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ABSTRACT

This paper attempts to prepare high-performance activated carbon (HP-AC) from bamboo charcoal
(BC) as raw material using microwave irradiation as heating source and potassium hydroxide as
activating agent. The influence of factors, such as activation time (3-15 min), KOH/C ratio (1:1-6:1)
and particle size (0.147-2 mm) on its performance (the carbon yield and adsorptive capability)
were investigated. The textural porosity and surface chemistry of HP-AC were determined by
scanning electron microscope (SEM) analyzer, N, adsorption method and Fourier-transform infrared
(FT-IR) spectrometer. The adsorptive properties of HP-AC were examined using iodine solution and
methylene blue as model dye compound and hydrogen adsorbate. The effect of porosity and surface
functionalities on the electrochemical capacitance of HP-AC were measured by cyclic voltammetry
measurements. Under the best preparation conditions (activation time of 8 min, KOH/C ratio of 5:1
and particle size of 0.71-1.4 mm), the following results were obtained for the specific surface area,
micro surface area, external surface area, total pore volume, iodine adsorption value, methylene blue
adsorption value, carbon yield, hydrogen storage capacity and super capacitance value: 2,446 m*/g,
901 m?g, 1,545 m*g, 1.48 mL/g, 2,226 mg/g, 47.5 mL/0.1 g, 34.3%, 0.93 wt% (17.3 MPa, 25°C) and
3.63 wt% (1.0 MPa, —196°C), 212 F/g, respectively. The findings revealed the potential of BC as a
raw material for the preparation of HP-AC, and to determine its potential applications of HP-AC as
hydrogen storage and super-capacitor material.

Keywords: Microwave irradiation; High-performance activated carbon; Hydrogen storage; Super
capacitance; KOH

1. Introduction

High-performance activated carbon (HP-AC) is a
carbonaceous material, which has special crystalline structure,
abundant surface functional groups, large specific surface
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area and good adsorptive performance [1]. With the contin-
uous development of modern industries, HP-AC has been
widely used in chemical industry, environmental protection,
food, medical appliances, solvent recovery, water treatment,
fuel cells, gas storage, hydrometallurgy, military chemical
protection and other fields, which become indispensable
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products of the national economy, national defense construc-
tion and people’s daily life indispensable products.

Up to date, physical (water vapor, CO,, etc.), chemical
(KOH, ZnCl, K,CO,, H,PO,, etc.) and composite activation
are used for the preparation of HP-AC [2,3]. Both chemical
and physical activations have their advantages and disadvan-
tages. Chemical activation for the preparation of HP-AC have
developed internal pores and increased large specific surface
area, but this method led to serious equipment corrosion and
waste water treatment. Further, the recycling of activators is
difficult. Although the specific surface area is less by the phys-
ical activation, its advantages are that the process of activation
does not produce pollution and the products are formed with-
out pickling and washing. There are two heating methods for
the preparation of HP-AC [4], traditional thermal heating
method (high temperature resistance furnace heating) and
new type of heating method (microwave radiation heating).
Traditional thermal heating method transfers power from
external to internal with small heating rates and therefore the
internal temperature of the material is not uniform. Compared
with the traditional thermal heating method, microwave radi-
ation is from the internal spreading to the outside and there-
fore the microwave radiation has the advantages of large
heating rates, uniform heating of materials and shorter time
of activation [5]. Thus, the method of using microwave heat-
ing and KOH activation, which take shorter time in the whole
activation stage, can help to prepare HP-AC that exhibits the
characteristics of high-efficiency and save energy.

