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Abstract: The present study attempts to utilize Eupatorium 
adenophorum to prepare high surface area activated car-
bon (HSAAC) with K2CO3 activation using microwave 
heating. The operational variables including micro-
wave power, K2CO3/C mass ratio and heating time on the 
adsorption capability and yield were identified. Addition-
ally, the surface characteristics of HSAAC were character-
ized by nitrogen adsorption isotherms, X-ray diffraction, 
Fourier transform infrared (FTIR) spectroscopy and scan-
ning electron microscopy (SEM). The optimum conditions 
resulted in HSAAC with an iodine number of 1696  mg/g 
and a yield of 32.88%. The Brunauer-Emmett-Teller 
(BET) surface area and total volume were 2768 m2/g and 
1.149 ml/g, respectively. The findings strongly support the 
feasibility for preparation of HSAAC from E. adenophorum 
by microwave heating.

Keywords: Eupatorium adenophorum; high surface area 
activated carbon; microwave heating; potassium carbonate.

1  Introduction
The increasing appeals for species diversity conserva-
tion and environment protection and the global inva-
sion of flora forces more and more countries to focus on 
species protection. Significant efforts are made globally to 
explore multipurpose utilization technologies to dispose 
of the invasive alien species. At present, Eupatorium 
adenophorum is a kind of global exotic weed originating 
from Mexico which has spread extensively in many coun-
tries around the world such as America, Australia and 
the countries in Southeast Asia [1]. Since the 1940s, E. 
adenophorum has spread extensively in Southwest China. 
Many farm lands, pasture fields and forests have been 
destroyed, causing huge economic losses. This has been 
drawn to the attention of the society and many methods 
have been developed to control it, such as manual, chemi-
cal and biological means, however without any realistic 
means to eradicate it [2, 3]. There is a large amount of 
E. adenophorum in Yunnan Province of China – more than 
12,000,000 tons. Compared with simple control processes, 
utilization of the weed provides more benefits [4].

Activated carbon is widely used in a variety of indus-
tries for applications which include separation/purifica-
tion of liquids and gases, removal of toxic substances, 
and as catalysts and catalyst support because of their 
abundantly developed pore structure, strong adsorption 
ability, high surface area and thermostability [5, 6]. With 
the development of technology, the applications of acti-
vated carbon keep expanding, with newer applications 
such as super-capacitors, electrodes, gas storage, and so 
on [7–9]. Activated carbon has been produced from differ-
ent materials like wood, sawdust, coconut shell, almond 
shell, feces of silkworms and so on [10–13].

Generally, activated carbon was prepared either by 
physical or chemical activation [14]. In physical activation, 
the gasification of char is performed at high temperature 
with steam, carbon dioxide or a mixture of both [15–18]. 
In chemical activation, the precursor is impregnated with 
chemical agents like K2CO3 [19–21], KOH [22, 23], ZnCl2 
[24], H3PO4 [25, 26] and the activation is at comparatively 
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lower temperatures than the physical activation, however 
it involves a washing stage wherein the respective salts are 
removed from the activated material.

The conventional heating method results in surface 
heating from the hearth wall, which does not ensure a 
uniform temperature as it is based on heat transfer through 
conduction and convection [27]. Microwave heating is 
volumetric and the heat is generated from inside the 
material as the materials receive energy through dipole 
rotations and ionic conduction [24]. Microwave heating 
has been proved beyond doubt to possess qualities such 
as fast heating, is energy efficient, easy to control, and has 
small thermal inertia and selective heating. Application 
of microwave heating is increasingly being adopted for 
processes such as biomass conversion, activated carbon 
preparation and so on [28–31].

The present work attempts to utilize E. adenophorum 
to prepare high surface area activated carbon (HSAAC) 
with K2CO3 activation by microwave heating. Effects of 
microwave power, K2CO3/C mass ratio and heating time 
on the yield and iodine number of HSAAC were evaluated 
systematically. The resultant product was characterized 
using the nitrogen adsorption isotherm, Fourier transform 
infrared (FTIR) spectroscopy, X-ray diffraction and scan-
ning electron microscopy (SEM) analysis.

