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Abstract−Activated carbon nanofibers were prepared with polymer blends that consisted of polyacrylonitrile (PAN)
and cellulose acetate (CA), by electrospinning and subsequent thermal treatment. The average fiber diameter of sam-
ples was about 200 nm, ranging from 150 to 400 nm. The specific surface area, total pore volume, and micropore vol-
ume increased with increasing CA content. As the CA content was increased up to 20%, the pore characteristics for the
adsorption performance were enhanced. However, excess CA content (over 30%) was harmful to volatile organic com-
pounds (VOCs) adsorption ability due to changing morphology of the activated carbon nanofibers. The O/C ratio was
increased with increasing CA content. However, the O/C ratios of all activated carbon nanofibers prepared with blends
represent small values revealing non-polarity of the surface. The adsorption capacities of PC10, PC09, PC08 and PC07
were 65 g/100 g, 66 g/100 g, 72 g/100 g and 67 g/100 g. The blends of the PAN with CA showed better characteristics
than those of PAN alone, but apparently there is an appropriate blending ratio (20%) for high-performance of acti-
vated carbonaceous materials.
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INTRODUCTION

Volatile organic compounds (VOCs) are organic chemicals that
have a high vapor pressure and easily form vapor at normal tem-
perature and pressure. The term is generally applied to organic sol-
vents, certain paint additives, aerosol spray can propellants, fuels,
petroleum distillates, dry cleaning products and many other indus-
trial and consumer products [1-3]. VOCs are also naturally emit-
ted by a number of plants and trees [4]. Since VOCs are important
health and environmental concerns, various studies have focused
on ways to control them [5-9]. VOCs can be classified into two
groups. One group of VOCs comprises hazardous air pollutants or
persistent organic pollutants (POPs), and benzene, dioxin, DDT,
etc. can be in this group. The other is for VOCs as photochemical
oxidants precursors such as ozone or peroxoacetylnitrate. The lat-
ter consists of many kinds of light hydrocarbons, including naph-
tha, toluene, and ethylene [10,11]. Toluene, in particular, plays an
important role in VOCs as photochemical oxidants precursor. Tol-
uene can be removed with special methods, for example, absorp-
tion, adsorption, condensation, thermal oxidation, catalytic oxidation
and some bio-treatment [12]. Considering the low concentration
of toluene, adsorption is one of the techniques which provide bet-
ter efficiency. The adsorption can be carried out by different ad-
sorbents. Recently, activated carbon fiber (ACF) has shown out-
standing performance because of its higher surface area and kinetic
properties [1,13-15]. ACFs derived from nitrogen-containing mate-

rial, like PAN, have unique properties after pyrolysis. In the pyrol-
ysis (stabilization, carbonization, activation) process, the nitrogen
atoms change the electron property, surface chemistry and struc-
ture. The changes eventually have an improved effect on their ap-
plication [16]. The effects of pyrolysis include the formation of het-
eroaromatic or cyclic structure, tautomerization, dehydrogenation
and radical condensation [17]. Furthermore, PAN-derived radi-
cals take hydrogens from molecules and promote cross-linking,
resulting in good structural order [18]. These atomic-level changes
can affect the chemical and physical properties of the final prod-
ucts. Activated carbon nanofibers (ACNFs) prepared using an elec-
trospinning technique have smaller fiber diameter, resulting in high
specific surface area, small pore size, and better kinetic properties
than those of conventional ACF [19-23]. Electrospinning is a tech-
nique providing nanofibers in the form of a non-woven web through
splitting the charged jet by the applied field of electrostatic poten-
tial [24-27]. The narrow micropores have better efficiencies for VOCs
adsorption and can be prepared easily from proper activation of
electrospun fibers [28]. In previous study, we confirmed the out-
standing adsorption capacity of PAN-based activated fiber by elec-
trospinning method owing to appropriate pore diameter and surface
chemistry like the atomic ratio of oxygen to carbon (O/C) [29].

The blending of different polymers is a robust method for pro-
ducing new structural materials from existing ones. Often blending
is an attempt to meet both performance and economic targets, by
mixing a lower priced polymer with a higher performing one. Chang-
ing structure by blending can have a significant impact on the per-
formance, such as the adsorption capacity and adsorption rate [30].
Cellulose acetate (CA), universally recognized as the most important
organic ester of cellulose because of its extensive applications in fibers,
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plastics, and coatings, is prepared by reacting cellulose with acetic
acid as a solvent and perchloric acid or sulfuric acid as a catalyst [31].
Cellulose esters are used in miscible blends with polymers due to
their ability to form hydrogen bonds through the presence of hy-
droxyl groups and the carboxyl groups of the ester [32]. Another
important advantage of CA is its low cost compared to other poly-
mers, and its annulation structure itself may finally make aro-
matic structure resulting in higher pore volume and surface area.

