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Abstract: Electrospinning techniques have become an efficient way to produce continuous and
porous carbon nanofibers. In view of CO2 capture as one of the important works for alleviating
global warming, this study intended to synthesize polyacrylonitrile (PAN)-based activated carbon
nanofibers (ACNFs) using electrospinning processes for CO2 capture. Different structures of PAN-
based ACNFs were prepared, including solid, hollow, and porous nanofibers, where poly(methyl
methacrylate) (PMMA) was selected as the sacrificing core or pore generator. The results showed
that the PMMA could be removed successfully at a carbonization temperature of 900 ◦C, forming
the hollow or porous ACNFs. The diameters of the ACNFs ranged from 500 to 900 nm, and the
shell thickness of the hollow ACNFs was approximately 70–110 nm. The solid ACNFs and hollow
ACNFs were microporous materials, while the porous ACNFs were characterized by hierarchical
pore structures. The hollow ACNFs and porous ACNFs possessed higher specific surface areas than
that of the solid ACNFs, while the solid ACNFs exhibited the highest microporosity (94%). The CO2

adsorption capacity on the ACNFs was highly dependent on the ratio of V<0.7 nm to Vt, the ratio of
Vmi to Vt, and the N-containing functional groups. The CO2 adsorption breakthrough curves could
be curve-fitted well with the Yoon and Nelson model. Furthermore, the 10 cyclic tests demonstrated
that the ACNFs are promising adsorbents.

Keywords: activated carbon nanofibers; electrospinning; carbon dioxide; adsorption breakthrough

1. Introduction

Carbon fibers are of great significance in scientific and technological applications
because of their high specific surface areas, high surface area to volume ratios, easy func-
tionalization, superior mechanical properties, outstanding flexibility, etc., particularly
when the carbon fibers are reduced to nanoscale. These superior properties make the car-
bon nanofibers show excellent performances in several applications (e.g., gas adsorption,
gas storage, filter media, sensors, drug delivery, tissue engineering, protective clothing,
etc.) [1–3]. Drawing [4,5], template synthesis [6,7], phase separation [8], self-assembly [9,10],
and electrospinning [11,12] have all been investigated to produce nanofibers successfully.
Compared with other methods, electrospinning is acknowledged as a simple, inexpensive,
and efficient process to draw out polymers into continuous fibers with diameters ranging
from submicrons to nanometers [3,13].

Despite this, the electrospinning process is very intricate, and can be described as
the interactions of several physical instability processes [13,14], such as applied electrical
voltage, tip-to-collector distance, and injection rate. The concentration and viscosity of the
polymer solution have the most significant influence on the electrospinning process and
the resultant fiber morphology [3]. In effect, the diameter of the electrospun nanofibers is
influenced not only by the concentration of the polymer and the solution viscosity, but also
by its molecular conformation [14,15]. In the dilute concentration range, the electrospinning
of polymer solutions only forms polymer droplets, due to an insufficient chain overlap. As
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the concentration is increased, beaded fibers and further uniform fibers can be observed
sequentially [16]. A fibrous structure is stabilized above a minimum concentration, but the
fiber diameter increases with molecular weight and concentration [15]. For the polymers
with higher molecular weights, uniform fibers can be formed at a lower polymer concentra-
tion compared with those having lower molecular weights [17]. Thus, the intermolecular
entanglements play an important role in stabilizing the fibrous structure [18].

The co-electrospinning of polymer solutions from a spinneret set containing two
coaxial capillaries has been developed to serve as an alternative technique for the fabrication
of hollow fibers [19]. Using this method, co-electrospinning immiscible and miscible pairs
of polymer solutions forms nanofibers with core/shell structures [19]. Subsequently, the
core material can be removed by thermal decomposition [19,20] or extraction with mineral
oil or solvent [21]. In general, it is suggested that the core-polymer capillary protrude
~1 mm below the end of the shell capillary to produce a good Taylor cone at the end of the
nozzle [19,22]. Kaerkitcha et al. [22] found that good morphologies of polyacrylonitrile
(PAN)/poly(methyl methacrylate) (PMMA) nanofibers were obtained from the coaxial
nozzle electrospinning at 15 kV. For an applied voltage of 10 kV, the injection was retarded
for a period until the electrostatic force was strong enough to inject the solution jet, and
some of the nanofibers were fused together as a bundle of fibers. If the applied electrical
voltage was greater than 20 kV, the extraction rate of the polymer solution was too fast
to evaporate the solvent. Thus, wet nanofibers were fused together to form a bundle
morphology.