2  Materials and methods
2.1  Materials

Eupatorium adenophorum obtained from Kunming, Yunnan Province, 
China was crushed to a size of 5–7 mm and washed thoroughly with 
distilled water; it was then oven-dried (Taisite company, Zhengzhou, 
Henan, China) at 110°C and stored in a moisture-free environment for 
further experiments. The proximate analyses of E. adenophorum are 
shown in Table 1. K2CO3 (Tianjin Chemicals Reagent, Tianjin, China) 
with analytical grade was used as the activation agent. High purity 
nitrogen was used to provide the inert atmosphere.

2.2  Preparation of HSAAC

2.2.1  Carbonization of E. adenophorum: Carbonization was 
performed in a muffle furnace by electric heating, and E. adenophorum 
was loaded on to a ceramic crucible. The sample was heated up to a 
carbonization temperature of 500°C at a heating rate of 10°C/min and 

Table 1: Proximate analyses of Eupatorium adenophorum. 

Content   Volatile matter (wt.%)  Fixed carbon (wt.%)  Ash (wt.%)
Value   76.41   21.69   1.90

Microwave power control

Microwave heating
reactor

Sample platform Sample

H2O

Thermo-element

Air pump1000 W

Figure 1: Diagram of the preparation of high surface area activated 
carbon (HSAAC) from Eupatorium adenophorum char with K2CO3 
activation by microwave heating.

was held for 2 h under N2 (100 cm3/min) flow; the carbonization yield 
was about 30%. After carbonization, the sample was cooled down 
under N2 (100 cm3/min) flow, and the char was crushed and sieved to 
obtain particles with sizes ranging from 600 μm to 1000 μm.

2.2.2  Microwave heating system and preparation of HSAAC: A 
diagram of the microwave heating oven, which was employed in 
the preparation of HSAAC, is shown in Figure 1. The activation was 
carried out in a 2.45 GHz microwave oven (WP1000) with suitable 
modification. Approximately 8 g of char was mixed uniformly with 
K2CO3 according to a certain K2CO3/C mass ratio. The reaction was 
carried out in a ceramic crucible reactor fixed in the chamber of the 
microwave oven. N2 (300 cm3/min) flow was used to purge any air in 
the chamber before the microwave heating process and it continued 
to flow through the chamber during the whole process. The activated 
sample was rapidly transferred to the beaker loaded with distilled 
water after the microwave heating, and washed with volume ratio 
50% HCl to eliminate the residual alkali. Then, the sample was 
washed with hot distilled water, until the pH of the filtrating solution 
was 6.5–7. Finally, the sample was dried at 110°C for 12 h. The 
activated sample with high temperature was rapidly transferred to 
the distilled water for the gasification reaction char to produce more 
holes. The experimental variables of microwave power (400 W, 500 
W, 600 W and 700 W), K2CO3/C mass ratio (0.5, 1.0, 1.5, 2.0 and 2.5) 
and heating time (10 min, 15 min, 20 min, 25 min and 30 min) on the 
yield and iodine number of HSAAC were evaluated. The yield was 
calculated by equation:

	 0/ 100Y M M= × � (1)

where M is weight of HSAAC and M0 is weight of char.

