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Abstract - Superficial velocity of H2O/N2mixed gas flow in the high temperature activation furnace was studied
during the simultaneous carbonization/activation of phosphoric acid pretreated wood pulp based celluose fibers.
Phosphoric acid pretreatment of the cellulose fibers reduced the starting and finishing the stabilization temperature
and resulted in 3.66 times higher yield of activated carbon fibers than that of non-pretreated as-received fibers.
Simultaneous carbonization and activation in a high temperature furnace is preferable than continuous processes.
The ratio of H20O/N2mixed gas is regarded as one of important factors, but careful control of superficial velocity of
this mixed gas flow in the furnace is necessary to increase yield and specific surface area of activated carbon fibers.
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I. INTRODUCTION

The production of highly effective fibrous carbon adsorbents with smaller diameter, excluding of minimizing
external and intra-diffusional resistance to mass transfer, and therefore, exhibiting high sorption rates, is a
challenging task for investigatiors in the science and technology of carbon fibers. With low hydrodynamic
resistance, to be used in thin layers for the treatment of high gas flows, these materials will increase efficiency
and permit a far greater flexibility and simplification in the design of sorption process for environmental
pollution control. The application of activated carbon fiber (ACF) is extended not only adsorbents but also
catalyst supports, electrical and electronic materials for its unique pore structures and useful level of electrical
conductivity. Thus efforts have been under way to prepare cheaper activated carbon fibers with controlled pore
size distribution and high surface area [1]. ACFs have been obtained from an appropriate fibrous precursor by
an adequate carbonization and activation process. ACFs are now manufactured from regenerated cellulose
(viscose rayon), phenolic resin (Kynol), polyacrylonitrile (PAN), and pitch-based fibers.

The activation process of carbonized fibers is basically analogous to those for producing non-fibrous forms of
activated carbon, and can be separated into three main groups : (i) vapor/gas activation [2,3]; (i) chemical
activation [4-6]; and (iii) a mixed approach including vapor/gas activation of chemically pre-activated samples
[7-9]. The preferred activating gases are atmospheric oxygen, carbon dioxide, steam, and their combinations.
Chemical activation is brought about by the action of various chemical agents producing a dehydration effect.
Among the most commonly used chemical activations are orthophosporic acid and zinc chloride, followed by
activation in steam or carbon dioxide in the temperature range 600-900 oC. Use of zinc chloride resulted in
larger mesopore volume than KOH or other chemicals, however, the use of zinc chloride has declined due to
problems of environmental contamination with zinc compounds [4,7,8]. Recently, cheap natural cellulose fibers
are being used as the precursor for the preparation of commercial ACF due to their low metal content, low
density, and ease of production. However, in general, the yield of activated carbon fibers from cellulose fibers
was very low compare to those of other organic fiber precursors. Therefore, many kinds of pretreatment to
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cellulose based precursors were performed for increasing the activation yield. Among the pretreatments,
phosphoric acid pretreatment was known as one of the most effective method [9]. There are many process
conditions to obtain promisable activated carbon fibers such as pretreatment of precursor, stabilization,
carbonization and activation conditions. Up to now, the optimum activation conditions were studied by
controlling the temperature, time, vapor/gas ratio, and so on, to increase the yield and specific surface area of
the activated carbon fibers. Actually, there are so many reports to investigate the above conditions. However,
only one report mentioned on ratio of steam/nitrogen mixing gas during the activation of precursor fibers using
3.8 cm inside diameter furnace [10], but which did not mentioned on superficial velocity of the mixed gases in
the high temperature activation furnace. In fact, the superficial velocity is very important factor in carbonization
and activation process, especially for the scale-up furnace. Therefore, the purposes of this study are to
investigate the effects of, i) phosphoric acid pretreatment to wood based cellulose fibers and ii) superficial
velocity of mixing gas flow in the high temperature activation furnace.

II. EXPERIMENTAL
2.1 Pretreatment of cellulose fibers

As-received wood pulp based cellulose fibers (5 1 m fiber dia., 900 fiber filaments, 1,650 denier, 7.0 g/d
strength, 7.1% elongation) was supplied from Kolon Industries Co., Korea. Firstly, 1, 2, 3, and 5 ml phosphoric
acid (Aldrich Co. USA, 85%,) were added to the 200 ml distilled water contained Erlenmayer flask, and noted
as 0.5, 1.0, 1.5, and 2.5% phosphoric acid solutions for the convenience sake. And 0.35 g cellulose fibers were
immersed in these different concentration phosphoric acids, respectively and gently stirred in a shaking
incubator at room temperature. Immersed times were 5, 10, 15, and 20 min. After pretreatment, fibers were
filtered with glass filter (2G-1) and dried in an oven maintained at 60 oC, for 2 hrs. After cooling to room
temperature, weights of fibers were measured to study the weight change during the pretreatment. The moisture
content of the as-received cellulose fibers was 5.77%.

