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ARTICLE INFO ABSTRACT

Keywords: Cellulose is a highly versatile and abundant biopolymer that holds significant promise for enhancing capture
Carboxymethyl cellulose (CMC) technologies due to its inherent properties. However, to maximize its effectiveness in carbon dioxide (CO2)
Polypyrrole adsorption, it is essential to enhance its properties through chemical or physical modifications. By developing
Nanocomposites

cellulose-based materials with tailored functionalities, we can create sustainable sorbents that not only
contribute to reducing greenhouse gas emissions but also leverage low-cost and environmentally friendly re-
sources, making them suitable for large-scale applications in carbon capture technologies. This study demon-
strates the synthesis of carboxymethyl cellulose-polypyrrole (CMC-PP) nanocomposite and its coating with (3-
aminopropyl)triethoxysilane (APTS) or (3-mercaptopropyl)trimethoxysilane (MPTS) to derive CMC-PP-NH; and
CMC-PP-SH nanocomposites, respectively. The designed composites' physicochemical properties were studied
using various analytical techniques. The CO, and N capture capabilities of CMC-PP, CMC-PP-NH,, and CMC-PP-
SH nanocomposites were investigated. Among them, the CMC-PP-SH nanocomposite has exhibited the highest
CO; adsorption capacity of 49.6 cm>g~!. Adsorption isotherms fitting using the dual-site Langmuir model and
calculation of standard enthalpy changes (Qy) reveal that the thiol groups in CMC-PP-SH provide the most
favourable interactions for CO capture. These findings demonstrate the potential utilization of silane coatings to
develop advanced materials for effective gas adsorption and separation technologies.

CO,, capture
Silane functionalization

1. Introduction

Carbon dioxide (CO5) emissions from human activities have reached
record levels, contributing significantly to climate change and global
warming (Barsoum et al., 2024; Boubaker et al., 2024; Kotp & Kuo,
2024). To mitigate these environmental concerns, various carbon cap-
ture technologies have been developed, including post-combustion, pre-
combustion, and oxy-fuel combustion processes (Chao et al., 2021).
Among these, post-combustion capture is the most mature and widely
used method, although it faces challenges such as high energy re-
quirements and additional costs (Mohamed et al., 2022; Mousa et al.,
2023).

Biopolymers, particularly carboxymethyl cellulose (CMC), have
gained attention in COy capture applications due to their renewable

nature, biodegradability, and ability to interact with various materials
(Venturi et al., 2019; Wu et al., 2024). Realistically, CMC was preferred
over cellulose nanofiber due to its superior water solubility, functional
versatility, cost-effectiveness and excellent film-forming properties
(Kawasaki et al., 2016; Rahman et al., 2021). However, the adsorption
performance of pristine CMC is often limited (3.47 cm3g_1) necessi-
tating the development of nanocomposites by combining it with syn-
thetic polymers like polypyrrole (PP) (Adhikari et al., 2018; Kotp, Torad,
Nara, et al., 2023). CMC is an anionic polymer that can form hydrogen
bonds and interact electrostatically with PP (Tanzifi et al., 2020). On the
other hand, PP is a conducting polymer known for its electrical con-
ductivity and environmental stability. Such a combination of CMC and
PP can enhance the environmental stability and adsorption capacity
(Chen et al., 2023; Minisy et al., 2024).
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One of the main challenges in developing effective nanocomposites
for CO, capture is ensuring strong interactions between the biopolymer
and those manmade ones (Banerjee et al., 2023; Seidi et al., 2022). To
address this issue, researchers have explored coating the derived nano-
composites with silane sources, such as (3-aminopropyl)trimethox-
ysilane (APTS) (Fatima et al., 2021). Herein, our study hypothesizes that
the incorporation of PP into CMC-based nanocomposites significantly
enhances their CO5 adsorption capacity due to the synergistic effects of
the structural porosity of CMC and the reactive properties of PP.
Moreover, APTS and (3-mercaptopropyl)trimethoxysilane (MPTS) were
used to coat CMC-PP to obtain new functionalized nanocomposite
denoted as CMC-PP-NHj,, and CMC-PP-SH, respectively. Such function-
alization of CMC-PP can motivate the physio and chemical interactions
between the CMC-PP nanocomposites and CO3 molecules (Shishatskiy
et al., 2010). This novel approach is expected to enhance CO5 capture by
developing dual-functionality CMC-PP nanocomposites through
improved surface chemistry. The dual approach of the in-situ polymer-
ization of pyrrole onto CMC followed by silane modification allows us to
leverage the unique benefits of both processes, resulting in a more
effective sorbent for CO, capture.