2.3  Characterization

The standard testing method of PR China (GB/T12496.8-1999) [32] was 
used for testing the iodine adsorption number of prepared HSAAC 
produced from the activation step. The porosity of the resultant sam-
ple was characterized with N2 adsorption at -196°C using an automatic 
adsorption apparatus (Autosorb-1-C, Quantachrome). HSAAC was ini-
tially outgassed at 300°C for 12 h at vacuum conditions prior to test-
ing. The surface area was calculated by the Brunauer-Emmett-Teller 
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(BET) method. The total pore volume was determined at a relative 
pressure (P/P0) of 0.98. The t-plot method was applied to calculate 
the micropore volume and external surface area, and the mesopore 
volume was obtained by deducting the micropore volume from the 
total pore volume. In addition, the pore size distribution was deter-
mined by use of the non local density function theory (NLDFT) 
method. FTIR spectroscopy was applied to qualitatively identify the 
chemical function groups present in the HSAAC. An FTIR spectrum 
was operating in the range of 4000–400  cm-1 by using an AVATAR 
330 (Thermo Nicolet Co., USA) spectrophotometer. The transmission 
spectra of the sample were prepared by mixing with KBr crystals and 
pressing into a pellet. The microstructure was analyzed using a scan-
ning electron microscope (Philips XL30ESEM-TMP).

3  Results and discussion

3.1  �Effects of microwave power on 
adsorption capacity and yield of HSAAC

Figure 2 shows the effect of microwave power on the 
iodine number and yield of HSAAC at the K2CO3/C mass 
ratio of 2.0 and heating time of 20 min. It was clearly 
indicated that the iodine number of HSAAC increased 
gradually with increasing microwave power. The yield of 
HSAAC decreased progressively with increasing micro-
wave power. This was due to the formation of K2O and CO2 
arising from the decomposition of K2CO3, giving rise to the 
formation of pores of carbon. Meanwhile, K2CO3 and K2O 
were reduced by carbon to form K and CO2 so that more 
pores were formed. Furthermore, when the temperature 
reached the boiling point of potassium, 762°C, potassium 
would diffuse into the layers of carbon, also causing the 
formation of more pores [33]. So, the temperature was 
determined by microwave power directly; greater micro-
wave power and higher temperatures form more pores. 
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Figure 2: Effect of microwave power on iodine number and yield of 
high surface area activated carbon (HSAAC).
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Figure 3: Effect of K2CO3 ratio on iodine number and yield of high 
surface area activated carbon (HSAAC).

However, with further irradiation beyond the optimum 
power, the pores were widened and burned off resulting 
in reduction in adsorption capacity.

3.2  �Effect of K2CO3/C ratio on adsorption 
capacity and yield of HSAAC

It is important to understand that the potassium carbonate 
to char ratio is the most influencing factor on the porosity 
of HSAACs [19–21]. Figure 3 shows the effect of K2CO3/C 
mass ratio on iodine number and the yield of HSAAC under 
the experimental conditions of microwave power 700  W 
and heating time 20 min. It was clearly observed that the 
iodine number of HSAAC increased gradually, reached 
the maximum value at the K2CO3/C mass ratio of 2.0, and 
then decreased with increasing K2CO3/C mass ratio. The 
yield of HSAAC decreased progressively with increasing 
K2CO3/C mass ratio, for the deepening reaction of K2CO3 to 
the char. When the ratio was lower than 2.0, the carbon on 
the active site reacted incompletely and only a few pores 
formed. With increasing the K2CO3/C mass ratio, the acti-
vation reaction would be deepened and many more pores 
would be formed. When the K2CO3/C mass ratio reached 
2.0, the carbon on the active site had reacted completely 
and resulted in the maximum amount. The pore would 
be widened and burnt off when the K2CO3/C mass ratio is 
more than 2.0 [33].

3.3  �Effect of heating time on adsorption 
capacity and yield of HSAAC

Figure 4 show the effect of heating time on iodine number 
and the yield of HSAAC under the conditions of microwave 
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power 700  W and K2CO3/C mass ratio 2.0. It was clearly 
revealed that the iodine number of HSAAC increased 
gradually from 1028 mg/g to 1696 mg/g when heating time 
increased from 10  min to 20 min, and then decreased a 
little when heating time was further increased. The activa-
tion degree corresponded to the heating time; the longer 
the heating time, the more pores formed in the carbon. 
However, when heating time was over a certain value, the 
pores would be burnt off and the iodine number and yield 
of HSAAC would be lower.

