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ÖZET 

Bu çalışmada, aktivasyon süresi (30 dakika ve 60 dakika) ve aktivasyon gaz (CO2) besleme hızları (100 mL/dak ve 150 mL/dak) 
değiştirilerek, aktif karbon nanoliflerin, zararlı SO2 gazını adsorplama özelliği incelenmiştir. FTIR analizinde 1050 cm-1 civarlarında 
görülen pik ve SEM-EDS elemental analizde tespit edilen S elementi, adsorplamanın gerçekleştiğini göstermektedir. CO2 besleme hızı 
azaldıkça ve aktivasyon süresi arttıkça, SO2 adsorplama miktarının arttığı, her iki parametrenin artması ile aktive olmuş nanolifin lif 
çapının düştüğü görülmüştür. SO2 adsorplama kapasitesine tesir bakımından, aktivasyon süresi değişiminin, CO2 besleme hızı 
değişiminden daha fazla tesirli olduğu tespit edilmiştir. 

Anahtar Kelimeler: Elektroeğirme, karbonizasyon, aktif karbon nanolif, SO2 adsorplama 

 

ABSTRACT 

In this study, the effect of activation time and flow rate of CO2 on the SO2 adsorption properties of activated carbon 
nanofiber has been investigated. The activation process was performed under different CO2 flow rates (100 and 150 
mL/min) and activation times (30 and 60 minutes). At the FTIR spectra, the formation of a new peak at around 1050 cm-1 
after SO2 adsorption test, showed the presence of SO2 adsorbed on the activated carbon nanofibers. The elemental 
analyses also confirmed the presence of S atom in the analysed sample after SO2 adsorption test. It has been seen that an 
increase in activation time and decrease in CO2 feeding rate resulted in an increase in SO2 adsorption capability of 
activated carbon nanofibers. Rather than the flow rate of the activation gas, activation time has higher effect on the SO2 
adsorption capability of activated carbon nanofibers. 
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1. Introduction 

Sulphur dioxide (SO2) is a pollutant which is released in 
large quantities into the atmosphere, mainly by industries 
such as oil refineries and automobiles that use fossil fuels. 
The atmospheric oxidation caused by sulphur dioxide leads 
to the formation of acid rains, which results in the abrasion 
of monuments and buildings, an increase in the acidity of 
soil and water, and the retardation of the development of 

flora and aquatic life. Besides, SO2 can react slowly with 
oxygen to form SO3, which subsequently reacts with water 
to form sulfuric acid [1-3]. Several methods have been 
developed to reduce emissions of SO2. Activated carbon is 
a well-known adsorbent because of its capability to remove 
particulate materials, heavy metals, organic materials, and 
other air toxics in filtration. They are also reported to be 
effective in removal of SO2 from flue gas. Among the 
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different shapes of activated carbons, activated carbon fiber 
(ACFs), either at conventional or nanoscale, is one of the 
most promising adsorbents [3-7].  

The activated carbon nanofibers (ACNFs) is a relatively new 
material compared to activated carbon particles, proposed 
for use as adsorbent for the removal of volatile organic 
compounds (VOCs) in filtration and purification systems due 
to their smaller diameter (sub-micrometer) and more 
developed micropore structure [8-12]. The production of 
ACNFs involves precursor nanofiber formation, stabilization 
of the precursor chemical structure under an oxidizing 
atmosphere, carbonization under an inert gas, and finally 
activation under an activating gas, such as CO2 or water 
vapour (physical activation) or an oxidizing reagent such as 
KOH or HNO3 (chemical activation) [13]. Heat treatment is 
the most important process for high performance carbon 
fiber production. The steps of heat treatment also affect the 
pore sizes of activated carbon fibers in different ranges 
based on the conditions of processes [14-17]. Activation is 
carried out to remove the disorganized carbon that blocks 
the pores in the activated carbon. Apart from this, it can 
enlarge the diameters of the pores, which are formed during 
carbonization process and to create some new porosity. 
Therefore; activation proses leads to a considerable 
increase in the adsorption capacity, which is mainly due to 
widening of starting micropores and the development of new 
micropores [8,11,12,18-21] and also due to the reduction in 
the volume of mesopores [2]. Activated carbon nanofibers 
(ACNFs) have excellent properties including lightweight, 
remarkable mechanical properties, narrower pore size 
distribution, higher surface area, smaller fiber diameter 
which minimizes diffusion limitations and allows rapid 
adsorption and desorption, excellent adsorption capacity at 
low concentrations, and excellent flexibility [11, 18-24]. They 
exhibit slit-shaped pores which is the source of its high 
adsorption capacity [22]. Particularly polyacrylonitrile (PAN)-
based ACNFs are reported to show some specific 
adsorption features for acidic materials owing to a trace of 
nitrogen atoms contained in their structures [7]. Their 
performance in adsorption mainly depends on the surface 
area, pore structure and surface chemistry which are 
influenced by both the nature of the precursors and the 
method of activation [25-29]. 