Another type of PAN carbon nanofiber with a nanometer porous structure in individ-
ual electrospun nanofibers can be produced by blending a sacrificial polymer (e.g., PMMA)
into a PAN solution [23]. After thermal treatment, the decomposition of the PMMA results
in the formation of a porous structure. The use of PAN-based blends is recognized as an
efficient way to create a hierarchical porous structure in carbon nanofibers. Gbewonyo
et al. [23] observed that the introduction of PMMA and silica nanoparticles to PAN polymer
solutions enabled the fabrication of a carbon nanofibrous mat with a unique hierarchical
porous structure via the electrospinning process. However, it reduced thermal conductivity
by 98% compared to the non-porous carbon film. Zhou et al. [24] proposed a new method
to adopt a metal-free reversible addition–fragmentation chain-transfer polymerization of
poly(acrylonitrile-block-methyl methacrylate), followed by electrospinning, stabilization,
and carbonization. This new method produced porous nanofibers with a specific surface
area of 503 m2/g, higher than those samples formed by traditional methods.

Porosity development in relation to a high specific surface area and micropore volume
is very important for carbon nanofibers, depending on their application. Different struc-
tures (such as core/shell, hollow, and porous) of carbon nanofibers have been produced
using electrospinning techniques, which have become a straightforward and convenient
way to produce continuous and porous carbon nanofibers [12]. These porous nanofibers
have great potential for use in drug delivery and as a scaffold for tissue engineering [25], in
the capacitive deionization process for water treatment [26], or in energy [27–30]. However,
there is very little application in gas adsorption. To reduce the impacts of global warming,
the capture of carbon dioxide (CO2) is important. Moreover, the ultramicropore volume,
specific surface area, and nitrogen-containing functional groups of adsorbents are regarded
as the major features affecting the CO2 adsorption capacities of the adsorbents. Therefore,
the aim of this study was to synthesize polyacrylonitrile (PAN)-based activated carbon
nanofibers (ACNFs) using electrospinning processes for the capture of CO2. Using a sac-
rificing core or pore generator, i.e., poly(methyl methacrylate) (PMMA), solid, hollow, or
porous ACNFs were prepared. Through electrospinning, followed by stabilization, car-
bonization, and activation, ACNFs were formed with different porous structures. Several
properties of the ACNFs with different porous structures were characterized, and the CO2
adsorption on the ACNFs was investigated.
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2. Materials and Methods
2.1. Preparation of Electrospun Nanofibers

Polyacrylonitrile (PAN)-based carbon nanofibers with different porous structures were
prepared using electrospinning processes, including solid, hollow, and porous nanofibers.
The hollow nanofibers were synthesized using a coaxial electrospinning process in which
PAN (Mw = 150 kDa, Sigma–Aldrich, St. Louis, MO, USA) was the shell polymer and
poly(methyl methacrylate) (PMMA) (Mw = 120 kDa, Sigma–Aldrich) was selected as
the sacrifice core. Initially, PAN and PMMA were dissolved in N, N-dimethylacetamide
(DMAc, Sigma–Aldrich) individually to form the polymer solutions with 10 wt.% PAN
or 30 wt.% PMMA. The resulting solutions were subjected to magnetic stirring at 60 ◦C
for 24 h in order to obtain homogeneous polymer solutions. The core–shell fibers were
prepared using a coaxial spinneret system in an electrospinning unit (FES-COE, Falco Tech
Enterprise Co., Ltd., New Taipei City, Taiwan). The inner diameter of the outer needle
(18 gauge) was 0.96 mm, and the inner and outer diameters of the inner needle (21 gauge)
were 0.52 and 0.82 mm, respectively. The electrospinning was carried out under an applied
electrical voltage of 15 kV onto a metal drum collector (∅ 10 cm) covered with aluminum
foil and rotated at 300 rpm, and a tip-to-collector distance of 20 cm was used. The shell
and core solutions were pumped at a flow rate of 1.0 and 0.5 mL/h [22], respectively, and
pushed by two syringe pumps (NE-1000, New Era Pump Systems, Inc., Farmingdale, NY,
USA).

