systems indicate potential reductions to $20—30 per ton under optimized
conditions. Such reductions could dramatically improve the economic viability

of carbon capture in hard-to-abate sectors and distributed emissions settings, where traditional approaches are often
prohibitively expensive. Importantly, technological advancements must be accompanied by supportive policy frameworks to
ensure large-scale adoption. Carbon pricing mechanisms, targeted subsidies, emissions regulations, and funding for low-
carbon innovation are essential to incentivize private sector participation and drive commercialization. Inclusion of nano-
enabled technologies in national decarbonization strategies, along with public-private partnerships, can further accelerate
deployment and help establish reliable supply chains for nanomaterial production.
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