In this study, CMC-PP, CMC-PP-NHjy, and CMC-PP-SH (Scheme 1)
were prepared, and thorough molecular and physical characterizations
were used to clarify their remarkable properties. In the meantime, their
CO; and Ny capture capabilities were investigated. The adsorption iso-
therms of Langmuir, dual-site Langmuir (DSL), and Sips models were
fitted to study these materials' adsorption mechanisms and efficiencies.
Additionally, the standard enthalpy changes (isosteric heat of sorption,
Qst) using the Clausius-Clapeyron equation to understand the energetics
of the adsorption process. The findings contribute to the development of
advanced materials for effective CO5 capture technologies, addressing
the pressing need for sustainable solutions to mitigate climate change.
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Scheme 1. Synthesis sketch of CMC-PP, CMC-PP-NH,, and CMC-PP-SH
nanocomposites.
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2. Materials and methods
2.1. Materials

In the experimental procedures outlined in this research, a variety of
chemicals were utilized. Sodium carboxymethyl cellulose (CMC) of
medium viscosity, with a purity of 99 % and a degree of substitution
(DS) ranging from 0.6 to 0.95, (average Mw ~ 90,000) were obtained
from Showa Chemicals (Japan). Pyrrole sourced from TCI America
(USA). The iron(IIl) chloride (FeCl3) used in the experiments was ob-
tained from Acros Organics (USA). Additionally, (3-aminopropyDtri-
methoxysilane (APTS, 98 %) and (3-mercaptopropyl)trimethoxysilane
(MPTS, 98 %) were acquired from Sigma Aldrich. The hydrochloric acid
solution (HCl, 35 %) employed originated from Showa Chemicals, while
toluene was sourced from Alfa Aesar Chemicals. All materials utilized in
the study were used in their as-received state.

2.2. Synthesis of CMC-PP nanocomposite

In a controlled laboratory setting, the nanocomposite of CMC and PP
was prepared using a meticulous in-situ methodology. Initially, 0.5 g of
CMC was dissolved in 50 mL of water within an ice bath environment.
The solution was stirred at a consistent rate of 450 rpm for 45 min.
Subsequently, 10 mL of hydrochloric acid (1 M) was introduced, fol-
lowed by the addition of 0.25 mL of pyrrole. The resulting mixture was
left to stir for an additional 3 h. Following this, the mixture underwent
further stirring for 2 h and was pre-cooled before the gradual addition of
1.41 g of FeCls. The composite was then left to stir continuously for 24 h.
Finally, the nanocomposite of CMC-PP in its doped form was collected
by centrifugation. The CMC-PP nanocomposite was carefully dried in an
oven under ambient air atmosphere at 80 °C to obtain powder form
(Fig. S1).

2.3. Synthesis of CMC-PP-NH, nanocomposite

Following the preparation of the CMC-PP nanocomposite, a post-
grafting method was employed to coat the nanocomposite with APTS,
resulting in the formation of CMC-PP-NH,. Initially, 0.5 g of the CMC-PP
nanocomposite was combined with 1 mL of APTS. This mixture was then
introduced into a 20 mL dry toluene environment and subjected to reflux
for 10 h to facilitate the coating process. Subsequently, the mixture
underwent washing using methylene chloride for a duration of 24 h to
remove any unreacted components and impurities. The obtained sample
was carefully dried in an oven under ambient air atmosphere at 80 °C
conditions for 24 h to ensure complete removal of solvents and moisture
of the produced powder. Notably, the digital images of the utilized
polymers and nanocomposites are provided in the Supporting Infor-
mation file Fig. S1.

2.4. Synthesis of CMC-PP-SH nanocomposite

A post-grafting method was utilized to coat the CMC-PP nano-
composite with MPTS, leading to the creation of a novel functionalized
nanocomposite identified as CMC-PP-SH. This process involved the
thorough mixing of 1.5 g of CMC-PP and dry toluene (25 mL), followed
by reflux and magnetic stirring under N5 for 1 h. Subsequently, 1.5 mL of
3-MPTS was charged into the mixture and then refluxed for an extra two
days. After allowing the product to settle for 3 h, CMC-PP-SH nano-
composite powder (Fig. S1) was extracted, rinsed with ethanol, and
ultimately dried at 80 °C for 24 h.

Notably, during the in-situ polymerization process to form the CMC-
PP nanocomposite, the hydroxyl groups are likely to remain intact on
the surface of the CMC backbone, even after the polymerization of
pyrrole. The retained hydroxyl groups on the CMC-PP nanocomposite
provide active sites for further functionalization. Moreover, the in-
teractions between PP of the CMC-PP and APTS, MPTS compounds
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primarily involve hydrophobic interactions, rather than traditional co-
valent bonding mechanisms. Both APTS and MPTS possess hydrophobic
segments due to their alkyl chains. These hydrophobic interactions can
facilitate compatibility between the hydrophobic PP surface and the
silane coatings, further enhancing adhesion.

2.5. Characterizations

Contemporary KBr discs were utilized for FTIR runs using a 27
Bruker Tensor analyzer. The precision levels were set to 4 cm™!. Ther-
mogravimetric analysis (TGA) of CMC-PP, CMC-PP-NH;, and CMC-PP-
SH nanocomposite were carried out over Ny fluid utilizing the TA Q-
50 apparatus. A locked Pt cane was utilized as the specimen container,
afterwards the ambient temperature was pushed up to 800 °C with a
gradient of 20 °C min~! and a median N stream of 60 mL min~'.
Micromeritics ASAP 2020 surface area and porosity analyzers were
utilized to evaluate the surface area along with the porosity of CMC-PP,
CMC-PP-NH,, and CMC-PP-SH nanocomposite. The use of an ultrapure
Ny flow (up to around 1 atm) and a liquefied N5 immersion enabled the
acquisition of nitrogenic isotherms much easier. Thermo Fisher Scien-
tific ESCALAB 250 utilized a tiny monochromatic Al Ka X-ray laser (15
kV) and a dual-focusing entire 180 spheric sectoral electron scanner to
conduct XPS investigations. The JEOL JSM-7610F SEM was utilized to
visualize FE-SEM information. CMC-PP, CMC-PP-NH>, and CMC-PP-SH
nanocomposites got sputtered with Pt lasting 150 s to ensure explicit
vision. Upon demonstrating the CMC-PP, CMC-PP-NH,, and CMC-PP-SH
nanocomposites to 200 KV, TEM representations were performed using
a JEOL-2100 electron microscope.

