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ABSTRACT: Covalent organic framework (COF) materials have
greatly expanded their range in a variety of applications since the
cognitive goal of a highly organized and durable adsorbent is quite
rational. The characteristics of a conjugated organic framework are
combined with an industrially relevant polymer to produce a
composite membrane optimized for selectively adsorbing carbon
dioxide (CO2) gas across a wide temperature range. Additionally,
treatment of the composite membrane with cold atmospheric
plasma (CAP) that specifically enhanced the parent membrane’s
surface area by 36% is established. Following CAP treatment, the
membrane accelerates the CO2 uptake by as much as 66%. This is
primarily due to a Lewis acid−base interaction between the
electron-deficient carbon atom of CO2 and the newly acquired
functionalities on the COFs@PVDF membrane’s surface. In particular, the C−N bonds, which appear to be a higher electron density
site, play a key role in this interaction. Moreover, the empirical model proposed here has confirmed CO2 adsorption phenomena in
the COF@PVDF composite membrane, which closely matches the findings from the experimental data set under designated
operating conditions. As a result, the current study may pave the way for future design work as well as refine the covalent framework
polymer composite membrane’s features, revealing a more sophisticated approach to addressing CO2 capture problems.

■ INTRODUCTION
There has been advancement in industrialization, but human
activities have accentuated the escalating production of carbon
dioxide (CO2) in the atmosphere, which intensifies the global
temperature and can cause serious environmental complica-
tions that will confront mankind in the future.1,2 Management
and abatement of greenhouse gases, due to their influence on
biodiversity, climate change, agriculture, and so forth,3 have
attracted the attention of the scientific community; a more
cutting-edge strategy, including negative emission technology,
is required. Several methods have been established to
effectively alleviate the harmful impacts of CO2, such as
fractionation, membrane separation, solvent scrubbing, and so
on,4,5 where adsorption, due to its simplicity and low cost, has
a great assurance to attenuate such environmental toxins.6,7

Nevertheless, a variety of adsorbents appear to be proficient in
removing these toxins,8−10 but covalent organic frameworks
(COFs) stand out as the materials that have the greatest
potential of effectively capturing CO2. The porous 2D/3D
crystalline COFs are receiving a lot of interest owing to their
remarkable potential, exclusively in the domain of gas
collection and separation11−13. COFs have been highlighted
as ideal candidates for CO2 capture due to their high CO2

uptake, excellent CO2 selectivity, repeated use, ease of pore
surface engineering, ordered pore distribution, low energy
penalty for regeneration, good stability, predetermined
structures, high structural varieties, rich porosities, and
structural and chemical tunability. Some COFs, in particular,
may be used frequently and consecutively while still perform-
ing well at capturing CO2 in humid conditions.

14,15 COFs are
made of organic subunits bonded together by strong covalent
bonds, which also improves stability.16,17 Liable to the
structural flexibility and tunability, COFs can extend a
compatible platform for designing mutable efficient materials
to realize multiple demands.18−22

Countless attempts have been made in recent years to
engineer polymeric or derived polymeric composite materials
that possess excellent CO2 adsorption attributes. In this regard,
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there is a rising interest in exploring the avenues of polymer-
COF membranes, since COFs, due to their astounding
property of organic coordination framework, offer enhanced
processability and compatibility to be employed as membrane
materials with varied polymers.23−26 COF-membranes have
been assessed for their usefulness in energy storage, water
purification, biofuel generation, and other fields,27−31 and it is
projected that the field of membrane technology will increase
in the next years. Many techniques for fabricating COF
membranes have been investigated, including solvothermal,
interfacial polymerization, layer-by-layer stacking, and so
on,32−34 but the demand for simple and active production
methods is still unmet. While the inspection for the facile
fabrication procedure is advancing, numerous postfurnishing
modification methods strongly affect the topology and hence
the properties of the framework membranes.
As a result, contemporary research has focused on the

