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Abstract: Polyacrylonitrile (PAN), PAN/cellulose acetate (CA), and PAN/CA—Ag based activated carbon nanofiber (ACNF) were prepared
using electrostatic spinning and further heat treatment. Thermogravimetry—differential scanning calorimetry (TG-DSC) analysis indicated
that the addition of CA or Ag did not have a significant impact on the thermal decomposition of PAN materials but the yields of fibers could
be improved. Scanning electron microscopy (SEM) analysis showed that the micromorphologies of produced fibers were greatly influenced
by the viscosity and conductivity of precursor solutions. Fourier transform infrared spectroscopy (FT-IR) analysis proved that a cyclized or
trapezoidal structure could form and the carbon scaffold composed of C=C bonds appeared in the PAN-based ACNFs. The characteristic dif-
fraction peaks in X-ray diffraction (XRD) spectra were the evidence of a turbostratic structure and silver existed in the PAN/CA—Ag based
ACNF. Brunner—-Emmett-Teller (BET) analysis showed that the doping of CA and Ag increased surface area and micropore volume of fi-
bers; particularly, PAN/CA—Ag based ACNF exhibited the best porosity feature. Furthermore, SO, adsorption experiments indicated that all
the three fibers had good adsorption effects on lower concentrations of SO, at room temperature; especially, the PAN/CA=Ag based ACNF
showed the best adsorption performance, and it may be one of the most promising adsorbents used in the fields of chemical industry and en-

vironment protection.
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1. Introduction

Activated carbon fiber (ACF) is a novel high-perfor-
mance carbonaceous adsorbent material, which has found
numerous applications in chemical industry and environ-
mental engineering. Given the fact that economic develop-
ment has severely worsened global pollution problems, the
most effective approach to control major domestic atmos-
pheric pollutants like SO,, NO,, and volatile organic com-
pounds (VOCs) is adsorption, in which ACFs have been
playing pivotal roles. Specifically, ACF materials have exhi-
bited remarkable adsorption properties, due to their large
specific surface area and even pore size distribution [1-6].
Commercially available ACF materials, which have been
either impregnated with metals/metal oxides [7-10], or
functionalized with suitable reagents on the surface [11],
appear to be more efficient catalysts for the oxidation of SO,,
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NO, and VOCs. Recently, a nanostructured activated carbon
nanofiber (ACNF) has been reported, providing an effective
tool for toxic substance elimination and cell/capacitor pro-
duction, due to its light weight, large specific surface area,
and microporosity [12—13]. Surprisingly, this novel material
has exhibited superior efficiency on contaminant adsorption
compared with regular ACF or metal-impregnated ACF
materials [14—15]. Since the early 1990s, electrospinning
has been used in preparation of most organic polymer nano-
fibers [16—17]. Assisted by the development of electrospin-
ning and post-processing methods, the scope of electrospun
fibers has been gradually extended from organic nanofibers
to inorganic/organic composite nanofibers and inorganic
nanofibers. Indeed, a unique type of nanofiber, namely the
ACNF, has been prepared by the electrospinning approach
and subsequent heat treatment. Because the diameter of
nanofibers obtained from electrostatic spinning is within the
scale of nanometers to micrometers, and the pore size is
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within the scale of micrometers, this type of material should
exhibit fascinating advantages such as high specific surface
area, excellent porosity, light weight, and remarkable me-
chanical properties. Consequently, it has found applications
in the development of filter materials, catalyst support mate-
rials, and sensors; moreover, this material can also be em-
ployed in the biomedical, electrical, and optical fields
[18-20].

Recently, more and more attention has been paid to the
study of adsorption capacity of composite fibers prepared by
electrostatic spinning methods [21-22]. Several research
groups have reported that the adsorption capacity of com-
posite fibers for gas or liquid could be increased by intro-
ducing metals or metal oxides into the precursors [23]. The
improvement of gas adsorption ability originates from the
increase of specific surface area and pore volume, due to the
enhancement of precursor pyrolysis promoted by the metal
or metal oxide catalysts [24-26]. For instance, Oh et al. [27]
reported that embedding manganese nanoparticles into the
precursor could substantially increase the specific surface
area and pore volume, which ultimately would lead to a
higher toluene adsorption capacity. On the other hand, Im et
al. [28] found that vanadium pentoxide embedded in the
precursors of ACNF could act as a catalyst for the dissocia-
tion of oxygen molecules, and CO or CO, molecules were
formed during the pyrolysis reaction, leading to an ul-
tra-microporous structure. Indeed, it has been disclosed that
the hydrogen adsorption capacity of ACNF could be dra-
matically improved via this approach, affording an effective
hydrogen storage medium.

