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a b s t r a c t

This paper reports the preparation of activated carbon from two different types of agricultural biomass
materials, sugar cane bagasse and sunflower seed hull, by phosphoric acid and zinc chloride activation.
The experiments in this study vary the pre- and post-treatment procedures, the impregnation ratio of
the activating agent, and the carbonization temperature. In recent years, the high surface area and high
mesopore proportion of carbon have attracted a lot of attention for potential applications in the green
resources such as hydrogen energy storage and carbon dioxide capture. However, the traditional methods
for fabricating activated carbon produce a mainly microporous structure. The experimental results show
that the activated carbon produced by base-leaching has a mostly mesoporous structure, which effectively
enhances its adsorption capacity. The carbon materials obtained from zinc chloride activation of both
unflower seed hull

hemical activation sugar cane bagasse and sunflower seed hull have mesopore volumes as high as 1.07 and 0.95 cm3/g, and
mesopore contents of 81.2 and 74.0%, respectively. The surface area and pore volume of carbon produced
using zinc chloride activation were higher than that produced using phosphoric acid activation. The
total activation process of bagasse and hull occurs in three reaction stages. This study also presents a
corresponding pyrolysis mechanism that agrees well with the experimental results. The proposed method

activ
of preparing mesoporous

. Introduction

Activated carbon is an extremely versatile material with a high
urface area. Due to its excellent adsorption capability, it is widely
sed in industrial wastewater and gas treatment [1,2]. The pore
tructure of activated carbon in conventional applications is mainly
icroporous. Recently, the potential use of activated carbon with a

igh proportion of mesoporous structures has attracted increasing
ttention because it possesses a high pore volume and a wide range
f pore size. The mesoporous carbon materials are very suitable for
se in large molecule adsorption, including battery capacitors, cat-
lyst supports, biomedical engineering and adsorbents for bulky
ollutants [3–5]. In the future, gasoline and diesel fuel for vehicles
ill probably be replaced for economy advantages. An important

pplication of activated carbon is related to the gas storage for
atural gas vehicles [6]. Moreover, researchers have paid signifi-
ant attention to the use of carbon materials in hydrogen storage.

arge pores are necessary for the fast mass transfer of adsorbate
o the bulk of the carbon material [7]. Hence, the high surface area
f activated carbon and its well-balanced micro/mesoporosity can
rovide an appropriate medium for energy storage. In particular,

∗ Tel.: +886 2 29089899; fax: +886 2 29083072.
E-mail address: thliou@mail.mcut.edu.tw.

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.12.016
ated carbon is not complicated, and is suitable to bulk production.
© 2009 Elsevier B.V. All rights reserved.

the CO2 sorption of activated carbon plays an important role in
reducing carbon emissions [8].

Sugar cane and sunflower are two of the most commonly culti-
vated plants in the world. Sugar cane bagasse is the waste material
produced by sugar factories after sugar juice extraction. Sunflower
seed hull is produced by oil extraction plants that manufacture bio-
oil products. The production of sugar cane in Brazil, which is the
largest global producer, totaled 425 million tons for the 2006/2007
season [9]. China and India are the two largest sugar cane produc-
ers in Asia. Together, these countries produced 437 million tons
of sugar cane in 2008 [10]. On the other hand, global sunflower
production reached 27 million tons in 2007 [11]. These two crops
are abundantly available. Sugar cane and sunflower are also very
good candidates for bio-ethanol and bio-diesel, which are used as
alternative fuels [12,13]. The production of sugar cane and sun-
flower can be anticipated to increase significantly in the future.
The observations above show that sugar, oil, and ethanol manu-
facturing processes produce a large amount of sugar cane bagasse
and sunflower seed hull wastes each year. These wastes are usually
burnt in the open or left in the field, and only a small portion is used

as paper pulp or fuel. This creates disposal and pollution problems.
The activated carbon obtained from these two agricultural wastes
can provide useful, value-added products in the sugar factories, oil
refineries, and related industries. Activated carbon for commercial
utilization can be obtained by thermal treatment of low-cost and

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:thliou@mail.mcut.edu.tw
dx.doi.org/10.1016/j.cej.2009.12.016
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Fig. 1 shows an experimental flow chart illustrating the methods
above to help compare the effect of base-leaching and acid-washing
on the surface characteristics of the samples. These tests were
applied to several samples, as described below. Raw bagasse or

Table 1
Proximate analysis of sugar cane bagasse and sunflower seed
hull.
30 T.-H. Liou / Chemical Engine

ow ash content materials. Sugar cane bagasse just conforms to the
ule for it is a low ash content and availability. In contrast, sun-
ower seed hull contains a high proportion of ash content. This
tudy compares the two carbon products obtained from these two
iomass sources.

Mesoporous activated carbon can be synthesized by many
ethods. Traditional methods use carbon precursors such as lig-

ocellulosic materials, coals, and phenolic resins in the presence
f transition metals, followed by a combination of carbonization
nd physical activation with stream or carbon dioxide, to obtain
esoporous activated carbon powder [14–16]. Shen et al. [17] used

ommercially activated carbon produced by steam activation with
erium oxide as a catalyst to prepare mesoporous carbon, and
ound that the catalyst restricted the formation of mesoporous
tructures at temperatures of 800–870 ◦C. Besides, some recent
tudies have developed mesoporous carbon with pores that can
e controlled using mesoporous ceramic templates, such as SBA or
CM series [18,19]. Compared to the above methods, ZnCl2 and
3PO4 are considered more effective and less expensive activating
gents for producing mesoporous carbon [20,21]. Hu and Srini-
asan [22] produced mesoporous activated carbon using coconut
hells and palm seeds as starting materials, with simultaneous
ctivation by ZnCl2 and CO2. They found that at a low ZnCl2 con-
entration, the main pore characteristic is microporous; whereas at
high ZnCl2 concentration, the main pore characteristic is meso-
orous. Kennedy et al. [23] studied the H3PO4 activation of rice husk
hrough precarbonization and chemical activation. They found that
ores created at a higher activation temperature were enlarged
r widened, leading to the formation of mesoporosity. Generally,
ctivated carbon has a mesopore volume and a mesopore surface
rea in the range of 0.1–0.5 cm3/g and 100–200 m2/g, respectively
22]. However, for advanced applications, carbon materials should
ossess not only a high surface area, but also a high mesopore con-
ent. In particular, treating sugar cane bagasse and sunflower seed
ull with an adequate base-leaching procedure enlarges or widens
he micropore structure of the resulting carbon during the acti-
ation process. This, in turn, increases the mesopore surface area
nd mesopore volume. After activation, the carbon precursor must
e washed with water to remove the chemical activating agent.
owever, traditional water-washing cannot effectively remove all
hemical residues, and may result in the reduction of pore volume.
n this case, acid-washing procedure is an adequate alternative
24].