2.6. Solubility

From a chemical stability perspective, the CMC nanocomposites
exhibited insolubility in organic solvents such as methanol, ethanol,
dioxane, chloroform, and tetrahydrofuran, as well as in acidic and
alkaline solutions. This indicates a high level of cross-linking and
exceptional chemical stability. Therefore, we anticipated that our CMC
nanocomposites would preserve their morphologies and chemical
structures after washing or exposure to acidic or alkaline solutions,
performing better in this regard compared to other reported polymers
(Ahmed et al., 2022; Kotp et al., 2021).

2.7. Acquiring isotherms

Utilizing a gas absorbing analyzer (ASAP 2020; Micromeritics), both
CO; and Nj intake isotherms of CMC-PP, CMC-PP-NH,, and CMC-PP-SH
nanocomposites at 298 and 273 K have been determined. Generally, the
given samples (between 30 and 90 mg) were evacuated and dried at
100 °C for five hours. Subsequently, the samples were put into analyzer
tubes in order to measure the gas-uptake isotherms at 298 K and 273 K
by gradually injecting either highly pure CO3 or Ny fluids (up to
approximately 1 atm). We used CO, and Ny sorption levels at high
verified levels (P/Py) of 1 for a comparison assessment.

2.8. Selectivity assays

The theory of Henry's law was implemented to estimate the selec-
tivity assessment of CMC-PP, CMC-PP-NH,, and CMC-PP-SH nano-
composites between CO,/Ng, as earlier explained. Interestingly, at 0.1
bar of pressure reduction, the Henry's law constant takes into account
the slope of the single-component gas uptake loop.

2.9. Reusability assays
The reusability of the CMC-PP-NHz and CMC-PP-SH nanocomposites

was evaluated through a series of adsorption-desorption cycles con-
ducted at two different temperatures of 273 K and 298 K. Firstly, a
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known mass of each nanocomposite powder was placed in a testing BET
tube, and CO: was introduced to allow for adsorption at the specified
temperature. The system was maintained at either 273 K or 298 K during
the adsorption to ensure consistent conditions. Firstly, the composite
was degassed at 403 K to remove any residual gases or moisture, then
the sample is cooled to the desired adsorption temperature in the
analysis port. After reaching equilibrium, CO5 desorption was per-
formed in a nitrogen atmosphere at 403 K. This step is critical to prepare
the nanocomposite for the next adsorption cycle. This protocol was
repeated for five adsorption-desorption cycles to assess the stability and
reusability of our composites as reported previously (Deng et al., 2012;
Ouyang et al., 2018). The amount of COz adsorbed during each cycle was
recorded to assess the adsorption capacity.

3. Results and discussion

The crosslinking of CMC with PP occurs primarily through hydrogen
bonding between the CMC hydroxyl groups and the amino groups of PP.
The silane modification further enhances this interaction by providing
additional reactive sites and improving the overall functionality of the
nanocomposite. The tailored properties of CMC-PP nanocomposites,
driven by functionalization with APTS and MPTS, not only enhance their
structural integrity but also optimize their performance as effective
adsorbents for CO: capture. This highlights the potential of these ma-
terials in developing advanced solutions for carbon capture
technologies.

3.1. FTIR spectroscopy

The FTIR spectroscopy (Fig. 1) revealed distinct peaks corresponding
to the functional groups in pristine CMC and CMC-PP composite, and its
functionalized forms with APTS and MPTS.

Pristine CMC displays featured signals at 3440 cm ™' (O—H stretch-
ing of CMC and adsorbed water molecules), 2910 c¢m~! (C—H stretch-
ing), 1611 cm™! (-COO™), 1429 cm ™! (C—H bending), and 1062 cm ™!
(C—O stretching), elucidating the hydroxyl groups, aliphatic compo-
nents, carbonyl groups, ether linkages, and methyl/methylene groups,
respectively (Habibi, 2014). The FTIR spectrum of the CMC-PP nano-
composite aligned well with the characteristic functional groups present
in both CMC and PP (Fig. 1). Compared to pristine CMC, the CMC-PP
nanocomposite showed a slight shift in the O—H stretching peak
(3408 cm™1), indicating potential hydrogen bonding interactions be-
tween the components (Tanzifi et al., 2020). Additionally, the new peaks
observed at 1544 cm™? (CC pyrrole ring stretching), 1453 cm ! (C—0)
and 964 cm~! (=C-H out-of-plane deformation), confirming the suc-
cessful incorporation of PP into the CMC matrix (Kumar et al., 2022;
Minisy et al., 2021). The shifted and altered peak intensities compared
to pristine CMC suggested chemical modifications and interactions that
occurred during composite formation.