Although the preparation and application of ACNF
composite materials have been widely studied, research on
the adsorption performance of the above materials for low
concentrations of SO, has not been reported, as far as we
know. Herein, we report the preparation of three different
PAN-based ACNFs via electrostatic spinning, pre-oxidation,
and carbonization processes. These materials have been
comprehensively characterized by scanning electron mi-
croscopy (SEM), thermo-gravimetric-differential scanning
calorimetry (TG-DSC), Fourier transform infrared spec-
troscopy (FT-IR), and X-ray diffraction (XRD) technologies,
and their adsorption properties have been studied in detail
through low-concentration SO, adsorption experiments at
room temperature.

2. Experimental
2.1. Starting materials

N,N’-dimethylacetamide (DMAC), cellulose acetate
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(CA), and silver nitrate (analytical grade) were purchased
from China Sinopharm Chemical Reagent Co., Ltd., poly-
acrylonitrile (PAN) was provided by Sinopec Anging
Petrochemical Company, and the raw materials was dried
for 12 h at 40°C before it was ground into a powder mate-
rial.

2.2. Preparation of precursor solutions

Three precursors (PAN, PAN/CA, and PAN/CA—-AgNOs)
were dissolved in DMAC to afford 14wt% solutions, in
which the mass ratio of PAN to CA was 8:2 and the content
of AgNO; was Swt%. Subsequently, these precursor solu-
tions were vigorously stirred for 12 h at 40°C in water be-
fore they were used for the next step.

2.3. Preparation of fibers by electrostatic spinning

A schematic of the electrospinning setup is shown in Fig.
1. All precursor solutions were loaded into the injector of
the electrostatic spinning device. The voltage used for elec-
trostatic spinning was 10 kV and the collection distance was
24 cm. The relative humidity of the room was maintained at
30% £ 10%.
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Fig. 1. Schematic diagram of the electrospinning setup.

2.4. Preparation of ACNF

Pre-oxidation of the three PAN-based fibers (PAN,
PAN/CA, and PAN/CA—-Ag based fibers) was conducted in
an air-circulating furnace, in which the temperature was in-
creased from room temperature to 300°C at a rate of
1°C/min, and the fiber material was kept at the final tem-
perature for 90 min. Subsequently, the activated carbon fi-
bers were treated with 1 mol/LL H;PO, solution for 1 h, and
the reduced materials were carbonized under nitrogen pro-
tection. The temperature of carbonization was gradually in-
creased to 800°C at a rate of 5°C/min, followed by holding
for 30 min at the final temperature. Finally, ACNFs were
washed with deionized water to remove acid residue and
dried in a vacuum oven at 110°C.

2.5. Characterization

The viscosity and conductivity of the precursor solutions
were measured with a rotational viscometer (Shanghai,
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NDJ-1) and a conductivity meter (Shanghai, DDS—11A).
Thermo-gravimetric analysis (TG) and differential scanning
calorimetry (DSC) (Netzsch STA449 synchronous thermal
analyzer) were employed to study the thermostability of
ACNFs. The surface appearance of the prepared ACNFs
was examined with an SEM (JEOL, ZSM—6360LV). Dur-
ing the course of the pre-oxidation, activation, and carboni-
zation processes, structural changes of the molecular chains
and the presence of silver nitrate were monitored by XRD
(XRD-6000) and FT-IR (Thermo Finnigan, Nicolet §700).
Finally, the porous structure of ACNFs was investigated by
BET analysis (ASAP2020).

2.6. Adsorption of sulfur dioxide under low-concentra-
tion conditions

The concentration of SO, in the air is usually fairly low,
which could be effectively imitated by 0.5vol% SO, in N,.
The adsorptive properties of ACNFs were determined ac-
cording to the national environmental protection standards
of People’s Republic of China (HJ482—2009). The entire
adsorptive apparatus has been assembled in our laboratory,
and its schematic diagram is shown in Fig. 2. The flow rate
of SO, and N, was controlled by adjusting the rotor flow
meters after opening the globe valves. The target concentra-
tion SO, diluted by N, in the mixing chamber was intro-
duced into the adsorption column. PAN-based fibers ad-
sorbed the low-concentration SO, and the tail gas was col-
lected into the absorption bottles containing formaldehyde
solution.

