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Abstract

In the present study, electrospun PAN precursor webs and the stabilized and carbonized nanofiber webs processed under
different heat-treatment conditions were characterized by means of weight loss measurement, elemental analysis, scanning
electron microscopy (SEM), attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR), differential
scanning calorimetry (DSC), thermogravimentric analysis (TGA), and X-ray diffraction (XRD) analysis. The result indicated
that stabilization and carbonization processes with different temperatures and heating rates significantly influenced the
chemical and morphological characteristics as well as the thermal properties of the stabilized and then subsequently
carbonized nanofiber webs from PAN precursor webs. It was noted that the filament diameter and the carbon content of a
carbonized nanofiber web as well as its weight change may be effectively monitored by controlling both stabilization and
carbonization processes.
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1. Introduction

Among carbon fiber precursors, polyacrylonitrile (PAN)

has been most widely used for producing carbon fibers

during the past decades. With the advent of nanofiber

electrospinning technique [1,2], submicron-scaled ultrafine

PAN fiber webs have been recently produced. The filaments

in the PAN web have a much smaller diameter in com-

parison with conventional PAN-based carbon fibers and the

web also has the greater specific surface area. Potential

applications of carbon nanofiber webs with much greater

specific surface area and thermal stability may be extended

not only to filter, capacitor, and biomedical applications but

also to nanocomposites and carbon nanofiber/polymer com-

posites. Recently, a few studies have performed on preparing

carbon nanofiber webs from electrospun PAN-based

precursor webs [3-6]. However, extensive processes for

stabilization and carbonization of electrospun PAN-based

precursor webs have been rarely reported.

Key processes for preparing carbon nanofiber web from

PAN precursor web are stabilization and carbonization, as

similarly known in PAN-based carbon fiber processing. In

particular, the stabilization process of precursor fibers is

critically important to produce successfully the corre-

sponding carbon fibers [7,8]. The stabilization process is

normally performed in the temperature range of 200oC~300oC

under an oxidative atmosphere. During the process, PAN

precursor fibers experience significant chemical and physical

changes. Therefore the stabilized fibers are chemically,

physically, and thermally stable while they are exposed to

low or high carbonization temperature [9,10]. The PAN

precursor fibers are transformed from thermoplastic to ther-

mosetting, turning from white to black through brown and

dark brown in color. Critical processing parameters for

controlling stabilization and carbonization of PAN precursor

are temperature, heating rate, heating step, holding time and

atmosphere [11,12]. Among these parameters, final heat-

treatment temperature is most important [13,14]. During the

heat-treatment, PAN precursor fibers can be thermally

shrunk, resulting in weight loss and fiber diameter reduction.

Also, the chemical composition and the thermal stability

may be changed, depending on the processing parameters

used.

The above-description may be similarly considered to

investigate the characteristics of the carbon nanofiber webs

prepared from electrospun PAN precursor webs. Studies on

the effect of processing parameters on the stabilization and

carbonization of PAN precursor webs have been rarely

found. Consequently, the objective of the present study is to

characterize the PAN-based webs processed at different

stabilization temperatures, carbonization temperatures, and

heating rates with PAN precursor webs prepared by means

of electrospinning technique. The present work deals with

fundamental characteristics in terms of weight loss, chemical
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composition, micrograph, FTIR-ATR spectrum, thermal

behavior, and X-ray diffraction pattern for elelctrospun PAN-

based precursor, the stabilized, and the carbonized nanofiber

webs, depending on various stabilization and carbonization

processes used.

2. Experimental

2.1. Materials

Polyacrylonitrile of an average molecular weight of

150000, purchased from Sigma-Aldrich Chemical Co., was

used for the precursor of carbon nanofiber webs. It has been

reported by the manufacturer that the glass transition

temperature is 85oC. N,N-dimethylformamide (DMF) (extra

pure reagent), purchased from Dae Jung Chemical Co.,

Korea, was used as solvent.

2.2. Electrospinning of PAN/DMF Mixture

The concentration of PAN in DMF was 12 wt%. This was

because the best electrospun PAN nanofiber webs were

obtained from the 12 wt% solution in our earlier report [15].

The mixture of PAN/DMF was prepared by stirring at 30oC-

40oC for 24 h. The electrospinning apparatus consisted of a

syringe and needle, a ground electrode (an aluminum foil

sheet on a stainless steel drum), and a high voltage supplier.

The applied voltage was 15 kV. The spinning distance

between the needle tip and the ground electrode was 18 cm.