2.2 Stabilization, simultaneous carbonization/activation

Pretreated cellulose fibers were air stabilized in a horizontal tublar furnace with three temperature control zone.
The stabilized fibers were simultaneously carbonized/activated in steam/nitrogen mixed gas flow using same
horizontal tublar furnace at various process conditions such as activation temperature, steam/nitrogen ratio, and
superficial velocity of flow gas. The diameter and length of the tublar furnace are 5 and 60 cm, respectively.
Therefore, the cross sectional area and volume of the furnace are 19.625 cm2and 1177.5 cm3. If the volumetric
velocity of nitrogen is 2000 ml/min at room temperature (20 oC), the superficial velocity of nitrogen through the
furnace will be 1.70 cm/sec. This superficial velocity increased as increasing the furnace temperature following
the Boyle-Charles' law, and the superficial velocity of 1.70 cm/sec become approximately 2.16 cm/sec at 100
oC (2546 ml/min) and 5.06 cm/sec at 600 oC (5959 ml/min). Steam was mixed to nitrogen in a container
maintained at 100 oC, then transferred to next container which was preheated to 400 oC, then inlet to the
furnace. If the outlet velocity of steam/nitrogen mixed flow is 3974 ml/min (1428 ml H20/2546 ml N2) at 100
oC from the mixing container (H20O/N2ratio =0.56), the superficial velocity is estimated to 3.375 cm/sec, which
become 7.54 cm/sec at 600 oC and 9.27 cm/sec at 800 oC in the furnace. Even the mixing ratio(v/v) is same
(=0.56), the superficial velocity can be changed by the cross-sectional area of furnace, amount of flow, and
furnace temperature.

2.3 Charaterization

FT-IR (Bruker optics IFS 66/S Relectance ATR mode, Scans: 64 scans) curves of the as-received and
phosphoric acid treated cellulose fibers were measured. TGA (TGA/DSC1/1600 LF, Mettler-Toledo) was used
to measure the as-received and phosphoric acid treated cellulose fibers. BET specific surface area and pore size
distribution of the activated carbon fibers were analyzed by nitrogen adsorption isotherms at 77 K
(Micromeritics ASAP 2020, USA). The yield of activated cellulose fibers was calculated by following equation,
W, W,

rald (0] =
Field\wit’h) Hz;x 7 o

where, W,: weight of as-received or pretreated cellulose fibers, ¥,: weight of stabilized fibers, and W,.,): weight

of carbonized/activated fibers.
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III. RESULTS AND DISCUSSION

Fig.1 shows weight increases of the pretreated cellulose fibers in comparison with the as-received fibers (a) after
pretreatment in different concentration phosphoric acids, and (b) for different immersion time. Obviously, the
weight of pretreated cellulose fibers linearly increased with the increase of phosphoric acid concentration. An
important function of the phosphoric acid is to promote bond cleavage in the biopolymers at low temperature,
which are followed by extensive crosslinking that can account for the high carbon yields [9,11]. Freeman et al.
[12] also reported the weight increase of rayon fibers by pretreatment with zinc chloride solution, and the
optimal pretreatment concentration of solution was 3 wt%. However, Lee et al. [13] reported that rayon fibers
pretreated in a 3 wt% zinc chloride solution resulted in some amount of zinc chloride powder after high
temperature (> 800 oC) carbonization. Fig.1 also shows the weight changes of cellulose fibers pretreated in
phosphoric acid by varing the immersion time. Molina-Sabio et al. [14] reported that immersion time also
affects on the yield of stabilized cellulose fibers. However, in this experiment, as increasing the immersion time
up to 20 min. in 1.0% phosphoric acid, the weight change of cellulose fibers was almost constant to 5 min.
immersion time. This means increasing the immersion time is no more important, and the most weight change
was carried out in the beginning of immersion.
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Figure 1. Weight increase of cellulose fibers pretreated in phosphoric acid (a) different concentration at room temperature for 5 min.
immersion time, (b)different immersion time at room temperature with 1.0% concentration.

