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To address the escalating demand for efficient CO, separation technologies, we introduce novel mem-
branes utilizing natural polymer guar gum (GG), conjugate polymer (poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate)) PEDOT:PSS, and bimetallic PdPt nanoparticles. Bimetallic PdPt nanoparticles were
synthesized using the wet chemical method and characterized using X-ray photoelectron spectroscopy
(XPS) and transmission electron microscopy (TEM) techniques. The morphologies, chemical bonds, func-
tional groups, and mechanical properties of the fabricated membranes were characterized using various
techniques. Through meticulous fabrication and characterization, the binary blended membranes demon-
strated enhanced homogeneity and smoothness in their structure, attributed to the interaction between
the polymers, and superior CO, permeability due to the amphiphilic nature of the PEDOT:PSS polymer.
Gas separation experiments performed using Hy, N, and CO, gases confirmed that the 20% PEDOT:PSS/
GG blended membranes showed the best performance with sufficient mechanical properties. Moreover,
the results demonstrated an increase of 172% in CO, permeability and 138% in CO,/H, selectivity,
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respectively. Furthermore, integrating bimetallic PdPt nanoparticles provided an additional 197% increase
in CO,/H; selectivity, owing to the unique catalytic activities of noble metal nanoparticles. The study not
only underscores the transformative potential of polymer blending and noble metal engineering, but also
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1. Introduction

In recent years, the anthropogenic emission of large amounts
of carbon dioxide gas has exacerbated global climate change,
posing unprecedented challenges to human health, ecosys-
tems, and socio-economic stability worldwide." Along with
addressing the root causes of CO, emissions, implementation
of effective mitigation strategies has become paramount in
efforts to reduce the impacts of climate change and transition
towards a sustainable and resilient future.? In this direction, it
is highly desirable to shift global energy dependency from con-
ventional non-renewable sources to renewable sources.’
Although various technologies have been utilized, they cannot
meet global energy demands due to increasing industrializ-
ation and improved living standards of people within the
present scenario. Hydrogen, with its high calorific value, pro-
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highlights the significance of using natural polymers for sustainable environmental solutions.

vides the potential to meet this demand; however, to draw on
its maximum efficiency, it needs to be purified and separated
from a mixture of gases, for instance, syngas.” While H, gas
can be used as a fuel, CO, gas should also be captured and
stored for various applications, such as beverage production,
food processing and preservation, fire suppression, and other
medical and industrial applications.’

Among various techniques of gas separation, membrane
technology has been found suitable due to its energy
efficiency, ease of assembly, and portability, and is expected to
play a significant role and continue to dominate the purifi-
cation technology market.° The advancement in polymer
membranes for gas separation provides a promising alternative
to traditional energy-intensive processes and attracts a great
deal of interest from researchers due to its numerous benefits,
such as reduced energy consumption, lower costs, and high
selectivity.””® However, in the domain of membrane techno-
logy, the inherent trade-off between gas permeability and
selectivity has been a longstanding challenge. To overcome
this issue, considerable research efforts have been focused on
various engineering strategies to enhance CO, separation per-
formance,” such as functionalization and crosslinking strat-
egies, incorporating various small organic and inorganic filler
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materials into polymer matrices to fabricate mixed-matrix
membranes, and many more.'®'" Permeation measurements
have suggested that CO, transportation inside the membrane
happens via the formation of intermediates such as carba-
mate, bicarbonate, etc.'”> Functionalization of polymers
through various functional groups, such as the amine group,
is highly preferable.’® Furthermore, crosslinking can increase
the chain mobility, reduce the fractional free volume, and
enhance the size sieving ability."* Ali et al. fabricated defect-
free composite membranes of highly crosslinked polyamides
through interfacial polymerization of m-phenylenediamine
(MPD) and trimesoyl chloride (TMC) that achieved H,/CO,
selectivity of around 50.'> Wang et al fabricated a
PANI@CNT-GO/PVAm composite membrane on top of an
asymmetric polysulfone support to obtain enhanced CO, sep-
aration performance.'® Nigiz et al. fabricated GO/PDMS reverse
selective membranes with enhanced CO,/H, separation per-
formance. With 0.5% GO loading, they successfully achieved a
CO, permeability of 3970 Barrer and a CO,/H, selectivity of
11.7 at 0.2 MPa pressure."”” The fillers used in fabricating
mixed-matrix membranes encompass a range of substances,
including metal oxides, zeolites, MOFs, and other carbon-
based materials. However, the fabrication of such membranes
presents its own set of challenges, notably issues with filler
compatibility, leading to filler agglomeration and consequent
formation of non-uniform membrane structures with poor
mechanical properties.'® To overcome these hurdles, an appro-
priate selection of filler materials and their concentrations
becomes essential.'®> Among other engineering methods to
enhance the separation efficiency of membranes, the strategy
of polymer blending by combining different polymers can be
utilized to integrate the favorable aspects of polymer precur-
sors.” This strategy stands out as a time-saving and cost-
effective approach, yielding new membrane materials with
superior properties compared to their individual polymer pre-
cursors. Polymer blending is the simplest approach for mem-
brane fabrication, offering superior reproducibility and proces-
sability compared to alternative techniques. The fabricated
membranes provide the advantages of further engineering
through functionalization and incorporation of nanomaterials
to enhance their separation parameters.>°