The core–shell fiber was stabilized in air from room temperature to 280 ◦C at a heating
rate of 1 ◦C/min, then the temperature was held at 280 ◦C for 12 h to complete the
cyclization and dehydrogenation reactions before the carbonization process to convert
PAN from thermoplastic to a non-plastic compound [28,31,32]. The stabilized nanofibers
were cooled down to room temperature and then carbonized in a nitrogen atmosphere
with a flow of 100 sccm in a tubular furnace at 900 ◦C with a heating rate of 5◦ C/min, and
maintained for 1 h [28] before the sample was cooled down to room temperature. After
carbonization, activation of the samples was carried out by raising the temperature to
850 ◦C at a rate of 10◦ C/min under flowing nitrogen. CO2 was used as the activation
agent with a flow rate of 100 sccm, switched in and held for 1 h. This sample was labeled
as PANh15. For comparison, the PMMA (core polymer) was replaced with PAN, and
the other conditions remained the same. This solid sample was the control sample and
was denoted as PANf. Another type of core–shell fiber was synthesized under an applied
electrical voltage of 12 kV, and the shell and core solutions were pumped at a flow rate of
0.7 and 0.3 mL/h, respectively. The other treatments remained the same, and this sample
was denoted as PANh12.

In addition, the porous fibers were obtained from a copolymer that was electrospun
using a traditional single spinneret system, where PMMA was selected as the pore generator.
First, a mixture of PAN and PMMA was dissolved in DMAc by stirring for 24 h at 60 ◦C to
obtain a blend solution for electrospinning. The blend ratio of PAN and PMMA was 2:1
(w/w), and the total polymer concentration was 15 wt.%. The blend solution was loaded
into a syringe with a 21-gauge spinneret (0.52 mm inner diameter). The infusion rate of the
solution in the syringe was 1.0 mL/h. The applied voltage was 15 kV, and a tip-to-collector
distance of 15 cm was chosen. The follow-up processes remained the same, and this sample
was labeled as PANp.

2.2. Characterizations

The morphology of the samples was observed using field emission scanning electron
microscopy (FESEM) with a microscope (S-4700, Hitachi, Krefeld, Germany). The surface
feature of the samples was deduced from N2 adsorption–desorption isotherms measured at –
196 ◦C using an ASAP 2020 accelerated surface area and porosimetry system (Micromeritics,
Norcross, GA, USA). Prior to the adsorption measurements, all samples were degassed at
350 ◦C for 24 h. The specific surface areas (SSAs) of the samples were measured in P/Po
= 0.05 ~ 0.3 using the Brunauer–Emmett–Teller (BET) method. The micropore (<2.0 nm)
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surface area (Smi) was determined using the t-plot method. The single point total pore
volume (Vt) was obtained at P/Po ≈ 0.99. The mesopore volume (Vme), micropore volume
(Vmi), and ultramicropore (<0.7 nm) volume (V<0.7 nm) were calculated by applying a non-
local density functional theory (NLDFT) model, where V<0.7 nm is part of Vmi. The pore
size distribution curves were also obtained from a NLDFT model. X-ray photoelectron
spectroscopy (XPS) was utilized to determine the number and type of functional groups
present on the surface of the samples. The XPS spectra of all samples were collected using
a spectrophotometer (PHI 5000 VersaProbe II, ULVAC-PHI, Kanagawa, Japan), in which a
scanning X-ray monochromator (Al Anode, hν = 1401 eV) was used and the information
on the elements within a few nanometers of the sample surface could be obtained. For
calibration purposes, the C 1s electron binding energy (B.E.) that corresponds to graphitic
carbon was set at 284.6 eV. A nonlinear least squares curve-fitting program (XPSPEAK
software, version 4.1, The Chinese University of Hong Kong, Hong Kong, China) was used
for the deconvolution of the XPS spectra.

