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ABSTRACT: Polyacrylonitrile (PAN) hollow fibers were
pretreated with ammonium dibasic phosphate and then fur-
ther oxidized in air, carbonized in nitrogen, and activated
with carbon dioxide. The effects of carbonization tempera-
ture of PAN hollow fiber precursor on the microstructure,
specific surface, pore-size distribution, and adsorption prop-
erties of PAN-based carbon hollow fiber (PAN-CHF) and
PAN-based activated carbon hollow fibers (PAN-ACHF)
were studied in this work. After the activation process, the
surface area of the PAN-ACHF increased very remarkably,
reaching 900 m* g~ ' when carbonization is 1000°C, and the

adsorption ratios to creatinine and VB,, of ACHF were
much higher than those of CHF, especially to VB,,. The
different adsorption ratios to two adsorbates including cre-
atinine and VB,, reflect the number of micropores and me-
sopores in PAN-ACHF. The dominant pore sizes of meso-
pores in PAN-ACHF are from 2 to 5 nm. © 2005 Wiley
Periodicals, Inc. ] Appl Polym Sci 97: 2155-2160, 2005
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INTRODUCTION

Carbon fibers produced from rayon, polyacrylonitrile
(PAN), pitch, or phenolic resin are converted by par-
tial gasification in steam or other oxidizing gas to
activated carbon fibers of high surface area.'™ Acti-
vated carbon fibers have higher specific surface area
and more micropores developed on the surface of the
fiber than granulated active carbon. Therefore, acti-
vated carbon fibers have been widely used in various
areas such as water treatment,*> the removal of SO,
and NO,,*” and the adsorption of toxic gases.®® Re-
cently, the PAN-based activated carbon hollow fiber
(PAN-ACHF) has brought on many investigators’ in-
terest,'’~'° because PAN-ACHF shows the largest ad-
sorption capacity among the carbon surfaces.

There have been numerous applications of hollow
fiber technology to separation and purification in both
industry and medicine, including the preparation of
drinkable, high-quality water for the electronics and
pharmaceutical industries, treatment of secondary ef-
fluent from sewage, processing plants, gas separation
for industrial application, hemodialyzers, and the con-
trolled release of drugs to mention only a few appli-
cations.'® However, attempts to commercialize hollow
fibers or other membrane systems for such separations
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have been unsuccessful, largely because of relatively
low permeation rates and poor environmental resis-
tance.

Yang and Yu studied the structure and proper-
ties, pore-size distribution, surface area, and mechan-
ical properties of PAN-ACHF. Linkov et al."” reported
that hollow fibers have been used for gas separation
and show high fluxes and good selectivities. Schindler
and Maier'® obtained a patent for making hollow car-
bon fiber membrane, in which the PAN hollow fiber
was pretreated with hydrazine and followed by oxi-
dation and carbonization, and was suitable for sepa-
rating particles.

In this research, the PAN hollow fibers were dipped
in ammonium dibasic phosphate aqueous solution,
oxidized in air, carbonized in nitrogen, and activated
with carbon dioxide. This study examined the effects
of carbonization temperature of stabilized PAN hol-
low fiber precursor on the adsorption and structural
properties, such as specific surface area pore size dis-
tribution and morphology of PAN-based carbon hol-
low fiber (PAN-CHF) and PAN-ACHF. We discuss the
adsorption properties of the resultant PAN-based
ACHEF to creatinine and VB,,. Creatinine and VB,, are
two adsorbates in this work. VB, is a kind of vitamin.
The molecular weight of creatinine (113) is less than
that of VB, (1335.5). According to their molecule
sizes, creatinine < VB,,, the molecule size of creati-
nine is less than 2 nm and primarily adsorbed by
micropores (<2 nm). However, the molecule size of
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VB,, is larger than 2 nm and primarily adsorbed by
mesopores(2-50 nm). There are various types of pores
in the ACHF. Macropores have small specific surface
area and are thus insignificant to adsorption. How-
ever, these pores control the access of adsorbate and
also serve as the space for deposition. Mesopores pro-
vide channels for the adsorbate to the micropores from
the macropores and simultaneously adsorb matter of
mesomolecules. As reported in the literature, meso-
pore can function as capillary condensation; thus, it is
indispensable for the adsorption of liquid and gas.
Micropores determine the adsorption capacity of the
ACHF and primarily adsorb the matter of micromol-
ecules. It is the purpose of this article to discuss what
carbonization process condition provides high surface
area and high adsorption ratio for the PAN-ACHF
prepared from PAN hollow fibers.