In this work, activated carbon nanofibers were prepared by elec-
trospinning with PAN and PAN-CA blending solutions at the var-
ious blending ratio. The fabricated activated carbon nanofibers were
investigated on their character with various analyses and the
adsorption capacity of toluene.

EXPERIMENTAL

PAN and cellulose acetate (CA) of 10 wt% were dissolved in the
N, N-dimethylformamide (DMF), respectively. And then two solu-
tions were blended at 9 : 1, 8 : 2, 7 : 3 (PAN : CA) by weight. The
blended polymer solution was placed in a 30 ml- syringe with a
capillary tip (ID=0.5 mm). A power supply (NT-PS-35K, NTSEE,
Korea) with a variable high voltage was used for the electrospin-
ning process. The applied voltage was 20 kV, the distance between
the tip and the collector was 18 cm, and the flow rate of the spin-
ning solution was 1 mL/h. The electrospun fibers were stabilized
by heating them to 280 oC at a rate of 1 oC/min and holding it at
this temperature for 1 h in an air atmosphere. The stabilized fibers
were carbonized by heating to 1,000 oC at a rate of 5 oC/min and
activated by supplying 30vol% steam for 30min in a nitrogen atmo-
sphere at 1,000 oC. In this study, an activated carbon nanofiber pre-
pared with polymer blends at the ratio of 9 : 1, 8 : 2 and 7 : 3 is
denoted as PC09, PC08, and PC07, respectively. The activated car-
bon nanofiber based PAN alone was denoted as a PC10.

Specific surface area, pore diameter distribution, and pore vol-
ume of all the samples were analyzed by N2 adsorption (Micromerit-
ics; ASAP2010, USA) at 77 K in the range of relative pressure (P/
Po). The morphology of the fibers was analyzed by field emission
scanning electron microscopy (FE-SEM, Hitachi, S-4700, Japan).
The weight loss of the electrospun web (sample weight is approxi-
mately 6.5 mg) was estimated by thermogravimetric analysis over
then temperature interval 313-1,273 K with a heating rate of 5 oC/
min under 150 mL/min nitrogen flow. (TGA, Stanton Redcroft,
STA1640, England). Surface composition and chemistry were charac-
terized on a MultiLab2000 X-ray photoelectron spectroscopy (V.G.
Scientific Ltd. England) using non-monochromatic MgKα radia-
tion energy (1,253.6 eV). An X-ray power of 300 W (15 kV, 20 mA)
was used for all analyses under vacuum lower than 10−9 Pa. Peak
intensities were estimated by calculating the integral of each peak,
after smoothing, subtraction of an S-shaped background and fit-
ting the experimental curve to a combination of Gaussian and
Lorenztian lines of variable proportion.

To confirm VOCs absorption ability of samples, dynamic break-
through tests were conducted by flowing standard gas through the
adsorption cell. The actual height of the adsorption cell was about
15 mm, the internal diameter was 6 mm, and the experiment of
adsorption was carried out at 298 K. The amount of ACNF absor-
bents was approximately 0.06 g. The 200 ppm toluene contained
N2 gas was used for test and gas flow was 180 mL/min. Before the
test, the samples were outgassed for 2 h using 60 mL/min nitrogen
at 573K. The toluene standard gas through the absorbent was con-
trolled quantitatively by MFC (mass flow controller), and the amount
of toluene adsorption was investigated by gas chromatography.

RESULTS AND DISCUSSION

Fig. 1 shows the SEM images of the ACNFs (PC10, PC09, PC08,

Fig. 1. SEM images of (a) PC10, (b) PC09, (c) PC08 and (d)PC07.
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PC07), which have 200 nm average fiber diameter ranging from
150 to 400 nm. The ACNFs prepared with blended polymer solu-
tion exhibit rough morphology with wrinkles. The increasing CA
content led to a rough surface morphology due to physical pro-
cesses such as swelling, shrinking or dissolution ascribed to the
differences of thermal properties between PAN and CA. The TGA
analysis of samples (Fig. 2) revealed that CA was unstable to pyro-
lyze. It is well known that the thermal degradation pathway of the
polymer is influenced by the presence of oxygen groups on mate-
rials [33]. Due to increased CA content, the less thermo-stability,
CA can be burned-off and result in form valley and halls in the car-
bonization and activation steps. PC09 having relatively low content
of 10% CA lightly changed showing just halls. PC08 having higher
content of CA as 20% changed showing warp. As PC07 has the
highest CA amount (30%), it was not surprising that this product
showed warps and even dislocations.