Polymer materials can be characterized as natural and syn-
thetic polymers based on their origin.*! While synthetic poly-
mers are generally non-biodegradable and can harm us in
many ways, natural polymers are eco-friendly, less toxic, and
readily available at low cost. Various natural polymers have
been proposed for the fabrication of membranes, such as poly-
lactic acid,** polysaccharides,> etc. Pal et al. fabricated Pd/GO/
guar gum mixed-matrix membranes for enhanced CO, separ-
ation performance.>® They further fabricated chitosan/guar
gum composite membranes via crosslinking for the separation
of CO, from H, and N, gases.> The utilization of natural poly-
mers aligns with the principles of green chemistry, which
advocate for the design and development of chemical products
and processes that minimize or eliminate the production and
use of hazardous substances.>>° This idea led us to utilize a
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natural, non-toxic, and water-soluble polymer guar gum
obtained from the seeds of the Cyamopsis tetragonolobus plant.
The polymer is made up of long chains of galactomannan
polysaccharides consisting of mannose and galactose units.

Furthermore, studies have unlocked innovative possibilities
with enhanced CO, separation performance via membranes
fabricated from polymers having sulfonated networks due to
the strong interaction between both entities.”” Yong et al. pre-
pared a sulfonated polyphenylenesulfone/polymer of intrinsic
microporosity (sSPPSU/PIM-1) blended membranes for CO, sep-
aration.”® Such a sulfonated network in the polymer can
provide up to 13% higher CO, uptake.*® In this regard,
PEDOT:PSS, having high chemical stability and compatible
nature, provides amphiphilic properties due to the presence of
abundant hydrophilic sulfonic acid groups (SO*) on PSS~ and
hydrophobic thiophene groups on PEDOT® chains.***"
Moreover, these characteristics provide enhanced possibilities
for CO, transportation through the polymer membranes.
Wang et al. fabricated Pebax/PEDOT:PSS blended membranes
with high CO, permeability of 440 Barrer and CO,/CH, selecti-
vity of 28.%* Furthermore, PEDOT:PSS provides the possibility
of fine-tuning the gas separation performance through the
incorporation of various gas-sensitive materials, such as noble
metal nanoparticles having a special affinity towards specific
gases. In our previous work, we successfully decorated noble
metal Pt NPs on PEDOT:PSS membranes through the electro-
deposition method with high uniformity to enhance the gas
separation performance.®® Besides single metals, bimetal
nanoparticles can be very efficient in enhancing the separation
parameters of the membranes due to the synergistic effects
between the two metals. The bimetallic combination can
enhance the chemical stability and catalytic activity of the
resulting material.>*

Through this work, we present a novel idea of blending
natural polymer guar gum having excellent film-forming capa-
bilities with conjugate polymer PEDOT:PSS having amphiphi-
lic properties towards CO, gas and further engineering the
blend with bimetallic PdPt nanoparticles to improve its separ-
ation capabilities. This strategic addition augments the mem-
brane’s performance in separating gases. By adopting this
approach, we aim to not only investigate the gas separation
characteristics of the resulting membranes, but also align our
efforts with sustainability objectives, thereby promoting envir-
onmentally friendly practices in membrane technology.

2. Materials and methods
2.1. Materials required

All the chemicals were of analytical grade and utilized directly
without any further modifications. For instance, palladium
chloride (PdCl,, 99%), dihydrogen hexachloroplatinate hexa-
hydrate (H,PtCls-6H,0, 99.9%), and r-ascorbic acid (C¢HgOg,
99%) required for the synthesis of bimetallic PdPt nano-
particles were purchased from Sigma Aldrich. Ethanol of 99%
purity was purchased from Changshu Hongsheng Fine

This journal is © The Royal Society of Chemistry 2025
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Chemicals Co. Ltd. For the fabrication of membranes, poly
(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:
PSS, dry re-dispersible pellets) was purchased from Sigma
Aldrich and guar gum was purchased from Maruti
Hydrocolloids, Ahmedabad, Gujarat, India.

2.2. Synthesis of bimetallic PdPt nanoparticles

The synthesis of bimetallic PAPt nanoparticles was carried out
using the following procedure as described. Initially, 133 pl of
50 mM PdCl, and an equal volume of 50 mM H,PtClg solution
were added to 20 ml of deionized (DI) water. Subsequently, a
few drops of 100 mM ascorbic acid were added to the resulting
solution until a discernible color change was observed, indica-
tive of reduction. The solution mixture was then aged for
20 hours to ensure the growth of the nanoparticles.
Afterwards, the final reaction mixture was centrifuged at
12 000 rpm to separate the nanoparticles, which were washed
four times with DI water and ethanol. The resultant bimetallic
PdPt nanoparticles were then re-dispersed in 10 ml of de-
ionized water for future use.