creation of organic framework−polymer composite mem-
branes with multifunctional activity, such as superior surface
characteristics, remarkable adsorption performances, and so
on, using a variety of synthesis and postmodification
techniques. In this regard, we established a simple and cost-
effective approach for constructing COF-membranes on
poly(vinylidene fluoride) (PVDF) polymer support (COF@
PVDF) in this study. PVDF has been widely studied for a
variety of applications due to its great chemical stability in
harsh environments and robust mechanical properties.35 Here,
for the first time, we have used a revolutionary one-step
technology, viz., cold atmospheric plasma (CAP)36 treatment
to postfurnish the membranes for the successful adsorption of
CO2 gas. The COF@PVDF membranes that have undergone
CAP plasma treatment exhibit an increase in surface area,
which, when compared to the parent membrane, increases the
efficacy of CO2 adsorption. To the best of our knowledge, no
reports have yet been published that create a postfurnishing
methodology, that is, CAP, on the composite membrane that
allows for an advanced efficacy of CO2 uptake by 66%

compared to the pristine one. An additional proposed
empirical modeling is also presented here to confirm the
CO2 adsorption phenomena in the COF@PVDF composite
membrane under designated operating conditions.

■ MATERIALS AND METHODS
Poly(vinylidene fluoride) (PVDF) (Sigma-Aldrich) and N,N′-
dimethylformamide (DMF) (Merck) were purchased and used
as is. All additional reagents used were of analytical grade.
Powder X-ray diffraction (PXRD) analysis was performed on a
Bruker AXS instrument (Model D8 Advance). Thermal
gravimetric analysis (TGA) was performed on a Mettler
Toledo TGA instrument (Model TG/SDTA 851e). A SIGMA
VP (ZEISS) field emission scanning electron microscope was
used for recording the morphological textures. An Autosorb iQ
MP-AG (2 STAT) Anton Paar BET analyzer was used to carry
out BET surface area, pore volume, and CO2 adsorption
measurements. Atomic force microscopy (Model No. NTE-
GRA Vita from NT-MDT) was used to measure the surface
roughness. A KRUSS contact angle analyzer (DSA30E) was
used to record the sample’s wettability using the sessile drop
method. ATR measurements were conducted on a PerkinElm-
er Spectrum-Two. The Vesta program was used to extract the
molecular structure of the studied compound. X-ray photo-
electron spectroscopy (XPS) analysis was carried out on an
ESCALAB Xi+ (Thermo Fischer Scientific Pvt. Ltd., UK).
Synthesis of COF. The synthetic procedure and the

detailed characterization of the pristine COF were presented in
our previous report.37 A straightforward hydrothermal reaction
process was used for the production of COF. A mixture of
NTCDA (100.5 mg, 0.37 mmol) and TAPA (72.5 mg, 0.25
mmol) was sonicated for 5 min in 10 mL of anhydrous DMF.
Following that, the mixture was transferred to the appropriate
Teflon-lined autoclave reactor (50 mL), permitting the
hydrothermal treatment at 180 °C for a time period of 1
day, named COF. The as-synthesized precipitates were
thoroughly washed with a large volume of low surface tension

Scheme 1. Schematic Representation for the Fabrication of COF@PVDF Support
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solvents, such as EtOH, and finally with n-hexane for 3 days in
order to obtain the activated COF. This was carried out since
the surface tension of solvents seems to be an important
consideration in the activation process of COFs and,
consequently, the surface properties. The yield was 89.1%.
Synthesis of COF@PVDF Support. At first, to prepare the