The flow rate was 1 ml/min. The spinning was performed at

31oC with a relative humidity of 20%. The speed of the

drum collector was 25 rpm. The diameter of the drum

collector was about 150 mm. The obtained PAN-based

precursor webs were completely dried in a vacuum oven at

room temperature.

2.3. Stabilization and Carbonization Processes

Both stabilization and carbonization processes were per-

formed using a furnace (AJOEN Heating Industrial Co.,

Ltd.) equipped with a mullite-tube. During the process,

temperature, time, heating/cooling rate and gas atmosphere

were controlled. Fig. 1 illustrates the schematic of the tube-

type furnace used for stabilization and carbonization

processes in this work. The tube inner diameter was 80 mm,

the length was 1000 mm, and the heating zone length in the

center of the tube was 300 mm. A roll of the precursor webs

(500 mm×100 mm) was placed on a graphite plate and

inserted to be located in the heating zone of the furnace. The

stabilization processing variables were temperatures (240oC

and 280oC) and a heating rate (1oC/min) with purging air.

The carbonization variables were carbonization temperatures

(800oC, 1000oC, 1200oC and 1300oC) and heating rates

(3.33oC/min and 5oC/min) with purging high purity (99.999

%) nitrogen gas. The furnace was naturally cooled down to

ambient temperature, continuously purging air or nitrogen

gas, right after each stabilization or carbonization step,

respectively.

2.4. Characterization

Weight Change Measurement. The weight change of PAN

precursor webs occurred in the furnace during the stab-

Fig. 1. A schematic lay-out of the tube-type heat-treatment furnace used for stabilization and carbonization processes in this work.
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ilization and carbonization processes was measured using an

analytical balance.

Elemental Analysis. An elemental analyzer (Elementar

Vario EL, Elementar Analysensystem) was used to explore

the chemical composition of PAN precursor web, the

stabilized, and the carbonized webs. The contents of C, H,

and N were analyzed from the gases generated from each

specimen pyrolyzed at 1150oC. The oxygen content was

estimated by subtracting the C, H, and N contents from the

total (100%). Other components of a very tiny amount were

neglected.

Thermal Analysis. A thermogravimetric analyzer (TGA,

Q500, TA Instruments) was used to observe the thermal

stability of each web. The analyses were carried out with a

heating rate of 20oC/min purging dry nitrogen gas at 80 cm3/

min. To examine the heat flux change of the webs before and

after stabilization and carbonization, a differential scanning

calorimeter (DSC Pyris 1, Perkin Elmer) was used. The

heating rate was 10oC/min.

ATR-FTIR Spectroscopy. Attenuated total reflection-Four-

ier transform infrared (ATR-FTIR) spectroscopy (Jasco

300E) was performed to explore the change of the functional

groups on PAN-based precursor webs after stabilization and

carbonization.

Microscopy. Microscopic observations of PAN precursor

web, the stabilized webs, and the carbonized webs were

done using a scanning electron microscope (SEM, Hitach S-

570). For comparison, the magnification of each micrograph

was fixed to 5000.

X-Ray Diffraction Measurement. The X-ray diffractogram

of the webs were obtained using a high resolution X-ray

Diffractometer (XRD, X'Pert PRO-MNR, Philips). A con-

tinuous type scan mode was used and the scanning range of

2θ was 5o-55o. The step size 2θ was 0.04o. The targeting

material was Cu with Kα radiation.

3. Results and discussion

Fig. 2 displays representative views of PAN precursor (A),

the stabilized (B) and the carbonized (C) nanofiber webs.

The color of the webs was white (A), dark brown (B), and

black (C), respectively. The average thickness of PAN

precursor web of about 200 µm was reduced during the

stabilization and carbonization processes. The dimensions of

the obtained precursor were 500 mm in length and 100 mm

in width. It was found that the PAN precursor web was

thermally shrunk about 10% and 40% of the initial dime-

nsions during the stabilization and carbonization processes,

respectively.

Table 1 shows the weight loss of PAN precursor web

occurred in the furnace during the stabilization and

carbonization processes. The stabilization processes were

performed with a heating rate of 1oC/min at 240oC and at

280oC, respectively. The carbonization processes were

conducted from 800oC to 1300oC with heating rates of

3.33oC/min and 5oC/min, respectively. About 2.19% and

4.23% of the initial weight were lost at 240oC and at 280oC

after the stabilization, respectively, showing the greater

weight loss at a higher stabilization temperature. After

carbonization, the weight loss was in the range of 32% to

68%, depending on the temperature and heating rate used. It

was found that the weight loss in the carbonized nanofiber

web was also affected by the stabilization temperature used.