Functionalization of the CMC-PP nanocomposite with APTS and
MPTS was further investigated using FTIR spectroscopy (Fig. 1). The
APTS-functionalized nanocomposite displayed a new band at 1036
em™!, attributed to Si-O-Si stretching vibrations from APTS coating,
along with characteristic peaks corresponding to CMC and PP (Prodan
et al., 2021). In the case of CMC-PP-SH nanocomposite, -SH peaks are
not clearly visible in the spectra due to the strong stretching vibration of
Si—O at 1057 cm l. These observations confirmed the successful
functionalization of the CMC-PP nanocomposite with APTS and MPTS.

3.2. XPS

XPS analysis was employed to investigate the elemental composition
and chemical state of the CMC-PP composite and its functionalized
forms with APTS and MPTS. The XPS analysis (Fig. S2) confirmed the
presence of expected elements, including carbon (Cls), oxygen (O1ls),
and nitrogen (N1s), in all samples, consistent with the composition of
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Fig. 1. FTIR spectra of CMC, CMC-PP, CMC-PP-NH,, and CMC-PP-SH composites.

CMC-PP, CMC-PP-NH,, and CMC-PP-SH composites. Interestingly, an
additional S2p peak was detected in the XPS spectrum of the CMC-PP-SH
(Fig. 2d) confirming the successful incorporation of sulfur-containing
units from the MPTS shell onto the CMC-PP composite surface. The
high-resolution XPS data provided for the deconvolution of the Cls
peaks of CMC-PP, CMC-PP-NH,, and CMC-PP-SH reveals the presence of
different carbon states (Fig. 2). The peaks observed at 283.6, 284.2, 285,
and 287 eV correspond to C=C, C=N, C-OH, and C=0 & C—Si,

(@) (b) (c)

respectively (Fig. 2a). As provided in Table S1, the areas under these
peaks indicate the relative abundance of these functional groups in the
samples. One can notice the increment in the C—N peak within the CMC-
PP-NH; nanocomposite attributed to the inclusion of the APTS
(Table S1). Due to the close binding energies of those C—0, C—S, and
C-S—H units, the C1s state at 285 eV cannot be utilized to discriminate
among them precisely (Kotp, Kuo, & EL-Mahdy, 2024; Kotp, Torad,
Nara, et al., 2023). However, we can observe an increment of this band
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Fig. 2. HRXPS scan of Cls, N1s, Ols, S2p, and Si2p incorporated those CMC-PP, CMC-PP-NH,, and CMC-PP-SH nanocomposites.
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in the CMC-PP-SH nanocomposite exhibiting a considerable amount of
thiol groups. These results indicate the varying composition of carbon
functional groups in the different samples, providing valuable insights
into the surface chemistry and modifications achieved through the
coating processes.

The deconvolution of N1s spectra of CMC composites implies the
existence of a couple of nitrogen states at 398.6 and 399.1 eV detectable
to pyrrolic-N and N—H, respectively (Fig. 2b) (Hsiao et al., 2024).
Importantly, the N species from PP and APTS compounds appear at
similar binding energies at 399.1 complicating differentiation between
them, thus the overlap between their binding energies makes it difficult
to assign specific contributions to either PP or APTS definitively. On the
other hand, the CMC-PP-NH; nanocomposite reveals a high percentage
of N—H units (Table S1) again confirming the presence of the APTS, and
potentially indicating enhanced interactions or modifications on the
surface of the materials. These results indicate variations in the
composition of nitrogen-containing functional groups in the composites.

The O1ls peaks of CMC-PP, CMC-PP-NH,, and CMC-PP-SH nano-
composites revealing two distinct peaks corresponding to C-O/C-OH
and C=O0 at 532.09 and 531.09 eV, respectively (Fig. 2¢) (Kotp, Torad,
Liider, et al., 2023). The deconvolution of the S2p peak in the XPS
spectrum of CMC-PP-SH reveals the presence of S2p species in different
chemical states. Specifically, the peaks observed at 168.5 eV correspond
to SOsH (sulfonic acid groups), while those at 163.5 eV indicate S—H
(sulfhydryl groups) (Fig. 2d). An oxidation might account for the CMC-
PP-SH nanocomposite surface, as a result of exposure to oxygen and
moisture as well. The identification of SO3H and S—H functionalities is
significant in understanding the surface chemistry and functionalization
of the material. Importantly, XPS analysis of the Si-incorporated CMC-
PP-NH:z and CMC-PP-SH nanocomposites revealed the presence of Si-O-
Si, Si—C, and Si° bonds at binding energies of 102.25 eV, 100.91 eV, and
98.73 eV, respectively (Fig. 2e). The Si® signal may be attributed to the
silicon wafers used as substrates during the XPS analysis. This obser-
vation suggests that silane functionalization is successful.