Previous studies have already reported the preparation of meso-
orous activated carbon from lignocellulosic materials by physical
r chemical activation. However, the mesopore surface area and
esopore volume of these materials are not high enough, and many

f the proposed approaches are complicated or require expen-
ive equipments. In addition, there is a lack of information in
he literature about activated carbon prepared from sugar cane
agasse and sunflower seed hull using H3PO4 or ZnCl2 in a base-

eaching or acid-washing process. This lack in existing literature is
motivation for the present study. The primary objective of this

tudy is to compare activated carbon prepared from sugar cane
agasse and sunflower seed hull through chemical activation to
roduce a highly mesoporous activated carbon. The study investi-
ates the effects of base-leaching, acid-washing, the impregnation
atio of activating agent, the kind of activating agent, and the car-
onization temperature on the development of pore characteristics
f activated carbon. Furthermore, the reactants and products are
xamined by several forms of analysis, including SEM, XRD, FTIR,

CP-MS, EA, TGA and a N2-adsorption analyzer. The method of
ctivated carbon preparation proposed in this study is not compli-
ated, and well suited to mass production. Simultaneously, it is an
ffective way to enhance the mesopore surface area and mesopore
olume of activated carbon.
ournal 158 (2010) 129–142

2. Experimental

2.1. Materials

Sugar cane bagasse and sunflower seed hull were obtained from
a sugar mill and a rural area, respectively. These two raw materials
are respectively denoted as SCB and SSH hereafter. They were first
washed thoroughly with distilled water to remove dust particles,
and then dried at 100 ◦C, crushed, and sieved to obtain a uniform
grain size approximately 10 mm long and 2 mm wide. ASTM stan-
dard test procedures were applied for ash content, volatile matter
content and moisture content [25]. Fixed carbon was calculated
from the difference. Table 1 lists the SCB and SSH contents in the
proximate analysis. The elemental analysis section below illus-
trates the carbon, hydrogen, oxygen, and nitrogen contents of both
raw materials. The weight percentages of ash content for SCB and
SSH are 3.82 and 11.79 wt%, respectively. The ash content of SSH is
three times as much as that of SCB.

2.2. Preparation of activation carbon

Preparing activated carbon from SCB and SSH can be divided into
three stages, including base-leaching, activation, and acid-washing.

First, the water-rinsed bagasse and hull were leached with a
0.5 M NaOH (Merck & Co.) solution and boiled in a glass round-
bottom flask at 100 ◦C for 1 h. The basic solution was drained and
the remaining solid was washed with distilled water to remove the
base. This process reduced the pH level to about 7. The material was
then dried at 105 ◦C for 24 h.

Second, H3PO4 or ZnCl2 of chemically pure quality (Merck & Co.)
were used as activating agents. A known mass of activating agent
was mixed with distilled water, and the bagasse and hull were then
impregnated in the acidic solution. The impregnation ratio defined
as the mass ratio of activating agent to dried solid, was 1–4. The
impregnated samples were dried in a sand bath at high temper-
ature to remove residual water, and then oven-dried for 24 h. A
weighed amount of impregnated samples was then placed in a
fixed bed reactor made of quartz. The reactor was purged with
high-purity (99.95%) nitrogen gas (San-Fu Chem. Co.) at a high
flow rate to avoid sample oxidation, and then the nitrogen flow
was adjusted to the desired rate. The reactor was inserted into
an electric furnace at reaction temperatures ranging from 400 to
800 ◦C, and the reaction continued for 1 h. The activated products
were subsequently removed from the furnace and cooled to room
temperature.

After activating the samples, 3 M hydrochloric acid was used
to remove the phosphorous and zinc compounds. The activating
agent and carbon mixtures were refluxed with hot acidic solu-
tion for 1 h. The remaining solid was then washed with distilled
water until neutralization. The washed samples were dried at
105 ◦C for 24 h, and then ground to form a porous carbon pow-
der.
Proximate analysis SCB (wt%) SSH (wt%)

Volatile matter 77.80 66.42
Ash 3.82 11.79
Fixed carbon 14.75 16.30
Moisture 3.63 5.49



T.-H. Liou / Chemical Engineering J

F
a

h
i
t
t
b
h
a
i
l

2

2

t
H
i
p
S
t
t
(

e
C
i
t
8
w

2

a
a
A
c
a
g
a
o
t
a
2

i

ig. 1. Experimental flow chart expresses the methods used for treating the samples
s base-leaching or acid-washing process.

ull only base-leached with NaOH, without chemical activation,
s labeled as SB. Raw bagasse or hull that is first base-leached, and
hen activated with H3PO4 or ZnCl2, and then washed with HCl solu-
ion, is labeled as SBAH. Samples in which acid-washing is replaced
y a general water-washing are labeled as SBAW. Raw bagasse or
ull washed with distilled water, activated with H3PO4 or ZnCl2,
nd then washed with HCl solution is labeled as SWAH. Samples
n which acid-washing is replaced by a general water-washing are
abeled as SWAW.

.3. Characterization

.3.1. Measure of physical and chemical properties
To measure the amount of metallic impurities in the samples,

he reactant and product were dissolved in a solution of HNO3 and
F, and heated at 180 ◦C for 6 h. The amounts of metallic impurities

n the solution were then determined with an inductively coupled
lasma-mass spectrometer (ICP-MS) (Konton Plasmakon, model
-35). The amount of fundamental organic element for various
reatment procedures was determined using a Heraeus elemen-
al analyzer. The dried sample was powdered to a 325 mesh size
ASTM), and this powder was employed in the subsequent analysis.

The crystalline structures of the reactant and product were
xamined by an X-ray diffractometer (Siemens, Model D-500) using
u-K� radiation with a scan speed of 2.5◦ min−1. Fourier transform

nfrared (FTIR) spectra were also obtained using a spectrometer
o determine the composition of samples (Shimadzu, model FTIR-
300). The morphologies of the reactant and product were obtained
ith a scanning electron microscope (Topcon, model AST-150S).

.3.2. Characteristics of N2 and I2 adsorption
The samples were characterized in terms of specific surface

rea, pore volume, and pore diameter. Samples were measured
t −196 ◦C using the adsorption of nitrogen (Micrometric, model
SAP2010). The specific surface area of each specimen was cal-
ulated using the BET method [26]. This study assumes that the
cross-sectional area of a nitrogen molecule is 0.162 nm2. The sin-
le point total pore volume was determined from the amount of
dsorbed nitrogen expressed in liquid form at a relative pressure
f approximately 0.95. The DR equation was applied to determine

he micropore volume from the N2-adsorption data [27]. This study
ssumes that micropores are less than 2 nm wide, mesopores are
–50 nm wide, and macropores are more than 50 nm wide [28].