Fig. 2. Schematic diagram of the adsorptive apparatus (1,
2 — Globe valve; 3, 4, 5 — Rotor flow meter; 6 — Mixing
chamber; 7 — Adsorption column; 8, 9, 10 — Adsorption bot-
tle).

The adsorption capacity (M) of each fiber material could
be calculated from the equation described below:
_[(0.5%x64xQ-T)/22.4—(m; +m, +my)V x107]
= m ,
where m is the quantity of sulfur dioxide in the adsorption
solution (ug/mL), V is the volume of adsorption solution

M

(mL), Q is the gas flow of 0.5v0l% SO, in N, (mL/min), T'is
the adsorption time (min), and A is the quantity of ACFs
(g). Theoretically, the adsorption performance could be sig-
nificantly affected by temperature and concentration, which
should be extensively varied in order to examine the overall
adsorption efficiency.

3. Results and discussion
3.1. Viscosity and conductivity of precursor solutions

The viscosity and conductivity of precursor solutions
modified with CA or CA—AgNO; additives are summarized
in Table 1. Specifically, when CA was added into the pre-
cursor solution, its viscosity value appeared to be slightly
higher, due to the stronger frication force originated from
the spiral molecular chains of CA polymer. However, add-
ing CA into the precursor solutions does not substantially
affect their conductivity, because CA is a polymer but not an
electrolyte. On the other hand, when AgNO; was added, the
conductivity of precursor solutions was significantly im-
proved, because AgNO; could completely ionize in solu-
tions and ultimately enhanced the conductivity. Generally,
adding CA into the precursor solutions could increase the
viscosity, whereas adding AgNO; should improve the con-
ductivity.

Table 1. Viscosity and conductivity of precursor solutions

Precursor solution  Viscosity / (mPa-s) Conductivity / (mS-cm™)

PAN 839 0.192

PAN/CA 880 0.199

PAN/CA-AgNO; 892 0.546
3.2. TG-DSC analysis

Fig. 3 shows the thermo-gravimetric (TG) curves of the
three fiber materials. In Fig. 3(a), a four-stage process was
observed during the course of degradation. Initially, no
weight loss was evident in the TG curve before 280°C.
However, because the intramolecular cyclization reaction
and dehydrogenation reaction often take place within the
range of 280 to 350°C, a heat-resistant trapezoidal structure
should be produced accompanied by the release of pyrolytic
gases, which ultimately would lead to the most obvious
weight-loss peak in the overall spectra. Indeed, the DSC
curves showed an obvious peak at 315°C, and a 30wt%
weight loss was observed, indicating violent reactions and
maximal weight-loss rate. Within the range of 350 to 500°C,
fibers with a trapezoidal structure could undergo crosslink-
ing and condensation reactions to generate turbostratic ma-
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terials. Simultaneously, the oxygen-containing functional-
ities could be eliminated as small oxygen-containing mole-
cules, affording a slow weight loss (20wt%). After the tem-
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The weight-loss stages, overall DSC curves, and peak
temperatures shown in Figs. 3(b) and 3(c) are similar to the
ones in Fig. 3(a), which indicates that the addition of CA or
Ag did not significantly impact the thermal decomposition
process of PAN materials. However, it was found that the
total weight loss in Fig. 3(b) (52wt%) and Fig. 3(c) (52wt%)
was less than the one in Fig. 3(a) (57wt%), demonstrating
that the yields of fibers could be substantially improved by
introduction of CA or Ag.

3.3. SEM analysis

SEM images of the produced PAN, PAN/CA, and
PAN/CA-Ag fibers are shown in Fig. 4. The morphological
characters demonstrated in Figs. 4(a;), 4(b;), and 4(c;)
clearly indicate that PAN fibers possessed remarkable spin-
ning ability and the diameters of the original fibers were 730,
508, and 326 nm, respectively. Furthermore, fibers shown in
Figs. 4(b;) and 4(c;) appear to be bifurcated, which ade-
quately suggests that PAN and CA were not compatible
materials and became immiscible during the spinning proc-
ess, even though they were completely dissolved in DMAC.
As shown in Fig. 4(c,), the addition of AgNO; could sig-
nificantly improve the conductivity of the precursor solu-
tion, but the diameter of the fibers became uneven, because
the solution was overwhelmingly stretched in the electric
field.