3.3. BET specific surface area and porosity

The BET surface area measurements of the CMC-PP, CMC-PP-NH,
and CMC-PP-SH nanocomposites provide crucial insights into the
available surface area for their interactions. Fig. 3a reveals that the
adsorption isotherm observed for the CMC-PP nanocomposite is a type
IV isotherm (IUPAC classification) with a hysteresis loop. This indicates
a multilayer physical adsorption of mesoporous structures (Kumar et al.,
2021). The BET surface areas of 10.35 and 4.49 ng’l were achieved for
CMC-PP, and CMC-PP-NH; nanocomposite, respectively (Fig. 3a).
Otherwise, the CMC-PP-SH nanocomposite demonstrated the highest
BET surface area, albeit modest, of 32.85 ng’l. The substantial in-
crease by 3 times in the BET surface area of the CMC-PP nanocomposite
after coating with MPTS suggests a notable enhancement in surface
properties, potentially leading to improved performance compared to
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the pristine CMC-PP and the CMC-PP-NH; nanocomposite.

The BJH (Barrett-Joyner-Halenda) method was applied to calculate
the pore diameter, volume, and distribution based on capillary
condensation principles (Yang & Wang, 2024). The porosity observed in
the nanocomposite (Fig. 3b) can be attributed to the templating effect of
CMC during polymerization, which creates voids within the material,
ultimately leading to the development of a porous structure (Mudassir
et al., 2021; Qiu & Netravali, 2014). The measured pore widths of the
CMC-PP, CMC-PP-NH; and CMC-PP-SH nanocomposites were found to
vary among the different samples. Specifically, the CMC-PP shows pore
widths of 8.61 nm and 12.81 nm, the CMC-PP-NH, nanocomposite
shows pore widths of 7.38 nm and 11.38 nm, while the CMC-PP-SH
nanocomposite displays pore widths of 3.75 nm, 5.47 nm, 9.57 nm,
and 18.72 nm. The decrease in pore width observed in the CMC-PP-NH,
and CMC-PP-SH nanocomposites indicates a potential densification or
pore-sealing effect caused by the coating process (Rapheal et al., 2016).
However, in the case of CMC-PP-SH nanocomposite, new wider pores
have been created during the functionalization process. These results
suggest that the surface modifications with APTS and MPTS have
influenced the pore structure of the CMC-PP nanocomposite.

3.4. Thermal gravimetric analysis

The pristine CMC, CMC-PP, CMC-PP-NH,, and CMC-PP-SH nano-
composites TGA revealed significant differences in char yield and ther-
mal degradation temperatures (Fig. S3). The char yield increased
progressively from the pristine CMC to the CMC-PP nanocomposite,
further enhanced in the CMC-PP-NH,, and reached the highest value in
the CMC-PP-SH (35.0 %, 39.1 %, 47.0 %, and 55.3 wt%, respectively).
The temperature at which 10 % weight loss occurs during the thermal
degradation process (Tq10) values obtained for the pristine CMC, CMC-
PP, CMC-PP-NH,, and CMC-PP-SH nanocomposites were 299.5 °C,
241.6 °C, 267.4 °C, and 350.5 °C, respectively. A higher Tq;¢ value
suggests that the material can withstand higher temperatures before
significant degradation occurs. CMC-PP-SH nanocomposite exhibited
much higher thermal stability than the other samples. Conversely, the
pristine CMC and the CMC-PP nanocomposite has the lowest thermal
stability.

3.5. Morphology

The SEM analysis of CMC-PP, CMC-PP-APTS, and CMC-PP-MPTS
shows that they have coarse and porous morphologies (Fig. 4a-c). The
SEM micrographs indicate that the CMC-PP has maintained its
morphology after surface modifications with different silanes. Addi-
tionally, TEM analysis revealed that the composite particles consist of
tiny aggregates with different particle sizes based on the specific
modification (Fig. 4d-f).
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Fig. 3. BET isotherms (a) and pore size distributions (b) of CMC-PP, CMC-PP-NH,, and CMC-PP-SH nanocomposites.
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Fig. 4. SEM micrographs of CMC-PP (a), CMC-PP-NH, (b) and CMC-PP-SH (c) nanocomposites, and TEM images of CMC-PP (d), CMC-PP-NH, (e) and CMC-PP-SH (f)

nanocomposites.

3.6. Gas uptakes

The CMC-PP nanocomposites were tested for gas capture. Fig. 5
demonstrates that CMC-PP composite has CO; maximum adsorption
capacities of 7.42 cm3g~! at 273 K and 5.47 cm®g ! at 298 K, while
pristine CMC shows a CO, capture of only 3.47 and 2.57 cm®g ! at 273
and 268 K respectively (Fig. S4). The notable increase in adsorption
capacities indicates that the CMC-PP nanocomposite is a promising
candidate for capturing CO,. The higher adsorption capacity observed at
lower temperatures (273 K) is consistent with the behaviour of many
adsorbents, where gas adsorption typically increases as temperature
decreases (Gao et al., 2020; Kotp, El-Mahdy, et al., 2024). This phe-
nomenon occurs because lower temperatures reduce the kinetic energy
of gas molecules, allowing for greater interaction with the adsorbent
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material (Moein & Logeswaran, 2014). Despite the relatively low BET
surface area of 10.35 m?g ™! compared to other advanced materials used
for CO, capture, such as activated carbons or metal-organic frameworks
(MOFs) (Hu et al., 2019), the unique combination of CMC and PP may
provide additional functionality. The derivation of the CMC-PP-NH,
nanocomposite significantly alters the material's properties, particularly
in terms of surface area and CO» capture capabilities. While the CMC-PP-
NH, nanocomposite exhibits a decreased surface area of 4.49 m?g~?
compared to the CMC-PP nanocomposite, it demonstrates a remarkable
increase in CO, adsorption, with capacities of 25.97 cm3g ! at 273 K and
12.98 em®g~! at 298 K (Fig. 5a-b). This enhancement in gas capture
performance underscores the impact of surface functionalization on the
adsorption properties of nanocomposite materials. The coating of CMC-
PP with APTS introduces amino groups to the surface of the