EXPERIMENTAL

PAN (a copolymer of acrylonitrile, methyl methacry-
late, and itaconic acid) was supplied by China Petro-
leum & Chemical Corp. (Bejing, China). PAN hollow
fiber spun by dry-wet spinning setup was used as the
precursor. The resultant hollow fiber had an inside
diameter of 400 um and an outside diameter of 500
pm. Figure 1 shows the porous structure of the PAN
hollow fiber.

Virgin PAN hollow fiber was first dipped in ammo-
nium dibasic phosphate aqueous solution. After-
wards, the pretreated fiber was oxidized in the air,
carbonized in nitrogen, and activated with carbon di-
oxide. The carbonization temperature is changed.

A scanning electron microscope (SEM; JEOL Model
JSM-5600LV) was used to examine the cross section
and external surface of fibers.

Adsorption study to creatinine and VB,, was car-
ried out by a static process. A known quantity of the
ACHF was immersed in a known volume of aqueous
solution at 37°C for 24 h. The amount of creatinine and
VB, adsorbed was determined by the concentration

Figure 1
(X200).

The cross section of virgin PAN hollow fiber
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Figure 2 Burn-off and shrinkage ratio of PAN-CHF versus
carbonization temperature. [The samples are pretreated
with ammonium dibasic phosphate of 4% (wt %) concentra-
tion for 30 min, oxidized at 230°C for 5 h, carbonized for 30
min.]

difference before and after immersion in the solution.
The creatinine and VB, concentrations of the solution
were determined with a UV-Vis spectrophotometer
(Shanghai Techcomp Corp. 7500) at wavelengths of
510 and 361 nm, respectively. Absorbency of creati-
nine and VB,, in the aqueous solutions reflects the
difference of solution concentration. Then, the adsorp-
tion ratio was calculated as

adsorption ratio (wt %)

absorbency of before adsorption—
absorbency of after adsorption

absorbency of before adsorption X100%

Samples of PAN-CHF and PAN-ACHF were char-
acterized by measuring specific Brunaner-Emmett-
Teller (BET) surface area and pore size distribution by
using an auto-adsorption apparatus (Micromeritics
Tristar 3000). The surface area was calculated by using
the multipoint BET method. Pore volume and pore
size distribution were determined from the nitrogen
adsorption isotherms using the Barrett, Joyner, and
Halenda (BJH) method."

RESULTS AND DISCUSSION

Effect of carbonization temperature on the
properties of PAN-CHF

Surface area and adsorption properties of PAN-CHF

Figure 2 shows the variation in burn-off and shrinkage
ratio of PAN-CHEF as a function of carbonization tem-
perature of carbon hollow fibers. The weight loss and
the shrinkage ratio were determined from a change in



PAN-BASED ACTIVATED CARBON HOLLOW FIBER

100 —

90 4
804

70

-1

60~

50

BET area/m’s g

40—- /l
30 . /
20—: \ /./.

T T T T T T T T T T T
500 600 700 800 900 1000

Carbonization temperature/C

Figure 3 Specific surface area PAN-CHF versus carboniza-
tion temperature. [The samples are pretreated with ammo-
nium dibasic phosphate of 4% (wt %) concentration for 30
min, oxidized at 230°C for 5 h, carbonized for 30 min.]

weight and length before and after carbonization. As
shown in Figure 2, the weight loss of PAN-CHF grad-
ually increases with carbonization temperature. The
shrinkage ratio of PAN-CHF slowly increases with
carbonization temperature and changes no more
when carbonization temperature is 900°C. It is sug-
gested that the weight loss of PAN-CHF is more easily
changed by carbonization temperature than the
shrinkage ratio. At elevated temperatures, the noncar-
bon elements are removed as volatiles (i.e., H,O,
HCN, NH;, CO, CO,, N,, and so on) in the carbon
fiber to give carbon fibers with weight loss and shrink-
age.” The removal of volatiles from fibers becomes
more drastic with carbonization temperature increas-
ing so that the weight loss increases.

The specific surface areas for PAN-CHF have been
plotted as a function of carbonization temperature in
Figure 3. The specific surface areas increase as a whole
with carbonization temperature. However, the surface
areas of PAN-CHF prepared at different carbonization
temperatures were below 40 m” g ' as PAN-CHF was
not activated with activated gas. During the carbon-
ization stage, volatiles evolved and formed the carbon
basal planes. Because the formation of carbon basal
planes was due to the crosslinking reaction and the
elimination of nitrogen,”' the passage of the opened
pores on the fiber surface was covered. Therefore, the
defects between the basal planes on fiber surface were
enveloped, and this reaction led to the decrease in
surface area of the carbon fiber.