Mass / %
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perature reached 500°C, a full turbostratic structure was ob-
tained and all of the oxygen-containing groups were re-
moved, eventually leading to a stable fiber structure.
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Fig. 3. TG-DSC curves of (a) PAN, (b)
PAN/CA, and (c¢) PAN/CA—-Ag fibers.

The surface of pre-oxidized original fibers became col-
lapsible and adhesive, and their diameters were substantially
increased, as illustrated in Figs. 4(a;), 4(b,), and 4(c,). These
results indicate that solvent residues in the fibers were com-
pletely removed via evaporation. As demonstrated in Figs.
4(a3), 4(bs), and 4(c), after the carbonization process, the
fibers became thinner and carbon in the materials was en-
riched, due to the elimination of hydrogen, oxygen, and ni-
trogen.

3.4. FT-IR analysis

Fig. 5 shows the FT-IR spectra of original PAN-based
fibers, pre-oxidized fibers, and fibers prepared after activa-
tion and carbonization. As illustrated in Fig. 5(a), the band
at 2249 cm ' should be attributed to the stretching vibration
of C=N bonds, which is the characteristic band of PAN ma-
terials, suggesting that adding CA or AgNO; would not alter
the molecular structure of fibers. However, the characteristic
band of pre-oxidized PAN fibers shifted to 2233 cm ™' and
its vibration intensity was greatly diminished, as shown in
Fig. 5(b). At the same time, the stretching vibration of the
C=C bond at 1597 cm " appeared to be stronger, which in-
dicated that most of the C=N bonds were demolished and a
large number of C=C bonds were formed after the
pre-oxidation treatment at 300°C. Interestingly, Fig. 5(c)
demonstrates that the band of C=N stretching vibration was
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at 1585 cm ! for PAN fibers and PAN/CA fibers; however,
PAN/CA-Ag fibers exhibited a band at 1630 cm ', corre-
sponding to the stretching vibration of C=C bonds of the fi-
ber material, which was carbonized at 800°C under nitrogen
protection. Based on the results obtained from IR spectral

analysis, we concluded that the molecular structures of PAN
or CA, which were originally composed of C=N, C-O, and
C=0 bonds, had been completely converted to carbon
structures incorporated with C=C bonds during the process
of pre-oxidation, activation, and carbonization.

Fig. 4. SEM images of fibers: the top row shows original fibers; the middle and bottom rows show fibers after pre-oxidation and

fibers after carbonization and activation, respectively.

3.5. XRD analysis

The XRD spectra of PAN, PAN/CA, and PAN/CA-Ag
based ACNFs are illustrated in Fig. 6. Specifically, all XRD
spectra exhibited a diffraction peak at 24°, which typically
corresponds to a turbostratic structure, suggesting that this
type of structure was present in all ACNFs. The strong dif-
fraction peaks at 20 = 37.99°, 44.15°, 64.22°, 77.11°, and
81.23° in curve c are the characteristic peaks of element Ag
(JCPDS card No. 03—065-8452), which means that Ag was

doped in the PAN/CA—-Ag based ACNF by decomposition
of AgNO; at high temperature.

3.6. BET analysis

The BET results of PAN, PAN/CA, and PAN/CA-Ag
based ACNFs in Table 2 show that the fibers’ surface area
and micropore volume increased because of the incorpora-
tion of CA and Ag, contributing to the improvement of their
ability to adsorb gas. Particularly, PAN/CA—Ag based
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ACNF exhibited the best porosity features, such as largest
specific surface area (1176.5 m*/g) and excellent pore con-
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Fig. 6. XRD spectra of PAN-based ACNFs: (a) PAN, (b)
PAN/CA, and (c) PAN/CA-Ag.