At present, hydrogen storage methods liquefy the hydro-
gen under high pressure, which has high risk coefficient and
high requirement on the equipment. Carbon material adsorp-
tion is one of the best methods of hydrogen storage [6], because
the HP-AC has many merits including good adsorption abil-
ity, well developed pore structure and great specific surface
area. The percentage of hydrogen storage mass is 7.4 wt% with
HP-AC made by Li Zhou as a hydrogen storage material at
77 MPa and had exceeded the international standard (5 wt%).
It shows that HP-AC has a great prospect in the field of hydro-
gen storage. Making the capacitor electrode material with the
HP-AC using KOH (3 mol/L) as the electrolyte solution, the spe-
cific capacitance of the electrode materials was 369 and 305 F/g
at the current densities of 50 and 2,500 mA/g, respectively [7].
After cycling 1,000 times, the specific capacitance of AC was
still relatively high and could be maintained above 92%, which
indicates that HP-AC has great value in the application and
development of super capacitor electrode materials.

Therefore, we attempted to produce HP-AC from bam-
boo charcoal (BC) by microwave irradiation with KOH acti-
vation and the factors such as activation time, KOH/C ratio
and particle size were explored systematically.

2. Methods
2.1. Evaluation for the preparation of HP-AC

The molecular structure of iodine and methylene blue were [,
and C H,/N,SCI, respectively, which were purchased in Tianjin
wind boat Chemical Reagent Technology Co. and were selected
as the model adsorbents. The optimum conditions of the activa-
tion time, KOH/C ratio and particle size for the preparation of

AC were determined by iodine and methylene blue values.

2.2. The preparation of HP-AC

Bamboo charcoal purchased in Tianjin wind boat Chemical
Reagent Technology Co., and its iodine adsorption value was
148 mg/g, which was mixed with KOH (Chemical Reagent
Technology Co., Tianjin) and water; different KOH/C ratios
were selected (1:1, 2:1, 3:1, 4:1, 5:1 and 6:1) and a timer was
used for various exposure times (3, 5, 8, 10, 12 and 15 min).
This mixer was dried in an oven and put the resultant into a
microwave oven and activated under the power of 800 W. The
resultant was washed with 0.1 mol/L hydrochloric acid and
rinsed repeatedly with water until the pH value was about 7.
Finally, the products were obtained by the processes of rinsing
2-3 times with deionized water, and dried in the oven at 120°C.

2.3. Characterization of activated carbon

The chemical characterization of surface functional groups
of HP-AC was obtained by Fourier-transforms infrared
(FTIR) spectroscopy (Nicolet, Is10). The porous structures of
HP-AC determined by nitrogen (N,) adsorption—desorption
isotherm at 77 K using automatic volumetric adsorption
analyzer. The specific surface area was calculated by the
Brunauer—-Emmett-Teller (BET) equation. The total pore vol-
ume was evaluated by converting the adsorption volume of
nitrogen at relative pressure of 0.98 to equivalent liquid vol-
ume of adsorbate. The microspore volume, microspore sur-
face area and external surface area were deduced using the
t-plot method. The surface morphologies were examined by
a scanning electron microscope (SEM). The crystalline struc-
tures of HP-AC were analyzed by X-ray diffraction (XRD).
The mass loss of HP-AC was explored by thermogravimet-
ric (TG) and differential thermal analysis (DTA). Hydrogen
absorption-desorption properties of HP-AC were deter-
mined by hydrogen adsorption—desorption isotherm at 25°C
and -196°C using an automatic micrometrics 3H-2000P-H1
volumetric adsorption analyzer.

3. Results and discussions
3.1. The preparation of HP-AC from BC
3.1.1. Effects of activation time

The experiment was carried out at different activation
time (3, 5, 8, 10, 12 and 15 min) with a microwave power
of 800 W and a particle size ranging from 0.71 to 1.4 mm. A
1:1 molar ratio of KOH/C was used for 10 g of BC samples.
The effect of activation time on the carbon yield, iodine and
methylene blue adsorption value is shown in Table 1. It can
be seen that the iodine and methylene blue adsorption value
of HP-AC showed a sharp growth, which increased from
768 to 1,199 mg/g and 8.7 to 19 mL/0.1 g, respectively, with
prolonging the microwave radiation time from 0 to 8 min.
Afterwards, the adsorbed value decreased from 1,199 to
1,117 mg/g, and then steadily decreased further. It reveals
clearly that the reaction was carried out fully and formed the
pore network when the activation time was prolonged.

