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Abstract.

In this study, activated carbon fibers (BACF) were prepared from moso bamboo by phenol

liquefaction, spinning, curing, and CO, activation. The microstructure and porous texture of BACF were
investigated by Fourier transform IR spectroscopy, X-ray diffraction, and N, adsorption at —196°C. The
surface area and pore volume increased progressively after activation, and yields were found in the range
of 39-59.6%. BACF showed type I isotherms with multimodal pore size distributions in the <6-nm region.
It is believed that liquefied bamboo could be a suitable precursor for activated carbon fibers. The obvious
change was not observed on the functional groups of BACF during activation. At the same time, it was
found that the higher temperature improved the crystallite size and activation reaction of BACF.
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INTRODUCTION

Because of uniform slit-shaped micropores and
great surface area, activated carbon fibers (ACF)
have been widely applied for purification, sepa-
ration, or catalysis (Fan et al 2004). Currently,
ACEF are mainly prepared from polyacrylonitrile,
phenolic resin, or pitch fibers (Li et al 1998; Ryu
et al 2002; Tan et al 2007). The shortage of
these resources necessitates an improvement in
ACF production, which highly depends on chem-
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ical materials. With the increase of fossil fuel
shortage and environmental protection, devel-
oping renewable biomass-based ACF is partic-
ularly important.

During the last few decades, biomass-based ACF
have been prepared from wood, kenaf, jute, coco-
nut, etc (Uraki et al 2001; Asakura et al 2004,
Ngoc et al 2006; Cuerda-Correa et al 2008; Rong
et al 2010). However, most studies on prepara-
tion of ACF with biomass only partly use bio-
mass constituents such as cellulose and lignin.
The utilization ratio of biomass materials for
ACF is quite low. Recently, biomass materials
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have been completely converted into useful
chemical raw by a liquefaction technique, and
liquefaction products have been used to pre-
pare adhesives, foam, wood, ceramics, carbon
fibers, etc (Masahiko et al 2004; Lin et al
2006). It greatly improves the use of these
materials and provides a new method for the
preparation of biomass-based ACF.

Bamboo is known as a cheap and fast-grown
resource that offers great potential as an alterna-
tive to wood. In previous work, we carried out
the preparation of carbon fiber from liquefied
wood instead of fossil sources (Ma and Zhao
2010). ACF could be prepared from liquefied
wood or bamboo-based carbon fiber by acti-
vation technology. However, the adsorption
capacity of ACF depends on many factors,
such as raw materials, activation process, pore
structure, and surface functionalities. During
the activation, pore development of ACF is
caused by the enhanced activation reactions
between carbon and activating agents at appro-
priate temperature. Also, the different precur-
sors would give the final products different
properties of ACF. Therefore, it is significant
to study the activation technology of ACF from
liquefied bamboo.

In this study, based on previous studies, acti-
vated carbon fibers (BACF) were prepared from
bamboo after phenol liquefaction, melt spinning,
curing, and activation using CO,. At the same
time, to investigate the influences of activation
temperature on the structure and performance
of BACF, the microstructure, adsorption capac-
ity, and porous distribution of BACF were also
studied in detail.

MATERIALS AND METHODS

Preparation of Bamboo-Activated
Carbon Fibers

The mixture of moso bamboo powder (20-
80 mesh), phenol (1:6 mass proportion), and
8% phosphoric acid was liquefied for 2.5 h at
160°C. The bamboo liquefaction was mixed with
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5% synthetic hexamethylenetetramine (based on
the mass percentage of the liquefied product)
in a spinning machine to synthesize the fed
material into the spinning solution at 130°C.
The spinning solution was used to form the
initial fiber using the melt spinning process.
The initial fiber was placed in a hydrochloric
acid—formaldehyde mixture solution with a
hydrochloric acid concentration of 18.5% and
formaldehyde concentration of 18.5%. The mix-
ture was subjected to solidification for 4 h at
95°C. The initial fiber was rinsed and then
placed in a box to dry for 40 min at 90°C to
obtain the precursor fiber (YS).

The precursor fiber was placed in a carbonizing-
activating furnace with N, at a flow rate of
100 mL/min. The fiber was heated evenly by
raising the temperature in increments of 5°C/
min until the set activation temperature was
reached. Finally, 600 mL/min of CO, was fed
for 40 min to activate the fiber and until BACF
was obtained.

