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Fabrication of Alginate-Based Electrospun Nanofibers for Carbon Dioxide Removal
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Abstract: A fabrication of eco-friendly and low-cost adsorbent materials is reported for
CO; removal. Alginate nanofibers (NFs) adsorbents were prepared by incorporating
poly(vinyl alcohol) (PVA) into alginate solutions via electrospinning technique from
alginate biopolymers. Smooth-surfaced Alg/PVA NFs were obtained with a specific
surface area of 9.197 m? g''. Zeolite (Z) was impregnated into polymer solutions to
enhance the properties and performances of alginate nanofibers. Alg/PVA/Z NFs
appeared to be rougher with a specific surface area of 25.998 m? g''. Both adsorbents
offered great potential for CO, adsorbent in the future. The adsorption isotherms of
Alg/PVA NFs followed the Langmuir model with optimum CO, adsorption capacity of
3.286 mmol g' and Alg/PVA/Z NFs followed Dubinin-Radushkevich model with
optimum CO; adsorption capacity of 10.710 mmol g'.

Keywords: electrospinning; nanofibers; alginate; poly(vinyl alcohol) (PVA); zeolites;

carbon dioxide

m INTRODUCTION

Over the past decades, fossil fuel combustion has
elevated the atmospheric CO, concentration up to 416.87
ppm as of December 2021 [1]. Excessive release of carbon
dioxide leads to global warming, which causes a threat to
the environment and public health. Hence, it is essential
to reduce carbon emissions. Carbon Capture and
Separation (CCS) is a main technology for managing and
mitigating CO, emissions. There are several pathways for
CCS, such as pre-combustion, post-combustion, and oxy-
fuel combustion [2]. Post-combustion is currently the
most favored approach for capturing CO,. Several post-
combustion methods are available, including adsorption,
absorption, membrane, and cryogenic. Among various
methods, adsorption is preferable due to its cost-effective
process, high CO, adsorption capacity, and low-energy
requirement. Many studies have been conducted to
develop adsorbent materials for carbon capture, such as
carbonaceous materials (activated carbons, carbon
nanotubes, graphene), biochar, zeolites, Metal-Organic

Frameworks (MOFs), Zeolitic Imidazolate Frameworks
(ZIFs), and nanomaterials [2].

Nanomaterials, such as nanofibers offer higher
specific surface area, which have a high potential for
carbon dioxide removal. There are various fabrication
methods to produce nanofibers, however,
electrospinning is currently the most versatile technique
for manufacturing nanofibers on an industrial scale.
Electrospinning involves the electrohydrodynamic
principle, in which a droplet of liquid is electrified to
form a jet, followed by stretching and elongation to form
nanofibers [3].

Electrospun nanofibers have exhibited prospective
properties as adsorbent materials for carbon capture
owing to their high porosity, high specific surface area,
unique structure, good interconnectivity, tunable pore
size, good mechanical properties, low gas resistance, and
rapid kinetics reaction [3]. Various electrospun
nanofibers adsorbent have been developed for CO,
adsorption from diverse materials such as biopolymers
[4-5], synthetic polymers [6-9], carbons [10-14], MOFs

Adhitasari Suratman et al.



318 Indones. J. Chem., 2022, 22 (2), 317 - 330

[15-16], amine sorbents [17-18], metals oxides and
ceramics [19-20].

In the past years, biopolymers-based adsorbents
such as alginate have gained immense interest due to
and environmental

increased ecological concerns.

Alginate consists of linear unbranched anionic
polysaccharides of (1-4)-linked P-p-mannuronic acid
(M) and a-L-guluronic acid (G) monomers which can be
extracted from seaweed, specifically alginophyte seaweed
species [21]. Seaweed cultivations are dominated by Asian
countries, in which Indonesia is the major producers
alongside China, Japan, Korea, and the Philippines. In
2016, Indonesia was listed as the second-largest seaweed
producers with 38.7% of the global production, only
topped up by China with 47.9% [22]. According to
Presidential Regulation No. 33/2019, Indonesia has the
potential to cultivate seaweed on 1.5 million hectares, in
which estimation of alginophyte seaweed production can
reach more than 240 thousand tons per year. Taking
advantage of the abundant seaweed resources, the alginate
can be one alternative of biodegradable biopolymers, low-
cost sources, and generally non-toxic to the environment
[23].