Fig.2 shows FT-IR curves of the as-received and phosphoric acid treated cellulose fibers. From the curves,
significant intensity reductions in the C-O-C and C-OH groups that adsorb at arround A =1069, 1118 and 1273
were shown due to the loss of aliphaticity and resulted in the increase of aromaticity [15]. On the other hand,
intensities in C=0 peak at arround A =1750, CH2peak at arround A =2880, and OH peak at arround A =3130-
3460 were strengthen by pretreatment. This is due to the C=O stretch in esters and carboxylic acids, and these
were also lowered the degradation starting temperature of precursor fibers to 150 oC [16].
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Figure 2. FT-IR curves of celluose fibers (0.0% : as received, and 0.5, 1.0, 1.5, 2.5% :

pretreated in phosphoric acid for 5 min. at room temperature.
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Fig.3 shows TGA curves of (a) as-received and phosphoric acid treated (0.0, 0.5, 1.0, 1.5, 2.5%) cellulose fibers
in the air surrounding. Thermal degradation of the as-received cellulose fibers was started from 200 oC and the
residual yield was about 15% at 4000C, and less than 3% at 6000C. While the residual yields of pretreated
cellulose fibers were much increased at 400 oC and 600 oC, which means pretreatment of cellulose fibers is
necessary for the increase yield of activated cellulose fibers. The degradation starting temperature of cellulose
fibers was reduced to 190 oC by pretreatment with 0.5% phosphoric acid. While residual yield was about 33.7%
at 400 oC, but the residual yield at 600 oC was 3.3%, which is similar to the as-received fibers. However, as
increasing the concentration of phosphoroc acid to 1.0% and 2.5%, the degradation starting temperature of
cellulose fibers reduced to 180 oC and 170 oC, respectively. On the other hand, the residual yield was about
41% at 400 oC, and 5.7% at 600 oC for the pretreated with 2.5% phosphoric acid, which is larger than that of
0.5% phosphoric acid treated fibers, and increased as increasing the acid concentration. Teng et al. [7] and
Jagtoyen et al. [17,18] reported that phosphoric acid accelerates the bond cleavage reactions by expension of the
wood cellulose structure, leading to the early evolution of volatiles. A futher effect of the phosphoric acid was to
increase the carbon yield. Bai et al. [19] also reported the decrease of degradation starting temperature of the
same cellulose fibers, which was pretreated with di-ammonium hydrogen phosphate (DAHP). This is due to the
thermal degradation of DAHP and volatiles. After degradation, cellulose fibers released water by the
phophorylation reaction [20].
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Figure 3. TGA curves of celluose fibers in air (0.0% : as received, and 0.5, 1.0, 1.5, 2.5% :

pretreated in phosphoric acid for 5 min. at room temperature.

Fig.4 shows yields of cellulose fibers stabilized in air for 20 min. As studied from TGA curves, the weight
change was not so much happened with the as-received fibers. On the other hand, the yield of stabilized
cellulose fibers linearly decreased as increasing the stabilization temperature. In general, the carbonization
process of the organic polymers is itself accompanied by the formation of porous fiber structure. At the same
time, an increase in the specific surface area, due to the development of pores, occurs only during low
temperature stages (400-600 oC) of carbonization when the strength of the material is low, which is due to the
deposition of some tarry substance in the entrances of sorbing pores which prevent adsorption at these sites [7].
Therefore, activation is necessary to discard deposited tarry substance to open the entrances of sorbing pores.
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Figure 4. Yields of of cellulose fibers stabilized in air at 250 °C for 20 min., ®: as-received,