PVDF-supported COF membranes, i.e., COF@PVDF, an
optimized solution of 7 wt % PVDF was prearranged by mixing
the desired quantity of PVDF in DMF solvent under
continuous stirring and heating at 60 °C. Different loading
ratios of powdered COF,37 viz., 10, 30, 50, and 80 mg, were
mixed with the prepared PVDF solution separately to obtain
COF@PVDF support, marked as M-10, M-30, M-50, and M-
80, respectively. After ensuring the homogeneous mixing, a
simple casting procedure was followed and kept in an oven at
60 °C for 4 h to obtain the desired flexible, free-standing
membranes for further investigations.
Cold Atmospheric Plasma Treatment. Cold atmos-

pheric plasma (CAP) was used to treat the composite
membranes.36 CAP was produced by delivering a high-voltage
pulse between two electrodes. One of the electrodes is shaped
like a cylinder and has a thin coating of dielectric material on it.
The other electrode is electrically grounded and has a planner-
like form. The film was held on a borosilicate petri dish of
diameter Φ = 50 mm, which was placed on the grounded
electrode by keeping an air gap of 1.5 mm from the high-
voltage electrode. CAP is obtained by applying a high voltage
of amplitude 23−25 kV between the electrodes. In order to
achieve the optimal condition, different durations of treatment
time by considering 23 kV of voltage are allotted on the chosen
membrane, such as 0.5, 1, 3, and 5 min, to acquire plasma-
treated M-0.5, M-1, M-3, and M-5 membranes, along with
different amplitudes of voltage by setting the time to 3 min,
such as 24 and 25 kV, termed MV-24 and MV-25, respectively.
Carbon Dioxide Uptake Study. For the CO2 uptake

study, the as-fabricated composite membranes were placed in
the BET instrument’s degassing chamber and allowed to degas
for 2 h at 300 °C. After degassing, the membranes were
transferred to an analysis chamber outfitted with CO2 uptake
accessories, and the CO2 adsorption analysis was performed at
various temperatures, including 2, 7, 17, 27, and 37 °C, with
the relative pressure regulated at 0 to 1 bar. The gas injection
rate into the BET instrument was set to 10 psi or 0.7 kg/cm2

per min.

■ RESULTS AND DISCUSSION
The synthetic procedure and the detailed characterization of
the pristine COF were presented in our previous report.37 As
shown in Scheme 1, different loading ratios of pristine-COF
mixed with an optimized concentration of 7 wt % PVDF in
DMF solutions were taken into consideration for the
fabrication of polymer-supported COF membrane, i.e.,
COF@PVDF, and were denoted as M-0 for the bare PVDF
membrane without any loading of COF and M-10, M-30, M-
50, and M-80, respectively, for loading of 10, 30, 50, and 80 mg
COF, respectively.
The structural properties of all of the fabricated COF@

PVDF composite membranes were investigated by using the
thin-film mode of XRD, as shown in Figure S1. As displayed,
the two peaks at 2θ ∼ 18.6° (d = 4.7 Å) and ∼20.2° (d = 4.4
Å), which correspond to the (020) and (110) lattice planes,
respectively,38 signify the characteristic peaks of PVDF, which
identifies the crystalline nature of the membrane. Furthermore,

with different loading ratios of COF, peaks appear at 2θ ∼ 3.0°
(d = 29.4 Å), ∼6.4° (d = 13.3 Å), and ∼8.2° (d = 10.7 Å),
conforming to the (100), (200), and (210) reflections,
respectively, for M-10, 30, 50, and 80 membranes. Notably, a
significant enhancement of the peak intensity appears with the
increasing loading ratios of the COF material in the polymeric
matrix. In addition to this, to illustrate the incorporation of
COF on the polymeric matrix, the XRD pattern of M-0 and
pristine-COF37 has also been combined and is presented in
Figure S1. In order to verify the thermal stability of the
prepared membranes, thermogravimetric analysis (TGA) was
investigated, which confirms the thermal stability of the
membranes up to 430 °C (Figure S2). The morphological
features of all the membranes were assessed via FESEM
analysis, as shown in Figure S3a−d, which indicates textured
globular networks of the PVDF matrix where the COFs were
impregnated on the PVDF surface. The surface properties of
all the fabricated membranes were established by BET surface
area measurements considering N2 adsorption−desorption
isotherms at 77 K and 1 bar pressure, as shown in Figure
S4a, which validates the membranes’ intricate porous nature.
The analytical findings are given in Table 1, which confirms the