Figure 4 shows the variation in adsorption ratio of
PAN-CHEF as a function of carbonization temperature
of carbon hollow fibers. The adsorption ratios to cre-
atinine and VB,, are almost same before 800°C, then
gradually increase, and change little at 900°C. How-
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ever, the adsorption ratio to creatinine is higher than
that to VB, after 800°C, and the highest adsorption
ratio to creatinine is about 90% and that to VB, is
about 75%. After the introduction of the paper, this
means that there are basically micropores and not
mesopores in PAN-CHF.

Morphology of PAN-CHF

Figure 5 shows the cross section of the PAN-CHF
made of the fiber carbonized at 500, 700, and 900°C,
respectively. The cross-sectional shape of CHF in Fig-
ure 5 (a—c), a difingerlike porous structure, is pre-
served after carbonization. It means that the carbon-
ization process ulteriorly keeps the hollow shape of
virgin hollow fiber and increasing carbonization tem-
perature could not change the sectional shape of PAN-
CHF more.

Effect of carbonization temperature on the
properties of PAN-ACHF

Surface area and adsorption properties of PAN-
ACHF

Figure 6 shows the variation in burn-off of PAN-
ACHF and shrinkage ratio as a function of carboniza-
tion time of activated carbon hollow fiber. The weight
loss and shrinkage ratio were determined from a
change in weight and length before and after activa-
tion. The weight loss increases slowly before 800°C
and then increases sharply. The shrinkage ratio
changed little before 700°C and then increased slowly.
Two reactions occurred simultaneously when the car-
bon fibers were heat treated during activation. One
was the formation of new carbon basal planes, which
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Figure 4 Adsorption ratio of PAN-CHF versus carboniza-
tion temperature. [The samples are pretreated with ammo-
nium dibasic phosphate of 4% (wt %) concentration for 30
min, oxidized at 230°C for 5 h, carbonized for 30 min.]
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Figure 5 SEM micrographs of the cross sections of PAN-CHF (X1500). Carbonization temperature of a, b, c is 500°C, 700°C,
900°C. [The samples are pretreated with ammonium dibasic phosphate of 4% (wt %) concentration for 30 min, oxidized at

230°C for 5 h, carbonized for 30 min.]

led to a denser structure, and another was the degra-
dation by carbon dioxide. When carbon fibers were
heat treated in carbon dioxide, some structures of the
fiber could be etched and removed. This reaction be-
came more drastic and developed more pores with
activation temperature increasing.

When the carbon fibers were heat treated during
activation, two reactions occurred simultaneously.
One was the formation of new carbon basal planes,
which led to a denser structure, and another was the
degradation by carbon dioxide at 880°C; some struc-
tures of the fiber could be etched and removed.*>**
This reaction formed new pores. Figure 7 shows the
variation in specific surface area of PAN-ACHF with
carbonization temperature. The surface areas are low
and increase slowly before 800°C and then sharply
increase; a maximum surface area of 900 m* g~ ! was
found at 1000°C. By activating in CO, at high temper-
ature, micropores and mesopores suitable for adsorp-
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Figure 6 Burn-off and shrinkage ratio of PAN-ACHF ver-
sus carbonization temperature. [The samples are pretreated
with ammonium dibasic phosphate of 4% (wt %) concentra-
tion for 30 min, oxidized at 230°C for 5 h, carbonized for 30
min, activated at 800°C for 40 min.]

tion purpose would appear on the surface and the
internal of PAN-ACHF. Ko et al®* found that the
carbonization temperature for the precursor PAN fiber
lower than the activation temperature produced the ac-
tivated carbon fiber of the lowest surface area. In this
work, as shown in Figure 7, the PAN-ACHF, made of
the fiber carbonized at lower temperature (500°C, 600°C,
700°C, 800°C) than the activation temperature (900°C),
had lower surface area, which was consistent with view-
point of Ko et al. When the carbonization temperature
(900°C, 1000°C) was equal to or higher than the activa-
tion time, the surface areas of PAN-ACHEF, 620 and 900
m? gfl, respectively, were much higher than that made
of the fiber carbonized at lower temperature.