Alginate has been investigated for various
applications, including CO, adsorption, because of its
high hydrophilicity resulting from its hydroxyl and
carboxyl groups [24]. Since alginate is polyelectrolyte, it is
quite challenging to produce electrospun nanofibers from
pure alginate solutions. However, these restrictions and
processing limitations can be improved by introducing
carrier copolymers into the alginate solution. One of the
most commonly used copolymers is poly(vinyl alcohol)
(PVA). PVA is a semi-crystalline hydrophilic polymers
that is with

biodegradable, with thermal stability, and many carbonyl

biocompatible alginate, non-toxic,
groups that can bind carbon dioxide molecules [21,25-26].

Another adsorbent that also has been broadly
studied for CO,
microporous crystalline aluminosilicate minerals that
and aluminate [AlO4]*"

tetrahedrons connected by oxygen atoms, forming a box-

removal is zeolites. Zeolites are

consist of silicate [SiO4]*

like structure with a molecular size of 0.5-1.2 nm. Zeolite
exhibits excellent carbon capture performance as it has

high CO, adsorption capacity and selectivity at low
pressure. Nevertheless, zeolite is very sensitive in the
presence of water or moisture that causes greatly
downgrade for CO; adsorption [27].

For long periods of time, zeolites have been
with
remarkable adsorption capacity, and yet, the materials

exploited for environmental remediation
classified as non-renewable resources that could
generate secondary pollutant. On the other hands,
alginate has been under spotlighted for carbon dioxide
discharge since it is contained abundant hydroxyl and
carboxyl groups also naturally biodegradable.
Nonetheless, alginate performance still needed some
improvement. Zeolites and alginate have been separately
applied as CO, adsorbents, therefore, this study focused
on combining extensive resources of alginate in
Indonesia with natural zeolites obtained from local
mining to synthesize eco-friendly carbon dioxide
adsorbents. Afterward, an electrospinning technique
was performed to fabricate alginate-zeolite nanofibers.
Recently, utilizing nano-size zeolites have been reported.
Many researchers have successfully fabricated zeolites
nanofibers using the electrospinning technique [28-36].
Zeolites nanofibers have exhibited several advantages
such as better performance and lifetime, improved mass
transfer, higher selectivity, and minimized recovery and

agglomeration issues [32].

m EXPERIMENTAL SECTION
Materials

Na-Alginate (medium viscosity, vis. = 2000 cps),
poly(vinyl alcohol) (PVA) (ave. Mw 70000-100000, fully
hydrolyzed, vis. 11-14 cps), natural zeolite from Klaten
(Central Java, Indonesia), HNO; 70%, Na,EDTA 1 M,
NaOH, HCI 37%, Sodium tetraborate (Na,B,0,-10H,0),
CO; gas, phenolphthalein and methyl orange indicators.
All chemicals and solvents were procured from Merck
and Sigma Aldrich in pro-analytical grade and used as
received without further purification.

Instrumentation

The electrospinning technique is set at 15 kV with
a tip-to-collector distance of 15 cm at room temperature.
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Conductivity-meter used is from ST10C-B (Ohaus). The
infrared (FT-IR) used
Shimadzu-Prestige 21 using the KBr pellet technique.

Fourier transform is from
Scanning  Electron Microscopy-Energy  Dispersive
Spectroscopy (SEM-EDS) is from JEOL JSM-6510LA.
Surface Area & Pore Size Analyzer is from Quantachrome
Nova 1200e. CO, adsorption was investigated using a gas
trapping system (Fig. 1).

Procedure

Synthesis Alg/PVA NFs

Alg/PVA NFs were synthesized following the
procedure described by Islam and Karim (2010) [37].
Alg/PVA solutions were prepared by stirring alginate
solution (2% w/w in double distilled water/DDW) and
PVA solution (10% w/w in DDW) in various volume
ratios (0:10, 1:9, 2:8, 3:7, and 4:6 v/v) for 2 h at room
temperature. Alg/PVA solutions were electrospun for 2 h
and collected on a grounded collector. As-spun Alg/PVA
NFs were dried at room temperature and characterized
using FTIR, SEM, and Surface Area & Pore Size Analyzer.

