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1. Introduction
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   Carbon fibers are receiving increasing interest from the high strength materials community, since they have been initially developed for the aerospace and military aircraft[1]. They are now finding wide applications in commercial and civilian industries, especially in environmental areas. In recent years, activated carbon fibers (ACFs) have drawn great attention because of their superior performance as compared to other adsorbents[2, 3]. The adsorption properties of ACFs are essentially influenced by the surface structures. It has been recognized that ACFs contain micropores in a significant proportion, and these pores are dependent on the manufacturing conditions[4, 5]. These microporous fibers obtained by moderate activation possess a rather narrow pore size distribution, and their microporous structure might be considered to be practically homogeneous. Adsorption based on homogeneous micropore adsorbent was described by the theory of volume filling of micropores (TVFM) as it was proposed by Dubinin[6]. During these adsorption studies, it was noted that the activation temperature significantly influences the adsorption properties of ACFs. The functional groups of the carbon surface are created during the activation process which having selective adsorption properties in polar organic or inorganic adsorbates[7, 8]. However, the constitution of surface functional groups of ACFs has not been clarified. In this work, we study the influences of activation temperatures on surface structure changes and adsorption properties of PAN-based carbon fibers.

2. Experimental
2.1 Sample preparation
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   The carbon fibers used for preparing ACFs were a commercial oxidized polyacrylonitrile (PAN) based carbon fibers by Taekwang Co. of Korea. Carbonization and activation on oxidized PAN-based carbon fibers could produce the ACFs, as shown in Fig. 1. After carbonization at 1,100℃ for 2 hrs in N2-gas system, they were activated by CO2-gas at 700, 800, 900 and 1,000℃ for 2 hrs, respectively. ACFs were washed with distilled water and dried in oven at 85℃ for 12 hrs and each sample denoted as ACF-700, ACF-800, ACF-900 and ACF-1,000 to the activation temperatures, respectively. 
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Fig. 1. Manufacturing process for ACFs

2.2 Surface properties
   The pH of the ACFs was measured with ASTM D 3838. About 1.0g of each sample was added to 20ml distilled water and shaken over 12 hrs, and the pH was measured after filtration. The acid and base values on the carbon surface were determined by Boehm’s method[9]. In the case of acid value, about 1.0g of the sample was added to 100ml of 0.1N NaOH solution and shaking it for 24 hrs, then the solution was filtered through membrane paper and titrated with 0.1N HCl solution. Likewise, the base value was determined by converse titration.
2.3 Adsorption properties and pore structures
   Adsorption surface area and pore structures of each ACFs were measured by N2-gas adsorption at 77K with automated adsorption apparatus (Micromeritics, ASAP 2400). Prior to each analysis, the ACFs were outgassed at 298K for 6 hrs to obtain a residual pressure of less than 10-3 torr. A BET plot was constructed and the apparent BET surface area was extracted form the linear region: relative pressure (P/Po) = 0.01~0.30. Allocation of the pore size distribution involved subdividing the adsorbed amount in the range of the P/Po , 0~0.01, 0.01~0.30 and 0.30~0.90, corresponding broadly to adsorption in primary micropores, secondary micropores and mesopores, respectively[10]. 

3. Results and Discussion
3.1 Yields 

   The carbonaceous mass yield is obtained by heat treatment of oxi PAN-based CFs with N2-gas surrounding system. The activated carbon mass yield is obtained by gasification of carbonaceous mass with CO2-gas system. Therefore, the mass yield of the ACFs is the product of the carbonaceous mass yield and the activated carbon mass yield. Fig. 2. shows the burn-off of the ACFs during activation with CO2-gas system.

Fig.2. Burn-off as a function of temperature for oxidized 

PAN-based CFs activated by CO2
3.2 Surface properties
   TableⅠ. shows the experimental surface properties of the ACFs in this work. The results of the Boehm’s titration shows that surface natures of ACF-700 and ACF-800 were amphoteric with slight acidic properties, whereas ACF-900 and ACF-1,000 being basic-rich properties. That is probably due to the existence of surface functional groups by the activation temperatures. At low activation temperature (below about 800℃ in this work), the carbon-heteroatom surface complexes formed are less stable and developed acidic groups. And the carbon fibers activated at higher temperatures (above about 800℃) develops basic surface functional groups due to carbon-heteroatom resonance structures which is more stable and formed the electron pair donor structure. Also these results indicate that the acid and base values are largely depended on pH of the carbon fiber surfaces measured. 