When literature is reviewed, it has been seen that most of 
studies performed on activated carbon nanofibers focused 
on porosity, surface area, and surface chemistry of activated 
carbon nanofibers [7]. For example, Tavanai et al. (2009) 
found that the microporosity of ACNFs was more developed 
than that of ACFs. They examined how the fiber diameter 
and activation temperature affect the pore characteristics of 
PAN based activated carbon nanofibers and they 
demonstrated that the characteristic properties of ACNFs 
increased by increasing the temperature of activation and 
decreasing the diameter of fiber [19]. Lee et al. (2013) 
compared the effects of different activation methods, namely 
physical (H2O and CO2) and chemical (KOH) activation, on 
pore characteristics and surface area. The specific surface 
area of the physically ACNFs increased up to 2400 m2/g 
and the ACNFs were found to be mainly composed of 
micropore structures [22]. Ra et al. (2010) used a mixture of 

camphor and polyacrylonitrile (PAN) to synthesize the 
carbon nanofibers with high microporosity and high surface 
area as a result of evaporation of camphor during leaving 
micropores in the fiber structure [28]. On the other hand, the 
studies performed on SO2 adsorption ability of activated 
carbon nanofibers are very limited. For example, Song et al. 
(2008) investigated the effect of the activated carbon fibers, 
activated carbon nanofibers and modified activated carbon 
nanofibers by a nitrogenated compound on adsorption 
capacity for SO2 and reported that modified activated 
carbon nanofibers showed the highest adsorption capacity 
for SO2 [7]. Sullivan et al. (2012) reported the physical, 
chemical, adsorptive, and adsorption kinetic properties of a 
recently developed PAN-derived ACNF adsorbent produced 
by electrospinning and subsequent carbonization and 
activation by CO2. ACNFs were reported to show 2-5 times 
greater SO2 adsorption capacities in dry nitrogen, compared 
to commercially available activated carbon fiber cloth 
(ACFC) and Calgon BPL™ granular activated carbon. 
Besides they are reported to display adsorption kinetics 
nearly twice as fast as ACFC and eight times as fast as 
Calgon BPL™ [24]. 

In this study, for the first time, the effects of activation time 
and flow rate of CO2 on the SO2 adsorption properties of 
activated carbon nanofiber have been investigated in order 
to provide a contribution to the limited literature. The 
electrospun PAN nanofiber webs were used as the 
precursor to prepare carbon nanofiber webs through thermal 
treatments including stabilization, carbonization and 
activation. Activation process was performed under different 
CO2 flow rates (100 and 150 mL/min) and activation times 
(30 and 60 minutes). The absorption differences between 
untreated nanofiber, stabilized nanofiber and activated 
carbon nanofiber have been examined through SO2-
breakthough ratio. The absorption differences among 
activated carbon nanofibers have been examined through 
adsorption/desorption/titration method 

2. Experimental  

2.1 Materials 

Polyacrylonitrile was obtained from Sigma Aldrich to use as 
precursor of carbon nanofiber webs. N,N’-
Dimethylformamide (DMF) was purchased from Merck 
Company. Nitrogen was used as inert gas during the 
carbonization and carbon dioxide gas was used during 
activation.  

2.2 Electrospinning 

Polyacrylonitrile (PAN) fiber was first dissolved in N,N’-
Dimethylformamide to prepare a 15 wt.% solution. The 
electrospinning was conducted horizontally onto a rotating 
drum collector with a flow rate of 1.0 mL/hr, an applied 
voltage of 15 kV and a spinning distance of 10 cm. The 
experimental set-up used for electrospinning is 
schematically shown in Figure 1. 