Synthesis zeolites modified AIg/PVA nanofibers
(Alg/PVA/Z NFs)

Natural zeolite sieved 170 was demineralized by
Na;EDTA for 24 h and dealuminated using 8 M HNO; in
water for 24 h. The pretreated zeolite was activated by
calcination at 500 °C at a rate of 10 °C/min for 3 h in the
air. Alg/PVA/Z NFs were fabricated by impregnating
activated zeolites to the Alg/PVA solutions (2:8 v/v) with
a various mass of zeolites 0.5-3.0% (w/w). The mixtures
were electrospun for 2 h and collected on a grounded
collector. As-spun Alg/PVA/Z NFs were dried at room
temperature and characterized using FTIR, SEM, and
Surface Area & Pore Size Analyzer.

Carbon dioxide capture

The capturing CO, gas was carried out using a gas
trapping system at ambient temperature and pressure 1
atm (see Fig 1). The adsorption capacity of Alg/PVA NFs
and Alg/PVA/Z NFs were analyzed by titrimetric method,
in which carbon dioxide gas was trapped with NaOH
solution. Initially, CO, gas was passed through the gas
trapping system at a specific flow rate (10-50 mL min™)
fora period of time (10-30 min) without the adsorbent

1.CO, gas
2. Pressure gauge
3. Flowmeter

4. Reactor tube

5. Adsorbent

6. NaOH solution
SN—— 7.Vacuum pump

Fig 1. CO, adsorption process using gas trapping system

material. Afterward, Alg/PVA NFs and Alg/PVA/Z NFs
adsorbent were placed in the reactor tube. Carbon
dioxide then flowed into the reactor chamber at the same
condition. The uncaptured CO, was trapped in NaOH
0.1 M and formed as Na,CO;. NaOH was titrated with
HCl 0.1 M, and the concentration of uncaptured CO,
was analyzed using back titration (Warder’s method).
Adsorption capacity of As-spun Alg/PVA NFs and
Alg/PVA/Z NFs were conducted with various flowrates
(10, 20, 30, 40, and 50 mL min™), contact time (10, 15,
20, 25, and 30 min), basis weight (i.e. electrospun time 1,
2, 3, 4, and 5 h), and mass of zeolites (0.5, 1.0, 1.5, 2.0,
2.5, and 3.0% (w/w)). The adsorption behaviors were
analyzed wusing Langmuir, Freundlich, Dubinin-
Radushkevich (DR), Temkin, and Elovich isotherm
models (Table S2). The adsorption isotherm was studied
using collected data for gas flowrates versus adsorption
capacity.

m RESULTS AND DISCUSSION
FTIR Characterization

As shown in Fig. 2, alginate showed characteristic
peaks at 1033, 1419, 1635, and 3448 cm™ corresponding
to the stretching of -C-O-C, symmetric —-COO-,
asymmetric -COO-, and O-H, respectively. The
characteristic bands of pristine PVA were observed at
848 cm™ (C-H isotactic stretching), 1095 cm™ (C-O
stretching), 1342 cm™ (C-H stretching), 1442 cm™
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Transmittance (a.u.)

4000 3500 3000 2500 2000 1500
Wavenumber (cm™)

Fig 2. FTIR spectra of alginate (a), PVA (b), as-spun
Alg/PVA NFs 2:8 (c), as-spun Alg/PVA/Z NFs 2:8:2.5 (d),
activated zeolites (e), and natural zeolites (f)

1000 500

1635 cm™? (C-O
stretching from acetate group), 2939 cm™ (CH.
stretching), and 3448 cm™ (O-H stretching) [38]. Natural
zeolites exhibited peaks at 462 cm™" for bending vibration

(symmetric -COO- stretching),

of O-Si-0, 794 cm™" corresponds to an allotropic phase
of SiO,. The vibration of Al-O bonds were shown at
1049 cm™. A band at 1635 cm™ was associated with the
Si-O bond. Hydroxyl groups were shown at 3448 cm™.
After pretreatment, activated zeolites were seen with
similar spectra of natural zeolites, but the Al-O vibration
band shifted to 1072 indicating that the
dealumination was successfully performed [39-40].