(b)
50] @ CMC-PP 298K

@ CMC-PP-NH, 298K
401 @ CMC-PP-SH 298K

O CMC-PP 298K
21 O CMC-PP-NH, 298K
O CMC-PP-SH 298K

Relative Pressure (P/P,)

Fig. 5. The capture isotherm of CO; (a, b) and N, (c, d) at 273 K and 298 K utilizing CMC-PP, CMC-PP-NH,, and CMC-PP-SH nanocomposites.
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nanocomposite. The amino groups are essential in strengthening and
facilitating reversible interactions with COg, which are critical for
effective gas capture (Fan & Jia, 2022; Yang et al., 2012).

The formation of the CMC-PP-SH nanocomposite was accompanied
by a significant increase in the material's surface area and enhanced
porosity compared to the CMC-PP nanocomposite. In the same manner,
the CMC-PP-SH nanocomposite exhibits enhanced CO, capture capa-
bilities, achieving adsorption capacities of 49.55 cm®g ™! at 273 K and
31.49 crnsg’1 at 298 K (Fig. 5a-b). These results indicate that the
incorporation of mercapto-silane not only improves the structural
properties of the nanocomposite but also enhances its functionality for
gas capture applications. The mercapto-functional groups within the
CMC-PP-SH nanocomposite can create additional active sites for gas
adsorption, facilitating the interaction with CO2 molecules (Ma et al.,
2022). The enhanced surface area provides more opportunities for COo
to interact with the nanocomposite, (Niu et al., 2016). The thiol groups
can interact with CO through various mechanisms, including hydrogen
bonding and potential chemisorption, which enhances the overall af-
finity of the material for CO; (Saha & Kienbaum, 2019). Moreover, the
presence of mesopores (2-50 nm) is particularly beneficial for gas
adsorption, as they facilitate the diffusion of gas molecules into the
material and provide adequate space for adsorption. Furthermore, the
CMC-PP-SH nanocomposite exhibits a broader range of pore sizes
compared to CMC-PP-NHz, which may enhance its ability to capture CO:
effectively. The smaller pores in CMC-PP-SH can provide more surface
interactions with CO2 molecules, while larger pores can facilitate gas
diffusion.

The measured Ny uptakes of the CMC-PP, CMC-PP-NHj, and CMC-
PP-SH nanocomposites at different temperatures are presented in
Fig. 5¢,d. The results indicate a clear trend of increasing Ny adsorption
capacity from CMC-PP to CMC-PP-NH, and further to CMC-PP-SH
nanocomposites. The CMC-PP nanocomposite exhibits the lowest Ny
uptake among the three materials, with values of 0.50 cm® g~ at 273 K
and 0.44 cm3g~! at 298 K. The introduction of amino (—NH,) groups
through the CMC-PP-NHj, nanocomposite has enhanced the uptake of Ny
molecules. The N, adsorption capacities for CMC-PP-NH are 1.12 cm®
g 'at 273 Kand 0.88 cm® g ! at 298 K. The CMC-PP-SH nanocomposite

(a) (b)
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exhibits the highest N5 uptake among the three materials, with capac-
ities of 1.95 cm® g1 at 273 K and 1.07 cm® g~ at 298 K. The intro-
duction of thiol (-SH) groups through the MPTS coating enhances the
interactions between the nanocomposite surface and No molecules.

The selectivity data obtained using Henry's model constant, based on
the slopes of the gas uptake isotherms at lower pressures (up to 0.16
bar), further supports the effectiveness of these nanocomposites for
CO2/N; separation. The selectivity values indicate the ability of each
nanocomposite to preferentially adsorb CO2 over Njy. At 273 K, the COy/
Ny selectivity values for the nanocomposites are 14.57 for CMC-PP,
23.15 for CMC-PP-NH,, and 25.32 for CMC-PP-SH (Fig. 6). The
observed trend shows that the selectivity increases significantly with the
introduction of functional groups.

The CMC-PP-SH nanocomposite exhibits the highest selectivity,
reaching 25.32 at 273 K (Table S2). The thiol groups can facilitate both
physisorption and chemisorption mechanisms, leading to a more effec-
tive capture of CO,. CMC-PP, CMC-PP-NH,, and CMC-PP-SH nano-
composite show higher CO5 adsorption capacities than earlier reported
materials (Table S3).