microporous nature,39 as seen in Figure S4b. Figure S3 shows
that with the increasing loading ratios of COF, agglomeration
takes place over the polymeric membrane. At lower loading
ratios, such as M-10 and M-30 membranes, the sample is
evenly dispersed in the polymeric matrix, but there may be
fewer molecules for adsorption, affecting the membrane’s
surface area. However, at higher loading ratios, the adsorption
process may be limited, i.e., in the case of M-80, due to the
formation of agglomeration across the membrane, as compared
to M-50, which has a better structural morphology, the
acceptable surface area, and the largest pore volume.
Therefore, by optimizing COF loading and managing their
morphology, surface attributes can be used to their full
advantage. Therefore, the M-50 membrane is taken into
consideration for further investigations.
In continuation with the preferred membrane, Figure 1a,b

and c,d corresponds to the digital photographs and FESEM
images of the M-0 and M-50 membranes, respectively. The 3D
AFM images and the surface roughness profile graphs of M-0
and M-50 membranes are depicted in Figure 1e,f, respectively,
where RMS roughness for both membranes was found to be
27.69 and 47.01 nm. Furthermore, the chemical composition
of the M-50 membrane was inspected by energy-dispersive X-
ray analysis (EDX) that reveals the presence of carbon,
nitrogen, oxygen, and fluorine only, as shown in Figure S5.
In recent times, COFs have emerged as an ideal candidate

for efficient adsorption of gas molecules. As we all witnessed,
the global carbon outpouring has been increasing expeditiously

Table 1. Summary of Data Presenting the Surface Properties
of the Prepared COF@PVDF Support

samples
BET surface area

(m2/g)
pore size (radius)

(nm)
total pore volume

(cm3/g)

pristine
COF

1428.78 1.527 1.21

M-0 3.73 1.701 0.018
M-10 207.65 1.711 0.188
M-30 311.11 1.717 0.191
M-50 390.56 1.706 0.214
M-80 393.05 1.709 0.208
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anticipated by the growing demands of energy production and
utilizing fossil fuel dominantly for energy supply. In this
context, the COF-impregnated polymeric support offers the
benefits of cost-effectiveness, effortless fabrication and
reusability, and bulk-scale production, along with their built-
in features for real-time application. Therefore, to investigate
the efficiency of the prepared M-50 membrane toward CO2
uptake, the adsorption−desorption equilibrium isotherms were
examined for a wide range of temperatures, i.e., 2−37 °C and
at 1 bar pressure, as shown in Figure 2a. The adsorption of
CO2 on the respective membrane was found to be the highest

in the lower temperature range and it decreases with a rise in
temperature, such as 20.42 cm3/g at 2 °C, 16.22 cm3/g at 7 °C,
12.52 cm3/g at 17 °C, 9.95 cm3/g at 27 °C, and 6.51 cm3/g at
37 °C. The overlapping of adsorption−desorption isotherm
curves for all the temperatures and the insignificant hysteresis
directly indicates the efficient kinetics and reversible nature of
the adsorption−desorption process, i.e., the adsorbed CO2 gas
can be fully recovered after the desorption process on the M-
50 membrane. However, in order to elucidate the role of COF
on the polymeric matrix, the CO2 adsorption−desorption
isotherm has been checked for the M-0 membrane at ambient

Figure 1. (a, b) and (c, d) Digital photographs and FESEM images of M-0 and M-50 membranes, respectively. (e) and (f) 3D AFM image and
roughness profile of M-0 and M-50 membranes, respectively.