The higher carbonization temperature resulted in the greater

weight loss of the fiber. At 1000oC, the weight loss was

increased with decreasing heating rate, that is, with

increasing residence time in the furnace, whereas above

1000oC the weight loss was greater with a higher heating

rate. It was expected that up to 800oC, the chemical change

like dehydrogenation took place predominantly with partial

denitrogenation, whereas denitrogenation was continued up

to above 1000oC. Accordingly, a relatively large amount of

volatiles must be removed up to 800oC during the heat-

treatment of PAN precursor web. On the other hand, the

fiber may have more thermally stable and aromatic

Fig. 2. Views of PAN precursor web, the stabilized web, and the
carbonized web prepared in the present work. 
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structures with increasing carbonization temperature, by

further removing the remaining nitrogen component at

1000oC and higher. Such the structural development may be

better occurred at a lower rate. Therefore, it may be said that

the weight loss occurred with 3.33oC/min was lower than

that with 5oC/min at the same carbonization temperature.

Table 2 summarizes the chemical compositions measured

using an elemental analyzer for PAN precursor web (sample

1), the stabilized webs (samples 2 and 3), and the carbonized

webs (samples 4 to 10) processed at different temperatures

and heating rates. Among the chemical compositions, a

noticeable compositional change was from carbon (C). The

carbon contents were observed to be about 54.4%. This

value was about 5%-10% lower than PAN precursor fibers

being used for producing commercial PAN-based carbon

fibers. Upon stabilization, the carbon and oxygen contents

were increased, whereas the hydrogen and nitrogen contents

were decreased as well, depending on the stabilization

temperature. The web stabilized at 280oC exhibited about

7% greater carbon contents and about 11% lower oxygen

contents than that stabilized at 240oC. This implies that the

processing temperature influenced not only the stabilization

of the web but also the oxidation due to purging air

atmosphere.

After carbonization, the maximum carbon contents of the

carbonized nanofiber web were obtained from the sample

10. The carbon contents (86.4%) of the web carbonized at

1300oC were improved about 24.9% than that (69.2%)

carbonized at 800oC. At the same carbonization temperature,

the content was increased with increasing heating rate. This

was consistent with the tendency seen from the weight loss

change occurred under the corresponding heat-treatment

condition. This indicates that the weight loss during the

carbonization was directly related with the carbon content. In

addition, the oxygen and nitrogen contents were decreased

more when the carbonization temperatures were 1200oC and

1300oC. In the cases of samples 4 and 7, the nitrogen content

higher than 16% indicates that denitrogenation was incom-

plete at 800oC. However, it was likely that dehydrogenation

took place to some extent in the samples. The result also

suggests that use of appropriate heat-treatment processing

parameters may somewhat contribute to controlling the

chemical composition as well as the weight loss of PAN

precursor web. As a result, it is concluded that, in the view-

point of weight and chemical changes, a proper stabilization

process is needed and a carbonization process at a high

Table 1. A summary of the weight losses occurred during various carbonization processes at different temperatures and heating rates
with the webs obtained after stabilization steps at 240oC and 280oC with a heating rate of 1oC/min, respectively

Web
Sample

Carbonization
Temperature (oC)

Carbonization
Heating Rate (oC/min)

% Wt Loss after Carbonization

Stabilization Temperature

240 280

1 800 5 32.0 34.9

2 800 3.33 40.0 45.2

3 1000 5 41.9 53.1

4 1000 3.33 58.3 44.8

5 1200 5 62.8 59.7

6 1200 3.33 53.7 58.1

7 1300 5 62.2 67.7

8 1300 3.33 56.0 63.6

Table 2. A summary of the chemical compositions measured for PAN precursor web, the stabilized webs, and the carbonized nanofi-
ber webs processed at different temperatures and heating rates

Web
Sample

Stabilization
Temperature 

(oC)

Carbonization
Total Weight

Loss (%)
C H O NTemperature 

(oC)
Heating Rate 

(oC/min)

1 - - - - 54.39 5.84 14.57 25.20

2 240 - - 2.19 57.86 3.62 16.95 21.57

3 280 - - 4.23 64.68 5.05 5.59 24.68

4 240 800 3.33 41.31 69.51 1.65 12.33 16.51

5 240 1200 5 63.62 85.53 1.07 9.37 4.03

6 240 1200 3.33 54.71 81.82 0.88 14.08 3.22

7 280 800 3.33 47.52 69.19 1.54 12.96 16.31

8 280 1200 5 61.41 85.03 1.04 9.58 4.35

9 280 1200 3.33 59.87 82.42 0.48 13.76 3.34

10 280 1300 3.33 65.14 86.43 1.03 10.11 2.43
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temperature with a low heating rate is preferable to obtain

PAN-based carbon nanofiber webs.