3.7. Isotherms studies

The standard enthalpy changes (isosteric heat of sorption, Q) for
COy capture by the CMC-PP, CMC-PP-NH,, and CMC-PP-SH nano-
composites, calculated using the Clausius-Clapeyron equation, provide
valuable insights into the energetics of the adsorption process (Fig. 7).
The Qg values indicate the amount of energy released or absorbed
during the adsorption of CO3 onto the nanocomposite surfaces. At a
pressure of 0.15 bar, the Qg values are 8.94 kJ/mol for CMC-PP, 20.41
kJ/mol for CMC-PP-NHy, and 30.86 kJ/mol for CMC-PP-SH. At a higher
pressure of 0.25 bar, the Qg values are 7.86 kJ/mol for CMC-PP, 20.8
kJ/mol for CMC-PP-NH,, and 26 kJ/mol for CMC-PP-SH (Fig. 7a). These
results demonstrate that the introduction of functional groups, partic-
ularly amino (-NH3) and thiol (-SH) groups, significantly enhances the
heat of adsorption for CO, capture. CMC-PP-SH nanocomposite exhibits
the highest Qs among the three materials. The thiol groups provide
stronger interactions with COy than amino groups, facilitating both
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Fig. 6. Selective gas capture at 273 K (a-c) and 298 K (d-f) of those CMC-PP, CMC-PP-NH,, and CMC-PP-SH nanocomposites respectively utilizing Henry's model.
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physisorption and chemisorption mechanisms.

The decrease in Qg values with increasing pressure from 0.15 bar to
0.25 bar is typical behaviour of adsorbents (Rahmani et al., 2023). As
pressure increases, the adsorption capacity also increases, but the
additional adsorption sites may not be as energetically favourable as the
initial sites, resulting in lower heat of adsorption (Li et al., 2019). Qg for
Ny capture by the CMC-PP, CMC-PP-NH;, and CMC-PP-SH nano-
composites (Fig. 7b), show a similar behaviour of CO, uptake. At a
pressure of 0.005 bar, the Qg values were found to be 6.69 kJ/mol for
CMC-PP, 10.44 kJ/mol for CMC-PP-NH,, and 14.19 kJ/mol for CMC-PP-
SH. At a higher pressure of 0.015 bar, the Qy values were found to be
4.06 kJ/mol for CMC-PP, 7.37 kJ/mol for CMC-PP-NH,, and 17.08 kJ/
mol for CMC-PP-SH. The CMC-PP nanocomposite low Qg value indicates
that the energy released during the adsorption process is minimal,
reflecting the limited capacity of the CMC-PP nanocomposite to effec-
tively capture Ns. In contrast, the CMC-PP-NH; nanocomposite exhibits
a notable increase in Qg values due to the enhanced interactions with Ny
through hydrogen bonding and other reversible interactions. The CMC-
PP-SH nanocomposite exhibits the highest Qg values among the three
materials due to stronger interactions with No. As pressure increases, the
Qs decreases, aligning with previous results regarding the CO, uptake
and selectivity of nanocomposites.

The observed values of N2 adsorption and corresponding Qg at
different points in the CMC-PP-SH track, indicate that at the initial stage,
fewer Ny molecules are interacting with the surface of CMC-PP-SH,
resulting in weaker overall interactions. The limited number of occu-
pied active sites means that the energy associated with these interactions
is not maximized. As we move to the next point (0.01 mmolg’l), where
more nitrogen is adsorbed, Qg is increased to 18.27 kJ/mol. This in-
crease reflects stronger interactions occurring as more active sites
become occupied, particularly those with higher binding energy, and
leads to enhance overall adsorption energy. After reaching the second
point, the trend reverses with subsequent measurements showing lower
Qg values (15.83 kJ/mol at 0.025 rnmolg’1 and 15.38 kJ/mol at 0.02
mmolg™1). This decrease implies the saturation of high-energy sites on
the adsorbent surface.

3.8. Recycling efficacy

The recycling tests for CO5 capture using CMC-PP-NH; and CMC-PP-
SH nanocomposites reveal that the latter significantly outperforms the
former at both 273 K and 298 K, with average capacities of 47.466
em®g~! and 31.145 em3g !, compared to 24.210 em® g 7! and 11.633
em®g 1, respectively (Fig. S5). Notably, the thiol groups in CMC-PP-SH
more favourably facilitate the interactions for CO, capture than the
amine groups in CMC-PP-NHo. In addition, CMC-PP-SH exhibits better

Carbohydrate Polymers 356 (2025) 123399

stability and effectiveness over multiple recycling cycles. In other words,
at 273 K, the CMC-PP-NH: maintained over 95.7 % adsorption capacity
throughout five cycles (Fig. S5), and CMC-PP-SH exhibited consistent
performance (96.8 %). Similarly, at 298 K, both nanocomposites showed
strong retention of CO2 adsorption capacity, with CMC-PP-NH: reaching
up to 98.7 % in the second cycle, then declined to 84.2 % in the fifth
cycle. These results underscore the high performance and reliability of
these nanocomposites for practical applications in gas separation and
capture.