2.3. Fabrication of PEDOT:PSS/guar gum membranes and
bimetallic PdPt nanoparticle-mixed PEDOT:PSS/guar gum
membranes

The membrane fabrication process was conducted using the
solution casting method, as shown in Fig. 1. At first, the
polymer solution was prepared by dissolving PEDOT:PSS and
guar gum polymers in de-ionized (DI) water at 40 °C. For this,
specific quantities of the PEDOT:PSS polymer (1%, 5%, 10%,
15%, 20%, and 50% by weight of guar gum) were added to
25 ml of DI water and subjected to sonication for 10 minutes,
followed by stirring for 1 hour at 300 rpm. A blue-colored solu-
tion was obtained. Subsequently, 189.86 mg of guar gum was
added into the solution, which was then stirred for 3 hours at

Polymer solution
(Guar gum + PEDOT:PSS)

ass <

Polymer membrane

>
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300 rpm at a temperature of 40 °C. Now, a small drop of gly-
cerol plasticizer (i.e. 0.1 wt%) was added to the solution and
subjected to stirring for an additional 1 hour. The solution
finally obtained was cast in a Petri dish placed over another
Petri dish containing mercury and left to dry for 24 hours at a
temperature of 40 °C. The role of the mercury Petri dish is to
maintain a level platform to ensure uniform thickness of solu-
tion-cast membranes as mercury provides the advantage of a
nearly frictionless and horizontal surface. Finally, the mem-
branes were carefully peeled off to obtain self-standing
membranes.

For the fabrication of bimetallic PdPt nanoparticle-mixed
PEDOT:PSS/GG membranes (PEDOT:PSS/PdPt/GG), a 25 ml
solution of bimetallic PdPt nanoparticles in DI water was uti-
lized. The solution contains individual concentrations of Pd
and Pt nanoparticles: 5.28 ppm for Pd and 16.84 ppm for Pt,
as determined by the inductively coupled plasma mass spec-
troscopy (ICP-MS) technique. To the above solution, 20 wt%
PEDOT:PSS polymer was added, followed by a series of alter-
nating sonication and stirring cycles at 300 rpm for 1 hour,
resulting in the formation of a blue-colored solution.
Sequentially, guar gum and a small amount of glycerol were
added along with stirring at 40 °C. The resulting solution was
then subjected to the same procedure of casting in a Petri dish
and drying as previously mentioned.

2.4. Characterization techniques

The synthesized bimetallic PdPt nanoparticles were character-
ized comprehensively to assess their structural and morpho-
logical properties along with their oxidation state. To confirm
the formation of bimetallic nanoparticles and their binding
states, an X-ray photoelectron spectroscopy (XPS) instrument,
namely an ESCA + Omicron nanotechnology spectrometer, was
utilized. The morphological characteristics of the bimetallic

Mercury

Polymer solution
cast on petri dish

Solution is allowed to dry

Fig. 1 Schematic of the solution-casting method utilized for the fabrication of PEDOT:PSS/GG membranes.
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nanoparticles were analyzed by transmission electron
microscopy (TEM) using a Tecnai G2 20 S-TWIN [FEI] instru-
ment operating at an accelerating voltage of 200 kV. The fabri-
cated membranes were also characterized using various tech-
niques to gain insights into their morphology, chemical
bonds, and mechanical properties. For this purpose, a field
emission scanning electron microscope (FESEM), namely the
Nova Nano FESEM 450, was utilized at 15 kV, a Fourier trans-
form infrared (FTIR) spectrometer, namely a PerkinElmer
Spectrum 2 set-up, was utilized in the range of 400 cm™ to
4000 cm™, and a Raman spectrophotometer, namely the
AIRIX STR 500, was utilized in the range of 400 cm™' to
3000 cm ™" at an excitation wavelength of 532 nm. The mechan-
ical properties were analyzed using a Universal testing
machine, the Instron-5967, at an elongation rate of 1 mm
min~'. For this purpose, rectangular membrane pieces of
1.0 cm x 6.0 cm dimensions were stretched at room tempera-
ture until fractured.

2.5. Gas separation performance

The gas separation experiment of the membranes was per-
formed using H,, N,, and CO, gases in their purest form
(99.999% purity). The gas permeability values of the mem-
branes were measured using a gas permeability setup, as
explained elsewhere.’® The formula utilized for the gas per-
meability calculation was derived from Fick’s law; mathemat-
ically it can be given as,

where the symbols have their usual meanings: P is the per-
meability of the gas in Barrer (1 Barrer = 10™'° cm® (STP) cm
(em® s emHg)™"), d is the membrane thickness, Q represents
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the mass flow rate, A is the effective cross-sectional area of the
membrane, and Ap is the pressure difference across the two
sides of the membrane. All the gas separation experiments
were carried out at room temperature and under a pressure of
10 psi. The room temperature conditions were chosen for the
experiments due to the temperature constraints of the poly-
mers as their mechanical and physical properties may deterio-
rate with increasing temperature. Furthermore, the effective
area of the membranes used for the gas separation experiment
is 13.19 cm®. The gas selectivity was calculated from gas per-
meability values by using the following relationship,

S =
Py

where P, and Py are the gas permeabilities of the two gases,
respectively.

