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ABSTRACT: Polyacrylonitrile (PAN) hollow fibers were
pretreated with ammonium dibasic phosphate, then further
oxidized in air, carbonized in nitrogen, and activated with
carbon dioxide. The effects of activation temperature of a
precursor fiber on the microstructure, specific surface, pore-
size distribution, and adsorption properties of PAN-based
activated carbon hollow fibers (PAN-ACHF) were studied in
this work. After the activation process, the BET surface area
of the PAN-ACHF and surface area of mesopores in the
PAN-ACHF increased very remarkably and reached 1422
m? g ' and 1234 m* g !, respectively, when activation tem-
perature is 1000°C. The adsorptions to creatinine and VB, of
PAN-ACHF were much high and reached 99 and 84% re-
spectively. In PAN-ACHF which went through the activa-

tion at 700°C and 800°C, the micropore filling mainly oc-
curred at low relative pressures, multimolecular layer ad-
sorption occurred with the increasing of relative pressure,
and the filling and emptying of the mesopores by capillary
condensation occurred at high relative pressures. But in
PAN-ACHF which went through the activation at 900°C, a
mass of mesopores resulted in the large pore filling by
capillary condensation. The dominant pore sizes of meso-
pores in PAN-ACHEF are from 2 nm to 5 nm. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 100: 3778-3783, 2006
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INTRODUCTION

Activated carbon has porous structure and is carbon-
ized and activated from carbonic substances such as
sawdust, charcoal, coconut shell, various kind of nut-
shells, as well as macromolecular carbon through the
process of physical or chemical activation. It contains
a small quantity of hydrogen, oxygen, and some other
elements. It has high porosity and, hence, a very large
surface area.® Therefore, all sorts of activated carbon,
whatever shapes might be, have adsorbing ability and
are widely used in areas including food, pharmaceu-
tical, chemical, national defense, agriculture, water
processing, and environment protecting industries.*
At the beginning of 19th century, researches have been
focused on the study of the third generation high
performance activated carbon fiber (ACF).>® Acti-
vated carbon fiber has the advantage of uniform pore
size and makes it possible to control the distribution of
the porosity during production upon customer’s re-
quest. In addition, ACF has the advantages of quick
adsorption and desorption, light weight, and conve-
nience for application. ACF has played a major role in
adsorption technology over the last few years. Re-
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cently, the polyacrylonitrile-based activated carbon
hollow fiber (PAN-ACHF) has brought on many in-
vestigators’ interests,”'? since PAN-ACHF shows the
largest adsorption capacity among the carbon sur-
faces.

Ming-Chien Yang and Da-Guang Yu”'° studied the
structure and properties, pore-size distribution, sur-
face area, and mechanical 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 carbon fiber membrane in
which the PAN hollow fiber was pretreated with hy-
drazine and followed by oxidation and carbonization,
and was suitable for separating 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 activation temperature of stabilized PAN hollow
fiber precursor on the adsorption and structural prop-
erties, such as specific surface area, pore size distribu-
tion and morphology of PAN-ACHEF. We discuss the
adsorption properties of the resultant PAN-ACHEF to
creatinine and VB;,. According to their molecule sizes,
creatinine <VB,,, the molecule size of creatinine is less
than 2 nm and primarily adsorbed by micropores (<2
nm). However, the molecule size of VB,, is larger than
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Figure 1 The cross section of virgin PAN hollow fiber
(X200).

2 nm and primarily adsorbed by mesopores (2-50 nm).
There are various types of pores in the ACHF. Macro-
pores have small specific surface area and are thus
insignificant to adsorption. However, these pores con-
trol the access of adsorbate and also serve as the space
for deposition. Mesopores provide channels for the
adsorbate to the micropores from the macropores and
simultaneously adsorb matter of mesomolecules. As
reported in the literature, mesopore can function a
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 micromolecules. It is the purpose
of this paper to discuss what activation process con-
dition provides high surface area and high adsorption
ratio for the PAN-ACHF prepared from PAN hollow
fibers.

EXPERIMENTAL

PAN (polyacrylonitrile, a copolymer of acrylonitrile,
methyl methacrylate, itaconic acid) hollow fiber spun
by dry-wet spinning set up was used as the precursor.
The resultant hollow fiber had an inner diameter of
400 um and an outer diameter of 500 um. 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 of 4% (wt
%) concentration for 30 min. Afterwards, the pre-
treated fiber was oxidized in the air at 230°C for 5 h,
carbonized in nitrogen at 900°C for 70 min, and acti-
vated with carbon dioxide at different temperatures
for 40 min.