Characterization of Bamboo-Activated
Carbon Fibers

Surface morphologies of BACF were examined
using a scanning electron microscope (SEM)
(SS-550; Shimadzu, Kyoto, Japan) with an accel-
eration voltage of 15 kV. Prior to imaging, all
samples were sputtercoated with gold and then
mounted on the SEM stage.

The crystal structures of BACF were measured
by a powder X-ray diffractometer (D/max-2500;
Rigaku, Tokyo, Japan) using Cu Ko radiation
(A = 0.154 nm, powdery samples) and a dif-
fraction angle range of 20 = 5-60° with a
count time of 20 s at each point. The acceler-
ating voltage and applied current were 40 kV
and 100 mA, respectively.

To examine the differences of microcrystalline
structure of BACF at various temperatures, the
apparent crystallite thickness (L.), the appar-
ent layer-plane length parallel to the fiber axis
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(L,), and the average interlayer spacing d were
calculated using Scherrer and Bragg’s equations.
The formulas can be expressed as

A

~ 2sind (1)
K\

L= BcosO @)

where 0 is the Bragg angle of peaks (°), A is the
wavelength of X-ray used (0.154 nm), and B is
half-height width of peak (rad). The form factor
K is 0.89 for L. and 1.84 for L,, respectively
(Johnson and Frank 1980).

The chemical characterization of functional groups
of BACF was detected using pressed potas-
sium bromide (KBr) pellets containing 5% of
sample by Fourier transform IR spectrometry
(FTIR) (Nicolet-6700; Thermo electron, Waltham,
MA) in the scanning range of 4000-400 cm ™.
The samples were pulverized (150-200 mesh)
and mixed with KBr before being pressed into
a disk.

Specific surface area was obtained from a nitro-
gen adsorption—desorption isotherm taken at
—196°C with an ASAP-2020 (Micromeritics
Instrument Corporation, Norcross, GA). The
surface area of each specimen was obtained
based on the Brunauer—-Emmett—Teller (BET).
The micropore area and micropore volume
were calculated by the t-plot method. The pore
size distributions were obtained based on the
Horvath-Kawazoe (HK) method for micro-
pores and the Barrett—Joyner—Halenda (BJH)
method for mesopores. Total pore volume and
radius were based on the assumption that
nitrogen filled the sample pores at a relative
pressure of 0.99 (Carrott et al 1987).

Iodine and methylene blue (MB) adsorption
were calculated following the GB/T 12496.8
(GB 1999a) standard test method for granular
activated carbon from wood of iodine adsorption
and the GB/T 12496.10 (GB 1999b) standard
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test method for granular activated carbon from
wood of MB adsorption.

RESULTS AND DISCUSSION
Morphological Characteristics

Figure 1 shows the SEM image of the surface and
cross-section of BACF. Figure 1a-b shows that
the surface of BACF is smooth with no obvious
pores. Figure 1lc-d shows that some relatively
large pores existed at the edge of the section
primarily because the gas generated during spin-
ning was not fully exhausted.

Iodine, Methylene Blue Adsorption,
and Yield

Figure 2 shows the iodine, MB adsorption, and
yield rate curves of BACF in different activa-
tion temperatures. As shown in Fig 2a, with
increased activation temperature, iodine and
MB adsorption of BACF gradually increased.
Iodine and MB adsorption values of BACF
increased slowly in the activation temperature
range of 500-700°C, whereas iodine and MB
adsorption values increased significantly when
temperature exceeded 700°C and improved
268.4 and 629.6%, respectively, indicating that
the main pore formation period of BACF occurs
in the range of 700-900°C. In addition, it was
observed that the adsorption growth of MB was
significantly higher than that of iodine, indicat-
ing that the mesopores of BACF became more
and more numerous at temperatures exceed-
ing 700°C.

As shown in Fig 2b, with increased activation
temperature, the yield rate of BACF gradually
decreased. The final carbonization temperature
plays an important role in the yield of BACF.
When the temperature was below 800°C, the
yield slowly decreased. In contrast, when the
temperature exceeded 800°C, the yield signifi-
cantly decreased. It is clear that higher activation
temperature enhances the reaction of the activat-
ing agent with carbon. The yield rate of BACF
decreased from 59.6 to 39% as temperature
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Figure 1.
(c-d) cross-section.

increased from 500 to 900°C. It is clear that
the yield of BACF was higher than that of
biomass-based activated carbon fibers reported
(Uraki et al 2001; Asakura et al 2004).