All as-spun Alg/PVA NFs exhibit similar bands as
alginate and PV A, however, a few changed vibrations. For
instance, Alg/PVA NFs 2:8 (Fig. 2(a)), O-H and C-O
carbonyl stretching vibration shifted to lower band

cm™,

numbers at 3286 and 1604 cm™, respectively. These
phenomena attributed to the fact that intermolecular
interactions through hydrogen bonding between the

hydroxyl group of alginate and the etheric oxygen of
PVA occurred (Fig. 3) [38]. The presence of zeolites in
alginate-based nanofibers was represented by the bands
in the range of 400-700 cm™" for zeolites structural unit
and 1620 cm™ for Si-O bonds. Overall, as-spun
Alg/PVA/Z NFs were also displayed to be shifted.
Alg/PVA/Z NFs 2:8:2.5 showed the broadened peak of
O-H stretching vibration was at lower wavenumber of
3317 cm™ (the detailed assignment bands summarized
in Table S1). This phenomenon could indicate that
zeolite was interacted with alginate-PVA by polymers
intermolecular interaction. Si(Al)-O from zeolites and
O-H groups of PVA as well as alginate backbone
interacted via hydrogen bonding (Fig. 4) [28,34].

Effect of Polymer Characteristic and Conductivity
on Nanofibers Formation

There are three parameters that control the

00C. o o 0 o
o] *Na~
Alginate o \
H HO H

O—H HO

------ Hydrogen Bond OH HO OH

PVA
n

Fig 3. Illustrated representation of alginate-PVA
intermolecular interactions

o\|l/o%

'ﬁ Zeolite
Na'00C ° o °
“Na"
O\ °
o} H O Zeolite
OH v
O\H HO g—/ j—
: o}
------ Hydrogen Bond Av?s

Fig 4. Illustrated representation of alginate-PVA-

zeolites intermolecular interactions
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dimension, structure, and morphology of nanofibers:
The
parameters of solution were determined by polymer

solution, process, and ambient parameters.
characteristics and solvents, such as polymer type,
molecular weight, concentration, viscosity, surface
tension, conductivity, and dielectric constant [41].
Natural polymers such as alginate were difficult to
electrospun. The main reasons were due to polyelectrolyte
character and low conductivity of pure alginate solution,
as shown in Fig. 5 (volume ratio alginate to PVA of 10:0).

During the electrospinning process, polymer
solution was fed into the syringe and ejected out as a
spherical-shape droplet at the tip of the spinneret. A high
voltage was applied to the droplet. When the electric field
reached a certain threshold, the droplet was converted
into a conical shape (i.e. Taylor cone). However, alginate
solution could not be formed as a stable droplet.
Polyelectrolyte character induced strong electrostatic
repulsion that deformed the shape of the droplet and
therefore inhibited the formation of Taylor cone. When

the intensity of high voltage was increased, the repulsive

(a) As-spun Alginate

(c) Alg/PVA NFs 1:9
: d=512+82nm

)

S840 x15,000 1pm

Fig 6. SEM images of as-spun alginate (a), as-spun Alg:PVA

(f); insets show diameter of each nanofibers
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electrostatic forces overcame the surface tension, and the
Taylor cone was then generated into a charged jet and
thin fiber formed. However, polymers with low
conductivity character lacked surface charge, which
jet [3,21,41]. the
aforementioned explanations, it can be concluded that
pure alginate solutions could not support electrospun

resulted in instability From

and resulted in droplets form (Fig. 6(a)).
The formation of nanofibers can be improved by

1105

3 »
8 8

736 726

[
o
o

669 660

400 1
200 A1

Conductivity (uS)
(2}
S
1<)