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

PAN-based activated carbon hollow fiber (PAN-
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
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 the wavelength of
510 nm and 361 nm, respectively. Absorbency of cre-
atinine and VB,, in the aqueous solutions reflects the
difference of solution concentration. Then the adsorp-
tion ratio was calculated as follows:

Adsorption ratio (wt %)

Absorbency before adsorption —

Absorbency after adsorption
X 100%

Absorbency before adsorption

Samples of PAN-ACHF were characterized by mea-
suring specific BET surface area, surface area of me-
sopores, and pore size distribution using an auto-
adsorption apparatus (Micromeritics Tristar 3000).
The surface area was calculated using the multipoint
BET method. Pore volume and pore size distribution
were determined from the nitrogen adsorption iso-
therms using the Barrett, Joyner, and Halenda (BJH)
method."”

RESULTS AND DISCUSSION

Surface area and adsorption properties of PAN-
ACHF

By activating in CO, at high temperature, micropores
suitable for adsorption purpose would appear on the
surface and the internal of the carbon fiber.* With the
increasing of the temperature, the diffusion of CO,
into the defects of the molecular structure occurs, vig-
orous reaction caused the tunneling of the skin layer
and the pores, and larger pores including mesopores
were thus formed. So increasing activation tempera-
ture remarkably increases the number of micropores
and mesopores.

When the carbon fibers were heated in CO,, the
carbon composition in the fiber reacted with the CO,
and evolved carbon monoxide.'® This reaction led to a
decrease in the weight of the resultant ACHF, as
shown in Figure 2.

Figure 2 shows the variation in burn-off and shrink-
age ratio of PAN-ACHF with activation temperature
of ACHF. The weight loss and shrinkage ratio were
determined from a change in weight and length before
and after activation. We found that the weight loss of
the fibers increases with activation temperature. The
weight loss increases slowly before 800°C, then in-
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Figure 2 Burn-off and shrinkage ratio of PAN-ACHF ver-
sus activation temperature.

creases sharply. The shrinkage ratio changes little over
all activation temperature.

Figure 3 shows the variation in BET surface area of
PAN-ACHEF and surface area of mesopores in PAN-
ACHEF with activation temperature. Two reactions oc-
curred simultaneously when the carbon fibers were
heat-treated during activation. One was the formation
of new carbon basal planes, which led to a denser
structure, and another was the degradation by CO,.
When carbon fibers were heat-treated in CO,, some
structures of the fiber could be etched and removed.
This reaction became more drastic and developed
more pores with activation temperature increasing. As
shown in Figure 3, BET surface area of PAN-ACHF
and surface area of mesopores in PAN-ACHF increase
slowly before 800°C, then increase sharply, and reach
1422 m? g 'and 1234 m* g~ !, respectively. It is sug-
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Figure 3 Surface area of BET and mesopores versus acti-
vation temperature.
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Figure 4 Adsorption ratio of PAN-ACHEF versus activation
temperature.

gested that the pores in PAN-ACHEF are mainly com-
posed of mesopores.

Figure 4 shows the variation in adsorption ratio of
PAN-ACHF with activation temperature of ACHF. The
adsorption ratios to creatinine and VB,, gradually in-
crease with activation temperature and reach 99 and 84%
respectively, when activation temperature is 900°C. It is
suggested that the number of micropores and mesopores
in PAN-ACHF increases with activation temperature,
and reaches the highest value when activation tempera-
ture is 900°C. This conclusion is in accordance with that
obtained from the analysis of Figure 3.

Pore size distribution of PAN-ACHF

Figure 5 shows the pore size distribution of the PAN-
ACHF made of fiber activated at 700°C, 800°C, and
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Figure 5 Pore size distribution of PAN-ACHF (activation
temperatures of a, b, and ¢ are 700°C, 800°C, and 900°C
respectively).
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Figure 6 Nitrogen adsorption isotherms of PAN-ACHEF (activation temperatures of a, b, and c are 700°C, 800°C, and 900°C,

respectively).

900°C for 40 min respectively. Because of the limits of
apparatus, pore diameters of <2 nm could not be
tested. However, the distribution of mesopores (2-50
nm) and macropores (>50 nm) can be observed by
Figure 5. As shown in Figure 5, when the activation
temperatures are 700°C and 800°C, the value of incre-
mental pore volume with various pore diameter is
low. As shown in Figure 3, the surface areas of meso-
pores in PAN-ACHF activated at 700°C and 800°C is
much lower than those of PAN-ACHF activated at
900°C. It indicates that the pores in PAN-ACHF acti-
vated at 700°C and 800°C were mainly formed by
micropores and just have a small quantity of meso-
pores. However, the surface area of mesopores in
PAN-ACHF activated at 900°C reaches 1234 m* g~ '
(as shown in Fig. 3), and the dominant pore sizes of
mesopores are from 2 to 5 nm (as shown in Fig. 5).