2.3. CO2 Adsorption Isotherms

The CO2 adsorption isotherms on all the samples were measured using the Micromerit-
ics ASAP 2020 system. Prior to measurement, a sample of approximately 0.05 g was out-
gassed at 350 ◦C for 24 h to remove the adsorbed contaminants. The equilibration interval
for each pressure point was 45 s, and the CO2 pressure ranged from 0 to 123 kPa. The
temperature during the CO2 adsorption process was maintained at 25, 40, or 55 ◦C using a
circulating water bath thermostat. The interaction between the adsorbate molecules and
the adsorbent lattice atoms can be predicted by the isosteric heat of adsorption (Qst), which
can be used as a measure of the energetic heterogeneity of a solid surface [33]. The Qst can
be estimated using the Clausius–Clapeyron equation, shown in Equation (1):

− Qst

R
=

(
d ln P
d 1

T

)
, (1)

where Qst (kJ/mol) is the isosteric heat of adsorption, R (=8.314 J/mol/K) is the gas
constant, P (kPa) is the CO2 pressure, and T (K) is the adsorption temperature. A Pearson
correlation analysis was performed to explore the relationships between the CO2 adsorption
capacity and the surface features, and the nitrogen-containing functional groups of the
adsorbents.

2.4. CO2 Adsorption Column Experiments

A fixed-bed reactor was utilized to carry out the adsorption column breakthrough
curves of CO2 on all samples according to the ASTM D5160-95 method [34] at 25, 40,
or 55 ◦C. A sample of 0.4–0.7 g was loaded into a glass tube with an inner diameter
of 1 cm and a length of 20 cm, with a packed height of 10 cm. The glass tube was
covered with a stainless steel sleeve on which a heating strip was wound to control the
temperature of the fixed bed, and a thermocouple was positioned on the surface of the
glass tube to monitor the temperature of the adsorption bed. Typical untreated flue gas
compositions from a power plant burning low sulfur coal contain approximately 15–16%
of CO2 [35,36]. Thus, the CO2 concentration was set at 15%, and was supplied by CO2
and N2 cylinders under appropriate mixing and quantified by gas chromatography with
a thermal conductivity detector (GC/TCD). The total flow rate of the gas stream was
20 sccm. The CO2 concentration at the exit was measured using GC/TCD. When the exit
concentration reached the inlet concentration, the adsorbent was heated to 150 ◦C to cause
CO2 desorption and to regenerate the adsorbent in the nitrogen atmosphere. The Yoon and
Nelson equation (Equation (2)) was used for data fitting, which is a semi-empirical gas
adsorption model that could predict the whole breakthrough curve [37]:

C
C0

=
1

1 + exp[k′(τ − t)]
, (2)
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where C is the outlet concentration at time t (mmol/cm3), C0 is the inlet concentration of
CO2 (mmol/cm3), k′ is the rate coefficient (1/min), τ is the time at 50% breakthrough (min),
and t is the breakthrough time (min). Adsorption–desorption cyclic tests were performed
to evaluate the regeneration of the adsorbents. A total of 10 successive breakthrough
experiments were conducted.

3. Results and Discussion
3.1. FESEM Images

In order to ensure that carbonization at 900 ◦C for 1 h was an appropriate process
to cause the thermal decomposition of PMMA, the FESEM images were observed for the
carbonized samples, as shown in Figure 1. These images clearly demonstrate the formation
of hollow tubular structures for PANh15 (Figure 1a) and PANh12 (Figure 1b). Figure 1c is
the cross-section of PANp, which displays several pores that were well distributed in the
nanofibers. Since the pores were small and dispersed, a high magnification was needed to
clearly identify the pores. These images show that the PMMA in the core or in the fibers
experienced a variety of intrinsic thermal degradation processes, such as depolymerization,
random scission, and side-group elimination, and finally formed volatile degradation
products [19].
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Figure 1. FESEM images of the carbonized samples of: (a) PANh15; (b) PANh12; (c) PANp.