X-Ray Diffraction Analysis

Figure 3 shows X-ray diffraction (XRD) pat-
terns of BACF at various activation tempera-
tures. With increased activation temperature,
the 002 peak began to shift toward a higher
angle and became broader, corresponding to
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Scanning electron microscope photographs of activated carbon fibers from bamboo. (a-b) Side surface;

smaller-sized crystallites. Above 600°C, the
samples presented (100) diffraction peak (20 =
43°). Finally, X-ray diffractograms for BACF
showed a similar diffraction pattern, denoting
that these fibers were less crystalline than the
graphite, although they still maintained a cer-
tain order for the graphene layers. Table 1
shows the XRD structure parameters of BACF
under various activation temperatures calcu-
lated based on the Scherrer and Bragg formu-
las. With increased activation temperature, the
value of d(g») gradually decreased, whereas
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Figure 2. lodine, methylene blue (MB) adsorption (a) and yield rate (b) of activated carbon fibers from bamboo at
various temperatures.
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Figure 3. X-ray diffraction of the bamboo precursor fiber (YS) and activated carbon fibers from bamboo at various
temperatures.



296

Table 1. Structure parameters of X-ray diffraction for

activated carbon fibers from bamboo.

Temperature (°C) d(oo2) (nm) L. (nm) L, (nm) Lc/d ooz
500 0.4949 0.5959 1.2320 1.2040
600 0.4479 0.7054 1.4584 1.5751
700 0.4147 0.7804 1.6135 1.8818
800 0.4109 0.8388 1.7343 2.0414
900 0.4035 0.8155 1.6859  2.0208

the values of the crystallite sizes L,, L., and
L./d o2y increased. It indicates that with the
increase in temperature, the crystallite size of
BACF gradually approached that of graphite
and became orderly (Kercher and Nagle 2003;
Macia-Agullo et al 2007).

Fourier Transform IR Analysis

To identify the variation of functional groups
during formation of BACF from source materials,
IR spectrum analysis was performed to check out
the types of organic groups presenting on the
surface of raw materials and prepared BACF.
Figure 4 shows FTIR of the bamboo precursor
fiber (YS) and BACF at various activation
temperatures. When the activation temperature
increased from 500 to 700°C, the characteristic
vibrations of O-H at 3436 cm_l, C-H at 2895-
2856 cm ™', C=C at 1629-1598 cm™', C-O at
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1263-1043 cm ™', and C-H out-of-plane of
benzene ring at 900-650 cm ™' did not change
significantly (Burg et al 2002; Olivares-Marin
et al 2006). However, above 700°C, the inten-
sity of the band at 1263-1043 cm™', corre-
sponding to C-O stretching, became obvious,
indicating that it is beneficial for high tem-
perature to improve the activation reaction of
BACEF. At the same time, it was found that the
activation temperature played an important
role on structure symmetry formation in the
CO, activation process.

Nitrogen Adsorption

Figure 5 shows nitrogen adsorption—desorption
isotherms of BACF at various activation temper-
atures. As can be seen in Fig 5, at low relative
pressures, a rapid increase in the adsorption—
desorption isotherms was observed, which was
followed by a nearly horizontal plateau at higher
relative pressures, indicating the isotherms of
BACEF belonged to type I in the IUPAC clas-
sification (Sing et al 1985). The type I iso-
therm represents a material with microporous
structure. The major uptake occurs at low rel-
ative pressures indicating the formation of
highly porous materials with narrow pore size
distribution. The steep rise and very high N,

Transmittance (%)

4000 3600 3200 2800 2400

2000 1600 1200 800 400

wavemumber (cm-1)
Figure 4. Fourier transform IR spectroscopy of the bamboo precursor fiber (YS) and activated carbon fibers from bamboo

at various temperatures.
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Figure 5. Nitrogen adsorption—desorption isotherm plots for activated carbon fibers from bamboo.
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Figure 6. Pore size distribution of activated carbon fibers from bamboo at various temperatures: (a) Horvath—-Kawazoe

(HK) method; (b) Barrett—Joyner—Halenda (BJH) method.