Adsorption tests were conducted using iodine adsorption capac-
ty. The known amount of activated carbon was placed in a flask
ournal 158 (2010) 129–142 131

containing a 0.1 N iodine solution, and then shaken to maintain
equilibrium for 24 h. After adsorption, the adsorbent was removed
by filtration. The iodine adsorption capacity was determined from
the titration of the filtrate with a Na2S2O3 solution. The standard
deviations of the BET surface area and iodine adsorption capacity
are used as the basis for the error bars shown in the figures.

2.3.3. Thermogravimetric analysis
This study also used a Perkin-Elmer TGA7 thermogravimetric

analyzer to conduct experiments on the activation of SCB and SSH
impregnated with the activating agents [29]. For each experimental
run, a known weight of 6 ± 0.5 mg was placed on a platinum sample
pan. The samples were heated to 900 ◦C at a rate of 10 ◦C/min in a
nitrogen atmosphere. This study defines the remaining amount of
sample decomposed in nitrogen as W/Wo, where Wo and W repre-
sent the initial and instantaneous mass of the sample, respectively.
The TG and DTG curves were recorded simultaneously as the tem-
perature increased.

2.3.4. Calculation of activated carbon yield
The yield of activated carbon obtained from SCB and SSH for

both H3PO4 and ZnCl2-activated samples, was calculated from the
weight of resultant activated carbons divided by the weight of dried
raw materials.

3. Results and discussion

3.1. Effect of base and acid treatment on activation

Table 2 shows the effects of thermal decomposition and acid-
washing on the purity of samples. Beside P and Zn elements, the
raw materials (S) for both SCB and SSH samples have the high-
est concentration of metallic ingredients, including Mg, Ca, Fe, Na,
K, and Cu. The SSH sample has a higher impurities content than
the SCB sample. These metal elements are clearly reduced when
samples are activated (SBAW or SBAH). It may be possible that the
metals are carried by the vaporization of organic matter during
carbonization [30]. When raw samples are base-leached, activated,
and water-washed (SBAW), the element P in carbons activated by
H3PO4 is much higher than in raw material samples. A similar trend
is also observed that Zn impurity in carbons activated by ZnCl2 is
much higher than in raw material samples. This abrupt increase
in the two impurities is because H3PO4 and ZnCl2 remain in the
sample after activation, and cannot be effectively removed by a sim-
ple water-washing step. When the activated samples were treated
with a HCl solution (SBAH), the P and Zn elements were effectively
reduced. Simultaneously, this process greatly decreased the con-
centration of other metals. This decrease in impurities may be due
to metals dissolving in the acidic solution, and subsequent leach-
ing and filtration. Experimental results show that the proportion
of residual metals in the ZnCl2-activated sample is lower than that
in H3PO4-activated sample. In another words, Zn can be removed
much more easily than P. This finding can be explained by the FTIR
spectrum below, which shows that the phosphate and polyphos-
phate species incorporated into the carbon mixture through the
C–O–P bands block the some of the pores in the carbon samples
[31]. As a result, phosphorus compounds are not easily removed
with washing. However, zinc salt is highly soluble in water, and
is therefore easily removed in the washing stage [30]. The final
purity of ZnCl2-activated samples for both SCB and SSH is as high

as 99.95%.

Table 3 lists the elemental analysis for raw bagasse and hull,
base-leached, and activated samples. The major organic elements
in raw materials (S) for both SCB and SSH are carbon and oxygen.
The SSH sample has a higher ash content than the SCB sample. The
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Table 2
Amount of metallic ingredients before and after the activation of samples.

SCB (ppm) SSH (ppm)

Sa SBAWb SBAHb SBAWc SBAHc Sa SBAWb SBAHb SBAWd SBAHd

Mg 623 155 48 100 ND 3,950 86 ND 460 ND
Ca 635 330 125 ND ND 12,300 470 350 200 120
Fe 477 106 ND 458 ND 1,480 95 ND 50 ND
Na 4089 504 251 265 69 190 390 330 320 160
K 778 97 39 ND ND 5,330 190 ND ND ND
Mn ND ND ND ND ND 49 ND ND ND ND
Cu 29 39 ND 37 ND 59 ND ND 40 ND
P 570 62100 36800 ND ND 1,850 47800 27100 ND ND
Zn ND ND ND 28200 50 88 38 240 43300 150
Total 7201 63331 37263 29060 119 25,296 49069 28020 44370 430

ND means not detected.
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a Samples were water-rinsed and un-heated.
b Samples were activated with H3PO4 at 400 ◦C.
c Samples were activated with ZnCl2 at 500 ◦C.
d Samples were activated with ZnCl2 at 600 ◦C.

norganic components in the ash are mainly silica and metal impu-
ities, which agrees with the results of other studies [32,33]. When
he raw materials are base-leached (SB), the ash content clearly
ecreases. This reduction in ash content is due to the removal of sil-

ca in the sample. The silica reacts with the NaOH and forms sodium
ilicate (Na2SiO3) solution [34], and then is removed by filtration.

hen raw material samples were activated with H3PO4 or ZnCl2
SBAH), the percentage of carbon increased. However, hydrogen
nd oxygen exhibit the opposite trend. As generally recognized,
ydrogen and oxygen can react with each other or with carbon. As
result, the gaseous volatiles are formed and are then released from

he sample surface during pyrolysis [35]. The proportion of carbon
n SCB-derived carbon samples is very close to that of SSH-derived
arbon samples. For both SCB or SSH samples, the ash content in
3PO4-activated samples is higher than that in ZnCl2-activated

amples. This can be explained according by Table 2, which shows
n salts are easily removed in the washing stage. However, P com-
ounds are not easily removed due to the bonding of phosphorus
nd carbon in the activated sample.

Fig. 2 plots the BET surface area and iodine adsorption capac-
ty of samples as a function of the base-leaching or acid-washing
rocedure. Experimental results show that the base-leaching and
cid-washing have obvious effect on the adsorption performance of
amples. For all samples, the iodine adsorption capacity increases as
he BET surface area increases. The BET surface areas (do not show in
he figure) of both SCB and SSH for the raw material samples (S) are
.60 and 0.06 m2/g, and that of base-leached samples (SB) are 1.56

nd 0.59 m2/g, respectively. The base-leached samples can remove
he ash and leave a number of tiny pores, and therefore increase the
urface area of carbon precursor. Fig. 2(a) and (b) shows the results
f SCB and SSH carbon samples for H3PO4 activation using vari-

able 3
lemental composition and ash content before and after the activation of samples.