Figure 8 shows the variation in adsorption ratio of
PAN-ACHF as a function of carbonization tempera-
ture of activated carbon hollow fibers. The adsorption
ratio to creatinine gradually increases with carboniza-
tion temperature and over 90%. The adsorption ratio
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Figure 7 Specific surface area of PAN-ACHF versus car-
bonization temperature. [The samples are pretreated with
ammonium dibasic phosphate of 4% (wt %) concentration
for 30 min, oxidized at 230°C for 5 h, carbonized for 30 min,
activated at 800°C for 40 min.]
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Figure 8 Adsorption ratio of PAN-ACHF versus carbon-
ization temperature. [The samples are pretreated with am-
monium dibasic phosphate of 4% (wt %) concentration for
30 min, oxidized at 230°C for 5 h, carbonized for 30 min,
activated at 800°C for 40 min.]

to VB;, increases slowly before 800°C and then in-
creases sharply and over 95% at 900°C. It is suggested
that the number of micropores in PAN-ACHF in-
creases with carbonization temperature, and the num-
ber of micropores and mesopores reaches a higher
value after 900°C.

Pore size distribution of PAN-ACHF

Figure 9(a, b) shows the pore size distribution of the
PAN-ACHF made of fiber carbonized at 900°C for 30
min. Due to the limits of apparatus, pore diameters of
less than 2 nm could not be tested. However, the
distribution of mesopores (2-50 nm) and macropores
(>50 nm) can be observed by Figure 9(a, b). As shown
in Figure 9, the pore volume of mesopores gradually
decreases with average diameter when pore size is 2 to
5 nm, and correspondingly, incremental pore area de-
creases from 40 to 1 m* g~ ' with average diameter. It
indicates that the dominant pore sizes of mesopores in
PAN-ACHEF are from 2 to 5 nm. Moreover, a mass of
micropores existed in PAN-ACHF and the amount of
macropores is much less. So, the PAN-ACHF made of
fiber carbonized at 900°C for 30 min has a high ad-
sorption ratio to creatinine and VB;,, which is consis-
tent with the conclusion of Figure 8.

Morphology of PAN-ACHF

Figure 10 shows the cross section and external surface
of the PAN-ACHF made of the fiber carbonized at 500,
700, and 900°C, respectively, and then activated with
carbon dioxide at 800°C for 40 min. The cross-sectional
shapes of ACHF in Figure 10(a—c), difingerlike porous
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structure, is preserved after activation with CO, and
similar. It means that CO, cannot diffuse deeper to
cause activation in the depth of the hollow fiber when
activation temperature is not more than 800°C. Micro-
grams in Figure 10(d—f) show the external surface of
the resultant ACHF. For a carbonization temperature
of 500 and 700°C, there are few pores, and white
matter on the surface is unreacted phosphate, as
shown in Figure 10(d, e). After 900°C of carbonization
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Figure 9 (a) The pore size distribution of PAN-ACHF. [The
samples are pretreated with ammonium dibasic phosphate
of 4% (wt %) concentration for 30 min, oxidized at 230°C for
5 h, carbonized at 900°C for 30 min, activated at 800°C for 40
min.] (b) The pore size distribution of PAN-ACHF. [The
samples are pretreated with ammonium dibasic phosphate
of 4% (wt %) concentration for 30 min, oxidized at 230°C for
5 h, carbonized at 900°C for 30 min, activated at 800°C for 40
min.]
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Figure 10 SEM micrographs of the cross sections (X1500) and external surface (>X20,000) of PAN-ACHF carbonization temper-
ature of a, b, cand d, e, f is 500°C, 700°C, 900°C, respectively. [The samples are pretreated with ammonium dibasic phosphate of
4% (wt %) concentration for 30 min, oxidized at 230°C for 5 h, carbonized for 30 min, activated at 800°C for 40 min.]

and 800°C of activation, pores began to increase on the
surface and had uniform size, as shown in Figure
10(f). This suggests that the external surface and the
thinner region of the skin of the hollow fiber have
been activated, that the skin of the fiber was burned
off, and that the molecules in the amorphous area
were broken and the closed pores were opened.

CONCLUSIONS

The surface area of the carbon hollow fibers not activated
with dioxide carbon is much lower. After the activation
process, the surface area of the activated carbon hollow
fibers increased very remarkably, reaching 900 m* g~ !
when carbonization is 1000°C, and the adsorption ratios
to creatinine and VB, of ACHF were much higher than
those of CHF, especially to VB,,. After the carbonization
process and the activation process, the cross-sectional
shape of CHF and ACHEF, difingerlike porous structure,
is preserved. Moreover, pores began to increase on the
surface and had uniform size after 900°C of carboniza-
tion. The different adsorption ratios to two adsorbates
including creatinine and VB, reflect the number of mi-
cropores and mesopores in PAN-ACHF. The dominant
pore sizes of mesopores in PAN-ACHF are from 2 to 5
nm.
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