Table 2. Pore volume and specific surface area of original
PAN, PAN/CA, and PAN/CA—Ag based ACNFs

Specific sur- Total pore Micropore Mesopore

Sample facearea/  volume/  volume/  volume/
(Mg  (em gh (em'gh) (em’g!)
PAN 984 0.3927 0.3496 0.0431
PAN/CA 1038.5 0.5087 0.4833 0.0254
PAN/CA-Ag  1176.5 0.5913 0.5617 0.0296

3.7. Adsorption of PAN-based ACNFs on low concentra-
tions of SO,

The adsorption effects of these fibers at different tem-
peratures are summarized in Fig. 7. The total flow rate was
1000 mL/min and the SO, concentration was 1 pg/mL, and
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tent, indicating that this material may be considered as the
most promising candidate for gas adsorption.
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Fig. 5. FT-IR spectra of (a) original
fibers, (b) fibers after pre-oxidation,
and (c) fibers after carbonization and
activation.

the amount of PAN-based ACNF in the adsorption column
was 1 g. Notably, their adsorption capacity appears to be
decreased at higher temperatures, which is consistent with
the typical characters of physical adsorption. Because higher
temperatures can promote the thermal motion of gas mole-
cules, their residing time on the fiber surface should be re-
duced, which would enable them to rapidly desorb the ad-
sorbed SO, molecules and ultimately alter the adsorption
outcome. On the contrary, lower temperatures generally fa-
vor the adsorption process. The PAN/CA—Ag based ACNF
prepared in our laboratory exhibited the most promising ad-
sorption effect. However, all three adsorption capacity
curves started to converge when the adsorption temperature
reached 80°C.

Fig. 8 shows the effect of SO, concentration on the ad-
sorption performance of different ACNFs. The total flow
rate was 1000 mL/min and the adsorption temperature was
20°C, and the amount of PAN-based ACNF in the adsorp-
tion column was 1 g. Interestingly, the adsorption efficiency
of the fibers was dramatically reduced when a higher con-
centration of SO, was employed, indicating a potential
long-term application under lower-concentration conditions.
Indeed, SO, molecules usually face less completion from
other molecules under lower-concentration conditions, re-
sulting in a decrease of the adsorption capacity. In the pres-
ence of a high concentration of SO,, the fibers’ adsorption



Y.B. Wu et al., Preparation of a novel PAN/cellulose acetate—Ag based activated carbon nanofiber and its adsorption ...

capacity could rapidly reach saturation and a large concen-
tration gradient between fibers and the adsorption gas would
be generated, which should substantially increase the diffu-
sion momentum of gas molecules, enabling SO, to pass
through the fiber surface at a faster rate. Furthermore, SO,
molecules could also penetrate into the fiber interior, thus its
saturation adsorption capacity curve should exhibit a slight
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increase. The adsorption efficiency of PAN/CA—Ag based
ACNF under different SO, concentration conditions appears
to be superior, because it possesses a fascinating porosity
property originated from the thermal decomposition of
AgNO;. In addition, its specific surface area and pore volume
are both higher than those of other two fibers, indicating that
this material should contribute more to SO, adsorption.
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Fig. 7. Adsorption capacity of ACNFs for SO, at different temperatures: (a) 20°C; (b) 40°C; (c) 60°C; (d) 80°C.
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4. Conclusions

(1) Three PAN-based ACNFs were successfully prepared
by an electrospinning method. The morphological study
during the course of preparation, pre-oxidation, carboniza-
tion, and activation was deliberately conducted by means of
viscosity, conductivity, and SEM technologies. The
weight-loss stages and DSC curves of these fibers were very
similar, which indicated that the addition of CA or Ag did
not significantly impact the thermal decomposition of PAN
materials but the yield of the fibers increased to some extent.

(2) FT-IR analysis indicated that the linear structure of
PAN and CA molecules fractured, while the cyclized and
trapezoidal structure formed during the treatment stage. Af-
ter carbonization and activation processes, the molecular
structure composed of C=N and C-O bonds was mostly
converted to a carbon scaffold incorporated with C=C bonds.
A diffraction peak at 24° in XRD spectra typically corre-
sponded with a turbostratic structure and the strong charac-
teristic diffraction peaks were evidence that silver existed in
the PAN/CA—-Ag based ACNF. BET analysis showed that
the fibers' surface area and micropore volume were in-
creased by the incorporation of CA and Ag. Particularly,
PAN/CA-Ag based ACNF material exhibited the best po-
rosity feature.

(3) SO, adsorption experiments indicated that all the
three fiber materials exhibited good adsorption effects for
lower concentrations of SO, at room temperature; especially,
the PAN/CA—Ag based ACNF showed the best adsorption
performance, and it may be one of the most promising ad-
sorbents.
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