SCB (wt%) SSH (wt%)

Sa SBb SBAHc SBAHd Sa SBb SBAHc SBAHe

C 45.03 44.88 63.68 84.45 41.60 45.81 62.74 86.51
H 6.88 6.05 4.67 3.56 5.20 5.58 4.22 2.68
Of 44.03 48.38 27.72 11.48 40.49 47.31 29.87 10.34
N 0.24 0.06 0.08 0.06 0.92 0.14 0.12 0.22
Ash 3.82 0.63 3.85 0.45 11.79 1.16 3.05 0.25

a Samples were water-rinsed and un-heated.
b Samples were base-leached and un-heated.
c Samples were activated with H3PO4 at 400 ◦C.
d Samples were activated with ZnCl2 at 500 ◦C.
e Samples were activated with ZnCl2 at 600 ◦C.
f By difference.
ous treatment procedures. The BET surface areas are the lowest for
non-base and non-acid treated samples (SWAW). The surface area
obtained mainly comes from the vaporization of organic matter
during the activation process, leaving the porous surface. The sur-
face area of the SCB-derived carbon obtained from SWAW process
is 886 m2/g, which is very close to the value of 881 m2/g reported by
Castro et al. [36] in their study of the H3PO4 activation of sugar cane
bagasse at 400 ◦C. When SCB or SSH samples are treated with SWAH
process, the surface areas of activated carbon increase significantly.
This can be explained by the metallic ingredient analysis in Table 2,
which shows that the residual activating agents adhered to the
interior of the carbon samples after activation block the pores. This
leads to a reduction in the sample’s adsorption capacities. However,
the activating agent can be removed by an acid-washing process,
which increases the surface area. When SCB or SSH samples are
base-leached, activated, and water-washed (SBAW), the BET sur-
face area and iodine adsorption capacity are abruptly enhanced. The
base-leaching process (SBAW) enhances the surface area more than
the acid-washing process (SWAH). The element analysis in Table 3
shows that the raw bagasse and hull contain the ash content. The
inorganic components in the ash probably prevent porosity evolu-
tion by blocking pore entrances during the activation process [37].
Hence, when the ash is removed by an adequate base-leaching step,
this increases the surface area of the activated carbon. Soleimani
and Kaghazchi [38] reported that activated carbon with a high ash
content is undesirable because it reduces the mechanical strength
and adsorption capacity of the carbon, which is consistent with
the present experimental results. The BET surface area and iodine
adsorption capacity reach their maximum when the activated SCB
and SSH samples are base-leached and acid-washed (SBAH). This
indicates that combining both base-leaching and acid-washing pro-
cedures creates a dual influence after activation. Fig. 2(c) and (d)
illustrate the BET surface area and iodine adsorption capacity of
ZnCl2-activated samples obtained from before and after treatment
procedures. The effect of ZnCl2 activation on the sample’s surface
characteristics is similar to that of H3PO4 activation, which can be
enhanced by acid-washing or base-leaching processes.

The experimental results of this study show that base-leaching
offers several potential benefits: (i) reducing the ash content in the
samples to avoid obstructing the pore development, (ii) helping the
activating agent enter the interior of the carbon tissue after remov-
ing the ash, which increases the contact area between the activating

agent and the carbon precursor, and (iii) allowing the base solution
to decompose or soften the organic matter in the raw material [39],
which facilitates the pyrolysis of bagasse or hull into carbon during
activation. For these reasons, base-leaching can increase the sur-
face area of activated carbons. The surface areas show an increase
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ig. 2. Effect of base and acid treatment on the surface area and iodine adsorption ca
t 400 ◦C, (b) SSH-based carbon with H3PO4 activation at 400 ◦C, (c) SCB-based car
00 ◦C.

f 480–605 m2/g by H3PO4 activation and 225–390 m2/g by ZnCl2
ctivation, respectively. Yun et al. [37], who studied the carboniza-
ion of rice straw as a biomass precursor, reported similar findings.
hey found that removing the inorganic component in the raw
traw creates new pores and voids, which increase the surface area
nd pore volume. According to the experimental results in Fig. 2,
he surface area and adsorption capacity of carbon can be enhanced
sing a combination of base-leaching and acid-washing processes.
ence, the remaining experiments in the study are conducted with
oth procedures.

.2. Effect of H3PO4 on activation reaction

Fig. 3 shows the BET surface area and iodine adsorption capacity
f H3PO4-activated samples with different activation tempera-
ures and impregnation ratios. Fig. 3(a) and (b) shows the effect
f impregnation ratio on the surface characteristics of SCB and
SH samples. As the impregnation ratio increases from 1 to 2, the
dsorption capacities are enhanced. This is due to an increase in
he contact area between the raw material and the activating agent.
his, in turn, increases the release of volatiles and increases the pore
urface area. However, further increasing the impregnation ratio
rom 2 to 4 causes a decrease in adsorption capacity. This obser-
ation is probably due to the contraction of pore structure caused
y the thermal breakdown of phosphate esters at a high ratio of
ctivating agent to carbon precursor [36]. Like the impregnation
atio samples above, Fig. 3(c) and (d) shows the surface area and

dsorption capacity for both SCB and SSH under various activation
emperatures. These figures indicate that the highest adsorption
apacity occurs at the activation temperature of 500 ◦C. Increasing
he activation temperature increases the thermal decomposition
ate, and therefore increases the surface area of carbon. However,
of samples at impregnation ratio of 2: (a) SCB-based carbon with H3PO4 activation
ith ZnCl2 activation at 500 ◦C, and (d) SSH-based carbon with ZnCl2 activation at

when the activation temperature exceeds 500 ◦C, the resulting sur-
face area decrease may be due to contraction or collapse of pores at
high temperature [40]. Under the same conditions, activated car-
bon from sugar cane bagasse exhibits a higher BET surface area and
iodine adsorption capacity than carbon prepared from sunflower
seed hull. This indicates that the performance of the resulting
carbon depends on the raw material used as the precursor. This
discrepancy probably arises from the different constituents inher-
ent in each precursor, including cellulose, hemicellulose and lignin.
These organic matters can lead to different pore evolution mecha-
nism in the carbon [38,41]. The optimum surface areas for SCB and
SSH samples for H3PO4 activation at 500 ◦C are 1611 and 1543 m2/g,
respectively.

3.3. Effect of ZnCl2 on activation reaction

Fig. 4 illustrates the effect of ZnCl2 activation on the BET sur-
face area and iodine adsorption capacity of samples. The adsorption
behavior of ZnCl2-activated samples is the same as that of H3PO4-
activated samples. The highest surface area and adsorption capacity
of samples occur at an activation temperature and impregnation
ratio of 500 ◦C and 2, respectively. Yorgun et al. [25] studied the
ZnCl2 activation of Paulownia wood. They pointed out that ZnCl2
worked as a dehydration regent during carbonization. This result
leads to the charring and aromatization of the carbon skeleton and
creation of the porous structure. On the other hand, ZnCl2 can also
restrict the tar formation. When the reaction temperature is lower

than 500 ◦C, more volatiles are released by increasing the reaction
temperature, and the surface area increases. However, a reaction
temperature greater than 500 ◦C, this decrease in surface area of
carbon can be attributed to the heat shrinking [42]. Lua and Yang
[43] reported a similar trend that increasing the impregnation ratio
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Fig. 3. Effect of H3PO4 activation on the surface area and iodine adsorption capacity of samples: (a) SCB-based carbon at 400 ◦C, (b) SSH-based carbon at 400 ◦C, (c) SCB-based
carbon at impregnation ratio of 2, and (d) SSH-based carbon at impregnation ratio of 2.