ande: pretreated with 2.5% phosphoric acid at room temperature for 5 min.
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Fig.5 shows yields of only carbonized cellulose fibers. The air stabilized (250 oC, 20 min.) fibers was
carbonized at 600 oC, 7.54 cm/sec in nitrogen flow. For these experiments, the stabilized cellulose fibers was
suddenly put to the center of furnace from the output side of furnace. In the beginning, large amount of smoke
were gushed out from both the as-received and pretreated cellulose fibers, and the yields were rapidly decreased
within 5 min. However, the yield of the as-received cellulose fibers continuously decreased and become less
than 10 % during 20 min., while that of phosphoric acid pretreated fibers slowly decreased after 5 min.
carbonization time, and about 23.08% yield can be obtained. Therefore, proper pretreatment of the as-received
cellulose fibers was recommended to increase the carbonization yield. Bohra et al. [21] also reported that futher
increase of the carbonization temperature, as a rule, does not remove the tar from the pores but rather results in
its carbonization, which finally seals the pores against any external sorbate. Therefore, effective carbonization
temperatures were recommended 450 oC for the preparation of carbons from biomass [15] and lignite [22], and
550 oC from bituminous [17]. Previous study shows that the yields of carbonization, followed activation were
very similar to those of one-step carbonzarion/activation at same process conditions. Therefore, to reduce
processes, the air stabilized cellulose fibers was simultaneously carbonized and activated with various process
conditions, such as activation temperature, steam/nitrogen ratio, and superficial velocity of flow gas.
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Fig.5. Yields of cellulose fibers carbonized at 600 °C, 7.54 cm/sec nitrogen flow,

m: as-received, and®: pretreated with 2.5% phosphoric acid at room temperature for 5 min.

Fig.6 shows the yields of cellulose fibers which was stabilized for 20 min., at 250 oC in air, and followed
simultaneous carbonization/activation at 600 oC, 7.54 cm/sec of superficial velocity of steam/nitrogen mixed
gas flow (H20/N2=0.56). The simultaneous carbonization and activation of both the as-received and pretreated
cellulose fibers at 600 oC were rapidly performed with gushed out of gases in the beginning of the reaction. And
then, the amount of gushed gases quickly reduced. However, the yield of activated as-received cellulose fibers
decreased as increasing the activation time, remaining only 4.03 % for 20 min. This means only 3.7% activated
cellulose fibers can be obtained from the as-received fibers through air stabilization at 250 oC for 20 min., and
simultaneous carbonization and activation at 600 oC for 20 min. On the other hand, the yield of activated
cellulose fibers was 23.08%, which can be converted to 13.55% with same stabilization and activation
conditions by phosphoric acid pretreatment. So to speak, the yield of activated cellulose fibers increased to 3.36
times higher by pretreatment. Also, this yield can be increased by careful controlling the preteatment conditions.
Fig.7 also shows yields of activated cellulose fibers linearly decreased as increasing the activation time. While,
only increasing the temperature to 800 oC in maintaining the same flow rate (H20/N2=0.56), the superficial
velocity increased to 9.27 cm/sec due to the expansion of gas. Yields decreased compare to those of obtained
from 600 oC. The yield linearly decreased as increasing the activation time, and the decreasing rate is larger
than that of obtained from 600 oC. About 6.6% final yield was obtained from 20 min. activation at 800 oC.
Increasing temperature effects stronger than increasing flow rate of mixed gas in this condition.
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Figure 6. Yields of activated cellulose fibers prepared by stabilized at 250 °C, for 20 min. in air, and simultaneous carbonization/activation

m:as-received, activated at 600 °C, 7.54 cm/sec H.0/N,(=0.56) flow, ®:pretreated, activated

at 600 °C, 7.54 ci/sec H>0/N»(=0.56) flow, 4: pretreated, activated at 600 °C, 8.69 cm/sec H0/Nx(=0.70) flow, ¥: pretreated, activated at

800 °C, 9.27 cm/sec H,0/N,(=0.56) flow.
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Figure 7. Specific surface areas of activated cellulose fibers prepared by stabilized at 250 °C, for 20 min. in air, and simultaneous

carbonization/activation for 20 min. ®: as-received, activated at 600 °C, 7.54 cm/sec H,0/N»(=0.56) flow, ®: as-received, activated at 800
°C, 9.27 cm/sec H,0/N»(=0.56) flow, A: pretreated, activated at 600 °C, 7.54 cm/sec H,0/N»(=0.56) flow, ¥: pretreated, activated at 600 °C,

8.69 cim/sec Ho0/N,(=0.70) flow, ¢: pretreated, activated

at 800 °C, 9.27 cm/sec H,0/N,(=0.56) flow.