Figure 2. (a) CO2 adsorption−desorption properties of the M-50 membrane at different temperatures. (b) 3D colormap surface plot representing
the amount of CO2 adsorbed (cm3/g) against variables such as pressure (bar) and temperature (°C). (c) Isosteric ln p against 1/T plot at
temperatures 275, 280, 290, and 300 K (2, 7, 17, 27 °C), designed for nine different loadings n (cm3/g) to illustrate the determination of ΔHads and
(d) isosteric enthalpy of adsorption of CO2 by the M-50 membrane.
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temperature, i.e., at 27 °C, it resulted in the adsorption value of
only 0.83 cm3/g, which is negligible as compared to 9.95 cm3/
g for the M-50 membrane, as shown in Figure S6. Moreover,
Figure 2b refers to the 3D color mapping of the amount of
CO2 adsorbed on the M-50 membrane concerning different
variables, such as pressure and temperature.
In order to explore the potency of the adsorbate and

adsorbent’s interaction, the isosteric enthalpy of adsorption
(−ΔHads) was estimated from the isotherms recorded at 2, 7,
17, and 27 °C, which resulted in 20.6−18.7 kJ/mol, which
clearly bestowed the physical nature of interaction,40 as shown
in Figure 2c,d. The −ΔHads value decreases with an increase in
the surface coverage by the gas molecules, indicating a weak
intermolecular interaction between CO2 and the M-50
membrane.
Surface modification via the postsynthetic route has the

potential to modulate the surface properties, thus traversing
the limitations of the elementary attributes possessed by the
pristine one. Despite being difficult, it emerges to be the
pressing untangle to positively appear for the required
applications with greater affinity. To explore the scope of the
postsynthetic modification, the M-50 membrane was exposed
to CAP for flexible durations by considering the voltage of 23
kV, such as 0.5, 1, 3, and 5 min termed as M-0.5, M-1, M-3,
and M-5, respectively, and with different voltages by setting the
time to 3 min, viz., 24 and 25 kV named MV-24 and MV-25,
respectively. A schematic representation of the CAP is shown
in Figure S7. Along with the charged particles (electrons and
ions), the CAP generally consists of various reactive species
such as visible and ultraviolet lights, electromagnetic fields, and
so forth. One well-known consequence of CAP formation is
the production of reactive oxygen and nitrogen species (H2O2,
O3, NOx, HNOx, OH, N2, N2

+, etc.).41−43 Due to its
significance in material application, the kinetics of reactive
oxygen and nitrogen species is widely investigated in the
literature.44−46 CAP is nonthermal plasma where the
constituting particles are in thermally nonequilibrium motion.
Generally, the temperature of electrons in CAP is very high in
the range of a few eV, where 1 eV is equivalent to a
temperature of ∼11,600 K. However, the temperature of ions
and neutrals present in the CAP is low. Therefore, the whole
gas temperature of the CAP becomes low. Many researchers
have determined the gas temperature of DBD-CAP to be
around ∼300−500 K.47−49 However, it is believed that the gas
temperature of our CAP will not be high enough because it did
not heat up the sample much after the treatment. It is observed
that sample temperature increases from 296.7 to 298.6 K after
the 3 min (which is the optimum treatment time in our case)
of CAP treatment.

Postsynthetic modification is nevertheless an emerging and
attentive technique, yet it is paramount to tune the properties
without destroying the pristine form to endure antecedence
over adsorption. Interestingly, the XRD data of the plasma-
treated membranes remarkably depict the sustainability of its
sites, i.e., the plasma treatment did not significantly alter the
structural property of the M-50 membrane, yet decreased the
intensity of the peaks, which primarily refers to the formation
of defects or decline in crystallinity,50 as shown in Figure S8.
Likewise, to explore the surface properties of the plasma-

treated membranes, analogous practice has been carried out
that resulted in an enhanced surface area compared to the
untreated M-50 membrane, as summarized in Table 2. In
comparison to all other postmodified membranes, the M-3
membrane, i.e., the membrane with 3 min plasma exposure at
23 kV, has an acceptable surface area of 532.11 m2/g (36.24%
increase over the M-50 membrane) and the maximum pore
volume. The surface area of all the post-treatment membranes
and pore size distributions are presented in Figure S9. The M-
3 membrane stands out as the best membrane in comparison
to the other membranes in terms of the scope of CO2
adsorption and by taking into account the surface character-
istics of the plasma-treated membranes. As a result, the M-3
membrane’s effectiveness for CO2 adsorption has been given
significant consideration.
Parallel parameters were considered to investigate its