TableⅠ. Effect of the activation temperature on the surface properties of ACFs

Samples
pH
Acid values

[meq·g-1]
Base values

[meq·g-1]

ACF-700
6.85
121.8
54.5

ACF-800
6.92
109.5
87.2

ACF-900
7.75
45.7
184.3

ACF1000
8.02
28.4
247.8

3.3 Adsorption properties and pore structures
   The surface characteristics of the ACFs are listed in Table Ⅱ. As a result, the BET surface areas and total pore volumes measured by N2-gas adsorption at 77K are significantly increase with increasing activation temperatures, whereas simultaneously decreasing mean pore diameter and BJH surface areas of the ACFs. According to the IUPAC classification, when the activation temperature was lower than 900℃, the pore on the surface of the ACFs was mesopore or macropore for above than 50Å. For these results, the pore volume and adsorption surface area was not developed well. Meanwhile, the activation temperature was higher than 900℃, the micropore for below than 20Å was developed, and the pore volume and adsorption surface area are increased, significantly. Also, BET surface area (SBET), BJH surface area (SBJH), total pore volume (VT), micropore volume (Vm) and mesopore ratio (SBJH /SBET), show an enlargement of the specific surface area and micropore size for burn-off higher than about 50wt%. 

Table Ⅱ. Adsorption surface characteristics of the CO2-activated carbon fibers 

from different temperatures for 2 hrs.

Samples
Burn

-off a
[%]
Micropore volume

[cm3·g-1]
Total pore volume 

[cm3·g-1]
Mean pore diameter

[Å]
BET surface area

[m2·g-1]
BJH surface area

[m2·g-1]
Mesopore ratio b
[%]

ACF-700
26.3
0.02
0.14
140.1
229
175
76.4

ACF-800
33.8
0.18
0.32
49.4
476
198
41.6

ACF-900
51.9
0.54
0.58
17.1
1271
86
6.8

ACF-1000
78.2
0.63
0.66
17.3
1522
69
4.5

a Loss in weight for each temperatures

b Area fraction of BJH surface area/BET surface area 

   In Fig. 3. are shown the isothermal N2-adsorbed amounts of ACFs. The adsorption behavior was much influenced activation temperature. In ACF-700, the adsorption behavior was followed Type-Ⅲ for BET classification having been such nonporous or macropores. The ACF-800 was Type-Ⅱas like BET model with mesoporous structure. And for the ACF-900 and ACF-1,000 are approximately closed to Type-Ⅰ, since most of the adsorbed volume is contained in micropores. It is now widely accepted that the initial part of the Type-Ⅰisotherm for ACFs represents micropore filling, and that the slope of the plateau at high relative pressure is due to multilayer adsorption on the nonmicroporous structure, i.e., in mesopores, in macrpores and on the external surface.

   Fig. 4. representes the pore size distribution of the ACFs studied. Also, the activation temperature potently influences for development of microporous structure on ACFs. For the ACF-700 and ACF-800, micropores was little due to low activation temperature. But for the ACF-900 and ACF-1,000, there are a single peak at the average pore diameter of 10~20Å which might be effective for adsorption of molecules.

  Fig. 3. Volume of N2 adsorbed at 77K on       Fig. 4. Pore size distribution of ACFs

          ACFs for relative pressure

4. Conclusion 

   In this work, a series of ACFs has been prepared by CO2 activation on oxidized PAN-based carbon fiber at 700, 800, 900 and 1,000℃ for 2 hrs. The ACFs showed different surface nature, specific surface area and porosity, depending on the activation temperature. Among the temperatures, at 1,000℃ for 2 hrs produced the most developed pore structure from each sample. Also, the activation temperatures influence the surface nature of the ACFs. When the temperature was less than 800℃, the surface of the samples was developed in acidic properties, but it was base at higher than 900℃.
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