1

10:0 0:10 19 2:8 37
Volume Ratios of Alg:PVA Solutions

Fig 5. Conductivity values of various alginate/PVA
solutions

46

(b) Alg/PVA NEs 0:10

d=407 £ 102 nm

3

SEI  10kV WD11mm

NFs volume ratios 0:10 (b), 1:9 (c), 2:8 (d), 3:7 (e), and 4:6
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Fig7. SEM i 1mages of as-spun alginate (a), as-spun Alg:PVA NFs Volume ratlos O 10 (b), 1:9 (¢), 2: 8 (d) 3.7 (e), and 4:6

(f); insets show diameter of each nanofibers (Continued)

introducing PVA into alginate solutions. The Addition of
copolymer reduced repulsion forces among polyanionic
alginate molecules by breaking hydrogen bonds within
alginate chains and thus enabled the formation of alginate
nanofibers. PVA incorporation also increased solution
conductivity because intermolecular bonds between
alginate and PVA can lessen the rigidity of three-
dimension structure and enhance the mobility of alginate
chains [25-26]. Incorporated PVA into alginate solution
with volume ratios Alg to PVA of 0:10, 1:9, 2:8, and 3:7
formed beadless nanofibers (Fig. 6(b-e)), but further
increase alginate loading beyond that (4:6) resulted in
beaded nanofibers (Fig. 6(f)) due to the dominance of
polyelectrolyte nature of alginate solution. The most
uniform, continuous, smooth-surfaced, and thinnest
Alg/PVA NFs were obtained from Alg:PVA solution
volume ratio 2:8 with an average diameter of 202 + 43 nm.

Impregnation Porous Material on Electrospun
Nanofibers

Impregnation of zeolite particles into Alg/PVA
solutions disrupted the dynamic interactions within
alginate and PVA and changed solution characteristics.
of added zeolites
conductivity values gradually decreased (Fig. 7). Lower

When the amount increased,
conductivity reduced the ability of the solutions to carry
sufficient charges for nanofibers formation, as a result
Alg/PVA/Z NFs appeared to be rougher and bigger in
diameter, which can be seen in SEM analysis (Fig.
8(a,c.e)). Elemental analysis of Alg/PVA/Z NFs was
carried out using SEM-EDS (Fig. 8(b,c,f)), revealing that

zeolites embedded into nanofibers structure. Mass
percentage of particles increased as more zeolite was
added into the solution. The high content of zeolites also
generated lumps alongside nanofibers because of the
particles aggregation [28-29,33,36]. The highest content
of zeolites with minimized agglomeration and uniform
Alg/PVA/Z NFs was obtained from a solution with a
zeolite mass of 2.5% (w/w) with an average diameter of
250 + 60 nm.

CO, Adsorption of Alginate-Based Nanofibers

The performance of Alg/PVA NFs for carbon
capture was evaluated by varying morphologies, gas
flowrates, contact times, and basis weight of the
three different
morphologies of nanofibers, namely smooth fiber,

adsorbent. There are structural
beads-on-string, and beads, in which affected the
adsorption capacity of the materials. In respect to

investigating the dependence of nanofiber morphologies

1100 ¢
1030 1027 1017

% 1000 } [

2 904

2 900 ¢

S 833

2

s 800 }

o 730
700 fis]

0 0.5 1 1.5 2 25 3
Zeolite Mass (% w/w)

Fig 8. Conductivity values of alginate-PV A solution with
different loading of zeolite particles
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(b) Alg/PVA/Z NFs 0.5% wiw

Element Wt% At%

CK 66.62 73.06
OK 31.56 25.98
NaK 01.03 00.59
SiK 00.79 00.37
Matrix Correction | ZAF
SiK
200 300 500 600 700 800 900 100
Energy - keV
(d) Alg/PVA/Z NFs 2.5% wiw
Element Wt% At%
CK 68.50 74.75
OK 29.70 24.33
NaK 00.69 00.39
SiK 01.12 00.52
Matrix Correction | ZAF
SiK
200 300 400 500 600 7.00 800 900 104
Energy - keV
(f) Alg/PVA/Z NFs 3.0% wiw
CK 54.02 61.79
OK 42.51 36.49
NaK 00.56 00.34
3 SiK 291 01.42
_,é Matrix Correction | ZAF

aKa
SiKa

E

T T T
300 400 5.00

T
6.00

T
7.00

T
800

T

1.00 200 9.00 10.00

keV

Fig 9. SEM images and EDX analysis of as-spun Alg/PVA/Z NFs with various zeolites mass: 0.5 (a, b), 2.5 (¢, d), and