The above was probably due to the sintering effect, which
significantly destroyed the pore walls between the adjacent pores,
resulted in the formation of mesopores or megalopores by exces-
sive reaction as. Higher pyrolysis temperatures could induce to
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produce C-KOH, C-K,CO,, C-K, C-K,O, C-CO and C-CO, [8].
Reactions facilitating breakage of the C-O-C and C-C bonds
thus the variation of the carbon yield had a decreasing trend.
In addition, further heat treatment may produce local hotspots,
leading to the ablation and contraction of carbon internal chan-
nels. Therefore, 8 min was selected as the best activation time.

3.1.2. Effects of KOH/C ratio

The effects of the KOH/C ratio were studied through acti-
vation using KOH as an activator for 8 min at a microwave
power of 800 W and different KOH/C ratios ranging from 1:1 to
6:1. The experimental results are shown in Table 2. The results
showed that the iodine adsorption value enhanced from 1,199 to
2,196 mg/g with the increase of KOH/C ratio from 1:1 to 5:1 and
then decreased from 2,196 to 1,998 mg/g when the KOH/C ratio
was increased from 5:1 to 6:1. There was a drastic increase of
methylene blue adsorption value from 19 to 40.5 mg/0.1 g with
the KOH/C ratio increased from 1:1 to 5:1 and then decreased.
There was a gradual decrease of carbon yield with the increase
of KOH/C ratio from 1:1 to 6:1. This shows that the activating
reaction rate was increased with the increase of KOH.

Obviously, the development of porosity was related to gas-
ification of KOH. The metallic potassium formed during the
gasification process would diffuse into the internal structure
of the BC matrix expanding the existing pores and creating
new pores [9]. Thus, the activation process would be enhanced
by increasing of KOH/C ratio. Correspondingly, the adsorp-
tion capacity will be improved further. The active sites on C
reacted fully at the KOH/C ratio of 5:1 and the adsorption
capacity reached to its maximum. Exceeding the optimum
will cause excessive reaction during which the micropores
would be broadened and burned, further forming mesopores

Table 1

Effect of the activating time (experimental conditions: microwave
power of 800 W, particle size of 0.71-1.4 mm, KOH/C ratio of 1:1,
mass of 10 g)

Activation time 3 5 8 10 12 15

(min)

Iodine adsorption 148 148 148 148 148 148

value C; (mg/g)

Iodine adsorption 746 844 1,199 1,158 1,095 1,117

value C (mg/g)

Methylene blue 8.3 127 190 184 151 172

adsorption value

(mL/0.1 g)

Carbonyield (%) 57.1 526 494 473 428 402
Table 3

and macropores, thereby reducing the adsorption capacity
and yield of HP-AC. Therefore, it was recommended that the
KOH/C ratio of 5:1 to be used in the preparation of HP-AC.

3.1.3. Effects of particle size

Samples with different particle size of BC (1.4-2, 0.71-1.4,
0.25-0.71, 0.147-0.25 mm and less than 0.147 mm) were made
and activated under the following conditions: KOH/C ratio
(5:1), activation time (8 min) and microwave power (800 W).
Table 3 presents the results of the experiments. Obviously,
the highest iodine adsorption value was 2,226 mg/g when
the particle size was 0.71-1.4 mm, and then had a decreasing
trend with the particle size less than 0.147. The methylene
blue adsorption values of HP-AC had a tendency to increase
slowly.

It is clear that the particle size of BC had weak correlation
as the activating reaction basically occurred on the surface of
BC; the internal activation of AC was not sufficient and the
contact of activator with BC surface was large which led to
excessive activation of BC. The BCs internal micropores were
expanded to form mesopores or macropores resulted in the
decrease of micropores and therefore increasing the medium
and large pores and decreasing the iodine value.