The surface morphology of all samples is illustrated in Figure 2A–D and their cross-
sections are shown in Figure 2a–d. The nanofibers were randomly distributed with uniform
sizes and little directionality. PANf was prepared using coaxial electrospinning with the
same core and shell solutions. However, the resultant nanofibers were merged without
demarcations. Although the surface of nanofibers in a lower magnification was smooth,
the surface of nanofibers was, in fact, uneven (Figure 2a–d), especially for PANp. This
evidently indicates that the evaporation of volatile compounds from PMMA and PAN in
the carbonization and activation stages generated pores on the wall or fibers. The diameters
of PANf and PANp from Figure 2a,d were approximately 500 and 900 nm, and the outer
diameters of PANh15 (Figure 2b) and PANh12 (Figure 2c) were approximately 800 and
870 nm with a shell thickness of 77 and 106 nm, respectively. The results imply that the
volatile compounds from the thermal decomposition of PMMA were expected to escape
from the longitudinal and lateral directions of the nanotubes. It is believed that the removal
of PMMA retarded or hindered the fiber shrinkage such that the hollow fibers and PANp
possessed larger fiber sizes. In addition, comparing PANh15 with PANh12, the larger
applied voltage and injection rates of polymers produced smaller fiber sizes and shell
thickness. Figure 2d indicates that PMMA and PAN in copolymer solution were uniformly
distributed during the electrospinning process.
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3.2. ASAP Data

Figure 3a shows the N2 adsorption–desorption isotherms of all the samples at –196 ◦C.
The adsorption isotherms for PANf, PANh15, and PANh12 were essentially type I according
to the Brunauer–Emmett–Teller (BET) classification, and the desorption branch almost
superimposed on the adsorption branch, which is indicative of microporosity. However,
PANp exhibited a different pattern, in which the adsorption isotherm represented type IV
features with a distinct hysteresis loop at a relative pressure between 0.42 and 1.0. This
hysteresis loop was identified as H3 according to the International Union of Pure and
Applied Chemistry (IUPAC) classification, indicating the existence of mesoporosity and
microporosity. The pore size distributions in the 0.4–2 nm and 5–20 nm ranges are shown in
Figure 3b,c, respectively, which were derived from the NLDFT model. The main micropores
for all samples were at approximately 0.6 nm, and a peak occurring at 0.4–0.5 nm was also
found on PANf and PANh15. Additionally, a large peak at around 0.6 nm was observed on
PANh12. The above were classified as ultramicropores (pore size less than 0.7 nm). It is
noted that PANp had significant pore volumes at 5–20 nm, in response to the hysteresis
loop in the N2 isotherms.
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Table 1 summarizes the surface features of the samples determined from the N2
adsorption–desorption isotherms. The BET specific surface areas (SSAs) of PANf, PANh15,
PANh12, and PANp were 733, 1222, 884, and 825 m2/g. The micropore and ultramicropore
volumes both followed the order PANh15 > PANh12 > PANp > PANf, though the total
pore volume of PANh12 was less than that of PANp. The ratios of surface areas and pore
volumes obtained from the N2 adsorption–desorption data at –196 ◦C for all samples are
shown in Figure 4. PANp held a large amount of mesopore. Despite PANf having a smaller
surface area and pore volume, its microporosity was conspicuous.

Table 1. Surface feature of the samples determined from N2 adsorption–desorption isotherms.

Sample SSA α

(m2/g)
Smi

β

(m2/g)
Vt
γ

(cm3/g)
Vma

ϕ

(cm3/g)
Vme

η

(cm3/g)
Vmi

η

(cm3/g)
V<0.7 nm

η

(cm3/g)
rp
ξ

(nm)

qCO2
φ (mmol/g)

at 25 ◦C

0.15 atm 1 atm

PANf 733 617 0.3616 0.0125 0.0106 0.3385 0.2227 0.457 0.97 2.95

PANh15 1222 996 0.7121 0.0485 0.1038 0.5598 0.3558 0.476 0.86 3.04

PANh12 884 709 0.4840 0.0299 0.0490 0.4050 0.2665 0.503 0.94 3.16

PANp 825 624 0.6293 0.0256 0.2415 0.3622 0.2429 0.735 0.88 2.86
α SSA (specific surface area) was determined using the BET method. β Smi was determined using the t-plot method. γ Vt represented
the single point total pore volume at P/Po ≈ 0.99. η Vme, Vmi, and V< 0.7 nm were determined using a non-local density functional theory
(NLDFT) model. ϕ Vma was obtained by subtraction. ξ rp (average pore hydraulic radius) was determined using the micropore analysis
(MP) method. φ qCO2 was the CO2 amount adsorbed on the samples determined using the ASAP2020 at 0.15 and 1 atm (298 K).
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at −196 ◦C for all samples.