3.0 (e, f) % w/w

in CO, removal, a series of variation volume ratios
alginate solution to PVA solution was conducted. As
stated in the previous discussion, Alg/PVA NFs 0:10, 1:9,
2:8, and 3.7 formed beadless and smooth fiber morphology.
As shown in Fig. 9(a), Alg/PVA NFs 2:8 with the finest
diameter exhibited the largest adsorption capacity at
3.286 mmol g'. Apparently, thinner nanofibers had a
higher total surface area, which influenced their enhanced
ability to capture submicron particles and increased the
higher filtration efficiency [42].

Pressure was another aspect that needed to be taken
into consideration in carbon dioxide removal, which can

be achieved by varying flowrate (Fig. 9(b)) and contact
time (Fig. 9(c)). Higher flowrate and contact time led to
higher gas pressure inside reactor tube which caused lower
adsorption capacity. High pressure tended to increase
desorption rate over adsorption rate. The best flowrate
and contact time about 20 mL min?! and 20 min,
respectively. Additionally, adsorbent mass also influenced
the CO, uptake. Mass of the resulted nanofibers is
measured by basis weight, mass per unit area of the
material. Variation of electrospun time (1, 2, 3,4,and 5 h)
could alter the basis weight of Alg/PVA NFs. When the
basis weight was increased until 4955 g m™ (electrospun

Adhitasari Suratman et al.



Indones. J. Chem., 2022, 22 (2), 317 - 330

324
800 - . 4
(a) g
3 ] S
£ 600 1 '\-/\\ 3
» o
l.zL =
T 400 4 | 29
2 o
£ o
& 200 - 13
° 3
0 v v v v 0 §
0:10 1:9 2:8 3.7 46 g
Volume Ratios of Alg:PVA Solutions =
c—=Diameter NFs (nm) === Adsorption Capacity (mmol g-1)
4 v
> e
g
8% °7
c
§ ]
‘ég 26
5=
g
2 2 e 3 3 3 3 ']
5 10 15 20 25 30 35

Contact Time (min)
Fig 10. Adsorption capacity of Alg/PVA NFs 2:8 with vario
contact time (c), and basis weight (d). All analysis carried o

time 5 h), the adsorption capacity increased up to 4.548
mmol g™ because the more enormous basis weight made
the adsorbent denser and provided more active sites [43].

Influence of Zeolites on Adsorption Capacity

The specific surface area was a critical factor in
carbon capture, hence zeolites were added into Alg/PVA
solutions. Zeolites are well-known adsorbents for CO,
removal. Zeolites properties and performances are
affected by their particle sizes. When presented in
nanoscale, zeolites have higher external surface area and
more accessible active sites, therefore their performances
would increase [31]. The adsorption capacities of
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Adsorption Capacity

us volume ratios of Alg/PVA solution (a), gas flowrate (b),
ut at ambient temperature and pressure 1 atm

Alg/PVA/Z NFs were gradually enhanced with increase
in zeolites loading. The maximum capacity was 10.710
mmol g™' which obtained from zeolites mass 2.5% (w/w).
Further increase of zeolites load led to decreased in CO,
adsorption capacity (Fig. 10(a)). High contains of
zeolites produced beaded nanofibers with lower specific
surface area and porosity of the resulted nanofibers.
Zeolites were suitable adsorbents for low to moderate
pressure. Therefore, raising gas flow rates created higher
pressure conditions, resulting in decreased adsorption
capacity due to the weak interaction between adsorbent-
adsorbate became unstable. It led to more desorption of
carbon dioxide molecules (Fig. 10(b)) [40].