Fig. 4. Effect of ZnCl2 activation on the surface area and iodine adsorption capacity of samples: (a) SCB-based carbon at 500 ◦C, (b) SSH-based carbon at 600 ◦C, (c) SCB-based
carbon at impregnation ratio of 2, and (d) SSH-based carbon at impregnation ratio of 2.
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f ZnCl2 from 0.25 to 1.50 increases the pore surface area of carbon.
comparison of Figs. 3 and 4 shows that ZnCl2-activated carbon

lways has greater surface areas and adsorption capacities than
3PO4-activated carbon. The optimum surface areas of SCB and
SH carbons for ZnCl2 activation at 500 ◦C are 2289 and 2240 m2/g,
espectively.

.4. Pore structure analysis

Fig. 5 plots the nitrogen adsorption–desorption isotherms of
3PO4-activated samples at reaction temperatures ranging from
00 to 700 ◦C. The curve trends for volume adsorbed from SCB and
SH are vary similar. When raw material samples are un-treated
SWAW samples), the adsorption curves are Type I isotherms that
o not display an apparent desorption hysteresis loop, in accor-
ance with IUPAC classification [44]. This adsorption behavior

mplies that the carbon materials are highly microporous. When
amples are base- and acid-treated at various activation tempera-
ures, the isotherms display an abrupt increase in adsorbed volume
t a low relative pressure (P/Po). This adsorption behavior exhibits
Type I isotherm as characteristic of microporous structure [45].
s the relative pressure increases, the nitrogen uptake increases
cross the entire pressure range. Furthermore, as the relative pres-
ure increases to 0.4, the isotherms exhibit apparent hysteresis
oops. This adsorption behavior exhibits a Type IV isotherm as
haracteristic of mesoporous structure. Therefore, the activated

arbon obtained from various activation temperatures show both
icroporous and mesoporous structures [22]. The samples’ nitro-

en adsorption capacities also change with activation temperature,
nd reach their maximum at 500 ◦C.

ig. 5. Adsorption–desorption isotherm of H3PO4 activation samples at impregna-
ion ratio of 2: (a) SCB-based carbon and (b) SSH-based carbon.
ournal 158 (2010) 129–142 135

Table 4 shows the specific surface area and pore volume of
carbon samples obtained from H3PO4 activation at various tem-
peratures. When the SCB and SSH carbons are obtained neither
acid-treated nor base-treated (SWAW), they exhibit significantly
lower surface areas. The two carbon samples have higher micro-
porous volume than mesoporous volume. However, the total pore
volumes of the carbon are only 0.448 and 0.475 cm3/g, respectively.
A similar property is also observed by other studies [36] that acti-
vated carbon obtained from H3PO4 activation of non-base-treated
sugar cane bagasse, had the main pore characteristic of microp-
orosity. Both the pore volume and specific surface area increase
when the two raw materials are activated and followed by acid
and base treatments (SBAH). This indicates that removing ash and
residual activating agent effectively enhances the pore volume
and surface area. Experimental results also show that the carbon
obtained from SBAH process produces a higher mesopore volume
and mesopore surface area. As mentioned earlier, base-leaching
raw material samples decreases the ash content and leaves a num-
ber of tiny pores. Simultaneously, NaOH decomposes the tissue
of the carbon precursor, which also creates some new pores and
voids. The activating agent permeates these tiny pores or voids,
which increase the contact area between the activating agent and
the carbon precursor. Consequently, this promotes the release of
volatiles from the carbon structure and widens the micropores
in the original carbon structure, converting them into mesopores.
In addition, the activating agent probably deposits on the inte-
rior of the pores after water-washing, as Fig. 2 indicates. This may
lead to pore contraction and microporosity formation. However,
acid-washing removes the activating agent enlarging the micro-
pores and increasing mesoporosity. An increase in the activation
temperature produces optimum surface area and pore volume val-
ues. The highest pore volumes, which occur at 500 ◦C, are 1.233
and 0.999 cm3/g for SCB- and SSH-derived carbon, respectively.
The optimum temperature of 500 ◦C has also been reported by
other studies, which prepared activated carbon from lignocellu-
losic materials such as cherry stones using H3PO4 activation [46].
Experimental results show that activated carbon prepared from
sugar cane bagasse possesses a higher pore volume and surface area
than sunflower seed hull. The trends of total pore volume and sur-
face area are reflected in the mesopore pore volume and mesopore
surface area. Consequently, both SCB and SSH carbon samples pro-
duced at 500 ◦C posses mesopore volumes of 0.802 and 0.696 cm3/g,
and mesopore surface areas of 1068 and 975 m2/g, respectively.
The mesopore contents of 500 ◦C H3PO4-activated carbon approach
65.0 and 69.7% for SCB and SSH, respectively. The mesopore con-
tents exceed the expected proportion of conventional microporous
carbon. The average pore diameters of H3PO4-activated samples for
both SCB and SSH range from 2.2 to 3.1 nm and 2.2 to 2.6 nm, respec-
tively. The carbon yield decreases as the reaction temperatures
increases. A higher reaction temperature releases more volatiles
and therefore produces a lower yield. The yield values of base-
and acid-treated carbon (SBAH) are lower than un-treated carbon
(SWAW). This is because base-leaching removes a portion of the
organic matter in the precursor (according to SEM observation),
and this causes a decrease in the carbon yield. Further, SSH-derived
samples yield more carbon than SCB-derived samples. This can be
explained by the fact that the mass loss of organic matter in SCB is
higher than that of SSH after base-leaching. This, in turn, causes a
reduction in the carbon yield of the SCB samples.

Fig. 6 illustrates the pore characteristics of samples activated
with ZnCl2 at various activation temperatures. These isotherms

resemble a combination of Type I and Type IV isotherms. All
samples show a broad knee and a pronounced desorption hystere-
sis loop. The slope of the plateaus in these isotherms gradually
increases as increasing the relative pressure. These results indi-
cate that the pore structure of ZnCl2-activated carbon is mainly
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Table 4
Pore volume, surface area, and activated carbon yield for the samples activated by H3PO4.