3.2. The characterization of HP-AC
3.2.1. Infrared analysis of HP-AC

The FTIR spectra of BC and HP-AC are presented in
Fig. 1. By comparing the FTIR spectra, we can see only little

Table 2

Effect of KOH/C ratio (experimental conditions: microwave
power of 800 W, particle size of 0.71-1.4 mm, activation time of
8 min, mass of 10 g)

KOH/C ratio (g) 1:1 2:1 3:1 4:1 5:1 6:1

Iodine 148 148 148 148 148 148
adsorption value

C,(mg/g)

Todine 1,199 1474 1,576 1,960 2,196 1,998

adsorption value

C (mg/g)

Methylene blue 190 245 276 374 405 382
adsorption value

(mL/0.1 g)

Carbon yield (%) 49.4 426 400 381 352 302

Effect of the particle size (experimental conditions: microwave power of 800 W, activation time of 8 min, KOH/C ratio of 5:1, mass of 10 g )

Particle size (mm) 1.4-2 0.71-1.4 0.25-0.71 0.147-0.25 <0.147
Iodine adsorption value C(mg/g) 148 148 148 148 148
Iodine adsorption value (mg/g) 2,196 2,226 2,225 2,150 2,104
Methylene blue adsorption value (mL/0.1 g) 40.5 44 41.5 42.6 43
Carbon yield (%) 352 34.3 32 31.8 28.3
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differences in chemical composition on the surface of HP-AC
and BC, and all the spectra had similar adsorption peaks. There
were four major peaks at about 3,450, 1,440, 1,068, 860 cm™,
which suggested the existence of -OH, C=C (aromatic ring),
C-O-C and C-H (aromatic ring) stretching. From the FTIR
spectra, it can be known that the peak had a decreasing ten-
dency at 3,450 cm™ and it would come from the pyrolysis of
radical groups, which led to the decrease of hydroxylate in
activation process with high temperature. Moreover, the peak
areas have little difference at about 1,440, 1,070 and 860 cm™,
which indicates that it is hard to change the surface functional
groups naturally but easy to change its physical properties.

3.2.2. The BET characterization of HP-AC

It can be seen from Fig. 2 that density functional theory
(DFT) model ascertained the pore size distribution of HP-AC.
The result shows that the micropores were mainly concen-
trated at 0.504, 0.889 and 1.29 nm, the distribution of the mes-
opores was concentrated at 3.09, 5.18, 6.16 and 7.06 nm, and
the sharpest peak occurred at pore diameters between 0.889
and 3.09 nm, which shows that a vast majority of the pores fell
into the mesopore range. Fig. 3 shows the micropore size dis-
tribution where the sharpest peak occurred at pore diameters
from 0.3 to 0.9 nm. Ultra-micropores had a larger proportion
in the particle size distribution. The result was consistent with
iodine adsorption curve [10]. The DFT analysis also shows
that HP-AC specific surface area, total pore volume, microp-
ore surface area and external surface area were 2,446.22 m?/g,
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Fig. 1. FTIR of BC (a) and HP-AC (b).
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Fig. 2. Pore size distribution of HP-AC.

1.480 mL/g, 901 m?/g and 1,545 m?/g, respectively (see Table 4).
In short, the pore size distribution of HP-AC was consistent
with Langmuir adsorption isotherm.

3.2.3. SEM analysis of HP-AC

We observed the porous structure of BC and HP-AC with
magnification 60,000x by SEM. Fig. 4 shows the surface mor-
phology of BC and HP-AC. Fig. 4(a) exhibits that the surface
structures of BC was relatively smooth. After activation, as
can be seen from Fig. 4(b), it is clear that the HP-AC formed
a considerable number of pores, so it had a large specific sur-
face area which was consistent with the high iodine adsorp-
tion value and BET [11].

3.2.4. XRD analysis of the crystalline structure of HP-AC

According to Fig. 5, we found BC and HP-AC had two
obvious characteristic peaks, which were around 20 = 25°
and 20 =43°[12], respectively. The two peaks were diffraction
peaks of HP-AC (002 and 100) [13]. Normally, when the
heating temperature gets higher, the crystallite structure of
carbon containing materials would be changed, so that the
intensity of the diffraction characteristic peaks of the crystallite
increased. As could be seen from the diagram, the strength of
HP-AC (100) peak was much greater than the strength of BC,
which shows HP-AC had more crystallites than BC.