3. Results and discussion
3.1. Characterization of bimetallic PdPt nanoparticles

Fig. 2(a) shows the typical survey spectrum of the material in
the range of 0-1000 eV, revealing the characteristic peaks
corresponding to Pt, Pd, C, and O in the material. Fig. 2(b)
and (c) exhibit the high-resolution spectra of the material,
showing the electron binding energies of the palladium and
platinum elements in the material, respectively. Fig. 2(b)
shows two distinct peaks of palladium metal, i.e. Pd 3ds/, at
340.3 eV and Pd 3d;,, at 335.2 €V, representing the Pd® states
of palladium. Furthermore, the figure also shows that these
peaks are overlapped with the peak of platinum (Pt 4ds)).
Similar Pd and Pt peaks overlapping in the XPS spectrum have
also been reported earlier.>® The higher intensity of the Pt
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Fig. 2 XPS survey scan spectra of (a) the bimetallic PdPt nanoparticles, (b) Pd 3d, and (c) Pt 4f.
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peak provides the possibility of either a higher content of Pt in
the material or the presence of Pt element on the surface with
Pd in the bulk.?”*® This discrepancy in the peak intensity is
resolved through the bulk-sensitive inductively coupled
plasma mass spectroscopy (ICP-MS) technique, which con-
firmed a lower concentration of Pd (5.28 ppm) and a higher
concentration of Pt (16.84 ppm) in the bimetallic PdPt nano-
particle solution prepared in DI water. In Fig. 2(c), each Pt 4f
line is deconvoluted into two components associated with two
distinct oxidation states of platinum, as indicated by their elec-
tron binding energies corresponding to Pt 4f;;, and Pt 4f,,,.*°
Among these, the peaks at higher binding energies, ie.
74.4 eV (Pt 4fs;) and 70.8 eV (Pt 4f,),), are associated with
metallic Pt, i.e. Pt°,*® while the peaks at lower binding ener-
gies, 73.7 eV (Pt 4f5),) and 70.3 eV (Pt 4f;),), are associated with
the Pt" states of platinum. The XPS result confirms the lower
amount of Pd and the higher amount of Pt at the material’s
surface. The survey spectra were utilized to obtain the atomic
percentage of the material and the results revealed that Pd
constitutes approximately 20%, while Pt accounted for around
60% of the surface composition. The remaining signal was
attributed to other elements such as C and O, which contrib-
ute around 10% and 9%, respectively. Also, the peaks corres-
ponding to the palladium and platinum bimetallic systems
have shifted to lower binding energy values due to the charge
transfer and electronic disturbances created by a change in the
chemical environment as a result of alloy formation. Such
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interactions enhance the catalytic activity and durability of the
material.*!

Fig. 3(a) depicts the TEM image of bimetallic nanoparticles,
and the results revealed the formation of well-defined spheri-
cal nanoparticles with an average particle size of approximately
67 nm. The majority of particles lie in the range of 60-70 nm,
as shown in the histogram representing particle size distri-
bution, and were calculated using the Gaussian fitting meth-
odology (see Fig. 3(b)). The high-resolution transmission elec-
tron microscopy (HRTEM) and selected area electron diffrac-
tion (SAED) patterns, illustrated in Fig. 3(c) and (d), respect-
ively, were utilized to acquire crucial details regarding the crys-
tallographic structure and orientation of the nanoparticles.
Remarkably, HRTEM analysis revealed an interplanar spacing
of 0.229 nm, indicative of the (111) planes of the face-centered
cubic (FCC) structure within the synthesized nanoparticles.*?
Additionally, the diffraction spot pattern observed via SAED
exhibited circular bright rings corresponding to the (111),
(200), and (220) planes of the polycrystalline nanoparticles.
These findings are consistent with the existing literature,**
underscoring the validity and significance of our results
within the broader scientific context.

In addition to various characterization methods of bi-
metallic nanoparticles, the membranes were also characterized
comprehensively to gain a thorough understanding of various
properties, which is crucial for correlating their structural attri-
butes with performance metrics.

. Histogram
Gaussian Fit Counts

70 80 90
Particle size (nm)

Fig. 3 (a) TEM images, (b) histogram representing the average particle size, (c) HRTEM images, and (d) SAED pattern of the bimetallic PdPt

nanoparticles.
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3.2. Fourier transform infrared (FTIR) spectroscopy

Following the fabrication process, the membranes were sub-
jected to characterization using various techniques to study
their chemical and morphological features. The chemical
interactions within the pure polymers and the synthesized
blends (5%, 10%, and 20% PEDOT:PSS/GG) were analyzed
using the FTIR spectroscopy technique, and the corresponding
spectrum is shown in Fig. 4. Upon examining the spectrum, it
can be observed that all the characteristic peaks corresponding
to both the guar gum (GG) and PEDOT:PSS materials are
present in the spectrum, as also confirmed through the
already reported literature.*>** Notably, the peaks at 811 cm™"
and 870 cm ™' signify the C-H stretching and bending
vibrations of the aromatic ring, while the peaks at 1015 cm ™",
1062 cm™', and 1144 cm™" correspond to the vibrations associ-
ated with the ester (-C-O-C-) group of the guar gum
material.>* Table S1 (ESIt) presents the detailed peak assign-
ments for the guar gum material, while the peak positions and
their bond assignments corresponding to the PEDOT:PSS
material are outlined in Table S2 (ESIf). The analysis of the
PEDOT:PSS spectrum revealed that the peaks at 854 cm™" and
1008 cm ™" represent the vibrations corresponding to the C-S-
C bond in the thiophene ring of PEDOT. Similarly, the peaks
at 1125 ecm™" and 1256 cm™' correspond to the asymmetric
and symmetric stretching of the ester (-C-O-C-) group (see
Table S27).***> Fig. 4 shows the emergence of some new peaks
at positions around 1213 cm™" and 1370 cm™" in the case of
the blended membrane, which are the characteristic peaks of
the PEDOT:PSS material, with slight shifting towards lower
wavenumber, ie. redshift. Moreover, the intensities of these
peaks increased on increasing the content of the PEDOT:PSS
material, while certain peaks corresponding to the guar gum
material diminished after adding PEDOT:PSS, which is a result
of the interaction between both the polymers.*® The observed
peak shifts are attributed to the conformational changes due
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to the blending of the polymers, resulting in changes in bond
lengths and the chemical environment.?*