SCB (◦C) SSH (◦C)

400a 400b 500b 600b 700b 400a 400b 500b 600b 700b

Vt (cm3/g) 0.448 0.846 1.233 0.900 0.814 0.475 0.838 0.999 0.798 0.761
Vmic (cm3/g) 0.273 0.336 0.129 0.210 0.287 0.258 0.313 0.191 0.213 0.219
Vmeso (cm3/g) 0.162 0.489 0.802 0.568 0.445 0.200 0.474 0.696 0.506 0.461
Vmeso/Vt (%) 36.16 57.80 65.04 63.11 54.67 42.11 56.56 69.67 63.41 60.58
SBET (m2/g) 886 1521 1611 1373 1357 915 1470 1543 1252 1221
Smeso (m2/g) 260 717 1068 773 623 313 694 975 687 645
Dp (nm) 2.02 2.23 3.06 2.62 2.40 2.07 2.28 2.59 2.55 2.49
Yield (%) 46.42 25.42 24.87 23.84 21.68 46.65 33.14 32.25 32.20 30.65

Vt = total pore volume, Vmic = micropore volume, Vmeso = mesopore volume, SBET = BET surface area, Smeso = mesopore surface area, Dp = average pore diameter calculated as
4V/A, where A is the BET surface area and V is the single point total pore volume.

a Samples were treated with SWAW process.
b Samples were treated with SBAH process.

Table 5
Pore volume, surface area, and activated carbon yield for the samples activated by ZnCl2.

SCB (◦C) SSH (◦C)

500a 400b 500b 600b 700b 600a 400b 500b 600b 700b

Vt (cm3/g) 1.082 1.026 1.358 1.311 1.091 0.896 0.776 1.318 1.116 1.030
Vmic (cm3/g) 0.298 0.419 0.237 0.153 0.202 0.273 0.384 0.292 0.283 0.182
Vmeso (cm3/g) 0.667 0.545 1.046 1.065 0.836 0.541 0.312 0.952 0.790 0.762
Vmeso/Vt (%) 61.65 53.12 77.03 81.24 76.63 60.38 40.21 72.23 70.79 73.98
SBET (m2/g) 1825 1872 2289 2060 1817 1527 1478 2240 1956 1676
Smeso (m2/g) 1197 852 1567 1544 1233 983 492 1421 1199 1124
Dp (nm) 2.27 2.19 2.37 2.55 2.40 2.14 2.10 2.35 2.28 2.46
Yield (%) 41.08 21.29 19.27 19.07 17.60 43.50 29.62 29.11 27.32 25.04

Vt = total pore volume, Vmic = micropore volume, Vmeso = mesopore volume, SBET = BET sur
4V/A.

a Samples were treated with SWAW process.
b Samples were treated with SBAH process.

Fig. 6. Adsorption–desorption isotherm of ZnCl2 activation samples at impregna-
tion ratio of 2: (a) SCB-based carbon and (b) SSH-based carbon.
face area, Smeso = mesopore surface area, Dp = average pore diameter calculated as

mesoporous. At the same activation temperature, the nitrogen
adsorption capacities of un-treated samples are clearly lower than
that of base-treated samples. Nitrogen adsorption capacity reaches
its highest value at an activation temperature of 500 ◦C. Table 5
illustrates the pore volume, surface area, and activated carbon yield
for the samples activated by ZnCl2. The pore structure of carbon
prepared without base-leaching and acid-washing exhibits a mix-
ture of both micropore and mesopore. When the activated carbon
samples are acid-washed and base-leached, the mesopore volume
and mesopore surface area increase further. These results suggest
that removal of ash transforms the micropores into mesopores due
to pore widening. The SCB and SSH samples have the highest pore
volumes of 1.358 and 1.318 cm3/g at 500 ◦C, respectively. The SCB
and SSH carbon samples produced at 500 ◦C possess mesopore vol-
umes of 1.046 and 0.952 cm3/g and mesopore surface areas of 1567
and 1421 m2/g, respectively. The proportion of mesopore volume
in SCB and SSH samples activated with ZnCl2 at 500 ◦C approach
the values of 77.0 and 72.2%. These values are higher than those of
conventional activated carbon. Moreover, the mesopore content of
the SCB sample reaches a value of 81.2% at 600 ◦C.

ZnCl2-activated samples possess a higher mesopore volume
and mesopore surface area than H3PO4-activated samples. This
is because acid-washing removes ZnCl2 much more easily than
H3PO4, reducing the possibility of activating agent deposition on
the pores and sample surface. This, in turn, increases the meso-
pore volume and mesopore surface area. The ratio of micropores
to mesopores in activated carbon can be adjusted by changing
the before and after treatment procedure, the type of activating

agent, and the activation temperature. The average pore diameters
of ZnCl2-activated samples range from 2.2 to 2.6 for SCB and 2.1
to 2.5 nm for SSH. The activated carbon yield of samples decreases
as the reaction temperature increases, as can be seen in Table 5.
The SSH-derived samples yield more carbon than the SCB-derived



ering J

s
p

B
Z
f
a
t
a
p
o
m
m

3

c
t
a
b
p
w
o
a
t
b
c
T
d
K
a

F
a

T.-H. Liou / Chemical Engine

amples. These results are similar to those of the H3PO4 activation
rocedure (Table 4).

Fig. 7 shows the pore size distribution determined using the
JH method for SCB and SSH samples activated with H3PO4 and
nCl2 [17]. For un-treated samples (SWAW), the carbon obtained
rom H3PO4 activation shows a weak peak at a pore diameter of
bout 3.5 nm. A narrow peak of carbon obtained from ZnCl2 activa-
ion for the un-treated process approaches 3.2 nm. When samples
re treated with base-washing and acid-washing (SBAH), the peak
osition shifts to 3.5 nm after ZnCl2 activation, and reaches a value
f 3.9 nm for H3PO4-activated samples. This indicates that many
icropores are enlarged, and the structure eventually becomes
esoporous.

.5. Analysis of physical properties

Fig. 8 shows the XRD patterns of raw materials and activated
arbon obtained from H3PO4 and ZnCl2 activation at various reac-
ion temperatures. In the raw SCB and SSH samples, a broad peak
ppearing at 2� = 22.5◦ is a typical silica characteristic, which can
e attributed to the presence of disordered cristobalite [47]. The
eak disappears when raw materials are base-treated and activated
ith H3PO4 and ZnCl2 at all temperatures, indicating the removal

f ash. Two broad peaks appear at approximately 2� = 25◦ and 45◦

fter activation with H3PO4 and ZnCl2, indicating the formation of
urbostratic structure of disordered carbon. The peaks at 2� = 45◦

ecame stronger as the reaction temperature increases. This indi-

ates that carbon tends to crystallize at an elevated temperature.
he peak intensity for samples using the ZnCl2 activation proce-
ure is higher than that using the H3PO4 activation procedure.
ennedy et al. [48] reported that peaks at 2� = 45◦ are due to the cre-
tion of pores by the decomposition of carbon along the direction

ig. 7. Pore size distribution of samples treated with SWAW or SBAH process: (a) SCB-
ctivation at 400 ◦C, (c) SCB-based carbon with ZnCl2 activation at 500 ◦C, and (d) SSH-ba
ournal 158 (2010) 129–142 137

of the graphic structures. This produces relatively well-organized
aromatic carbon that is more stable than amorphous-like carbon.