effectiveness toward CO2 adsorption, such as 2−37 °C and
at 1 bar pressure, which results in substantial augmentation of
CO2 adsorption efficacy up to 65.62% in 2 °C, 67.50% in 7 °C,
68.29% in 17 °C, 65.12% in 27 °C, and 64.15% in 37 °C, in
contrast to the M-50 membrane, as shown in Table 3.
Moreover, the CO2 adsorption−desorption equilibrium

isotherm of the M-3 membrane at variable temperature ranges
is depicted in Figure 3a, while Figure 3b demonstrates the 3D
colormap surface plot of the amount adsorbed against different
variables, such as pressure and temperature. Additionally,

Table 2. Optimized conditions along with surface properties of the plasma-treated M-50 Membrane

sl.
no. name

treatment time
(min)

applied voltage
(kV)

BET surface area
(m2/g)

enhanced surface area
(%)

pore size (radius)
(nm)

total pore volume
(cm3/g)

1. M-50(w/o
treatment)

390.56 1.706 0.214

2. M-0.5 0.5 23 418.53 7.16 1.784 0.323
3. M-1 1 23 487.46 24.81 1.831 0.557
4. M-3 3 23 532.11 36.24 1.912 0.675
5. M-5 5 23 536.77 37.43 1.917 0.639
after setting the treatment time to 3 min, varying the applied voltage
6. MV-24 3 24 408.98 4.71 1.711 0.338
7. MV-25 3 25 397.75 1.84 1.697 0.189

Table 3. CO2 Adsorption Data of M-50 and M-3 Membranes
in Different Temperature Ranges

CO2 adsorption value COF@PVDF membrane before/after plasma treatment

temperature
(°C)

CO2 adsorbed(cm3/g)

enhanced adsorption
(%)

M-50
membrane

M-3
membrane

2 20.42 33.82 65.62
7 16.22 27.17 67.50
17 12.52 21.07 68.29
27 9.95 16.43 65.12
37 6.50 10.67 64.15

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c04198
ACS Omega 2023, 8, 36065−36075

36069

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04198/suppl_file/ao3c04198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04198/suppl_file/ao3c04198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04198/suppl_file/ao3c04198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04198/suppl_file/ao3c04198_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


−ΔHads for the M-3 membrane depicts the physical nature of
interaction between the adsorbate and adsorbent, with values
ranging from 23.2 to 18.3 kJ/mol, as shown in Figure 3c,d.
Selective adsorption of target gases remains a challenge but

represents the foremost role for real-time practice. To validate
the selectivity of the M-3 membrane, the adsorption−
desorption isotherm for different available gases was explored,
such as N2 and H2, and equated with CO2 at ambient
temperature, i.e., at 27 °C. As evident from Figure 4a, the M-3
membrane does not show any prominent adsorption for N2
(0.98 cm3/g) and H2 (0.83 cm3/g) gases as compared to CO2
gas (16.43 cm3/g), and from this, it can be determined that the

fabricated membrane can act as a platform for highly selective
adsorption of CO2 only. Furthermore, the material’s reusability
also plays a vital role, as several adsorbents, owing to their
intricacy in the desorption course, are employed repeatedly.
Accordingly, the regeneration of the M-3 membrane was
demonstrated by CO2 adsorption−desorption isotherms at 27
°C, which displays a similar efficiency, even though the same
sample is considered for five cycles, as shown in Figure 4b.
Consequently, the postmodified M-3 membrane reveals
efficient adsorption properties for CO2 gas only and can be
conceded as a capable applicant that can be utilized repetitively
for gas adsorption/capture in real applications.