Table 1 and Table 2 show the characteristics of activated as-received and pretreated cellulose fibers, andFig.7
shows specific surface areas of activated cellulose fibers prepared with various carbonization/activation
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conditions. All the surface areas exponentially increased as increasing the activation temperature. In comparison

m_ e with 4, v, ¢ gpecific surface areas of phosphoric acid treated cellulose fibers were far larger than those
of the as-received cellulose fibers. For the as-received cellulose fibers, the results show not only low yield but

also low specific surface area. As increasing the superficial velocity of H,O/N, mixed gas from 4 7.54 to v

8.69 cm/sec at 600°C, the specific surface area prepared at 8.69 cm/sec increased 1.27~1.33 times larger than
those of prepared at 7.54 cm/sec depending on the increase of activation time. These results were a little smaller
than that of ACF prepared by dual-simultaneous pretreated (di-ammonium hydrogen phosphate and urea
solution) and activated cellulose fibers at 600°C for 1 h, because of shorter (20 min.) activation time [19]. As
increasing the carbonization/activation temperature from 600to 800°C, even though same flow rate of H,O/N,

mixed gas, the superficial velocity increased from 4 7.54 to ¢ 9.27 cm/sec due to the expansion of gas, and

the specific surface area prepared at 9.27 cm/sec was about 910 m%/g, which increased 4.04 times larger than
that of prepared from as-received cellulose fibers and 1.91 times larger than that of prepared at 600 °C, 7.54
cm/sec. These results including average pore size were similar to those results of Teng et al. [7]. Even though
Toles et al. [22, 15, 17] mentioned that the effective carbonization temperature was about 450 °C, activation
should be performed at higher temperature than carbonization. In general, activation at high temperature affect
stronger than activation at increased superficial velocity by increase in the steam ratio. From the Tables, total
pore volume of the activated cellulose fibers increased with the increase of specific surface area. This is due to
the different amount of surface functional groups obtained from phosphoric acid pretreatment.

Table-1 Characterization of activated as-received cellulose fibers

HzO/NzC 0.56 H20/N2: 0.56
Superficial velocity Superficial velocity :
at 600 °C : 7.54 cm/sec at 800 °C : 9.27 cm/sec
Carbonization/
activation time 10 15 20 10 15 20
(min.)
Specific surface area
) - 20.4 53.7 65 145 225
(m’/g)
Total pore volume
- 0.014 0.033 0.022 0.046 0.077
(cc/g)
Average pore size (nm) - 2.8 2.9 3.0 3.2 32
Table-2 Characterization of activated cellulose fibers pretreated in phosphoric acid (2.5%, 5 min.)
HzO/NzC 0.56 H20/N2: 0.70 HzO/NzC 0.56
Superficial velocity Superficial velocity Superficial velocity :
at 600 °C : at 600 °C : at 800 °C :
7.54 cm/sec 8.69 cm/sec 9.27 cm/sec
Carbonization/
activation time 10 15 20 10 15 20 10 15 20
(min.)
Specific surfacearea | 19, | 300 | 476 | 255 400 605 350 585 910
(m’/g)
Total pore volume 011 | 017 | 026 | 014 | 022 | 033 | 0.193 | 032 | 050
(ce/g)
Average pore size 1.6 1.8 1.8 1.8 1.8 1.9 1.8 1.9 1.9
(nm)
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In consideration of experimental conditions: phosphoric acid treatment (2.5%) of cellulose fibers, stabilization
(at 250°C, 20 min.), and simultaneous carbonization/activation (at 600 °C, 20 min., H,O/N,= 0.56, and 7.54

cm/sec superficial velocity of mixed gas), the final yields of activated cellulose fibers was 13.55% (Y=Y,.Y.),

which was 3.66 times higher than that (3.7%) of the as-received activated cellulose fibers, and the specific
surface area was about 476 m?/g. Increase the superfical velocity from 7.54 to 8.69 cm/sec by increasing the
ratio of H,O/N,to 0.70 at 600 °C, 20 min., the specific surface area increased to about 605 m?/ g, and increase the
superfical velocity from 7.54 to 9.27 cm/sec by increasing the activation temperature to 800 °C, 20 min., at
H,0/N,= 0.56 the specific surface area increased to about 910 m?/g. On the other hand, increasing the activation
temperature from 600 to 800 °C resulted in decrease the yield.

IV. CONCLUSIONS

Phosphoric acid pretreatment of wood pulp based cellulose fibers can be reduced the starting and finishing the
stabilization temperature and resulted in high yield of activated carbon fibers. Simultaneous carbonization and
activation in a high temperature furnace is preferable than continuous processes. The ratio of vapor/nitrogen
mixed gas is one of important factors, but careful control of superficial velocity of this mixed gas flow in the
furnace is also necessary to increase yield and specific surface area of activated carbon fibers. This superficial
velocity is rapidly changed not only the ratio of mixed gas but also the amount of mixed gas in a high activation
temperature furnace.
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