3.3. XPS Data

PAN is characterized with the C ≡ N group. In order to understand the change of
nitrogen-containing functional groups undergoing subsequent electrospinning, stabiliza-
tion, carbonization, and activation processes, XPS was conducted to explore the surface
elemental compositions and their chemical states. The XPS survey scan spectra of the
samples indicated that the major peaks were due to the C 1s, N 1s, and O 1s photoelectrons.
Figure 5 shows the atomic ratios of C 1s, N 1s, and O 1s of the samples. The atomic ratio of
N 1s followed the order PANp > PANf > PANh15 > PANh12, which indicated that a larger
amount of nitrogen enabled the loss of the hollow nanofibers in the manufacture processes.
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(XPS) of the samples.

The curve-fitting for the high resolution XPS N 1s spectra [38–40] for all the samples
is shown in Figure 6. The N 1s spectra were decomposed into, at most, seven identified
components. Table 2 displays the percentages of nitrogen-containing functional groups.
The peak at 395.7 eV was the aromatic N-imines; the peak at 398.4 eV represented the
pyridine-type N; the peak at 400.1 eV was the pyrrole or pyridone; the peak at 401.2 eV
showed the quarternary N; the peak at 402.4 eV indicated the pyridine-N oxides; and the
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peak at 404 eV was the shake-up satellites. The contribution of chemisorbed NO2 was
assigned at 405 eV. PANf and PANh15 had a higher percentage of the pyrrole or pyridone
(400.1 eV) and pyridine-type N (398.4 eV), while the pyridine-type N (398.4 eV) and the
quarternary N (401.2 eV) were predominant on PANh12 and PANp. In summary, PANh15
had the highest percentage of pyrrole or pyridone of the five-member or six-member rings,
and the pyridine-type N groups of the six-member rings were the primary functional
groups on the others. In addition, PANh12 showed a higher percentage of the quarternary
N and pyridine-N oxides in comparison with the others.
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Table 2. Results of the fits of the XPS N1s region, values shown at. % of total intensity.

Sample

Binding Energy (eV)

395.7 398.4 400.1 401.2 402.4 404 405

Aromatic
N-imines

Pyridine
-Type N

Pyrrole or
Pyridone

Quarternary
N

Pyridine-
N oxides

Shake-Up
Satellites NO2

PANf — 21.8 20.5 18.4 10.3 1.2 27.8

PANh15 8.0 20.6 29.1 16.7 11.9 — 13.7

PANh12 0.3 37.2 7.7 22.4 14.2 — 18.2

PANp 6.2 32.2 15.3 19.5 9.4 2.8 14.7
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3.4. CO2 Adsorption Equilibrium

The adsorption equilibrium isotherms of CO2 on all samples at different temperatures
(25, 40, and 55 ◦C) are shown in Figure 7. With increasing pressure and a decreasing
temperature, the CO2 adsorbed amounts increased. This demonstrated that CO2 adsorption
at 25 to 55 ◦C on the samples was exothermic. At 25 ◦C and 1 atm, the adsorption amounts
of CO2 on PANf, PANh15, PANh12, and PANp were 2.95, 3.04, 3.16, and 2.86 mmol/g,
respectively, which were superior to that of commercial activated carbon fibers with a
fiber size of approximately 6.8 µm (1.92 mmol/g) [41]. The CO2 uptake at 25 ◦C and
0.15 atm (a typical untreated flue gas composition) followed the order PANf (0.97 mmol/g)
> PANh12 (0.94 mmol/g) > PANp (0.88 mmol/g) > PANh15 (0.86 mmol/g). These data
are also shown in Table 1. Table 3 summarizes the CO2 adsorption amounts in this work
with various related adsorbents in the literature. Compared with our previous studies,
the carbonization temperature in this work was higher in order to completely remove the
PMMA. It is believed that the carbonization temperature was too high to get a high CO2
uptake.
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The Qst values changing with the CO2 loading (0.2 to 1.2 mmol/g) are shown in
Figure 8, where the Qst values log-linearly decreased with the CO2 loading. This phe-
nomenon implies that the active sites on the surface of ACNFs were energetically heteroge-
neous for CO2 adsorption [42]. In addition, the enhanced micropore confinement or the
interactions between CO2 molecules and the nitrogen-containing functional groups [43]
could be responsible for the higher Qst values at a lower CO2 loading. According to the Qst
values, almost lower than 40 kJ/mole, it was indicative of a typical physical adsorption for
the CO2 adsorption on these adsorbents.