Fig. 3 exhibits the ATR-FTIR result observed directly

from the surfaces of PAN precursor, the stabilized, and the

carbonized nanofiber webs. There were distinguishable

changes of the characteristic absorption peaks at several

locations of the spectrum. It was obvious that most of the

strong and sharp peaks in the precursor web disappeared

after both stabilization and carbonization. Especially, the

strong absorption peak located in the 2260 cm−1-2200 cm−1,

which was characteristic of a nitrile group, completely dis-

appeared even after the stabilization at 280oC. It has been

found that the peak intensity at 2243 cm−1 was largely

decreased due to the reaction of nitrile groups during the

cyclization to form conjugated C = N groups, depending on

the extent of stabilization. Therefore it may be said that the

precursor webs was completely stabilized in the present

work. It was also observed that there existed some small

peaks near 3400 cm−1 and 2900 cm−1 due to remaining

aliphatic H and O-H bonds on the webs even after the

carbonization. This indicates that 1200oC was not high

enough to form the fully carbonized structure of the

nanofiber web.

Fig. 4 shows the DSC thermograms of PAN precursor, the

stabilized, and the carbonized nanofiber webs. A single

sharp exothermic peak at about 290oC was observed from

PAN precursor web. This peak was ascribed to the cycli-

zation of nitrile groups in the PAN precursor. There was no

indication of the sharp exothermic peak in both stabilized

and carbonized nanofiber webs. This may be explained by

that the precursor web completed the cyclization during the

stabilization process. As a result, the presence or absence of

the exothermic peak around 290oC provides useful infor-

mation to understand the extent of stabilization of PAN

precursor web.

Fig. 5A displays the scanning electron micrograph of PAN

precursor web processed using electrospinning technique.

Fig. 5B indicates the distribution of the average diameter of

the filaments in the web examined using an image analyzer

equipped with an optical microscope. It was investigated that

Fig. 3. ATR-FTIR spectra of PAN precursor web, the stabilized
web, and the carbonized nanofiber web.

Fig. 4. DSC thermograms of PAN precursor web, the stabilized
web, and the carbonized nanofiber webs. 

Fig. 5. A typical SEM micrograph of PAN precursor web (A)
and the distribution of the average fiber diameters (B) in the
web.
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the precursor web obtained in the present work mainly

consisted of the filaments with a diameter of 450 nm-550

nm. In fact, the average filament diameter can be reduced by

controlling the elecrospinning process parameters. However,

the filament diameter distribution obtained in this study was

anticipated to be appropriate to prepare the carbon nanofiber

web, considering of a significant reduction of the diameter

occurring during carbonization and of the uniformity of the

filaments after the heat-treatment.

Fig. 6 exhibits the scanning electron micrographs of PAN

precursor web and the webs stabilized at 240oC and 280oC,

respectively. The magnification was 5000. The average

diameter of the filaments in each web was indicated in the

right bottom of the figure. As shown, the average filament

diameter (470 nm) of PAN precursor web was reduced about

17% at 240oC (389 nm) and 27% at 280oC (341 nm) after

each stabilization process. It seems that the filaments with

uniform distribution were well retained in the web after the

stabilization. The precursor web became denser after the

stabilization at 240oC and further denser at 280oC.

Figs. 7 and 8 display the scanning electron micrographs

observed for the nanofiber webs carbonized with different

heating rates at 800oC, 1000oC, 1200oC, and 1300oC after

the stabilization at 240oC and 280oC, respectively. The mag-

nification was fixed to 5000 for comparison. As indicated in

each figure, the filament diameter in the web was decreased

with increasing carbonization temperature at a given stab-

ilization temperature. In Fig. 7, with a heating rate of 5oC/

min the diameter (320 nm) obtained at 800oC was 15%

lower than that (272 nm) at 1300oC. Compared with the

PAN precursor web, here the reduction of the diameter was

about 42%. With a heating rate of 3.33oC/min the diameter

(296 nm) obtained at 800oC was 11% lower than that (263

nm) at 1300oC. It was about 44% lower than the PAN

precursor. Also, at the carbonization temperature of 1300oC,

the diameter of the web stabilized with 3.33oC/min was

about 3% lower than that with 5oC/min. All the filaments in

Fig. 6. SEM micrographs showing the filaments in PAN precur-
sor web (A), and the webs stabilized at 240oC (B) and at 280oC
(C) with a heating rate of 1oC/min.