The findings from FTIR spectroscopy clearly explain the
composition and interaction dynamics within the polymers.
The interaction within the polymers is also evident in the pre-
pared polymer solutions. The pure GG solution exhibited high
viscosity, likely attributable to the significant amount of hydro-
gen bonding within the polysaccharide chain structure.
However, upon mixing PEDOT:PSS with GG, the viscosity of
the solution is reduced, which is associated with the ability of
PEDOT chains to disrupt the intermolecular H-bonding within
the polysaccharide chains of guar gum. Similar observations
have been reported in previous studies, which confirm the val-
idity of these findings.”” FTIR measurements were also con-
ducted for the 20% PEDOT:PSS/PdPt/GG composite mem-
branes before and after testing their hydrogen separation per-
formance and the resulting spectrum is shown in Fig. S1
(ESIt). The findings confirm slight changes in the peak inten-
sity and peak broadening, particularly, in the fingerprint
region (500 cm™" to 1500 cm™') and the O-H stretching region
(3300 cm™" to 3500 cm™ ). For instance, the intensity of the
broad peak at around 3300 cm ' reduces and the peak
becomes more defined. Such changes in the peak intensity
and sharpening of the peak confirm the interaction of H, with
the hydroxyl group or an effect on the hydrogen bonding
network within the polymer matrix, impacting the polymer
matrix.*® Also, the peak at around 596 cm ™" corresponding to
metal-sulfur (M-S) and metal-oxygen (M-O) vibrations dis-
appeared after the samples were treated in the presence of
hydrogen, indicating the change in the environment associ-
ated with bimetallic PdPt nanoparticles.*’

3.3. Raman spectroscopy

Raman characterization of the material was carried out to
unveil numerous distinct vibrational bands that are indicative
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Fig. 4 FTIR spectra of the pure GG, pure PEDOT:PSS, and PEDOT:PSS/GG membranes.
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of the particular molecular vibrations and functional groups
within the sample. The Raman spectra of the pure PEDOT:PSS
material, pure GG, and the 20 wt% PEDOT:PSS/GG composite
membrane in the range from 500 cm™" to 3000 cm ™" are pre-
sented in Fig. 5. The peaks match perfectly with the already
reported data for the PEDOT:PSS and GG materials.’® For
instance, in the PEDOT:PSS material, the peaks at 694 cm™,
872 ecm™', 984 cm™', and 1100 cm ' correspond to the
different vibrational modes of PSS, i.e. symmetric S-S-C defor-
mation, bending vibrations of the C-H group and C-O-C
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Fig. 5 Raman spectra of the pure GG, pure PEDOT:PSS, and 20%
PEDOT:PSS/GG membranes.
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deformation, respectively. The peaks corresponding to PEDOT
vibrational modes are obtained at 1260 cm™', 1361 cm™,
1425 cm™', 1505 cm ™', and 1548 cm ™", respectively.’®" In the
Raman spectrum of the guar gum polymer, the major peaks
observed in the range from 800 cm™" to 950 cm™" correspond
to its anomeric skeletal configuration, while the peaks at
around 1097 cm ™" and 1112 cm ™" are due to C-O-C symmetric
and asymmetric vibrations, and the peak at 1269 cm™" is due
to the CH,OH group.”® Furthermore, the peaks at 1342 cm ™,
1386 cm™?, 1408 cm™?, and 2885 cm™' are due to the C-OH
bending, in-plane C-H bending, and C-H stretching
vibrations, respectively.>® Again, in the Raman spectrum of the
20 wt% PEDOT:PSS/GG composite membrane, as shown in
Fig. 5, all the peaks are mainly analogous with those of pure
GG with a slight blue shift for some of the peaks, which can
be due to the result of conformational changes due to blend-
ing of polymers, resulting in an alteration in the vibrational
modes of the polymer.>*>°

3.4. Field emission scanning electron microscopy (FESEM)

Fig. 6 shows the field emission scanning electron microscopy
(FESEM) images of the pure GG, 5% PEDOT:PSS/GG, 20%
PEDOT:PSS/GG, and bimetallic PdPt nanoparticle-mixed 20%
PEDOT:PSS/GG membranes. Analysis of these images reveals a
remarkably consistent and smooth morphology, which con-
firms uniform distribution of polymer constituents without
apparent surface defects and irregularities. Hence, there is suc-
cessful blending between both polymers at the molecular level
up to some concentration values. Such a uniformly blended
structure using the PEDOT:PSS polymer has already been
reported earlier.>” Guar gum contains hydroxyl (-OH) groups
in its structure, which can participate in hydrogen bonding

(b)