Figure 6 shows that nitrogen adsorption isotherms
of PAN-ACHF made of fiber activated at 700°C,
800°C, and 900°C for 40 min, respectively. The nitro-
gen adsorption isotherms at 77 K presented in Figure
6 reflect the differences in porous texture among the
PAN-ACHEF that are studied in this work. Figure 6(a)
and 6(b) present mixed Type Il and IV isotherm in the
IUPAC classification,'” which shows adsorption iso-
therm rises sharply at low relative pressures and pre-
sents hysteresis at high relative pressures. It is sug-
gested that in sample A and B, the micropore filling
mainly occurred at low relative pressures, multimo-
lecular layer adsorption occurred with relative pres-
sure increasing, and the filling and emptying of the
mesopores by capillary condensation occurred at high
relative pressures. This phenomenon means that there
are both of micropores and mesopores in samples A
and B. Figure 6(c) presents Type II isotherm that
shows quickly rising slope of the linear branch at
higher relative pressures. It is suggested that in sam-
ple C, a mass of mesopores resulted in the large pore
filling by capillary condensation.

Morphology of PAN-ACHF

Figure 7 shows the cross section of the PAN-ACHF
made of the fiber activated at 700°C, 800°C, and 900°C
for 40 min, respectively. The cross-sectional shapes of
ACHEF in Figure 7(a—c), difinger-like porous structure,
are preserved after activation with CO, and similar. It
means that CO, can not diffuse deeper to cause acti-
vation in the depth of the hollow fiber when activation
temperature is not more than 900°C. When the carbon
fibers were heated in CO,, the carbon composition in
the fiber reacted with the CO, and evolved carbon
monoxide. This reaction led to a decrease in the diam-
eter of the resultant activated carbon fibers. As shown
in Figure 7(a—c), compared with the thickness of fiber
activated at 700°C and 800°C, that of fiber activated at
900°C obviously decreases. It means increasing activa-
tion temperature makes the reaction more drastic and
the activation process reacts most drastically when
activation temperature is 900°C.

Figure 8 shows the external surface of the PAN-
ACHF made of the fiber activated at 700°C, 800°C, and
900°C for 40 min, respectively. For an activation tem-
perature of 700°C, there are a few pores, and white
matters on the surface of ACHF are phosphate that is
not reacted during reaction, as shown in Figure 8(a). It
is because that carbon basal planes increasingly
packed together and activation at lower temperature
promoted the formation of ordered graphitoidal layer
structure. This would hinder the diffusion of CO, into
the amorphous region to react with carbon.'® After
800°C of activation, pores began to increase on the
surface, as show in Figure 8(b). This suggests that the
external surface and the thinner region of the skin of
the hollow fibers have been activated. As shown in
Figure 8(c), after 900°C of activation, the surface be-
came composed of pores of uniform size. This indi-
cates that the skin of the fibers was burned off, the
molecules in the amorphous area were broken, and
the closed pores were opened.
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Figure 7 SEM micrographs of the crossing-sections of  Figure 8 SEM micrographs of the external surface of PAN-
PAN-ACHEF (X1500) (activation temperatures of a, b, and ¢ ACHEF (X20,000) (activation temperatures of a, b, and c are
are 700°C, 800°C, and 900°C, respectively). 700 °C, 800 °C, 900 °C respectively).
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CONCLUSIONS

The BET surface area of PAN-ACHF and surface area
of mosopores gradually increases before 800°C of ac-
tivation temperature, then remarkably increase when
fibers are activated at 900°C for 40 min, and reach the
maximum values, 1422 m? g ' and 1234 m? g, re-
spectively. The different adsorption ratios to two ad-
sorbates including creatinine and VB, also reach the
maximum values, 99 and 84%. After the activation
process, the cross-sectional shape of ACHF, difinger-
like porous structure, is preserved. In PAN-ACHF
which went through the activation at 700°C and
800°C, the micropore filling mainly occurred at low
relative pressures, multimolecular layer adsorption
occurred with increasing relative pressure, and the
filling and emptying of the mesopores by capillary
condensation occurred at high relative pressures. But
in PAN-ACHF which went through the activation at
900°C, a mass of mesopores resulted in the large pore
filling by capillary condensation. The pores in PAN-
ACHF made of fibers activated at 900°C mainly con-
sist of mesopores and the dominant pore sizes of
mesopores in PAN-ACHF range from 2 nm to 5 nm.
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