Fig. 3 shows the nitrogen adsorption/desorption isotherms of
PC10, PC09, PC08, and PC07. All isotherms present micropore
adsorption behavior (Type I), and the process of adsorption is

completed at relatively lower pressure (P/Po<0.1). The sharp knees
like those isotherms indicate that the samples have a narrow micro-
pore diameter distribution. PC08 and PC07 showed minor hyster-
esis at the end of the plateau. Therefore, it can be expected that the
samples have some mesopore distribution. The nitrogen adsorp-
tion capacity of PC08 is higher than other samples. The pore char-
acteristics of the samples are summarized in Table 1. The most
developed porosity, corresponded by a BET calculation, PC08 sam-
ple had specific surface area of 1,566 m2/g and total pore volume of
0.775 cm3/g. For PC10, the corresponding values were 1,403 m2/g
and 0.650 cm3/g, similarly, the corresponding values for PC09 were
1,443 m2/g and 0.672 cm3/g, and for PC07 the values were 1,452
m2/g and 0.703 cm3/g. The specific surface area, total pore vol-
ume, and micropore volume increased with increasing CA con-
tent up to 20 wt%. However, PC07 showed less specific surface area
and total pore volume than PC08, and the sample showed a lower
micropore volume than even PC10. The increased CA content is
accompanied with the more median pore diameter (H-K) and the
more average pore diameter (BJH). As CA content increased to
PC08 as 20%, the pore characteristics of the adsorption perfor-
mance were enhanced. However, an excess of CA (over 30%) con-
tent is harmful to the performance of the final product. In con-

Fig. 3. Nitrogen adsorption isotherms (77 K) of samples. Fig. 4. Micropore volume distribution of samples.

Fig. 2. TGA profiles of samples.

Table 1. Pore characteristics of the samples

Sample S.S.A.a

(m2/g)
T.P.V.b

(cm3/g)
M.P.V.c

(cm3/g)
M.P.D.d

(Å)
A.P.D.e

(Å)
PC10 1403 0.650 0.505 6.0 40
PC09 1443 0.672 0.519 6.6 45
PC08 1566 0.775 0.606 6.6 51
PC07 1452 0.703 0.453 6.8 61

aS.S.A.: specific surface area by BET
bT.P.V.: total pore volume
cM.P.V.: micropore volume
dM.P.D.: median pore diameter (H-K)
eA.P.D.: average pore diameter (BJH)
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clusion, the PAN-CA blends result in better characteristics, but
apparently there is a critical blending ratio for high-performance
activated carbonaceous materials. Fig. 4 shows the pore distribu-
tions of PC10, PC09, PC08 and PC07 using the Horvath-Kawa-
zoe (H-K, micropore) method. The micropore distribution of all
samples is similar and the median micropore diameter of PC10,
PC09, PC08 and PC07 are 6.0, 6.6, 6.6 and 6.8 Å, respectively. While
the median pore diameter increased with increasing CA content,
micro-pore distribution was still narrow (6-7 Å), representing a high
specific surface area that can promote a higher toluene adsorption
capacity and faster kinetics in the adsorption/desorption process
due to the overlap of attractive force of opposite pore walls [32].
The average pore diameters calculated with the Barrett-Joyner-
Halenda (BJH) method of PC10, PC09, PC08 and PC07 were 40,
45, 51 and 61 Å, respectively. The average mesopore diameter in-
creased with increasing CA content also. On the other hand, blends
were showing a unique pattern in the mesopore distribution (Fig.
5). Unlike PC10, which is pure PAN, blends have higher pore area
at a pore diameter of around 35 Å, which can be important in
adsorption considering toluene molecular size (106.2 cm3/mol) [35].
Based on the pore distribution versus surface area and pore vol-
ume, at optimum blending ratio (PC08 as 20%), CA admixture
resulted in physically positive changes such as swelling and twist
by thermal treatment increasing surface area, which can be much
more activated by steam. However excessive admixture (PC07)

had a bad influence upon the composite, such as the lower sur-
face area and pore volume.

X-ray photoelectron spectroscopy (XPS) was used to determine
the elemental composition on the surface of samples. The chemi-
cal composition of the carbon surface, especially non-polarity or
polarity of its constituents, plays an important role in the toluene

Fig. 6. C1s XPS spectra of (a) PC10, (b) PC09, (c) PC08 and (d) PC07.