Fig. 6 Top surface FESEM images of the (a) pure GG, (b) 5% PEDOT:PSS/GG, (c) 20% PEDOT:PSS/GG, and (d) 20% PEDOT:PSS/PdPt/GG composite

membranes.
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interactions with various functional groups present in PEDOT:
PSS, such as sulfonate groups (-SO;~) in PSS. These hydrogen
bonds facilitate adhesion and interaction between the two
polymers, resulting in membranes with no voids and absence
of defects. Such a smooth morphology with minimum defects,
cracks, and pinholes is crucial for achieving enhanced separ-
ation performance and gas selectivity.’® The membranes pro-
cured by blending the two polymers were highly uniform with
impressive flexibility up to a certain amount of loading. The
top surface image in Fig. 6(d) shows some roughness in the
structure and some white spots, confirming the presence of
the bimetallic PdPt nanoparticles. Fig. S2 (ESIf) shows the
photographs of the front view of these membranes and Fig. S3
(ESIY) displays their folded view, demonstrating their flexible
nature through bending. However, the folded image of the
50% PEDOT:PSS/GG membrane is not shown as it fractured
when folded, confirming its high brittleness, which is also
validated through its lower tensile strength and poor mechani-
cal properties, as shown in the next section. At higher concen-
trations of the PEDOT:PSS polymer, the membrane structure
becomes more rigid and brittle, as compared to the flexible
and elastic nature of pure guar gum due to the presence of n-=
stacking interactions between the conjugate polymer chains.
These results are confirmed through the reduction in the
mechanical properties of the membranes as discussed in the
upcoming section of this work. Fig. 7 shows the cross-sectional
FESEM images of the pure GG, 5% PEDOT:PSS/GG, and 20%
PEDOT:PSS/PdPt/GG composite membranes, respectively, con-
firming that the thicknesses of the membranes ranged from
around 25 pm to 33 pm. The thickness of the membrane
sample is greatest at higher PEDOT:PSS material content due
to the combined effect of particle incorporation and polymer
interaction, leading to structural reinforcement. Furthermore,
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the cross-sectional images confirm the dense and almost
uniform morphology of all the samples. The maximum uni-
formity and smooth structure at higher loading of the PEDOT:
PSS polymer confirms the effective distribution of both
PEDOT:PSS and PdPt within the guar gum matrix.

The energy-dispersive X-ray spectroscopy (EDS) mapping of
S, C, O, Pd, and Pt was performed for the bimetallic PdPt
nanoparticle-mixed 20% PEDOT:PSS/GG composite mem-
branes. The resulting top-surface images, as shown in Fig. 8,
and cross-sectional images, as shown in Fig. S4 (ESIt) unequi-
vocally confirm the presence and homogeneous attachment of
the bimetallic PdPt nanoparticles across the membrane
surface and its bulk.

3.5. Mechanical properties

Besides good interaction between both polymers and a lack of
visible surface defects, as discussed above, the addition of
PEDOT:PSS to the guar gum altered the internal structure and
mechanical properties of the composite membranes, which
can be due to the inherent brittle nature of the PEDOT:PSS
material.’”*® In general, membranes having homogeneous
structures, without any cracks and pinholes, can resist
mechanical stress, while defects act as stress concentrators,
leading to mechanical failure of the membranes even at lower
stress levels; conversely, the smoother surface morphology can
be linked to better polymer interaction and better dispersion
of nanomaterials, which contribut to higher mechanical
strength. Fig. 9 shows the stress-strain (%) plot for the compo-
site membranes of PEDOT:PSS/guar gum. From the figure, it is
evident that the pure guar gum showed a maximum tensile
strength of 27.14 MPa with an extension of 0.76 mm, repre-
senting its plastic behaviour. The addition of the PEDOT:PSS
polymer to the guar gum resulted in the reduction of mechani-

Fig. 7 Cross-sectional FESEM images of the (a) pure GG, (b) 5% PEDOT:PSS/GG, and (c) 20% PEDOT:PSS/PdPt/GG composite membranes.
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Fig. 8 Top-surface EDS mapping images of S, C, O, Pt, and Pd elements in the 20% PEDOT:PSS/PdPt/GG composite membranes.

30
— PureGG 27.14 MPa
25 4 —— 5% PEDOT:PSS/GG
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- 20 { —— 50% PEDOT:PSS/GG
©
S 15 18.89 MPa
o
(7]
g 10 - 16.15 MPa
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Fig. 9 Stress—strain curves of the PEDOT:PSS/GG composite

membranes.

This journal is © The Royal Society of Chemistry 2025

cal strength of the composite membranes. The 5% PEDOT:
PSS/GG membrane showed a reduced tensile strength of 18.89
MPa and 20% PEDOT:PSS/GG showed a further reduction to
16.15 MPa, with a corresponding decrease in flexibility. This
decrease confirms that the incorporation of PEDOT:PSS has
introduced some structural modifications within the polymer
matrix due to the disruption of intermolecular hydrogen
bonding within the polysaccharide chains of guar gum, as also
confirmed from the FTIR results in the previous section. The
50% PEDOT:PSS/GG membrane showed a significant
reduction in its tensile strength value to only 4.77 MPa,
demonstrating the concentration-dependent effect. These
membranes were brittle and not able to withstand the applied
pressure for a long time due to their brittleness. The high con-
centration of PEDOT:PSS leads to micro-crack formation
during elongation, resulting in premature failure of the mem-
brane under pressure. In general, the PEDOT:PSS polymer con-
tains n—x stacking interactions, which make it a more ordered
and stronger structure with restricted mobility of the polymer
chains, leading to a more rigid and brittle membrane as com-
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pared to the pure guar gum. Hence, even with the uniform
and smooth structure of the membranes as shown in the
FESEM images of Fig. 6, they show poor mechanical properties
on increasing the content of the PEDOT:PSS polymer.