Fig. 9 shows the FTIR spectroscopy of samples used to study the
chemical compositions of the raw materials and carbon products.
The spectra obtained form SCB and SSH have many similar features
because they are lignocellulosic materials [43]. For the raw material
samples of both SCB and SSH, a wide band located in the range
of 3200–3400 cm−1 is a consequence of O-H groups and adsorbed
water [49]. The band at 2918 cm−1 is due to C-H vibration. The
band at 1737 cm−1 is related to the stretching of C O groups. The
band at 1646 cm−1 may be due to the stretch vibrations of C C
bonds in olefinic structures. The two bands at 1505 and 1425 cm−1

are the skeletal C C vibrations of aromatic rings. The stretching
vibrations of –CH3 at 1378 cm−1 are related to methyl structures.
The adsorption between 1000 and 1350 cm−1 may be assigned to
C–O vibrations. The O–H band is located at 665 cm−1. The spectra
of activated carbon are different from those of raw materials. Many
bands disappear, indicating the vaporization of organic matters. All
of the carbon samples show a wide band at about 3425 cm−1, which
is due to the O-H vibrations of hydroxyl groups. When SCB and
SSH are activated with ZnCl2, the band located at about 1604 cm−1

is attributable to C C vibrations. The bands located at 1165 and
864 cm−1 are due to C–O and C–H vibrations [43]. When SCB and
SSH are activated with H3PO4, the bands that appear between 900
and 1200 cm−1 may be attributed to the presence of phosphorus
species in the samples [48]. The peak at 1175 cm−1 can be assigned
to C–O stretching vibrations in a C–O–P linkage. The shoulder at

1053 cm−1 may represent a chain of P–O–P vibrations.

Fig. 10 shows electron microscope images of raw materials and
carbon samples obtained from SCB and SSH. Fig. 10(a) and (b)
shows the outer epidermis and inner surface of original sugar cane
bagasse, respectively. The outer epidermis of the bagasse has a

based carbon with H3PO4 activation at 400 ◦C, (b) SSH-based carbon with H3PO4

sed carbon with ZnCl2 activation at 600 ◦C.
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Fig. 8. X-ray diffractogram of samples activated with H3
mooth and pitted surface. The inner surface of the bagasse is a long
nd narrow strip. Fig. 10(c) shows the inner surface of base-leached
agasse. The surface characteristic of the sample is slightly altered
y the base-leaching process, and appears clear-cut, indicating that
portion of the organic tissue of the SCB sample is dissociated after

ig. 9. FTIR spectrogram of samples activated with H3PO4 or ZnCl2: (a) SCB-based
arbon and (b) SSH-based carbon.
r ZnCl2: (a) SCB-based carbon and (b) SSH-based carbon.

the base-leaching procedure. Rao et al. [50] reported that soaking
raw bagasse in a NaOH solution can remove the lignin content,
which is similar to the present experimental results. Fig. 10(d)
shows that the morphology of SCB-derived carbon powder acti-
vated with H3PO4 is a long column. However, activated carbon
produced by ZnCl2 activation has an irregular shape, as Fig. 10(e)
indicates. Fig. 10(f) shows the outer epidermis of a sunflower seed
hull, which is orderly tubular tissue. Fig. 10(g) shows the inner sur-
face of sunflower seed hull. The morphology of hull is similar to
that of the SCB (Fig. 10(b)), which is a long narrow strip. Fig. 10(h)
shows the outer epidermis of base-leached hull. The surface of the
outer epidermis is peeled off and contains a number of rectangular
tissues, indicating the removal of part of the hull’s organic matter.
Fig. 10(i) and (j) shows the morphology of carbon powders obtained
from SSH and activated with H3PO4 and ZnCl2, respectively. These
figures show that the two activation procedures do not significantly
affect the surface morphology of the resulting carbons, which has
an irregular grain shape. However, ZnCl2-activated carbon has a
few small pores distributed within the solid.

3.6. Analysis of thermal characteristic and reaction path

Fig. 11 shows the TG and DTG curves of samples activated with
H3PO4 and ZnCl2 at various impregnation ratios. Fig. 11(a) and (b)
shows the TGA curves of H3PO4-activated SCB and SSH, respec-
tively. The TG curves exhibit three temperature zones. This mirrors
the fact that the activation of bagasse and hull with H3PO4 occurs in
three main stages. At a constant activation temperature, the mass
loss caused by specimen decomposition increases as the impreg-
nation ratio increases. In the first stage, the small amount of mass
loss in the TG curves as the temperature reaches ∼300 ◦C is due

to the pyrolysis of organic matter in the carbon precursor. The
mass loss of the heating curves in the second stage ranged from
300 to 550 ◦C, which is smaller than that in the first stage. This
loss may be associated with a transition period in the activation.
A significant mass loss occurs in the third stage, as the temper-
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Fig. 10. Scanning electron microscope images of samples: (a) and (b) outer epidermis and inner surface of SCB, (c) inner surface of base-leached SCB, (d) and (e) SCB-based
carbon powders by H3PO4 and ZnCl2 activation, respectively, (f) and (g) outer epidermis and inner surface of SSH, (h) outer epidermis of base-leached SSH, (i) and (j) SSH-based
carbon powders by H3PO4 and ZnCl2 activation, respectively.
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ture increases from 550 to 900 ◦C. The DTG curves in Fig. 11(a)
nd (b) shows that two peaks appear in each heating curve. The
emperature of the first peak increases as the impregnation ratio
ncreases, while the temperature of the second peak decreases as
he impregnation ratio increases. Furthermore, the height of the
eak, which is associated with the instantaneous rate of pyrolysis,
lso increases as the impregnation rate increases. This indicates
hat the reaction rate can be enhanced by increasing the amount
f chemical activating agent. Experimental results also show that
CB samples have slightly lower activation temperatures than SSH
amples.