3.4  Pore structures characterization

It is well known that pore volume and surface area are 
important indicators of the adsorption capacity of an 
adsorbent. Figure 5 show the N2 adsorption isotherm 
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Figure 4: Effect of heating time on iodine number and yield of high 
surface area activated carbon (HSAAC).

0 0.2 0.4 0.6 0.8 1.0
0

200

400

600

800

1000

1200

A
ds

or
pt

io
n 

vo
lu

m
e 

(m
l/g

)

Relative pressure (P/P0)

AC

Char

Figure 5: Nitrogen adsorption isotherms of char and high surface 
area activated carbon (HSAAC).
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Figure 6: Pore size distribution of char and high surface area 
activated carbon (HSAAC).

exhibited by char and HSAAC prepared in the optimiza-
tion conditions: a K2CO3/C mass ratio of 2.0, a heating time 
of 20 min and a microwave power of 700 W.

It can be ascertained from Figure 5 that the N2 adsorp-
tion isotherm of char is evidenced by the type II of the 
referred IUPAC classification [34]. N2 adsorption quantity 
is very small and increases slowly for the char, which 
indicated that the char has only a few pores. The N2 
adsorption quantity of the resultant HSAAC is higher than 
the char, clearly indicating the higher amount of pores in 
HSAAC. The isotherm shape of the HSAAC belongs to type 
I of the referred IUPAC classification, as reflected by its 
initial adsorption and flatter plateau region at higher rel-
ative pressure. When the relative pressure (P/P0) is below 
0.1, N2 adsorption increases quickly for the HSAAC. When 
the relative pressure reaches 0.1, the adsorption capacity 
reaches 75% of saturation adsorption capacity. After a 
sharp increase up to 0.1 of relative pressure, the isotherm 
shows a very small increment in the further adsorption. 
This suggests that the HSAAC made from E. adenop-
horum would be more microporous with a narrow pore 
size distribution. However, the isotherm also displayed 
a pronounced hysteresis loop, indicating the presence of 
mesopores.

In accordance to the classification adopted by the 
IUPAC, adsorbent pores are classified into three groups: 
micropore ( < 2 nm), mesopore (2–50 nm), and macropore 
( > 50 nm) [34]. Figure 6 shows the pore size distribu-
tion of the char and HSAAC obtained by NLDFT analy-
sis from N2 adsorption isotherms. The pores of char are 
not very obvious and underdeveloped especially, and 
the pore size distribution curve suggested predominant 
mesopores owing to the sharp increase of the pore size 
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distribution curve to pore diameter  > 3 nm. The pore size 
distribution of HSAAC suggested predominant micropo-
res owing to the sharp increase of pore size distribu-
tion curve to pore diameter  < 0.8 nm. Most of the pores 
concentrate at 0.7 nm; activated carbon has a very wide 
distribution between 1  nm and 2 nm, and a few mes-
opores  > 2 nm.

The pore structural parameter of char and HSAAC 
derived from E. adenophorum is shown in Table 2. As 
can be seen from Table 2, a comparison of the quality of 
HSAAC with the char exhibits a significant increase in the 
pore volume, the micropore volume and the surface area 
attributed to the activation process. Also, the char only 
has a few mesopores, and it has no micropores.

Table 3 compares the surface area of various activated 
carbons prepared using different activation agents utiliz-
ing different precursors as reported in literature. Although 
it is a small sample from the large number of activated 
carbons reported in literature, the high surface area of 
the activated carbon prepared in the present work as com-
pared with the literature is clearly evident. A surface area 
as high as 2768 m2/g is very rarely reported in literature, 
which could form the basis for additional work on explor-
ing the combination of E. adenophorum precursor with the 
K2CO3 activation agent.

Table 2: Pore structural parameter of high surface area activated 
carbon (HSAAC) versus char. 