2.3 Stabilization, carbonization and CO2 activation 

Electrospun nanowebs were subjected to stabilization, 
carbonization and activation processes. The electrospun 
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fiber web was firstly stabilized in PROTHERM PLF series 
chamber furnace at 245ºC for 1 hour at a heating rate of 
1ºC/min under the air flow. Activation and carbonization 
processes were performed by using PROTHERM PTF 
series tube furnace. The stabilized nanofiber bundle was 
subsequently carbonized at 800ºC in an inert (high purity 
nitrogen gas) environment with the heating rate set at 
5ºC/min. The temperature of furnace was kept at the same 
temperature to achieve the activation under CO2 
atmosphere at a flow rate of 100 mL/min and 150 mL/min for 
30 and 150 mL/min for 60 minutes. The samples produced 
are listed in Table 1. 

2.4 Characterization  

Morphological and Elemental Analysis (SEM-EDS) 

Scanning Electron Microscopy with Energy Dispersive 
Detector (Philips FEI - Quanta FEG 250) was used to 
observe the surface morphology of the samples and to 
determine the elements present in the samples. The 
samples were firstly sputter coated with Au-Pd using 
Quorum - SC7620 Sputter Coater. 

Fourier Transform Infra-Red Spectroscopy (FTIR) 

Fourier transform infrared (FTIR) absorption spectra for 
PAN150CO2-60min sample before and after SO2 adsorption 
were taken with Perkin Elmer spectrometer to confirm the 
SO2 adsorption by the sample. The scanning ranged from 
4000 cm-1 to 400 cm-1. 

SO2 adsorption test system and monitoring the                
SO2–breakthrough ratio 

The SO2 adsorption capabilities of the samples were 
measured using an experimental setup, the schematic 
diagram of which is presented in Figure 2. 

A certain amount of sample (with a diameter of 2.38 cm) 
was placed vertical to the gas stream in the quartz reactor 
which is located in the tube furnace and a gas mixture 
containing SO2 was introduced into the reactor. SO2 gas 
was fed with pure nitrogen for 60 min. The flow rates of the 
N2 and SO2 gas streams were kept at 150 mL/min and 1.47 
mL/min, respectively. The SO2 concentration was monitored 
and recorded on a SO2 single gas detector (TESTO350 
Easy Emission) at 1 s intervals.    

 
 
 
 

 
Figure 1. Schematic of electrospinning setup.  

Table1. Samples produced and the process conditions used. 

Sample code Process conditions 

PAN Untreated sample 

PAN-stab 24 h stabilized at 245°C 

PAN100CO2-30min Carbonized at 800°C with the heating rate of 5 
o

C/min, 

Activation with CO2 at a flow rate of 100 mL/min for 30 min 

PAN150CO2-30min Carbonized at 800°C with the heating rate of 5 
o

C/min, 

Activation with CO2 at a flow rate of 150 mL/min for30 min 

PAN150CO2-60min Carbonized at 800°C with the heating rate of 5 
o

C/min, 

Activation with CO2 at a flow rate of 150 mL/min for 60 min 

 

 
Figure 2. Schematic diagram of the experimental setup for SO2 adsorption. 
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The adsorption ratio was calculated using the below 
formula;  

SO2breakthrough ratio = C/Co                                          (1) 

where; Co and C were inlet SO2 concentration and outlet 
SO2 concentration measured by gas detector during 
adsorption test, respectively. When C/Co is equal to 1, it 
means that no adsorption took place and all the SO2 passed 
through the tube without being adsorbed onto the samples. 
Co is constant and it is measured as 1470 ppm. 

Investigation of SO2 adsorption capability by desorption 
and titration method  

This method consisted of three different steps, namely 
adsorption, desorption and titration. SO2 adsorption was 
performed following the procedures described in the 
previous section using the setup shown in Figure 2. During 
adsorption test, SO2 was fed with N2 in order to be able to 
set the concentration of SO2. For desorption and titration, 
the experimental setup which is illustrated in Figure 3 is 
used.  

The desorption step was carried out in the same furnace at 
the temperature of 360°C. For desorption, the samples, 
which were exposed to SO2 adsorption analysis, were 
heated to 360 ºC in the tube furnace at a heating rate of 5 
ºC/min and the temperature was kept constant for 60 min.  
During the desorption step, the outlet gas (SO2 adsorbed by 
the samples) was all bubbled within a solution containing 
5% H2O2. The desorbed SO2 was supposed to form H2SO4 
when the outlet gas was passing through H2O2 solution. 
When the desorption process was finished, this solution 
containing H2SO4 was analyzed by titration method  which 
used 0.1 N NaOH and bromfenol blue as indicator. The 
amount of SO2 adsorbed by the activated carbon nanofibers 
for a given adsorption condition was then evaluated. 