Fig. 11(c) and (d) shows the TGA plots of ZnCl2-activated SCB
nd SSH obtained at various impregnation ratios of activating
gent. The mass loss in these samples occurs in three tempera-
ure zones, namely ∼200, 200–450 and 450–800 ◦C. Qian et al. [35]
eported that three stages of thermal decomposition were observed
n the chemical activation of cattle-manure compost with ZnCl2,

hich is similar to the present experimental observations. The
TG curves reveal two peak temperatures for SCB and SSH sam-
les activated at various impregnation ratios. The temperature of
he first peak increases as the impregnation ratio increases, while
he temperature of the second peak increases as the impregna-
ion ratio decreases. These results are similar to those of the H3PO4
ctivation procedure. Thermogravimetric analysis shows that the
hermal decomposition mechanism of SCB is very similar to that of
SH for both H3PO4 and ZnCl2 activation. However, SCB activation
as a higher instantaneous rate of thermal decomposition and a

ower peak temperature, indicating that the SCB activation occurs

ore easily than SSH activation. A comparison of H3PO4-activated

arbon and ZnCl2-activated carbon shows that ZnCl2 activation pro-
uces a lower peak temperature and shorter duration of pyrolysis,
s well as a higher instantaneous rate of thermal decomposition.

ig. 11. TG and DTG thermogram of samples at impregnation ratios of 2 and 4: (a) SCB-ba
c) SCB-based samples with ZnCl2 activation, and (d) SSH-based samples with ZnCl2 activ
ournal 158 (2010) 129–142

These observations also suggest that the ZnCl2 activation occurs
more quickly and easily than H3PO4 activation.

Due to the complexity of this activation, researchers do not fully
understand the pyrolysis paths of activation. The different pore
characteristics of carbon activated by either H3PO4 or ZnCl2 acti-
vation depend on the process conditions and the composition of
raw materials. However, this study reveals the main mechanism
for this activation. Essentially, the organic constituent of SCB and
SSH is a biopolymer including cellulose, hemi-cellulose and lignin
[38,51]. The hemi-cellulose and lignin are probably embedded in
the interior of the cellulose matrix [40]. Thermogravimetric analy-
sis (Fig. 11) shows that a small amount of mass loss appears in the
initial stage of both ZnCl2 and H3PO4 activation. This indicates that
the two chemicals first attack the organic matter in the bagasse or
hull [52]. In this case, chemical reactions between the activating
agent and biomass cause the decomposition or depolymerization
of celluloses and lignin into intermediates with a smaller molar
mass. Simultaneously, gaseous volatiles such as H2O, CO, CO2, CH4
and aldehydes are released from the sample surface [35]. This is
consistent with FTIR spectra (Fig. 9) observations, in which many
bands disappear after activation, indicating the volatilization of
organic matter. Jagtoyen and Derbyshire [40] reported that the
mass loss occurring during the primary activation is due to a loss
of aliphatic character, which simultaneously leads to an increase in
aromaticity by rearranging the atomic structure. As the activation
temperature increases, the mass loss in the second stage begins
to transform gently. The main characteristic of the reaction at this
stage is probably due to an expansion of the volumetric structure

of the samples, which in turn reduces the release of volatiles [36].
The XRD curves in Fig. 8 reflect the same trends in the volumetric
expansion, in that peak intensity increases as the reaction tem-
perature increases. This indicates an increase in crystalline size or

sed samples with H3PO4 activation, (b) SSH-based samples with H3PO4 activation,
ation.
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romatic structure of carbon when reaction temperature increases.
livares-Marin et al. [53] further showed that the mass loss decel-
ration at 250–500 ◦C for the carbon precursors activated with
3PO4 may be attributed to the formation of phosphate esters via
ellulose phosphorylation. These observations indicate that a cross-
inking reaction combines carbon, hydrogen, and oxygen in the
arbon precursors. Simultaneously, cross-linking reactions begin
o control the activation of samples rather than decomposition and
epolymerization reactions [46]. This situation increases the arom-
tization of the carbonized char and also improves porosity. In the
nitial period of the second stage reaction, the pores are formed in a
hort retention time and therefore are mostly microporous. As the
eaction temperature increases, the carbon structure continues to
xpand, which leads to an increase in mesoporosity.

However, as the activation temperature continues to rise, Fig. 11
hows a significant mass loss in the third stage of both H3PO4
nd ZnCl2 activation. The observation can be explained by the
act that the boiling point of H3PO4 is 407 ◦C [46] and the chem-
cal transformation of H3PO4 into P2O5 occurs in the temperature
ange of 580–585 ◦C [54]. The melting point of ZnCl2 is 283 ◦C [35]
nd the vaporization of ZnCl2(l) occurs in the temperature range
f 480–550 ◦C [55]. Therefore, this mass loss can be attributed to
he release of residual activating agents and a few volatiles. Due
o the cross-linking of the phosphate esters in carbon precursor
uring H3PO4 activation process should increase the pyrolysis tem-
erature. Thermogravimetric analysis shows that H3PO4 activation
equires a longer heating duration than ZnCl2 activation to increase
he thermal degradation temperature. As a result, the severe gasi-
cation of volatiles for both H3PO4 and ZnCl2 activation at high
eaction temperatures cause a sintering reaction or bond cleavage,
hich in turn causes pore shrinkage or collapse. The observations

bove are consistent with the analysis results of pore characteristics
n Figs. 5 and 6, which indicate that the development of porosity of
arbon reaches its maximum value at a carbonization temperature
f 500 ◦C. Lua and Yang [43] further pointed out that the decreasing
orosity of carbon activated with ZnCl2 at higher reaction temper-
tures is due to the sintering of volatiles, which causes the pore
tructure to shrink. When the activation is complete, activated car-
on with a porous structure can be obtained after the final process
f water- or acid-washing.

. Conclusions

Using sugar cane bagasse and sunflower seed hull as raw mate-
ials, this study reports the preparation of activated carbon with
highly mesoporous surface area. Both H3PO4 and ZnCl2 serve as

hemical activating agents. The starting raw materials, before and
fter treatment processes, and conditions employed for carbon syn-
hesis, strongly affect the final pore structure and the adsorption
ehavior of the resulting carbon. The proposed base-leaching pro-
edure can effectively enhance the surface area and pore volume
f samples. The removal of ash from the activated carbon results in
ore widening and the development of mesoporosity. The largest
ore volume and surface area of activated carbon prepared from
CB and SSH samples using H3PO4 and ZnCl2 activation processes
ccur at 500 ◦C and an impregnation ratio of 2. Simultaneously, the
esopore volume and mesopore surface area are also accompa-

ied by an increase in the largest amounts. The surface areas of
he activated carbon are as high as 1611 and 2289 m2/g for SCB,
nd 1543 and 2240 m2/g for SSH, for H3PO4 and ZnCl2 activation,
espectively. The SCB-based carbon shows a slightly higher surface

rea and pore volume than SSH-based carbon. Thermogravimetric
nalysis shows that the thermal decomposition mechanism of SCB-
ased samples is similar to that of SSH-based samples. However,
CB-based activation occurs more easily than SSH-based activation.
he reaction mechanism for both H3PO4 and ZnCl2 activation can

[

[

ournal 158 (2010) 129–142 141

be illustrated experimentally. The proposed method of preparing
activated carbon using an adequate base-leaching process is inex-
pensive, simple and well-suited to mass production, especially for
application in sustainable fuel and the adsorption of bulky pollu-
tant.
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