4. Gas separation performance

The H,, N,, and CO, gases in their purest form were used to
carry out the gas permeability measurements in this work.
Fig. 10 shows the gas separation performance of the mem-
branes. From the graph, it can be easily observed that the
membranes exhibit their highest permeability value towards
H, gas among the tested gases due to its the smallest kinetic
diameter. However, on increasing the content of PEDOT:PSS in

(a) 16000
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the membrane, the CO, permeability and selectivity values
increase up to 20% PEDOT:PSS loading, after which the values
became saturated while the permeability of the remaining gas
did not change much. The increase in CO, permeability value
is due to the presence of high CO,-philic and non-CO,-philic
networks within the structure of PEDOT:PSS.*>*® The basic
interaction mechanism between the PEDOT group and the
CO, molecules can be both chemisorption and physisorption.
However, chemisorption requires high energy to cross the
barrier, which is not feasible at room temperature. The energy
required for the physisorption reaction is much less, indicat-
ing the possibility of a strong interaction between the material
and the gas molecules at room temperature. Specifically, the
presence of n-conjugation in the backbone of the conducting
polymer PEDOT:PSS can increase CO, adsorption due to the

14000 -

12000
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4000

Gas permeability (Barrer)

2000

N, gas -@-CO,/N, -@- CO,/H,

2.5

Gas selectivity

(b) 16000
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H, gas CO, gas -@- CO,/H,
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Fig. 10 Gas separation performances of the PEDOT:PSS/guar gum composite membranes at 10 psi pressure (a) at different wt% values of guar gum

and (b) with bimetallic PdPt nanoparticles.
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n-n interaction of delocalized n-conjugated electrons with CO,
molecules. The benzene rings and sulfonic acid groups on the
PSS chain can strongly bind CO, molecules due to the
quadrupole-r interactions, hydrogen bonding, and electro-
static interactions favouring its transportation. The observed
trends highlight that while PEDOT:PSS enhances gas separ-
ation performance due to its increased CO, selectivity, its
higher concentration compromises the mechanical integrity of
the membranes. Since the 20% PEDOT:PSS/GG composite
membrane showed a maximum CO, permeability value of
10 970 Barrer and CO,/H, and CO,/N, selectivity values of 0.88
and 1.94, which are increases of around 172%, 138%, and
193%, respectively, while also exhibiting sufficient mechanical
strength as compared to membranes at higher loading of
PEDOT:PSS (as also confirmed through the stress-strain plot
in Fig. 9), the 20% PEDOT:PSS/GG composite membrane was
further incorporated with bimetallic PdPt nanoparticles
having better adsorption properties towards H, gas due to
their higher surface to volume ratio, stronger H, affinity and
synergistic effect between both the noble metal nanoparticles.
On adding the bimetallic PdPt nanoparticles, the H, per-
meability was reduced from 12347 Barrer to 4200 Barrer,

(a) 10000 4

Literature report
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100 5
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which is a decrease of almost 66%, while maintaining the gas
permeability values of the remaining two gases at almost the
same level, while the CO, selectivity was increased from 0.88
to 2.62, which is an increase of almost 197%, as shown in
Fig. 10(b). To further demonstrate the stability and durability
of the 20% PEDOT:PSS/GG and 20% PEDOT:PSS/PdPt/GG com-
posite membranes, we conducted the gas separation experi-
ment over a period of 24 hours and observed a consistent per-
formance throughout the experiment. Fig. S5 (ESI{) presents
the results of the gas permeability and selectivity data for the
experiment conducted over 24 hours using CO, and H, gases.
The gas separation performance of the membranes was
also compared with the data reported in the literature and the
Robeson upper bound, as shown in Fig. 11. From the figure, it
can be seen that although the blending of PEDOT:PSS and
guar gum has significantly improved the gas separation data
of the membranes, the performance did not surpass the
Robeson upper bound 2008, although it successfully crossed
the upper bound 1991 for both CO,/N, and CO,/H, gas pairs.
Furthermore, the incorporation of bimetallic PdPt nano-
particles efficiently enhanced the CO,/H, selectivity values due
to their higher affinity and absorbing capacity towards H,

Literature report

Pure GG

20% PEDOT:PSS/GG

20% PEDOT:PSS/PdPt/GG

* %

Upper bound 2008

Upper bound 1991

0.01 T T T T T
0.01 0.1 1 10 100 1000

P(CO,) (Barrer)

T
10000 100000

Fig. 11 Comparative assessment of gas separation performance against the Robeson upper bound and previously published work for (a) CO,/N,

and (b) CO,/H, separation.