Results and Discussion 

3.1 Scanning Electron Microscopy (SEM)  

SEM images of the samples are shown in Figure 4 and the 
average nanofiber diameters are given in Table 2.      

 
 
 

 

Figure 3. Schematic diagram of the experimental setup for SO2desorption and titration. 

 

a.  b. c.  
 

d.   e.  
 

Figure 4. SEM images of a. PAN; b. PAN-stab; c. PAN100CO2-30min; d. PAN150CO2-30min; e. PAN150CO2-60min 
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From the data presented in Table 2 and Figure 4, it was 
observed that the average nanofiber diameter reduced after 
carbonization as compared to the untreated and stabilized 
PAN nanofiber. It is reported in literature that, during 
carbonization, a variety of gases (e.g., H2O, N2, HCN, and 

others) evolves as a result of which significant loss in the 
weight of ACNFs occurs leading to the reduction in fiber 
diameter [8,18,30,31]. Thus; the reduction observed in 
average nanofiber diameter during carbonization can be 
attributed to the formation of more compact structure by 
dehydrogenation, deoxygenation, and denitrogenation from 
the precursor [12]. From the data presented in Table 2 and 
Figure 4, it was also observed that the average diameter of 
carbonized samples decreased as the CO2 flow rate and 
process time increased. 

Table 2. Average diameters of nanofibers. 

Samples Average nanofiber diameter (nm) 
± standard deviation 

PAN 1447.6 ± 259.9 

PAN-stab 778.8 ± 147.9 

PAN100CO2-30min 515.3 ± 119.8 

PAN150CO2-30min 429.3 ± 53.3 

PAN150CO2-60min 324.6 ± 97.3 

 

3.2 FTIR  

Fourier transform infrared (FTIR) absorption spectra for 
PAN150CO2-60min sample before and after SO2 analysis 
are presented in Figure 5.  

 

Figure 5. FTIR spectra of PAN150CO2-60min a. before SO2 
analysis; b. after SO2 analysis. 

The characteristic vibrational frequencies associated with 
SOx are as follows: SOx stretching vibrations, 950–
1250 cm−1; SOx angle deformation vibrations, 500–700 cm−1 

[32]. The formation of a new peak at around 1050 cm-1 after 
SO2 adsorption test, showed the presence of SO2 adsorped 
on the activated carbon nanofibers. In the literature, the 
1540-1800 cm-1 band was assigned to the C=O streching 
mode in carbonyls, carboxylic acids and lactones, whereas 
the 1000-1440 cm-1 band was assigned to the C-O 
stretching and O-H bending in phenols and carboxylic acids 
[33]. 

3.3 Elemental Analysis (SEM-EDS) 

Elemental analysis was performed for PAN150CO2-60min 
sample before and after SO2 adsorbance. The EDS spectra 

obtained are presented in Figure 6 and the weight 
percentages of the elements are presented in Table 3. 
While the peaks of the sample before SO2 adsorbance 
corresponded to the C, N and O atoms, a new distinctive 
peak corresponding to S atom appeared after SO2 
adsorbance which confirmed that SO2 was adsorbed on the 
activated carbon nanofiber samples. The elemental analysis 
(Figure 6 and Table 3) confirmed the presence of S atom in 
the analysed sample. For PAN150CO2-60min sample, the 
percentage of K counts for S atom was measured as 4.19 % 
after SO2 adsorbance.   

  
Figure 6. EDS spectra of PAN150CO2-60min a. before SO2 

adsorbance; b. after SO2 adsorbance. 

 

Table 3. Elemental analysis of PAN150CO2-60min before and after 
SO2 adsorbance. 

Element Weight %  
(Before SO2 adsorption) 

Weight % 
(After SO2 adsorption) 

C 80.15 76.08 
N 10.98 9.30 
O 8.87 10.44 
S - 4.19 

 
3.4 Analysis of SO2 adsorption capability through SO2–

breakthrough ratio 

Samples were subjected to SO2 carried by N2 at room 
temperature. SO2 is expected to be adsorbed onto free sites 
on fiber surfaces where they are oxidized to sulphur trioxide. 
The adsorption capacity of a porous carbon material is 
determined mainly by the pore structure, surface area and 
the presence of functional groups on the adsorbent [34]. 

The SO2 adsorption capabilities of the samples were 
measured following the procedures explained in the 
experimental section and the resulting breakthrough profiles 
are presented in Figures 7 and 8. While Figure 7 enables to 
compare the effect of gas flow rate on SO2 adsorption 
capability, Figure 8 shows the breakthrough profiles of the 
samples which were exposed to the activation gas (CO2) for 
different times as 30 min and 60 min.  