3.9. Gas uptake mechanism

The fitting of adsorption isotherms for CO5 and N5 capture using the
Langmuir (eq. 1,2 and Fig. S6), DSL (eq. 3,4 and Fig. 8), and Sips (eq. 5,2
and Fig. S7) models on the CMC-PP, CMC-PP-NH;, and CMC-PP-SH
nanocomposites provides critical insights into the adsorption mecha-
nisms and efficiencies of these materials (the parameters of the eq1-5
are defined in the supporting information file) (Wang et al., 2020). The
results indicate that the DSL model provides the best fit for CO,
adsorption, with a correlation coefficient exceeding 0.999. This suggests
that the adsorption of CO, takes place over multiple adsorption sites
with varied affinities, which is due to the different functional groups.

b~ boexp () @

-

b = bio exp @g‘) @

- qm(bp)lf n 5)
1+ (bp) /1

The DSL model's superior fit implies that the CMC-PP, CMC-PP-NHj,
and CMC-PP-SH nanocomposites have heterogeneous surfaces
(Table S4), where different sites exhibit distinct adsorption energies.
This heterogeneity is particularly relevant for CO, capture, as the
functionalization of the nanocomposites with amino and thiol groups
creates a varied landscape for gas interactions (Sharma et al., 2018). The
presence of these functional groups likely leads to stronger interactions
with COg, facilitating its adsorption compared to Ny, which may interact
primarily through weaker physical adsorption mechanisms. Impor-
tantly, the alignment of CO: adsorption behaviour with the DSL model
for CMC-PP, CMC-PP-NH, and CMC-PP-SH nanocomposites indicates
their heterogeneous surfaces with diverse adsorption sites, enhancing
CO: capture efficiency through distinct interaction mechanisms and
selectivity over Nz. The observed trends in the isotherm fitting are
consistent with the above-discussed results regarding the selectivity and
Qs for both gases. Once again, in the context of the DSL model, Qg can
be derived from the adsorption isotherms obtained at various loadings
and allows calculating Qg by analysing how adsorption energy changes
with varying CO: loadings. Specifically, as COx fills various types of sites
on the nanocomposite, Qs changes depending on whether CO: is inter-
acting with high-energy or low-energy sites. The differences in adsorp-
tion behaviour between CO, and N, is attributed to the functional
groups present in the nanocomposites.

Interestingly, the mechanism of CO:z adsorption on functionalized
CMC-PP-NH:z and CMC-PP-SH, involves both physisorption and chemi-
sorption processes. Both amino and thiol groups can participate in
physisorption; however, thiol groups are particularly effective due to
their ability to create a more polar environment that enhances



M.G. Kotp et al.

(a)

<~ 50 Dual site Langmuir
o O CMC-PP 273K
E 40/ © CMC-PP-NH, 273K
o CMC-PP-SH 273K
O 30-
(@]
3 20- o555
o | = i
s} )
3 10- £
©
<
0 T

00 02 04 06 08 10
Relative Pressure (P/P,)

(c)

| Dual site Langmuir model

O CMC-PP 273K

O CMC-PP-NH, 273K
CMC-PP-SH 273K

g
o

-
(¢,
1

Adsorbed N, (cm* g™)
o

00 02 04 06 08 10 12
Relative Pressure (P/P,)

Carbohydrate Polymers 356 (2025) 123399

(b)

< 351 Dual site Langmuir model
(=2 30 O CMC-PP 298K
e > CMC-PP-NH, 298K
O 251 CMC-PP-SH 298K
N
O 20+
O
- 151 S
() et
2 104 e
o X .
G 51
<

00 02 04 06 08 10
Relative Pressure (P/P,)

— Dual site Langmuir model
"o 207 O CMC-PP 208K

- O CMC-PP-NH, 298K
€ 15/ © CMC-PP-sH 208K
~

z

©

(0]

o]

—

o

(7]

©

<

0.0+ :

00 02 04 06 08 10 12
Relative Pressure (P/P,)

Fig. 8. The fitting isotherm of CO, capture using the Dual site Langmuir isotherm (a, b) and N, (c, d) at 273 K and 298 K with CMC-PP, CMC-PP-NH,, and CMC-PP-

SH nanocomposites.

interaction with CO2. This involves weak van der Waals forces and
hydrogen bonding between CO: molecules and the surface of the
nanocomposites. On the other hand, chemisorption involves the for-
mation of stronger chemical bonds between CO: and the functional
groups on the adsorbent surface. The amino groups can react with CO2 to
form carbamate species, which enhances CO: capture, while the thiol
groups can facilitate stronger interactions by forming thiocarbamate or
other sulfur-containing complexes with CO2 (Forse & Milner, 2021;
Mannisto et al., 2021).

4. Conclusions

This study demonstrates the remarkable effectiveness of CMC-PP
nanocomposites in capturing CO», confirming our hypothesis that the
incorporation of PP can significantly enhance the CO5 adsorption ca-
pacity through synergistic interactions. The introduction of amino and
thiol groups via coatings with APTS and MPTS has proven to be pivotal,
with the CMC-PP-SH nanocomposite achieving a COy adsorption ca-
pacity of 49.55 cm®g~! at 273 K. This enhancement is attributed to the
favourable adsorption kinetics and selectivity exhibited by the thiol-
functionalized nanocomposite. The dual-site Langmuir model fitting
indicates a heterogeneous adsorption process, while the calculated
standard Qg confirms the energetic advantages provided by thiol func-
tionalization. These findings underscore the potential of SH-silane
coatings in developing advanced materials for effective gas separation
applications. Our research highlights the role of carbohydrate polymers
like CMC in creating innovative solutions for sustainable CO, capture
technologies. By demonstrating that PP can facilitate sol-gel in-
teractions, we present a streamlined approach to synthesizing these
nanocomposites, enhancing their practical applicability in environ-
mental remediation efforts. Furthermore, our results contribute to the
growing body of literature on biopolymer-based materials and their
critical role in addressing climate change through effective carbon
capture strategies.
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