3.2.5. TG-DSC analysis of the thermal behavior
and weight loss of HP-AC

The TG-differential scanning calorimetry (DSC) curve of
HP-AC and BC are shown in Figs. 6 and 7. More detailed dis-
cussions on this can be found elsewhere [14]. The mass loss
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Fig. 3. Micropore size distribution of HP-AC.

Table 4

Porosity structure and surface properties of HP-AC
Specific surface area (m?/g) 2,446.22
Total pore volume (mL/g) 1.480
Micropore surface area (m?/g) 901
External surface area (m?/g) 1,545
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Fig. 4. SEM micrograph of: BC (a) and HP-AC (b) with
magnification 60,000x.
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Fig. 5. XRD of: BC (a) and HP-AC (b).

was more obvious when the temperature was increased from
20°C to 100°C (the mass loss of HP-AC and BC were about
19% and 3%, respectively), that was mainly caused by mois-
ture in the carbon material evaporation and there were abun-
dant pore structures after activation which can absorb large
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Fig. 7. Characteristic curves of HP-AC: TG (c) and DSC (d).

amount of water. The mass loss was about 77% at the sec-
ond stage when the temperature was increased from 350°C
to 700°C; the mass loss in this period was derived from two
aspects, one was pyrolysis of the raw material of cellulose
and lignin and the other was dehydrogenation reaction of
the aromatic compounds which would occur when the tem-
perature over 500°C. The DSC curves of BC and HP-AC had
larger endothermic peak between 460°C and 530°C. It indi-
cates that the TG and DSC curves were identical to each other
at this temperature range.

3.3. The electrochemical performance test of HP-AC
3.3.1. Hydrogen storage capacity test of HP-AC

Hydrogen storage capacity of HP-AC sample was mea-
sured by high pressure physical adsorption instrument at
different temperatures. The hydrogen adsorption isotherms
of HP-AC are shown in Fig. 8. Obviously, hydrogen stor-
age capacity increased with the increase in pressure at 25°C.
Hydrogen storage capacity reached the maximum value of
0.93 wt%, when the pressure reached at 17.3 MPa. At liquid
nitrogen temperature (-196°C), hydrogen storage capac-
ity increased at the beginning and reached a stable status;
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with the increase of pressure (from 0 to 0.5 MPa), hydrogen
storage capacity reached the maximum value of 3.63 wt%
(reached 1 MPa).

Table 5 shows the H, adsorption rate for AC from differ-
ent raw materials. It can be seen that the HP-AC possessed
similar H, adsorption with other AC. Nevertheless, the H,
adsorption obtained in this study is still inferior compared
with that of biomass waste [15]. However, there is no clear
standard about H, storage capacity and it is still difficult for
researchers to find suitable HP-AC to improve H, storage
capacity. Thus, further study need to improve the H, adsorp-
tion on HP-AC.
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Fig. 8. Hydrogen adsorption isotherms of HP-AC at: 25°C (a) and
-196°C (b).

Table 5
Hydrogen adsorption date of ACs from different studies

3.3.2. The electrochemical performance test of HP-AC

Figs. 9(a)—(c) exhibit the cyclic voltammetry curves
of HP-AC at different scanning rates (100, 50, 10 mV/s).
Obviously, the curves are similar to the shapes of the rect-
angle in organic electrolyte system of LiPF6 (EC+DMC) and
there were no obvious oxido-reduction peaks. It suggests
that HP-AC form of energy storage was double-layer capac-
itor. The corresponding peak current increased with the
increase of scanning rates which indicates there was no rela-
tionship between the specific capacitance and the scanning
rate of HP-AC. The capacitor electrode of HP-AC showed
good reversible and capacitive characteristics. It also shows
that the cyclic voltammetry curves had upward sloping ten-
dency at the corner with different scanning rates; this was
mainly due to the electrolyte’s chemical decomposition at
higher voltage or the effect of the number of mesopores of
HP-AC. The oxidation on AC electrode, stabilization, repeat-
ability and gain and lose of electrons were investigated by
cyclic voltammetry curves as well as the specific capacitance
of capacitor and electrode materials according to correspond-
ing currents. The formula for calculation is as follows:

Cp=4C=4I/y><m><a 1)
0.06
0.04
a-The scanning rate of 100 mV/s
0.02} b-The scanning rate of 50 mV/s
<
=
@
5
S 0.00F
-0.02 } ¢-The scanning rate of 10 mV/s
-0.04 > L > L
-4 -3 -2 -1 0
Potential/V

Fig. 9. The cyclic voltammetry curves of HP-AC at different scan
rates.

Feedstock Surface area, T p H, adsorption References
BET (m%g) (K) (MPa) (Wt%)
Commercial-AX-21 3,000 298 6 0.4 [16]
77 3 5.3
7 7.4
High sulfur petroleum cokes 3,886 293 5 19 [17]
93 6 9.8
Coffee-shell 3,149 298 6 0.66 [18]
77 1.1 4.06
Bamboo charcoal 2,446 293 6 0.54 Present study
77 1 3.63
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Table 6
Specific capacitance of ACs from different studies
Sample Surface area, Carbon/acetylene  Electrolyte C,(F/g) References
BET (m?%g) black/adhesive
Commercial AC 2,500 7:2:1 2 mol/L 129 [19]
Li,SO, solution
(neutral)
Coconut-shell AC 1,700-1,800 8:1:1 6 mol/L 360 [20]
KOH solution
Self-made AC 1,920 8:1.5:0.5 1 mol/L 206 [21]
KOH solution
Pitch-based AC 2,960 8:1:1 30% 198 [22]
KOH solution
Et,NBE, + PC 93
HP-AC 2,446 8:1:1 1 mol/L LiPFé6 212 Present study
(EC+DMC)
where C_is the specific capacity (F/g) of a single electrode and ~ Acknowledgments

C is the lDspecific capacity of the whole capacitor. I (A) is the
corresponding current of cyclic voltammetry curve, m (g) is the
total mass of double electrode, y (V/s) is the scan rate and a is
the mass fraction of active substrate in the electrode material.

The mass specific capacity of HP-AC electrode material
and the specific capacitance of the capacitor were calculated
using Eq. (1), which were 212 and 53 F/g, respectively. Table 6
shows the C_ values for AC from different studies. It can be
seen that the HP-AC possessed similar C_ value with other
AC using different electrolytes. In theory, the surface area has
a direct relationship with the energy capacitance [23] which
ranged between 69 and 374 F/g [24]. In this regard, HP-AC
prepared in this study is a good candidate for super-capacitor
applications.

4. Conclusion

This study highlights that the preparation of HP-AC by
microwave radiation and KOH activation reduced the heating
time and energy consumed as well as decreased cost of prepa-
ration. The method showed that HP-AC had an abundant
pore structure with the iodine adsorption value of 2,226 mg/g,
methylene blue adsorption value of 47.5 mL/0.1 g. It also had
a BET surface area of 2,446.22 m?/g, total pore volume of
1.480 mL/g, micropore surface area of 901 m?/g, external sur-
face area of 1,545 m?/g and total pore volume of 0.889 mL/g.
The isothermal adsorption of hydrogen by HP-AC was tested
at room temperature and liquid nitrogen temperature. The
results showed that HP-AC was beneficial when it comes
to reduce the pressure of storage devices in the hydrogen
storage technology with the hydrogen adsorption value of
0.93 wt% (17.3 MPa, 25°C) and 3.63 wt% (17.3 MPa, -196°C).
According to the capacitance performance of HP-AC, it could
be used as electrode material with the electrode materials of
specific capacity of 212 F/g. All data illustrate that HP-AC has
great potential to be used as a capacitor electrode as well as
a hydrogen storage material and thus has a great research
value for future studies on practical applications.
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