Fig. 5. Mesopore area distribution of samples.
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adsorption mechanism. Oxygen surface groups play an important
role in this regard. The XPS C1s spectra for the samples are pre-
sented in Fig. 6. The C1s peaks provide the presence of several
surface functional groups. To distinguish the complexes, a curve-
fitting was conducted. More precisely, the 285.0±0.1 eV is associ-
ated with C-C bonds (graphitic carbon), the component at 286.3±
0.1 eV with C-O bonds (hydroxyl), the component at 287.3±0.1
eV with C=O bonds (carbonyl) and the component at 288.3±0.2
eV with O=C-O bonds (carboxyl) in carbonates [36,37]. Table 2
represents the O/C atomic ratio obtained from XPS analysis. The
carbon, oxygen and nitrogen content of PC10 are 95.64, 1.75 and
2.61 at%, those of PC09 are 95.55, 1.91 and 2.54 at%, those of
PC08 are 95.40, 2.18 and 2.42 at% and those of PC07 are 95.39,
2.36 and 2.25 at%. The O/C ratio increased with increasing CA
content. Nevertheless, the O/C ratio of blends had small values

representing non-polarity of carbon surface. In general, the oxy-
gen in absorbent surface restricts the adsorption of VOCs like tol-
uene due to the non-polarity of toluene [38,39]. More π-π interaction
between the surface of absorbent and toluene leads to higher tolu-
ene adsorption capacity.

The XPS N1s spectra for the samples are presented in Fig. 7.
Specifically, the 401.20.2 eV is associated with quaternary N, the
component at 398.4±0.1 eV with pyridine and the component at
402.3±0.3 eV with oxidized N and the component at 400.1±0.1
eV with pyridone or pyrrole in carbonates. Taking the blending
ratio into consideration, nitrogen content in surface had no con-
siderable changes when compared with the amount of nitrogen
precursor of PAN. According to the report by Raymundo-Pinero
et al., the mixture containing the nitrogen showed content varia-
tion after thermal treatment [36]. That is, after stabilization, there
was an enrichment of the N species at the surface and, after car-
bonization, the opposite occurred. So, in this study, there were no
N-component ratio changes at the surface of the final product in
proportion to nitrogen blending ratio.

Fig. 8 shows the breakthrough curves obtained from toluene
adsorption at 200 ppmv toluene concentrations at 25 oC, for PC10,
PC09, PC08, and PC07. The breakthrough time of PC10, PC09,
PC08 and PC07 represent 4.08, 4.16, 4.50, and 4.16 h. In Table 3,
the adsorption capacities of PC10, PC09, PC08, and PC07 are 65,
66, 72 and 67 g/100 g. As compared with adsorption data com-

Table 2. Elemental surface composition determined from XPS anal-
ysis

Sample Total carbon
(at%)

Total oxygen
(at%)

Total nitrogen
(at%)

O/C
ratio

PC10 95.64 1.75 2.61 0.018
PC09 95.55 1.91 2.54 0.020
PC08 95.40 2.18 2.42 0.023
PC07 95.39 2.36 2.25 0.025

Fig. 7. N1s XPS spectra of (a) PC10, (b) PC09, (c) PC08 and (d) PC07.
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piled from the literature by Lillo-Rodnas et al., these adsorption
capacities are fairly remarkable [34]. The breakthrough time and
adsorption capacity increased with CA content increasing up to
20% (PC08). This depends on the combination of the high specific
surface area, appropriate average pore diameter, large micropore
volume and surface chemistry characteristics. From the morpho-
logical point of view, it is natural that the higher surface area hav-
ing high micropore volume results in a higher adsorption capacity
and larger breakthrough time. To be sure, the average micropore
diameters of blends are bigger than that of PC10, but it is still effec-
tive thinking from the molecular size of toluene. Moreover, steeper
breakthrough curves were obtained for all blends than that of PC10.
So, it is suggested that blended ACNFs have smaller mass transfer
resistance and transfer area, and thus have good characteristics in
kinetics and efficiencies.

CONCLUSIONS

Activated carbon nanofibers were prepared with polymer blends
consisting of polyacrylonitrile (PAN) and cellulose acetate (CA),
by electrospinning and subsequent thermal treatment. The average
fiber diameter of samples was about 200 nm, ranging from 150 to
400 nm. The specific surface area, total pore volume, and microp-
ore volume increased with increasing CA content. Pore character-
istics for the adsorption performance were enhanced with increasing
CA content (up to 20%). However, excess CA content (over 30%)
was harmful to VOC adsorption ability due to changing the mor-
phology of activated carbon nanofibers. The O/C ratio was in-

creased with increasing CA content. However, the O/C ratios of all
activated carbon nanofibers prepared with blends represent small
values, revealing non-polarity of the surface. The adsorption capaci-
ties of PC10, PC09, PC08 and PC07 were 65 g/100 g, 66 g/100 g,
72 g/100 g and 67 g/100 g, respectively. The blends of the PAN with
CA showed better characteristics than those of PAN along, but
apparently there is appropriate blending ratio (20%) for high-per-
formance of activated carbonaceous materials.
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