Table 1 Representation of the data from the previously reported literature used for comparison with the Robeson upper bound plots

Membrane material Nature of membrane CO, gas permeability (Barrer) CO,/H, CO,/N, Ref.
P3HET/P3AcCET MMM 336 — 67.2 59
PPy/Pebax-1657 MMM 274 — 40 60
PPy/PC MMM 11.6 0.595 5.9 61
Sandwich-like PANI/EVA Supported 97.5 — 32.5 62
PANTI/aniline/PSF Supported 4.3 — 83 63
Polyimide Self-supported 1242 1.44 — 64

Pebax and PVA Polymer blending 19.98 7.6 — 65
Jeffamine ED-2003 and GOTMS MMM (polymer crosslinking) 367 8.95 — 66
PEO-600 and PEO-526 MMM (polymer crosslinking) 180 6.84 — 67
MWCNT/Pebax 1657 MMM CNT/polymer 262 6.40 — 68
TDI/MWCNT/Pebax 1657 MMM CNT/polymer 14.28 2.4 — 68
ZIF-67/PIM MOF/polymer 6118 1.35 — 69

20% PEDOT:PSS/GG Polymer blending 10970 0.88 — This work
20% PEDOT:PSS/PdPt/GG Polymer blending 11 000 2.62 — This work

This journal is © The Royal Society of Chemistry 2025
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molecules. Hence, the blending of the amphiphilic polymer
PEDOT:PSS and guar gum has proved to be efficient in improv-
ing the CO, separation performance of the membranes with
sufficient mechanical properties, and the material combi-
nation has proved to be good and effective in the direction of
usage of novel and natural polymer in the fabrication of gas
separation membranes. Table 1 provides a comparison of the
results from the present work with those of previously reported
data using various types of membranes, highlighting the per-
formance of the present membranes.

5. Conclusion

In conclusion, the fabrication of polymer-blended membranes
utilizing guar gum and PEDOT:PSS materials has shown prom-
ising results for gas separation applications by imparting
complementary properties to the resulting membranes. While
the guar gum provided good film-forming capabilities, along
with biocompatibility and mechanical strength, the PEDOT:
PSS polymer improved the separation performance of the
membranes towards CO, gas due to the co-existence of both
CO,-philic and non-CO,-philic groups, resulting in faster CO,
transport. Our findings indicate that on increasing the content
of PEDOT:PSS in the membrane, the CO, permeability
increased from 4024 Barrer to 11 001 Barrer, while the H, and
N, permeability values were not affected much, confirming the
potential of tailoring the gas transport properties by adjusting
the composition of the polymer blend. Furthermore, it was
observed that the blended membranes showed smoother and
uniform morphologies with minimal imperfections and
defects, and significant molecular-level compatibility between
both the polymers, which are crucial for ensuring the integrity
and performance of the membranes. However, beyond a
certain concentration of PEDOT:PSS, the mechanical pro-
perties of the membranes deteriorate due to the rigid and
brittle nature of the PEDOT:PSS polymer. However, a balance
is achieved at 20% PEDOT:PSS concentration that offers the
optimal compromise between mechanical strength and separ-
ation performance.

Overall, the study underscores the efficacy of blending a
conjugate polymer with a natural polymer in fabricating
efficient gas separation membranes with good separation per-
formance. Furthermore, the successful integration of bi-
metallic nanoparticles highlights the potential of tuning mem-
brane performance for specific gases. Moreover, these findings
contribute to the ongoing development of advanced materials
in membrane technology for gas separation applications. This
study represents a significant advancement in our quest for
exploiting natural polymer for gas separation applications
using the polymer blending strategy by combining it with the
high-performing PEDOT:PSS polymer having an active site
towards CO, molecules. The integration of bimetallic PdPt
nanoparticles provided an additional advantage. The out-
comes presented in this study provide groundwork to further
explore the membranes under different operational para-
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meters, such as the effect of pressure, gas mixture conditions

etc., which are essential for translating these membranes into
real and practical applications.

Abbreviations

PEDOT:PSS Poly(3,4-ethylenedioxythiophene)-poly

(styrenesulfonate)
MPD m-Phenylenediamine
T™C Trimesoyl chloride
PANI Polyaniline
CNT Carbon nanotubes
GO Graphene oxide
PVAmM Polyvinylamine
PDMS Polydimethylsiloxane
MOF Metal-organic framework
Pd Palladium
sPPSU Sulfonated polyphenylsulfone
PIM Polymer of intrinsic microporosity
GG Guar gum
Pt Platinum
DI De-ionized water
XPS X-ray photoelectron spectroscopy
ESCA Electron spectroscopy for chemical analysis
TEM Transmission electron microscopy
FESEM Field emission scanning electron microscopy
FTIR Fourier transform infrared
C Carbon
(6] Oxygen
HRTEM High-resolution transmission electron microscopy
SAED Selected area electron diffraction

EDS Energy-dispersive X-ray spectroscopy

P3HET Poly(3-(2-hydroxyethyl)thiophene)

P3ACET Poly(3-(2-acetoxyethyl)thiophene)

PPy Polypyrrole

PEBA Polyether block amide

EVA Ethylene-vinyl acetate

PSF Polysulfone

PVA Polyvinyl alcohol

GOTMS 3-Glycidyloxypropyltrimethoxysilane

PEO-600 0,0-bis  (2-aminopropyl)polypropylene glycol-
block-polyethylene

PEO-526 Poly(ethylene glycol) diglycidyl ether

MWCNT Multi-walled carbon nanotube

TDI 2,4-Toluylene diisocyanate
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