N W s O,
—
o
-~

Adsorption Capacity
(mmol g-1)

o
o

20 30 40 50
CO, Gas Flowrate (mL min-')

10 60

Fig 11. Adsorption capacity of Alg/PVA/Z NFs 2:8:2.5 with various zeolites loading (a) and gas flowrate (b). All
experiments were done at ambient temperature and pressure 1 atm
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In order to evaluate specific surface area of the
adsorbents, N, adsorption isotherm were carried out at 77
K. As shown in Fig. 11, alginate-based nanofiber
adsorbents exhibit Type I isotherm that indicating the
typical microporous materials. The Brunauer-Emmett-
Teller (BET) surface area was calculated to be 9.197 and
25.998 m* g for Alg/PVA NFs 2:8 and Alg/PVA/Z NFs
2:8:2.5, respectively. Zeolites porous structure increased
specific surface area of the nanofibers and provided more
active sites to capture CO, molecules. Consequently, at a
relatively similar basis weight, Alg/PVA/Z NFs showed
over than three times bigger adsorption capacity
compared to Alg/PVA NFs.

Interaction between Alginate-Based Nanofibers
and Carbon Dioxide

Alginate binds CO, through the carboxyl and
hydroxyl groups within the chains [24]. Besides, CO; also
can interact with the carbonyl group of PVA. The electron
pair of the polymers carbonyl oxygen interacts with the
carbon atom of carbon dioxide, in which the carbon atom
of CO, molecules acts as an electron acceptor and lone
pair electron of polymer carbonyl oxygen acts as an
electron donor species [44]. FTIR spectra (Fig. 12) showed
that after CO, adsorption, the carbonyl (1095 cm™) and
symmetric carboxyl (1427 cm™) peaks of Alg/PVA NFs
disappeared, also -COO- and -OH
stretching vibration shifted to higher wavenumber. The
few changed peaks in FTIR spectra showed that Alg/PVA
NFs binds CO, via hydrogen bond and Lewis acid-base
interaction. There were two suggested configurations of

asymmetric

Lewis acid-base interaction between polymers carbonyl
groups and CO,:T-shaped geometry and bent T-shaped
configuration [44].

Zeolites attract strongly to the gases with high
quadrupole moment such as carbon dioxide via electric
field produced by the cation of the zeolites. Interaction
between zeolites framework structure and CO, molecules
involved relatively weak intermolecular forces, namely Van
der Waal’s forces and electrostatic interaction [27,40,45].

Adsorption Isotherm Studies

The
nanofibers were analyzed using Langmuir, Freundlich,

adsorption behaviors of alginate-based

325

N
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Fig 12. N, adsorption/desorption isotherm for CO, onto
Alg/PVA NFs 2:8 (a) and Alg/PVA/Z NFs 2:8:2.5 (b)
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Fig 13. FTIR spectra of Alg/PVA NFs 2:8 and
Alg/PVA/Z NFs 2:8:2.5 after CO, adsorption

Temkin, Dubinin-Radushkevich (DR), and Elovich
isotherm models [46]. See Table S2 for the detailed
equations and curve plots.

Table 1
correlation coefficients (R?) of each isotherm mode, a

shows the result parameters and
measure of goodness-of-fit, representing good linearity
for a certain model relative to the other models. Plot C.
versus C./q. of Alg/PVA NFs 2:8 gives the highest R
value (0.9999), revealing that Alg/PVA NFs 2:8 were fit
the Langmuir isotherm model. Langmuir Isotherm is
primarily designed to describe gas-solid phase
adsorption. This isotherm was based on the assumption
that CO, adsorption occurred on the homogeneous
surface of Alg/PV A NFs 2:8 by monolayer sorption [46].

On the other hands, carbon dioxide adsorption
onto Alg/PVA/Z NFs 2:8:2.5 showed good fitness of
Dubinin-Radushkevich (DR) isotherm model as the plot

of €” versus In q. gives correlation efficient value close to
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Table 1. Isotherm parameters for adsorption of CO, onto alginate-based nanofibers