Figure 3. (a) CO2 adsorption−desorption properties of the M-3 membrane at different temperatures. (b) 3D colormap surface plot representing
the amount of CO2 adsorbed (cm3/g) against variables such as pressure (bar) and temperature (°C). (c) Isosteric ln p against 1/T plot for 275,
280, 290, and 300 K (2, 7, 17, and 27 °C) temperatures, designed for nine different loadings n (in cm3/g) and (d) isosteric enthalpy of adsorption
of CO2 by the M-3 membrane.

Figure 4. (a) Selectivity studies employing different gases and (b) reusability studies for CO2 up to five cycles of the M-3 membrane under ambient
conditions.
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To further understand the reason for the bestowed critique,
an elucidated view of the effect of plasma on the M-3
membrane has been depicted in Scheme 2. The main point of
enhanced surface properties leading to the improved sorption
nature is the introduction of defects,51−53 which was supported
by the inception of irregular roughness on the surface of the

M-3 membrane and to establish evidence for the aforemen-
tioned reasons. Figure 5 broadly presents the FESEM and 3D
AFM image with a surface roughness profile, along with water
contact angle measurements of M-0, M-50, and M-3
membranes to support the formation of the rough surface.
To further aid the scope of percent change of functional

Scheme 2. Plausible Mechanistic Scheme CO2 Adsorption on the M-3 Membrane

Figure 5. (a, b) FESEM image and 3D AFM image with a surface roughness profile of the M-3 membrane. (c, d, e) Contact angle of water on M-0,
M-50, and M-3 membranes and (f, g) deconvoluted C 1s XPS spectra of M-50 and M-3 membranes, respectively.
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groups, XPS studies have been recorded. The FESEM image
and the 3D AFM image along with the surface roughness
profile of the M-3 membrane (Figure 5a,b), as compared to the
M-50 membrane (Figure 1d,f), reveal the difference in
topography before and after plasma treatment and the creation
of defects in the M-3 membrane by forming rougher surface
(RMS roughness 114.73 nm). The chemical composition of
the M-3 membrane was also scrutinized by EDX analysis,
which displays the existence of the same structural
compositions shown in Figure S10. The increment in the
surface roughness can also be supported by the water contact
angle analysis, which states that the apparent contact angle will
decrease as the surface roughness increases.54 So, to evince
this, water contact angle analysis has been performed, which
resulted in 96.0° for the M-0 membrane, 81.9° for the M-50
membrane, and 53.2° for the plasma-treated M-3 membrane,
as shown in Figure 5c,d,e, respectively.
The reactive species formed in the plasma zone may

outbreak the framework targeting the C�C bonds, which
activates highly energized active sites with impregnated
unpaired electrons on carbon atoms, which have an affinity
for plasma species to form new functionalities such as C−N
bonds.55,56 To evince the aforementioned scope, XPS studies
have been performed for M-50 and M-3 membranes, as shown
in Figure 5f,g, respectively. The deconvoluted C 1s XPS
spectrum of both membranes depicts four peaks with binding
energies (B.E.) 284.7, 285.2, 288.8, and 290.5 eV for C�C,
C−N, C�O, and C−F2 bonds, respectively. Table 4 signifies

the relative contents (%) of each functional group present on
M-50 and M-3 membranes, which clearly concludes that a
remarkable decrease in the C�C bond intensity from 62.1 to
49.7% and a substantial increment in the C−N bond intensity
from 22.1 to 30.9%, respectively, specify the formation of new
C−N functionalities after the plasma treatment on the
membrane.
Moreover, the ATR spectra (Figure S11) validate the

presence of similar functional groups, but the significant
decrease in the peak intensity may indicate the impact of
plasma on the surface via defect generation. Intriguingly,
enrichment of N-functionalities after the plasma treatment
concurrently expands the electron density that subsequently
fascinates the electron deficit carbon present in CO2 adjacent
to the surface by Lewis acid−base interactions that
consequently augmented the sorption value. Other than
Lewis acid−base interaction, the membrane’s basicity may
also trigger the hydrogen bonding or the dipole−dipole
interactions that can show an enhanced uptake of CO2.