In addition, in investigating the important properties of adsorbents for the CO2
adsorption capacity, it was observed that the CO2 uptake at 0.15 atm had high correlation
coefficients with chemisorbed NO2 and the ratio of V< 0.7 nm to Vt using the Pearson
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correlation analysis. Moreover, the CO2 uptake at 1 atm was highly related to pyridine-N
oxides and the ratio of Vmi to Vt.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 11 of 15 
 

Table 3. Comparisons of CO2 uptakes on the adsorbents in this study with various support materials using electrospinning 
in the literature. 

Adsorbent Precursor SSA (m2/g) Conc. of CO2 Temp. (°C) 
CO2 Uptake 

(mmol/g) Reference 

Hollow ACNFs α PAN 884 
1 atm 

0.15 atm 25 
3.16 
0.94 This study 

ACNFs PAN 872 
1 atm 

0.15 atm 25 
3.47 
1.01 [44] 

CNFs β PAN 306 1 atm 
0.15 atm 

25 2.52 
1.11 

[44] 

ACNFs PAN 486 1 bar 
0.15 bar 25 2.25 

1.09 [45] 

CNFs PAN 12 1 bar 25 0.55 [46] 

ACNFs 
PAN, polyvinylidene fluo-

ride 925 1 bar 25 2.21 [46] 

ACNFs PAN 412 1 bar 25 0.92 [47] 

ACNFs PAN 
Melamine 

547 1 bar 25 1.44 [47] 

CNFs PAN 966 1 bar 25 2.9 [48] 

ACNFs PAN 897 
1 atm 

0.15 atm 25 
3.17 
1.00 [49] 

ACFs γ PAN 966 1 atm 25 2.33 [41] 
α ACNFs: activated carbon nanofibers; β CNFs: carbon nanofibers; γ ACFs: activated carbon fibers. 

 
Figure 8. The isosteric heat of adsorption of CO2 on the samples. 

3.5. CO2 Adsorption Breakthrough Curves 
Figure 9 shows the adsorption breakthrough curves of CO2 at different temperatures 

on the samples. The CO2 concentration was 15%. The Yoon and Nelson equation (Equation 
(2)) was adopted for breakthrough data fitting, which could predict the whole break-
through curve. The fitting results are listed in Table 4 and also plotted in Figure 9. The 
values of R-squared suggest that the Yoon and Nelson equation fitted the data well in the 
whole range. The adsorption breakthrough wave was not sharp for PANf (at 25 °C) and 
PANh15 (at 25 and 40 °C), which could account for the larger pore diffusion resistance [50] 
due to smaller nanofiber sizes or a large micropore volume. This feature was in relation 
to the values of the rate coefficient, k’. The rate coefficients in this work did not exhibit 
large variations. Moreover, the highest rate coefficient took place on the curves at 40 °C 

Figure 8. The isosteric heat of adsorption of CO2 on the samples.

Table 3. Comparisons of CO2 uptakes on the adsorbents in this study with various support materials using electrospinning
in the literature.