 

Figure 7. Breakthrough curves of SO2 for a. PAN (untreated), b. 
PAN stab; c. PAN100CO2-30min; d. PAN150CO2-30 min 
samples. 

a. b. 
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In Figure 7 and Figure 8, both PAN (untreated) and the 
stabilized sample seems to have reached saturation (nearly 
C/C0=1) in a very short time of around 200s-400s. Activation 
with CO2 results in the formation of well-structured 
micropores and mesopores in nanofiber structure and 
increase in the specific surface area which leads to the 
development of adsorption ability [22].Thus, activated 
carbon nanofiber has a clear adsorption capability 
compared to stabilized samples. When the breakthrough 
profiles of the samples, which were activated physically by 
CO2 fed at different rates of 100 mL/min and 150 mL/min 
(PAN100CO2-30min and PAN150CO2-30 min) were 
compared, PAN150CO2-30 min showed slightly higher 
adsorption ability (lower C/C0 values) in the first 500s-1000s. 
After 1300 s, PAN100CO2-30 min showed a slightly higher 
adsorption than PAN150CO2-30 min.  Since both of graphs 
are very near each other and opposite behaviour with slight 
differences is available for before and after 1300 s, it is 
difficult to decide on the effect of flow rate on adsorption 
capacity by using just only breakthrough profiles without 
making titration test. Thus, by using breakthrough profiles, it 
can be possible to point out an improvement on adsorption 
capacity of activated samples compared to stabilized 
sample, but the effect of flow rate on adsorption capacity 
should be evaluated together with titration result given in 
Section 3.5. 

 
Figure 8.  Breakthrough curves of SO2 for a. PAN (untreated), b. 

PAN stab; c. PAN150CO2-30min; d. PAN150CO2-60min 
samples.   

 

According to Figure 8, while in first 100s-300s, PAN150CO2-
60min sample has a higher adsorption, after this point, 
PAN150CO2-60min sample has a higher adsorption than 
that of PAN150CO2-30min sample. It is difficult to decide on 
the effect of time on adsorption capacity by just only 
breakthrough profiles without making titration test. Thus it 
can be possible to point out an improvement on adsorption 
capacity of activated samples compared to stabilized 
sample by using breakthrough profiles, but the effect of time 
on adsorption capacity should be evaluated together with 
titration result given in Section 3.5. 

3.5 Analysis of SO2 adsorption capability through 
adsorption, desorption and titration method.  

The amounts of SO2 measured as a result of adsorption, 
desorption and titration for different samples are presented 
in Table 4.  

Table 4. SO2 amounts adsorbed by activated carbon nanofibers. 

Samples SO2 amount adsorbed onto the 
sample (mg/g sorbent) 

PAN100CO2-30min 329.7 

PAN150CO2-30min 262.6 

PAN150CO2-60min 640.0 

 

Based on titration method (Table 4), PAN100CO2-30min 
100 mL/min showed higher adsorption than PAN150CO2-
30min. According to Bhati et al. [27], an increase in flow rate 
(from 100 mL/min to 400 mL/min) results in increases in 
surface area, total pore volume, micropore volume, mesopore 
volume and average pore diameter and decrease in 
microporosity. The increase in the average pore diameter, 
total pore volume, micropore volume and mesopore volume 
and decrease in microporosity means that the number of 
micropores, where the adsorption mainly occurs, decreased 
with the increase in the flow rate. Thus, this might have 
resulted in lower SO2 adsorption for higher CO2 feeding rate. 
According to Table 4, it is possible to say an activation time 
had higher effect on the SO2 adsorption capability of 
activated carbon nanofibers than the flow rate.  

CONCLUSIONS  

Following results have been concluded for activated carbon 
nanofibers prepared with different activation time and CO2 
feeding rate: 

 The average diameter of carbonized samples decreased 
as the CO2 flow rate and activation time increased.  

 As the CO2 feeding rate increased from 100 mL/min to 
150 mL/min, the SO2 adsorption capability decreased. 

 As the activation time increased from 30 minute to 60 
minute, the SO2 adsorption capability increased. 

According to this study, it can be concluded that rather than 
the flow rate of the activation gas, activation time has higher 
effect on the SO2 adsorption capability of activated carbon 
nanofibers. Thus, lower flow rate with higher activation time 
can be suggested for higher adsorption capacity. 
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