298

WOOD AND FIBER SCIENCE, APRIL 2014, V. 46(2)

Table 2. Surface areas and pore volumes of activated carbon fibers from bamboo at various temperatures.*

SgeT mic Smes Vier Vinic Vines Vinic

Temperature (°C) (m2/g) (m?/g) (m2/g) (cm?/g) (ecm¥/g) (cm¥/g) (%)
500 365.5 169.9 72.8 0.2057 0.0776 0.0338 37.7

600 375.9 269.4 57.6 0.2238 0.1259 0.0386 56.3

700 405.7 300.5 46.3 0.2458 0.1397 0.0767 56.8

800 430.4 338.6 35.1 0.2541 0.1580 0.0775 62.2

900 702.3 451.9 32.6 0.3234 0.2099 0.0992 64.9

* SpEt, Brunauer—Emmett—Teller surface area; S, micropore surface area; S, mesopore surface area; Vg, total pore volume; V., micropore volume;

Vimes, mesopore volume; Vi,ic% = (Vinic/Vior) X 100.

uptake of the initial part of the isotherms sug-
gest the presence of a large proportion of
micropores and the fact that no obvious hys-
teresis was observed indicates that the amount
of mesopores or macropores was very small
(Yang et al 2012).

During activation, the activating agent reacts
with the reactive centers such as disorganized
carbons, carbons with heteroatom, and carbons
on graphene edges, creating new pores and
widening the existing ones. The pore develop-
ment of carbon is caused by the enhanced acti-
vation reactions between carbon and activating
agents at appropriate temperature. Figure 6
shows the pore size distribution (HK and BJH
methods) of BACF at different temperatures.
According to the pore size distribution shown
using the HK method in Fig 6a, samples obtained
at low activation temperature such as 500-600°C
were predominantly microporous with pore
width <0.66 nm. With temperature increased
to 900°C, the pores mainly distributed in the
range <0.71 nm. The micropore sizes of BACF
distributed mainly between 0.6 and 0.7 nm during
activation. According to Fig 6b, with increas-
ing activation temperature, mesopores occurred,
and the mesopore sizes mainly distributed in the
range 2-6 nm.

Table 2 gives the surface areas and pore vol-
umes of BACF at various activation temper-
atures. The Sggr, Smic, and pore volumes of
BACF gradually increased with increase in
activation temperature. When the final carbon-
ization temperature was raised to 900°C, Sggr,
Smic» and Sy were 702.3, 451.9, and 32.6 m?/g,
respectively, and Vi, Vi, and V., were
0.3234, 0.2099, and 0.0992 cm3/g, respec-

tively. As Table 2 shows, the microporosity also
changes with increasing carbonization temper-
ature. Microporosity increased from 37.7 to
64.9% as temperature increased from 500 to
900°C. According to the obtained results, the
greatest surface area and total pore volume of
BACEF were developed by a further rise in acti-
vation temperature, and it is suggested that
900°C would be the most suitable temperature.

There are some references in the literature to
bamboo-based activated carbons despite the
encouraging results reported in this study. Pre-
vious work reported surface area values around
400-500 m2/g (Mizuta et al 2004; Asada et al
2006) for bamboo carbons. Table 2 shows that
the Sggt of BACF were higher than those pre-
viously reported. It is believed that liquefied
bamboo materials could be a suitable precursor
for activated carbon fibers.

CONCLUSIONS

Bamboo-based activated carbon fibers prepared
by liquefaction had high surface area and a com-
plex pore structure. As the activation tempera-
ture rose, the crystallite size d(,, gradually
became small, whereas L,, L., and L/d ) grad-
ually increased. The crystallite size and activation
reaction of bamboo-based activated carbon
fibers were highly dependent on activation tem-
perature. The maximum iodine and MB absorp-
tion of BACF were 679.91 and 157.83 mg-g ™',
respectively. Bamboo-based activated carbon
fibers with BET surface area of 702.3 m?/g were
obtained at 900°C, and yields of 50% below
800°C could be achieved by activation for
40 min. The pore size of BACF was mainly
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0.6- to 0.7-nm micropores, but small mesopores
of 2-6 nm also made an important contribution.
This will lead to the development of bamboo-
based activated carbon with different pore sizes.
Finally, it is believed that liquefied biomass
materials could be a suitable precursor for acti-
vated carbon fibers.
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