57 The

higher effectiveness with ease of operation of this postfurnish-
ing methodology allows the authors to recognize the technique
as a pronounced route for membranes to show greater
applications with higher efficacy.
The design of an adsorption process entails the development

of a model that can suitably describe the adsorption process,
concerning the operating conditions. This has been verified by
successfully constructing an empirical model that closely
relates to the findings of the experiment. The model was
developed by using the curve-fitting toolbox of the MATLAB
software. It develops a function for fitting curves or surfaces
based on the experimentally obtained data sets. The toolbox
provides exploratory data analysis, pre- and postprocessing of
the data, comparison of potential models, and unwanted data
removal. It can be utilized in regression analysis for various
linear and nonlinear models that can provide unique empirical
equations. In addition, it optimizes the initial conditions and
parameters to improve the accuracy of the fitted curve. Here,
we have taken into account the adsorption results over a
temperature range for essential curve fitting. We analyzed the
curve fitting using a variety of fitting models, including linear,
cubic, polynomial, and so forth in order to obtain the best-fit
model. The findings of the experimental adsorption are found
to best fit the third-order polynomial. Figure 6a shows the
empirical fit model of CO2 adsorption with respect to
temperature, and the fitting equation is expressed in (1).
Figure 6b shows the errors between the fitted curve and the
experimental data at the respective temperature. When
compared to the lower range of temperatures, it is seen that
the errors are relatively low in the ambient temperature range,
such as 22−28 °C. This evinces that the empirical model could
predict the adsorption in the room temperature range more
precisely.

A C T C T C T D1
3

2
2

3= + + + (1)

Here, A signifies the quantity adsorbed, T is the temperature,
whereas C1, C2, C3, and D are constants with values −0.00034,
0.024, −0.84, and 22, respectively.
In order to evince the eminence of the present platform over

existing methods, comparative data have been summarized and
are presented in Table 5. Not only does the M-3 membrane’s
performance in terms of adsorption at various temperatures
exhibit satisfactory adsorption, but it also has the advantage of
being the most efficient method among those that have been
investigated. The outcomes of the validation of this membrane-
based method highlighted its advantages, especially for possible
potential applications in on-site CO2 adsorption systems.

■ CONCLUSIONS
In summary, we have devised a high surface area COF-
impregnated polymeric support-based platform called COF@
PVDF, i.e., both effective and straightforward and exhibits
effective CO2 adsorption capabilities. Additionally, the
presented CAP treatment methodology not only delivers an
enhanced surface modulation of the membrane but also
appears to be the simplest, efficient, and economical process
that operates under ambient environments, which results in the
further enhancement of the surface area up to 36% along with
an increased CO2 uptake by 66%. This postfurnishing
methodology on the COF@PVDF support appears to be a
novel approach to fine-tune the surface properties, and to the
best of our knowledge, utilizing this protocol to enhance the

Table 4. Comparison of Relative Intensities (%) of
Functional Groups Present on M-50 and M-3 Membranes
from C 1s XPS Spectra

sl.
no. sample

functional groups with binding
energy (B.E.) (eV)

relative
intensity (%)

1. M-50
membrane

C�C (284.7) 62.1
2. C−N (285.2) 22.1
3. C�O (288.8) 2.7
4. C−F2 (290.5) 13.1
5. M-3

membrane
C�C (284.7) 49.7

6. C−N (285.2) 30.9
7. C�O (288.8) 2.7
8. C−F2 (290.5) 16.7
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surface properties to concurrently augment the CO2
adsorption performances has not yet been explored in the
case of the COF-supported polymeric matrix. Furthermore,
considering the specified operating circumstances, the
empirical model that was presented here has corroborated
the CO2 adsorption phenomena in the COF@PVDF
composite membrane, which substantially resembles the results
from the experimental data set. The current study demon-
strates that the developed COF@PVDF composite membranes
and their post-treatment techniques are anticipated to be used
in a range of domains, particularly for tackling the current
problems with CO2 adsorption in terms of membrane
technology.
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