Models Parameters Alg/PVA NFs Alg/PVA/Z NFs
Langmuir K, mmol™ -447.2222 1.3239

qm, mmol g! 2.484 12.6103

R? 0.9999 0.5923
Freundlich K, mmol g mmol -/ 1.3971 4.0435

n -12.7551 1.3770

R? 0.8641 0.9065
DR Kb, mol? k]2 -2 x107° 5% 10

gs» mmol g* 2.3936 7.2355

R? 0.904 0.9168
Temkin Kr, mmol! 0.9998 1.0071

br -1.1031 x 10* 9.5449 x 107

R? 0.8527 0.8965
Elovich Ke 3.4060 -1.6955

qm> mmol g™* -0.2414 14.8148

R? 0.8725 0.2647

(c) Alg/PVA/Z NFs,
before adsorption

N d=241456nm

e (nm)

il

<

SEL  10kV WD13mm SS40

\

Fig 14. Morphological changes of Alg/PVA NFs 1:9 (a, b) and Alg/PVA/Z NFs 2:8:1.5 (c, d) before and after the

adsorption process; insets show diameter of each nanofibers

unity. DR isotherm model is an empirical adsorption
model that is generally applied to express adsorption
mechanism with Gaussian energy distribution onto
heterogeneous surfaces. The model was a semiempirical
equation in which CO, adsorption follows a pore-filling
mechanism through multilayer character involving Van

der Waal’s forces of CO, gases on microporous zeolites
inside Alg/PVA/Z NFs 2:8:2.5 [46].

Reusability of Alginate-Based Nanofibers

To understand the spontaneity of the adsorption
process, the Gibbs free energy was calculated using the
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following Eq. (1).
AG®=-RTInK; (1)
where AG® is Gibbs free energy (k] mol™), R is gas
constant (8.314 J mol™ K™), T is the temperature (K), and
K\ is Langmuir equilibrium constant. The result showed
that the AG® values of Alg/PVA NFs 2:8 were 1.108 k]
mol™, obtained below 20 k] mol™". These findings suggest
that the CO, followed by the
physisorption mechanism [40].

Energy adsorption of Alg/PVA/Z NFs 2:8:2.5 could
be calculated by the following equation:

1

V2Kpr

where E is energy adsorption (k] mol™), and Kpr is

adsorption was

E= (2)

Dubinin-Raduskevich equilibrium constant (mol* kJ2).
The value of E for Alg/PVA/Z NFs 2:8:2.5 were lower than
8 k] mol? (E = 3.162 kJ] mol™"). The calculated E
represented the physical nature of the sorption [47]. Fig.
13 showed SEM images of alginate-based nanofibers and
CO, adsorbed alginate-based nanofibers. All images
displayed relatively unchanging surface morphology as
well as diameter of the nanofibers (see the inset of Fig. 13).

m CONCLUSION

Alginate is not able to electrospun from aqueous

solutions because it possesses a polyelectrolyte
characteristic. However, incorporating copolymer poly
(vinyl alcohol) (PVA) 10% (w/w) into alginate solution
(2% w/w) weakens the repulsive forces among
polyanionic alginate chains, thus enabling alginate
nanofibers formation. Alg/PVA NFs with uniform,
continuous, smooth-surfaced nanofibers were obtained
from Alg:PVA solution volume ratio 2:8 with average
diameter of 202 + 43 nm and specific surface area of
9.197 m* g'. The Alg/PVA NFs for CO, capture was
evaluated using a gas trapping system. The maximum
adsorption capacity was 3.286 mmol g, conducted
within optimum conditions at flow rate and contact time
about 20 mL min™ and 20 min, respectively. To improve
the properties and performances of alginate nanofibers,
zeolite particles were impregnated into polymers solution.
altered nanofibers surface

Impregnated  zeolites

morphologies from smooth to rough fiber with an average

327

diameter of 250 + 60 nm and enhanced specific surface
area to 25.998 m* g''. The optimum CO, adsorption
capacity of Alg/PVA/Z NFs was 10.710 mmol g™'. The
adsorption behavior of resulting nanofibers was studied
using five different isotherm models. Alg/PVA NFs
showed the best linearity with Langmuir isotherm model
with R* 0.9999, and Alg/PVA/Z NFs was fit with in
Dubinin-Radushkevich (DR) isotherm model. SEM
images of nanofibers before and after the adsorption
process displayed unchanging surface morphologies as
well as the diameter of the nanofibers. The result of this
study suggested that Alg/PVA NFs and Alg/PVA/Z NFs
are promising candidates for CO, capture with high
adsorption capacity that can be fabricated from eco-
friendly and low-cost raw materials.
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