Fig. 7. SEM micrographs showing the filaments in the PAN
nanofiber webs carbonized at different temperatures with heat-
ing rates of 5oC/min (A to D) and 3.33oC/min (E to H), respec-
tively, after the stabilization at 240oC.
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the web were retained uniformly, even after each carboni-

zation process with different heating rates, providing a

successful sheet of carbon nanofiber webs. It seems that the

areal density of the web was more or less increased with

increasing carbonization temperature but there was no

significant effect of heating rate on the density. In Fig. 8, the

webs carbonized with various processing parameters after

the stabilization at 280oC exhibited a similar microscopic

behavior with that seen in Fig. 7. A main difference was the

filament diameter. The smaller filament diameter of the

carbonized nanofiber web was obtained at a high sta-

bilization temperature than at a low stabilization tem-

perature.

As a result, the reduction in the filament diameter of the

web was greater with increasing carbonization temperature,

in comparison with the initial diameter before the heat-

treatment. It can also be described that the reduction of the

filament diameter was greater at a low carbonization

temperature, that is, at the initial stage of carbonization. This

was because the chemical and physical changes in the PAN

precursor web took place significantly at the early stage of

carbonization below 1000oC.

Fig. 9 presents the thermal stability of PAN precursor web,

the stabilized web and the carbonized web measured purging

nitrogen gas. There was a slight weight loss of about 5%-7%

near 100oC and then a large weight loss at about 380oC in

the PAN precursor web. The primary weight loss was due

probably to the absorbed moisture even after drying the web

Fig. 8. SEM micrographs showing the filaments in the PAN
nanofiber webs carbonized at different temperatures with heat-
ing rates of 5oC/min (A to D) and 3.33oC/min (E to H), respec-
tively, after the stabilization at 280oC.

Fig. 9. TGA thermograms measured in N2 for PAN precursor
web (a), the stabilized web (b), and the webs carbonized at dif-
ferent temperatures: 800oC (c), 1000oC (d), 1200oC (e), and
1300oC (f).

Fig. 10. X-ray diffractograms observed from PAN precursor
web (a), the stabilized web (b), and the webs carbonized at dif-
ferent temperatures: 800oC (c), 1000oC (d), 1200oC (e), and
1300oC (f).
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prior to the measurement. The secondary loss was due

mainly to the degradation of the web. In the case of the

stabilized web, it was found that there was a slight weight

loss occurring at the early stage of measuring temperature.

This can be ascribed to the removal of the chemical groups

formed on the fiber surfaces during the stabilization. Also,

the webs heat-treated at 800oC and at 1000oC showed the

initial weight loss of about 10%. This may be explained by

that there were a number of different chemical species on the

fiber surfaces in the webs and they were chemically and

thermally unstable due to low carbonization temperature.

The PAN nanofiber webs carbonized at 1200oC and higher

were thermally stable up to 600oC. Such the thermal

behavior was similar as typically seen in PAN-based carbon

fibers.

Fig. 10 shows the XRD result studied with PAN precursor

web, the stabilized web and the carbonized webs. It was

observed that a typical peak of PAN fiber was found at

2θ= 17o, indicating the formation of the crystalline structure

of PAN in the precursor web. The peak position was not

changed even after the stabilization and carbonization

processes but the peak sharpness seemed to be more or less

reduced after the carbonization. Also, a small peak at

2θ= 22o-23o due to (002) diffraction appeared with the

formation of aromatic structure through cyclization after the

heat-treatment. From the XRD result, it is noted that

although there were some indications of the presence of the

crystalline structure after stabilization and subsequent

carbonization processes of PAN precursor webs, 1300oC was

not high enough to establish the completely carbonized

structure of the webs

4. Conclusions

1. In this study, sheets of carbonized webs were success-

fully prepared by stabilization and subsequent carbonization

processes with PAN precursor webs obtained by means of

electrospinning technique. The result indicated that stabili-

zation and carbonization processes of PAN precursor webs

influenced the chemical and morphological characteristics as

well as the thermal properties according to the processing

temperature and heating rate used.

2. The average diameter of the filaments in the carbonized

web was varied from 210 nm to 320 nm, depending on the

processing parameters. It was found that the filament diame-

ter and the carbon contents of a carbonized nanofiber web as

well as the weight change may be effectively monitored.

3. It may be suggested that appropriate control of stabili-

zation and carbonization processes probably plays a role in

monitoring the characteristics of carbon nanofiber webs for

potential applications.
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