Adsorbent Precursor SSA (m2/g) Conc. of CO2 Temp. (◦C) CO2 Uptake
(mmol/g) Reference

Hollow ACNFs α PAN 884 1 atm
0.15 atm 25 3.16

0.94 This study

ACNFs PAN 872 1 atm
0.15 atm 25 3.47

1.01 [44]

CNFs β PAN 306 1 atm
0.15 atm 25 2.52

1.11 [44]

ACNFs PAN 486 1 bar
0.15 bar 25 2.25

1.09 [45]

CNFs PAN 12 1 bar 25 0.55 [46]

ACNFs PAN, polyvinylidene
fluoride 925 1 bar 25 2.21 [46]

ACNFs PAN 412 1 bar 25 0.92 [47]

ACNFs PAN
Melamine 547 1 bar 25 1.44 [47]

CNFs PAN 966 1 bar 25 2.9 [48]

ACNFs PAN 897 1 atm
0.15 atm 25 3.17

1.00 [49]

ACFs γ PAN 966 1 atm 25 2.33 [41]
α ACNFs: activated carbon nanofibers; β CNFs: carbon nanofibers; γ ACFs: activated carbon fibers.

3.5. CO2 Adsorption Breakthrough Curves

Figure 9 shows the adsorption breakthrough curves of CO2 at different tempera-
tures on the samples. The CO2 concentration was 15%. The Yoon and Nelson equation
(Equation (2)) was adopted for breakthrough data fitting, which could predict the whole
breakthrough curve. The fitting results are listed in Table 4 and also plotted in Figure 9.
The values of R-squared suggest that the Yoon and Nelson equation fitted the data well in
the whole range. The adsorption breakthrough wave was not sharp for PANf (at 25 ◦C) and
PANh15 (at 25 and 40 ◦C), which could account for the larger pore diffusion resistance [50]
due to smaller nanofiber sizes or a large micropore volume. This feature was in relation to
the values of the rate coefficient, k’. The rate coefficients in this work did not exhibit large
variations. Moreover, the highest rate coefficient took place on the curves at 40 ◦C except



Appl. Sci. 2021, 11, 7724 12 of 15

for PANh15, which implies that the pore diffusion resistance was weak at 40 ◦C. In order to
determine the regeneration of these samples, PANh15 was selected as an example to carry
out the adsorption–desorption runs 10 times. Successive cyclic adsorption breakthrough
curves and the variation of time at C/C0 = 0.1 and 0.5 are shown in Figure 10. The data
demonstrates that after 10 adsorption–desorption cyclic tests, this adsorbent maintained its
CO2 adsorption capacities without appreciable degradation.
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Table 4. Fitted parameters of the Yoon and Nelson equation for the CO2 adsorption breakthrough
data on the samples at different temperatures.

Sample Temp. (◦C) τ (min) K′ (1/min) R2

PANf
25 16.40 0.553 0.99009
40 14.07 0.904 0.99453
55 10.52 0.655 0.99294

PANh15
25 13.01 0.547 0.99352
40 11.04 0.515 0.99093
55 8.87 0.779 0.99147

PANh12
25 13.17 0.895 0.99363
40 10.54 0.918 0.99206
55 8.14 0.827 0.98918

PANp
25 19.65 0.977 0.99107
40 17.34 1.057 0.99462
55 14.80 0.980 0.98692
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4. Conclusions

This study successfully fabricated hollow ACNFs and porous ACNFs using the elec-
trospinning technique. The ACNFs with different pore structures displayed distinctive
features of N2 isotherms. The carbonization at 900 ◦C was appropriate to completely
decompose and remove the PMMA, but a high carbonization temperature decreases the
CO2 uptake, compared with previous studies. The solid ACNFs exhibited the highest
microporosity, while the hollow ACNFs and porous ACNFs displayed higher specific
surface areas than that of the solid ACNFs. The CO2 adsorption of the ACNFs was an
exothermic reaction, and the performance was highly related to the surface features and
the nitrogen groups. The Yoon and Nelson equation could be adopted to fit well with the
CO2 adsorption breakthrough data. The cyclic tests demonstrated that the breakthrough
points in the curves were almost unchanged after 10 adsorption–desorption runs, which
indicates that the hollow ACNFs are promising adsorbents. These ACNFs exhibited a good
CO2 adsorption capacity and an excellent cyclic operation performance. These are the keys
to CO2 capture in industrial applications.
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