Properties   AC   Char

BET Surface area (m2/g)   2768   61
Micropore surface area (m2/g)   2230   0
External surface area (m2/g)   538   61
Total Pore volume (ml/g)   1.717   0.109
Micropore volume (ml/g)   1.149   0
Mesopore volume (ml/g)   0.568   0.109
Average pore diameter (nm)   2.482   7.15

Table 3: Comparison surface area of activated carbon with different activation agent.

Activating agent   Precursor   Heating method   SBE (m2/g)  References

K2CO3   Eupatorium adenophorum   Microwave heating   2768  Present study
  Sisal waste   Conventional heating  1038  [19]
  Edible fungi residue   Microwave heating   684  [20]
  Waste PET   Conventional heating  1608  [21]

KOH   Coconut husk   Microwave heating   1356  [22]
  Cane pith   Conventional heating  2299  [23]

ZnCl2   Palm shell   Conventional heating  1672  [24]
    Microwave heating   1195  [24]

H3PO4   Acacia mangium wood   Conventional heating  1040  [25]
  Olive-waste cake   Conventional heating  1020  [26]
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Figure 7: Fourier transform infrared (FTIR) spectra of char and 
high surface area activated carbon (HSAAC) from Eupatorium 
adenophorum.

3.5  FTIR analysis

Figure 7 shows the FTIR spectra of char and HSAAC. It 
is can be seen from Figure 7 that there are some differ-
ences between the char and HSAAC from the shapes 
of the FTIR spectra. The spectrum of HSAAC has peaks 
at 3443  cm-1, 2926  cm-1, 1710  cm-1, 1630  cm-1, 1420  cm-1, 
1363  cm-1, 1083  cm-1 and 905–650  cm-1, and the char 
has peaks at 3440  cm-1, 1692  cm-1, 1590  cm-1, 1375  cm-1, 
880  cm-1, 812  cm-1, 748  cm-1 and 610  cm-1. The band at 
3440 cm-1 can be assigned to the O-H stretching vibration 
mode of hydroxyl functional groups, while the band at 
around 2926  cm-1 can be assigned to the C-H symmetric 
and asymmetric vibration mode of methyl and methyl-
ene groups, for the decomposition of cellulose aliphatic 
group. The band at 1590 cm-1, 1630 cm-1 and 1710 cm-1 can 
be assigned to C = C symmetrical stretching of pyrone and 
C = O of carboxylic groups [35]. The peak at 1083  cm-1 is 
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caused by stretching vibration of ester (-C-O) [36] and the 
bands at 748 cm-1, 812 cm-1, 880 cm-1 and 905–650 cm-1 are 
produced by plane external bending of -C-H for different 
substituted benzene rings [37].

3.6  SEM analysis

The microscopic structures of the char and HSAAC are 
shown in Figure 8. As seen from Figure 8, the surface of 
char is devoid of any tangible pores since it is covered 
by impurities. The surface of HSAAC has a large number 
of pores of irregular and heterogeneous morphology. A 
comparison of the microstructure of HSAAC with the char 
indicates that the activation process plays an important 
role in removing surface impurities contributing to pore 
formation.

4  Conclusion
E. adenophorum, a harmful biomass, is utilized for 
preparing HSAAC with K2CO3 activation by microwave 
heating exhibiting a well-developed pore structure. The 
optimum preparation parameters were identified to be a 
microwave power of 700 W, a K2CO3/C mass ratio of 2.0 
and a heating time of 20 min, with the resultant iodine 
number and yield being 1696 mg/g and 32.88%, respec-
tively. The pore structure parameters were also char-
acterized by N2 adsorption isotherms. Results showed 
that HSAAC had a predominant micropore and a few 
mesopores; the BET specific surface area and total pore 
volume were 2768  m2/g and 1.149cm3/g, respectively. 
FTIR spectroscopy shows that the surfaces of char and 
HSAAC have many chemistry groups. Additionally, SEM 

illustrates that the HSAAC has a relatively well-devel-
oped pore structure.
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